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ABSTRACT

Natural disasters, climate change, and rapid urbanization have increased the complexity of
post-disaster urban recovery, creating challenges in environmental management, risk
mitigation, and resource allocation. Conventional recovery approaches often rely on
fragmented information and relatively fixed decisions, limiting their ability to respond to
changing environmental and recovery conditions. This study proposes a Digital Twin
Framework for Sustainable and Resilient Post-Disaster Urban Recovery (DT-SRUR) that
integrates multisource urban data, environmental quality assessment, chemical-risk-aware
prediction, sustainable resource management, and adaptive decision support. A Chemical
Risk-Aware Digital Twin Environmental Risk Prediction Module (CR-DT-ERP) is
incorporated to capture evolving chemical-related environmental risks and connect risk
information with recovery strategy evaluation and resource allocation. The framework
establishes a closed-loop process linking environmental and infrastructure assessment, digital
twin state updating, recovery strategy evaluation, resource allocation, recovery actions, and
feedback. A controlled synthetic post-earthquake scenario is developed to demonstrate the
framework over a 30-day recovery period. Three recovery strategies are compared under
common initial conditions and resource constraints: rapid restoration-oriented recovery,
sustainability-oriented recovery, and digital twin-based adaptive recovery. The results indicate
that the adaptive strategy achieves a more balanced performance across recovery effectiveness,
environmental performance, resilience, chemical risk, and resource consumption, rather than
maximizing a single objective. The study extends digital twin applications from conventional
monitoring toward adaptive and risk-aware post-disaster recovery coordination. The proposed
framework provides a structured basis for integrating environmental risks, resource constraints,
and resilience objectives into sustainable urban recovery planning.

1.Introduction

1.1.Background

limited to restoring damaged infrastructure and public services.
It increasingly involves environmental restoration, resource
coordination, ecological protection, and the long-term
improvement of urban resiliencel"-,

Beyond direct physical damage, disasters can generate

Natural disasters, including earthquakes, floods, hurricanes,
wildfires, and extreme climate events, have become
increasingly frequent and severe worldwide, creating growing
challenges for sustainable urban development and resilient
city governance. Rapid urbanization, increasing interdependen
-ce among infrastructure systems, and climate-related
pressures have further increased the vulnerability of urban
environments. As a result, post-disaster recovery is no longer
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substantial environmental consequences, including deteriorati
-on of air and water quality, soil contamination, ecosystem
disruption, and the release of hazardous substances. Such
impacts may continue throughout the recovery period and can
interact with infrastructure reconstruction and human
activities. Environmental conditions therefore need to be
considered together with infrastructure functionality, resource
availability, and recovery priorities when developing
sustainable post-disaster strategies>-.
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Traditional post-disaster recovery approaches often rely on
fragmented information sources, periodic assessments, and
sector-specific  management practices. Although such
approaches can provide useful support for emergency
response and reconstruction, they are less effective when
environmental  conditions, infrastructure  functionality,
resource availability, and secondary risks change over time.
Resilience-oriented recovery consequently requires more
flexible approaches capable of linking changing system
conditions  with  recovery decisions and resource
allocationl"-26],

Recent developments in digital technologies have created
new opportunities for addressing these challenges. Digital
Twin (DT) technology provides a mechanism for establishing
a dynamic connection between physical systems and their
virtual representations. In urban applications, digital twins can
integrate heterogeneous information from sensors, Geographic
Information Systems (GIS), remote sensing, infrastructure
databases, and other digital sources to support monitoring,
simulation, prediction, and decision-making"'%. The broader
development of smart-city and real-time urban management
has also demonstrated the value of continuous data integration
for understanding complex urban systems and supporting
adaptive governancel! 131,

The analytical capabilities of digital twins have continued
to develop beyond basic monitoring and visualization.
Existing research has examined their use in predictive
maintenance, system performance assessment, lifecycle
management, and data-driven decision support!!*!7l. Digital
twin research has also expanded to cyber-physical production
systems, where connected digital representations support
system monitoring and operational improvement!'®]. In
parallel, smart-city research has emphasized digital integration,
data-driven urban analysis, and real-time management as
important foundations for more adaptive urban governancel'*-
211, Recent studies published in Applied Artificial Intelligence
Research have further demonstrated the use of multimodal
sensor data, explainable machine learning, predictive
maintenance, and digital twin architectures for intelligent
system assessment and operational decision support?>24],
These developments indicate that digital twins can serve not
only as representations of physical systems but also as
analytical environments for evaluating changing system
conditions and supporting alternative decisions.

However, the application of digital twins to post-disaster
urban recovery remains relatively fragmented. Existing
studies have largely concentrated on infrastructure monitoring,
damage assessment, predictive maintenance, or the
optimization of individual operational tasks[7-10:14-17],
Comparatively less attention has been given to an integrated
recovery  framework that simultaneously  considers
environmental quality, environmental risk, sustainable
resource management, and adaptive recovery decisions.

Chemical-related  environmental risks represent a
particularly important dimension of this problem. Earthquakes
and other disasters may damage industrial facilities,
hazardous-material storage systems, pipelines, and other
infrastructure, resulting in pollutant release and subsequent
environmental risks. During the recovery period, these risks
may evolve as a consequence of contaminant migration,

environmental attenuation, reconstruction activities, and
intervention measures. Existing digital twin applications have
demonstrated strong capabilities in monitoring and prediction,
but the dynamic integration of chemical-related environmental
risk into post-disaster recovery decision-making remains
insufficiently developed.

To address this gap, this study proposes a Digital Twin
Framework for Sustainable and Resilient Post-Disaster Urban
Recovery (DT-SRUR). The framework integrates environmen
-tal quality assessment, chemical-risk-aware environmental
prediction, sustainable resource management, and intelligent
decision support within a unified digital twin architecture. In
particular, the framework introduces a Chemical Risk-Aware
Digital Twin Environmental Risk Prediction Module (CR-DT-
ERP) to connect evolving chemical risk with recovery
strategy evaluation and resource allocation. The proposed
framework is subsequently examined through a controlled
synthetic post-earthquake scenario involving infrastructure
recovery, environmental conditions, chemical-risk evolution,
and resource constraints.

The remainder of this paper is organized as follows.
Section 2 reviews research on urban resilience, digital twins,
smart urban governance, and digital twin applications relevant
to disaster recovery. Section 3 presents the proposed DT-
SRUR framework and its methodological components.
Section 4 provides a synthetic post-earthquake scenario
simulation and computational comparison of three recovery
strategies. Section 5 discusses the theoretical and practical
implications, limitations, and future research directions.
Section 6 concludes the study.

1.2.Research gap

Although digital twin technology has been increasingly
applied in smart-city management, infrastructure monitoring,
predictive maintenance, and intelligent decision support,
several gaps remain in the context of sustainable post-disaster
urban recovery.

First, existing research has largely addressed infrastructure
monitoring, system performance, damage assessment, or
individual operational tasks, whereas post-disaster recovery
involves interactions among infrastructure conditions,
environmental quality, resource constraints, and secondary
risks71014171 Recent Al-enabled digital twin studies have
further strengthened predictive and analytical capabilities, but
these applications remain primarily oriented toward specific
assets or operational systems?>?4. A broader framework is
therefore needed to connect these capabilities with urban-scale
recovery planning.

Second, existing digital twin applications generally
emphasize monitoring, simulation, or optimization of
individual systems. They provide less explicit support for
coordinating environmental conditions, chemical risks,
resource availability, and competing recovery priorities within
a common decision process. This limitation becomes
particularly important when recovery strategies involve trade-
offs between rapid restoration, environmental protection, and
long-term resiliencel'-61.

Third, environmental and chemical risks are often treated
as separate assessment outputs rather than as dynamic
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variables that directly influence recovery decisions. Post-
disaster chemical contamination may change over time as a
result of pollutant release, migration, attenuation,
reconstruction activities, and intervention. A recovery
framework should therefore be capable of updating
environmental-risk information and incorporating it into
subsequent strategy evaluation.

Fourth, sustainability and resilience are increasingly
recognized as complementary objectives in  urban
development and disaster management, yet their integration
with digital twin-based recovery remains limited. Existing
smart-city research emphasizes the importance of digital
infrastructure, data integration, and adaptive urban
managementl! =131 but these capabilities have not been
sufficiently  connected  with  environmental-risk-aware
recovery and sustainable resource allocation.

These gaps indicate the need for an integrated framework
that can continuously update post-disaster urban conditions,
evaluate environmental and chemical risks, coordinate
constrained recovery resources, and support adaptive recovery
decisions. The proposed DT-SRUR framework is designed to
address this need through a closed-loop process linking data
acquisition, environmental and risk assessment, digital twin
state updating, recovery strategy evaluation, resource
allocation, recovery action, and monitoring feedback.

1.3.Research objectives

To address the identified research gaps, this study proposes
a Digital Twin Framework for Sustainable and Resilient Post-
Disaster Urban Recovery (DT-SRUR). The framework
integrates digital twin technology with environmental quality
assessment, chemical-risk prediction, sustainable resource
management, and intelligent decision support to support
adaptive recovery under changing disaster conditions.

Specifically, this study aims to:

(1)Develop an integrated digital twin framework for
sustainable and resilient post-disaster urban recovery.

(2)Establish an environmental assessment mechanism that
combines environmental quality assessment and chemical-risk
analysis to support dynamic recovery planning.

(3)Design a sustainable resource management mechanism
for coordinating recovery activities under constrained
resources and competing recovery objectives.

(4)Construct an intelligent decision-support architecture
that connects updated environmental, infrastructure, risk, and
resource conditions with adaptive recovery decisions.

1.4.Research contributions

This study makes three primary contributions.

First, it proposes an integrated digital twin framework that
connects environmental quality assessment, chemical-risk
prediction, sustainable resource management, and intelligent
decision support within a unified architecture for post-disaster
urban recovery. The framework extends the application of
digital twins from infrastructure-oriented monitoring and
operational management toward environmental and recovery
governance.

Second, the study introduces the Chemical Risk-Aware
Digital Twin Environmental Risk Prediction Module (CR-DT-
ERP). The module connects chemical-related environmental
risk with digital twin state updating and recovery strategy
evaluation, allowing chemical-risk information to influence
subsequent recovery actions rather than being treated solely as
a monitoring indicator.

Third, the study demonstrates the operation of the
framework through a controlled synthetic post-earthquake
simulation. Three recovery strategies—rapid restoration-
oriented recovery, sustainability-oriented recovery, and digital
twin-based adaptive recovery—are evaluated under common
initial conditions and resource constraints. The comparison
illustrates the trade-offs among recovery -effectiveness,
environmental performance, resilience, chemical risk, and
resource consumption.

2.Literature review
2.1.Urban resilience and sustainable post-disaster recovery

Urban resilience has become an important concept for
addressing increasing disaster risks and sustainability
challenges in rapidly urbanizing environments. Contemporary
resilience research has moved beyond resistance and rapid
restoration toward flexibility, adaptation, learning, and long-
term transformation of urban systems(!-21,

A resilience-oriented  perspective  also  requires
consideration of the relationships among physical
infrastructure, environmental systems, social conditions, and
institutional arrangements. Quantitative studies of seismic
resilience have demonstrated the importance of robustness,
rapidity, redundancy, and resourcefulness in determining
community recovery performancel®l. Research on urban
infrastructure resilience has similarly emphasized that
recovery depends on interactions among infrastructure
components rather than on the performance of individual
assets alonel,

The assessment of resilience has also increasingly
incorporated broader social, economic, and environmental
dimensions. Disaster resilience indicators have been
developed to evaluate baseline community conditions and
identify factors that influence recovery capacityPl. At the
same time, the increasing recognition of compound and
cascading disasters has demonstrated that contemporary
disasters may propagate across interconnected systems and
generate multiple interacting risks®. Such characteristics
make isolated or static recovery planning increasingly
inadequate.

The governance dimension of resilience is also important.
Urban resilience cannot be evaluated only according to
whether a system returns to its previous state; it also involves
questions concerning who benefits from recovery, what is
being protected, when resilience is assessed, and how
recovery priorities are established®!. Sustainable post-disaster
recovery therefore requires coordination among environmenta
-1 conditions, infrastructure functionality, resource availability,
social needs, and governance decisions.
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Despite these developments, many conventional recovery
approaches still depend on fragmented information and
periodic assessments. Such approaches can make it difficult to
continuously identify changing environmental conditions,
assess secondary risks, and adjust recovery priorities during
the recovery process. This limitation provides a basis for
considering digital technologies capable of supporting
continuous state assessment and adaptive decision-making.

2.2.Digital twin technology and smart urban governance

Digital Twin technology has developed from engineering
and manufacturing applications into a broader approach for
representing and managing complex physical systems. In
urban contexts, digital twins can provide dynamic digital
representations of cities and support analysis and decision-
making through continuous interaction between physical and
virtual environments!”,

The technological foundation of digital twins involves the
integration of sensing, data communication, modeling,
simulation, analytics, and computational decision support.
Reviews of digital twin technologies have highlighted their
potential for monitoring, prediction, optimization, and
lifecycle management, while also identifying challenges
related to interoperability, data integration, modeling, and
implementation®™”]. From a modeling perspective, digital
twins are particularly valuable when data and analytical
models are connected rather than when digital representations
are used only for visualization!'?l, Systematic reviews have
likewise identified continuous data exchange, simulation, and
lifecycle-oriented  analytical capabilities as important
characteristics of digital twin systems!'!],

Digital technologies have also become increasingly
important in smart urban governance. Smart-city research has
emphasized the role of digital innovation, information
infrastructure, and technological integration in improving
urban sustainability and governance!'?l. The development of
big-data-based urban analytics has further enabled cities to
analyze complex urban processes using increasingly
continuous information flows!!*]. The concept of the real-time
city similarly highlights how continuous data generation can
support more adaptive forms of urban management!'l,

The governance implications of digital technologies are
particularly relevant to post-disaster recovery. A digital twin
can potentially provide a shared analytical environment in
which infrastructure conditions, environmental observations,
resource availability, and recovery progress are continuously
represented. However, many existing urban digital twin
applications remain focused on operational monitoring and
individual system management. Their use as integrated
platforms for environmental-risk-aware and sustainability-
oriented post-disaster recovery remains comparatively
underdeveloped.

2.3.Digital twin applications in disaster recovery and
research gaps

Digital twin research has demonstrated substantial potential
for monitoring, prediction, optimization, and lifecycle
management. In manufacturing and cyber-physical production

systems, digital twins have been applied to support system
monitoring and operational improvement!!3. Digital twin
approaches have also been connected with big-data
technologies to support complex-system analysis and smart
manufacturing!'l. Predictive health management provides
another important application area, where continuously
updated system information is used to anticipate equipment
conditions and support maintenance decisions!'’]. Earlier
research has similarly examined the role of digital twins in
cyber-physical production systems and real-time system
management!'®],

Recent Al-oriented studies further illustrate the
development of intelligent digital twin applications.
Multimodal sensor data fusion has been used to support
intelligent health assessment, while explainable machine
learning has been applied to predictive decision-making and
customer behavior analysisi?>?]. Digital twin architectures
combined with explainable machine learning have also been
explored for predictive maintenance of complex
electromechanical systems!?*l. These studies demonstrate that
digital twins can increasingly incorporate Al-based analytical
capabilities rather than functioning solely as digital
representations.

However, the requirements of post-disaster urban recovery
differ from those of individual asset monitoring or industrial
predictive maintenance. Recovery decisions must account for
multiple interconnected dimensions, including infrastructure
functionality, environmental quality, chemical risk, resource
constraints, and resilience objectives. This difference reveals
several limitations in current digital twin applications.

First, existing digital twin research remains strongly
oriented toward infrastructure, manufacturing, asset
management, and operational optimizationl’-11:15-18.2224] " The
integration of these capabilities into a broader post-disaster
urban recovery process remains limited.

Second, existing disaster-related approaches often
emphasize damage assessment, resilience evaluation, or
emergency response, whereas recovery is a longer-term
process in which environmental conditions, resource
availability, and secondary risks may evolve continuously(3-¢],
A recovery-oriented digital twin therefore needs to support
not only observation but also state updating, scenario
evaluation, and adaptive intervention.

Third, environmental and chemical risks remain
insufficiently connected to digital twin-based recovery
decision-making. Existing digital twin research demonstrates
strong capabilities in data integration and prediction®!11, but
the dynamic evolution of chemical contamination and its
implications for recovery strategy selection have received
comparatively limited attention.

Fourth, sustainability and resilience require trade-offs
rather than optimization of a single recovery indicator. Rapid
infrastructure restoration may improve short-term recovery
effectiveness but increase environmental pressures, whereas
environmentally  conservative  strategies may reduce
immediate recovery speed. An adaptive framework should
therefore allow these competing objectives to be evaluated
under common resource constraints.

Accordingly, the present study develops DT-SRUR as a
closed-loop recovery framework that integrates:
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(1)continuous urban and environmental condition
assessment;

(2)dynamic chemical-risk prediction;

(3)digital twin state synchronization;

(4)recovery strategy evaluation;

(5)sustainable resource allocation;

(6)feedback-based adaptive recovery decisions.

The framework is subsequently demonstrated through a
synthetic post-earthquake scenario in Section 4, where rapid
restoration, sustainability-oriented, and digital twin-based
adaptive recovery strategies are compared under the same

initial conditions and a common resource constraint.

Post-Disaster Urban System
Earthquake / Flood /
Hurricane / Wildfire

!

Multisource Urban Data
Acquisition

ToT Sensors
GIS
BIM
Remote Sensing
Environmental Monitoring

!

DIGITAL TWIN CORE

Real-time Synchronization
AI Analytics
Dynamic Simulation
Predictive Modeling

3.Conceptual framework and methodology
3.1.Framework development and theoretical foundation

Post-disaster urban recovery is a complex adaptive process
involving interactions among physical infrastructure,
environmental systems, resource networks, social needs, and
governance mechanisms. Unlike conventional reconstruction,
which primarily focuses on restoring damaged facilities and
urban functions, sustainable recovery requires simultaneous
consideration of environmental conditions, emerging risks,
resource constraints, and long-term resilience.
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Fig 1. Integrated digital twin framework for sustainable and resilient post-disaster urban recovery

Conventional recovery processes often depend on
fragmented information, periodic assessment, and relatively
fixed planning decisions. Such approaches may be effective
for initial emergency response but are less suitable when
environmental  conditions, infrastructure  functionality,
resource availability, and recovery risks change continuously.
Therefore, an effective recovery framework should establish a
connection between continuously updated urban information
and adaptive recovery decisions.

Based on this requirement, this study develops a Digital
Twin Framework for Sustainable and Resilient Post-Disaster
Urban Recovery (DT-SRUR). The framework uses digital
twin technology as the coordination layer between the
physical urban system and its virtual representation. Its
purpose is not to introduce digital twin technology as an
independent monitoring platform, but to use continuously
updated system information to support risk-aware recovery
evaluation and adaptive resource decisions.

The framework 1is conceptually grounded in four
complementary perspectives. Urban resilience theory provides
the basis for treating recovery as a process of restoring
essential functions while improving the capacity to withstand
future  disturbances. Sustainable development theory
establishes the need to balance recovery efficiency,
environmental protection, resource use, and long-term urban
development. Environmental assessment and risk analysis
provide the basis for identifying changing environmental
conditions and potential secondary risks during recovery.
Digital twin theory provides the technological mechanism for
synchronizing physical-system observations with virtual
models and evaluating alternative recovery conditions.

Accordingly, DT-SRUR represents post-disaster recovery
as a closed-loop process:

Multisource Data — Environmental and Risk Assessment
— Digital Twin State Update —  Recovery Strategy
Evaluation — Resource Allocation — Recovery Action —
Feedback
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The distinctive contribution of DT-SRUR does not lie in
the individual use of digital twins, environmental assessment,
or resource optimization, which have been investigated in
previous studies. Instead, its contribution lies in connecting
these functions through a chemical-risk-aware adaptive
recovery loop. First, the framework incorporates chemical-
risk perception and prediction into the digital twin rather than
treating environmental risk as an independent monitoring
output. Second, the resulting chemical-risk information is
linked directly to recovery strategy evaluation and resource
allocation, allowing environmental risk to influence recovery
decisions. Third, the framework adopts a feedback mechanism
through which updated infrastructure, environmental, risk, and
resource states can modify subsequent recovery actions.
Therefore, DT-SRUR is designed as a risk-aware adaptive
recovery coordination framework, rather than simply another
digital twin architecture for post-disaster monitoring.

The detailed functional components and computational
relationships of the framework are presented in Section 3.2,
while their operation under a specific post-earthquake
scenario is examined through the scenario-based
computational demonstration in Section 4.

3.2. Architecture of the digital twin-based recovery framework

The proposed DT-SRUR framework consists of seven
interconnected functional components: urban data acquisition,
environmental quality assessment, chemical risk-aware digital
twin environmental risk prediction, risk analysis, digital twin
modeling, sustainable resource management, and intelligent
decision support. Together, these components establish an
integrated architecture for monitoring, analyzing, and
optimizing post-disaster urban recovery processes.

3.2.1.Urban data acquisition and integration

The first component provides the data foundation for
digital twin construction. Post-disaster urban recovery
involves changing interactions among environmental
conditions, infrastructure, population, and resource
availability, making timely and reliable data essential for
recovery assessment. The proposed framework integrates
heterogeneous sources, including IoT sensors, GIS, remote
sensing, environmental monitoring systems, infrastructure
databases, and urban management platforms. These data
provide information on  environmental conditions,
infrastructure  status, population distribution, resource
availability, and recovery conditions. After integration and
preprocessing, the data are converted into a unified urban
information environment that supports environmental
assessment and digital twin state updating.

3.2.2.Environmental quality assessment mechanism

Environmental quality assessment provides an important
basis for sustainable post-disaster recovery. Disasters and
subsequent reconstruction activities may affect air, water, soil,
ecological conditions, and chemical risk. The proposed
framework integrates environmental information into the
digital twin to continuously track these changes during
recovery. Combined with infrastructure and resource
conditions, the assessment results support the identification of

priority intervention areas and the evaluation of environmental
implications under different recovery strategies. This ensures
that recovery decisions consider not only physical restoration
but also environmental protection and long-term sustainability.

3.2.3.Chemical risk-aware digital twin environmental risk
prediction module

In this study, chemical risk is considered as an important
component of post-disaster environmental risks, particularly
arising from hazardous material leakage, industrial facility
damage, infrastructure disruption, and reconstruction-related
pollution.

Post-disaster urban environments often involve complex
and dynamic chemical-related risks, including pollutant
release, contaminant migration, environmental accumulation,
and potential secondary pollution during recovery processes.
Existing digital twin applications in disaster management have
predominantly focused on infrastructure monitoring, damage
assessment, and operational optimization, while relatively
limited attention has been devoted to the dynamic evolution of
environmental chemical risks and their integration into
predictive recovery decision-making.

To address this limitation, this study proposes a Chemical
Risk-Aware Digital Twin Environmental Risk Prediction
Module (CR-DT-ERP) within the DT-SRUR framework. The
proposed module integrates environmental monitoring data,
chemical risk indicators, contaminant migration analysis, and
digital twin simulation to enhance the capability of digital
twin systems in identifying, predicting, and managing post-
disaster environmental risks.

Unlike conventional digital twin applications that mainly
provide real-time monitoring and visualization, the proposed
module extends digital twin capabilities toward risk-aware
prediction and adaptive environmental recovery support. By
incorporating chemical-related risk factors into the digital
twin environment, the framework enables dynamic assessment
of pollution evolution, evaluation of recovery strategies, and
optimization of sustainable urban recovery decisions.

The module consists of three key mechanisms.

(1) Chemical mechanism-embedded environmental
modeling

The proposed module integrates chemical mechanisms into
the digital twin architecture, enabling the virtual urban
environment to represent not only current pollution conditions
but also the dynamic evolution of chemical risks.

The model can be expressed as:

DTchem:Dp+Cm+Dd (1)
where: DTchem represents the chemistry-informed digital twin
model; D, represents physical urban environmental data; Cn
represents chemical mechanism models; Dg represents
dynamic monitoring data.

Unlike conventional data-driven digital twins, this
approach combines real-time environmental information with
chemical knowledge, improving the capability of digital twins
to understand and predict post-disaster environmental changes.

(2) Dynamic chemical risk prediction mechanism

Post-disaster chemical pollution is a continuous process
involving pollutant release, migration, transformation, and
accumulation.  Therefore, the proposed framework
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incorporates contaminant lifecycle modeling to predict future
environmental risks.

The pollutant evolution process is represented as:

CH1=AC,MER,) (2)
where: C; represents current contaminant concentration; M,
represents pollutant migration characteristics; E; represents
environmental conditions; R; represents recovery intervention
effects.

Through continuous synchronization between physical
environments and virtual models, the digital twin can predict
future pollution hotspots, risk evolution trends, and
environmental impacts under different recovery strategies.

(3) Chemical risk-oriented recovery optimization

Different recovery strategies may generate different
environmental consequences. For example, rapid reconstructi
-on may improve recovery efficiency but increase pollution
risks, while sustainable reconstruction may reduce
environmental impacts but require additional coordination.

Therefore, this study incorporates chemical risk into the
recovery optimization objective:

maxF;=oR+pStyRes-.CR 3)
where: R represents recovery effectiveness; S represents
sustainability = performance; Res represents resilience
improvement; CR represents chemical risk.

By simulating alternative recovery scenarios, the digital
twin framework supports decision-makers in selecting
recovery strategies that balance restoration efficiency,
environmental safety, and long-term urban resilience.

Decision Layer

Recovery Scenario
Simulation

Multi-objective
Optimization
-

i

. Sustainable
"'| Resilient Recovery

The major innovation of this module is that it extends
digital twin technology from a data representation and
monitoring tool toward a chemistry-informed predictive
environmental intelligence system. By integrating chemical
mechanisms with dynamic simulation capabilities, the
proposed framework enables early identification of post-
disaster environmental risks, optimization of recovery
strategies, and improvement of sustainable urban resilience.

3.2.4.Risk analysis mechanism

The risk analysis component aims to identify, evaluate, and
manage potential uncertainties throughout the recovery
process. Post-disaster environments often involve multiple
interconnected  risks, including environmental risks,
infrastructure risks, resource supply risks, and secondary
disaster risks.

Within the proposed framework, risk analysis is conducted
through:

(1)identification of critical risk factors;

(2)assessment of potential impacts;

(3)prioritization of recovery requirements;

(4)simulation of risk evolution under different scenarios.

By combining environmental information, infrastructure
conditions, and resource constraints, the framework enables a
comprehensive understanding of recovery-related risks.

Unlike traditional risk assessment approaches based on
static evaluation, the proposed digital twin-based mechanism
supports dynamic risk monitoring and adaptive response
strategies.

-tan:|nuousfeedback Tnteligance ayer

Contaminant

Adaptive Recovery
Strategy

/\

Migration Modeling

Chemistry-Informed Digital Twin l

o
Chemical Mechanism
Integration

Chemical Risk
Prediction

Data Layer

Environmental
Monitoring

Post-Disaster
Urban Environment

Urban Physical
Information

I

Chemical Risk
Parameters,

l

Risk-Aware Future Risk
Digital Twin Scenario Analysis

Dynamic State
Simulation

Fig 2. Conceptual framework of the chemical risk-aware digital twin environmental risk prediction module (CR-DT-ERP)

Table 1. Comparison between conventional digital twin applications and the proposed chemistry-informed digital twin module

Dimension

Conventional Digital Twin Applications

Proposed Chemistry-Informed Digital Twin
Module

Data sources
Core capability

Environmental analysis
Risk management

Decision support

Main objective

Status monitoring and visualization

Evaluation based on current conditions

Reactive response after risk occurrence

Improving operational efficiency

Environmental data, chemical mechanisms,

Sensor data, GIS, infrastructure information

and dynamic monitoring data
Monitoring, prediction, and risk-based
optimization
Prediction based on chemical migration and
transformation processes
Proactive prediction and early intervention
Scenario simulation and recovery strategy

Information visualization and analysis

optimization
Supporting sustainable and resilient
environmental recovery
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3.2.5.Digital twin modeling mechanism

The digital twin modeling component establishes a
dynamic virtual representation of the post-disaster urban
system by integrating environmental, spatial, infrastructure,
recovery, and resource information. Unlike a conventional
digital model, the proposed digital twin is continuously
updated as new observations become available, allowing the
virtual state to reflect changing post-disaster conditions.

Based on the updated system state, the digital twin supports
the simulation and comparison of alternative recovery
strategies before their implementation. This provides a
common analytical environment for linking environmental
conditions, infrastructure recovery, resource constraints, and
risk information, thereby supporting more adaptive recovery
decisions.

3.2.6.Sustainable resource management mechanism

Post-disaster recovery is constrained by limited financial
resources, materials, labor capacity, energy availability, and
environmental carrying capacity. Therefore, sustainable
resource management is essential for achieving efficient and
resilient reconstruction.

The proposed framework treats resource management as a
multi-objective coordination problem considering:

® recovery efficiency;
environmental sustainability;
resource availability;
resilience enhancement;
long-term urban development objectives.

The optimization objective can be expressed as:

Maximize Fy=oR+fS+yRes-AC 4)
Where: R represents recovery efficiency; S represents
sustainability = performance; Res represents resilience
enhancement; C represents recovery cost; a, 3, v, A represent
weighting coefficients.

This mechanism enables decision-makers to identify
recovery strategies that achieve a balance between immediate
reconstruction needs and long-term sustainability objectives.

3.2.7.Intelligent decision-support mechanism

The intelligent decision-support mechanism converts the
updated digital twin state into recovery actions. It considers
infrastructure conditions, environmental risks, resource
availability, and recovery priorities to support the selection
and adjustment of recovery strategies.

Within the digital twin environment, alternative recovery
strategies can be evaluated before implementation, allowing
decision-makers to compare their effects on recovery
performance, environmental conditions, resource use, and
resilience. As new monitoring information becomes available,
the assessment can be updated and recovery priorities or
resource allocation can be adjusted accordingly.

This mechanism therefore provides the decision layer of
DT-SRUR, linking environmental and infrastructure
assessment with strategy evaluation and adaptive recovery
planning.

3.3.Research methodology and framework evaluation

This study adopts a conceptual framework development
methodology combined with scenario-based evaluation. The
research process consists of three stages.

First, theoretical analysis and literature synthesis are
conducted to identify limitations in existing digital twin
applications and post-disaster recovery approaches.

Second, an integrated framework is developed by
combining digital twin technology with environmental
assessment, risk analysis, sustainable resource management,
and resilience governance principles.

Third, a scenario-based evaluation approach is applied to
demonstrate the practical applicability of the proposed
framework in post-disaster urban recovery contexts.

The framework is evaluated from three perspectives:

(1) Environmental assessment capability

Whether the framework can effectively integrate
environmental information and support continuous evaluation
of post-disaster environmental conditions.

(2) Decision-support capability

Whether the framework can support adaptive recovery
planning, risk-informed decisions, and sustainable resource
allocation.

(3) Sustainability and resilience contribution

Whether the framework can enhance long-term urban
adaptability, environmental sustainability, and recovery
effectiveness.

Through this methodology, the study provides a conceptual
foundation for integrating digital twin technology into
sustainable and resilient urban recovery governance.

4.Post-earthquake scenario simulation and computational
demonstration

4.1.Post-earthquake scenario and synthetic simulation inputs

To demonstrate how the proposed Digital Twin Framework
for Sustainable and Resilient Post-Disaster Urban Recovery
(DT-SRUR) can operate under a specific disaster context, this
study develops a controlled hypothetical post-earthquake
urban recovery scenario. The purpose of this scenario is to
provide a structured computational environment for
examining the interaction among infrastructure recovery,
environmental conditions, chemical risk, resilience, and
resource constraints. It is not intended to reproduce a specific
historical earthquake or represent a particular real-world city.

A medium-sized urban area is assumed to experience a
severe earthquake that damages residential areas,
transportation networks, water and energy facilities, and
public service infrastructure. In addition to direct physical
damage, the carthquake generates secondary environmental
pressures during

the recovery period. Particular attention is given to a
damaged industrial or hazardous-material storage facility,
where structural failure is assumed to create a potential
chemical contamination source. The resulting chemical risk is
treated as a dynamic condition that may change with
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environmental attenuation, recovery intervention, and updated
monitoring information.

The simulation covers 30 days after the earthquake, with
the digital twin state updated at seven-day intervals. Four
categories of information are considered: infrastructure
functionality, environmental quality, chemical-risk conditions,
and recovery resources. The same initial conditions and total
resource capacity are used for all three recovery strategies so
that their differences arise from the recovery decision rules
rather than from different initial settings.

Because site-specific post-earthquake monitoring data are
not available for this study, synthetic scenario inputs are used.
These inputs are intended solely for controlled computational
demonstration and should not be interpreted as measurements
from an actual post-earthquake event.

Applied Artificial Intelligence Research

Initial State — Assessment — Digital Twin Update —
Recovery Strategy Evaluation — Resource Allocation —
Recovery Action — Monitoring Feedback — State Update

Accordingly, this section focuses on the implementation of
the framework under a specific earthquake scenario rather
than redefining its conceptual components.

4.2.Recovery strategies and computational procedure

Three recovery strategies are considered.

Scenario A: Rapid Restoration-Oriented Recovery. This
strategy prioritizes the rapid restoration of critical urban
functions. Available resources are mainly directed toward
infrastructure repair, transportation restoration, and water and
energy  services. Environmental and  chemical-risk

The computational process follows the framework considerations are incorporated but receive relatively lower
developed in Section 3: priority during the early recovery stage.
Table 2. Main parameters of the synthetic post-earthquake scenario
Parameter Symbol Baseline value Description

Simulation period (T) 30 days
Initial infrastructure functionality (Fp) 0.40
Initial environmental quality (Ep) 0.45
Initial chemical concentration (Co) 1.00
Available recovery resources (B) 100 units
Digital twin update interval (At) 7 days

Duration of the post-earthquake simulation
Normalized functionality immediately after the earthquake

Normalized environmental condition immediately after the earthquake

Normalized initial chemical-risk level
Total normalized recovery-resource capacity
Interval for state synchronization and recovery adjustment

Note: All numerical values are synthetic scenario inputs used for controlled computational demonstration and do not represent measurements from a specific post-

earthquake city.
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Fig 3. Post-earthquake scenario configuration and digital twin simulation process

Scenario B: Sustainability-Oriented Recovery. This
strategy places greater emphasis on environmental protection
and

sustainable reconstruction. Resources are relatively more
strongly directed toward pollution prevention,
environmentally responsible reconstruction, waste reduction,
and ecological restoration. Consequently, environmental
performance is prioritized even when this may reduce the rate
of short-term functional recovery.

Scenario C: Digital Twin-Based Adaptive Recovery. This
strategy represents the proposed DT-SRUR approach. Instead

of maintaining a fixed recovery priority throughout the
simulation, resource allocation is adjusted according to the
evolving digital twin state. Infrastructure functionality,
environmental  conditions, chemical risk, resilience
requirements, and remaining resources are considered together
when determining subsequent recovery actions.
All three strategies start from the same initial conditions
and operate under the same resource capacity:
Fy=0.40, Ey=0.45, Cy=1.00
B=100

)
(6)
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At each seven-day update point, the current state is
assessed and the next recovery action is determined. The
computational transition can be represented as:

S,—Assessment— Decision— Action— S, @)
where S; denotes the current state of the digital twin.

For Scenario A and Scenario B, the principal recovery
priorities remain relatively stable throughout the simulation.
For Scenario C, the allocation is adjusted according to
changes in infrastructure functionality, environmental quality,
chemical risk, and available resources. This provides a
computational representation of the adaptive feedback
mechanism described in Section 3.

4.3. Earthquake-specific chemical-risk simulation

A dedicated computational simulation is conducted to
demonstrate the operation of the Chemical Risk-Aware
Digital Twin Environmental Risk Prediction Module (CR-DT-
ERP) under the post-earthquake scenario. This component is
particularly relevant because damage to industrial facilities or
hazardous-material ~ storage  systems may  generate
environmental risks that evolve during recovery.

Following the assumed earthquake damage, the initial
normalized chemical concentration is set to:

Cy=1.00 ®)

The subsequent evolution of chemical concentration is
represented using the following simplified scenario-level
relationship:

Crr1=Cie™ ©)
where C; represents the normalized chemical concentration at
time ¢, and k; represents the combined effect of environmental
attenuation and recovery intervention.

This formulation is used as a computational representation
of chemical-risk evolution rather than as a site-specific
physicochemical transport model. It does not attempt to
reproduce the complete dispersion, migration, reaction, or
transformation processes of a particular chemical. In an actual
deployment, the parameter & could be replaced or calibrated
using contaminant-specific transport models and real
environmental monitoring observations.

The three recovery strategies apply different levels and
timing of chemical-risk intervention. Scenario A gives greater
priority to rapid infrastructure restoration. Scenario B gives
stronger priority to environmental protection. Scenario C
adjusts chemical-risk intervention according to the updated
digital twin state.

Chemical risk is evaluated throughout the 30-day
simulation, with state updates at Days 0, 7, 14, 21, and 30. In
addition to the chemical-risk level at Day 30, average
chemical-risk exposure is considered to capture the overall
risk condition during the recovery period.

The simulation therefore demonstrates how chemical-risk
information can be incorporated into the recovery decision
process rather than being treated solely as a separate
environmental monitoring indicator.

Table 3. Chemical-risk simulation configuration

Variable Baseline setting Description
Initial chemical concentration 1.00 Normalized post-earthquake contamination level
Simulation horizon 30 days Period of chemical-risk evolution
Digital twin update interval 7 days Frequency of state synchronization

Chemical-risk intervention Strategy-dependent

Risk observation points Days 0, 7, 14, 21, 30

Determines the intervention effect
Used to evaluate risk evolution

Table 4. Quantitative comparison of the three recovery strategies

Indicator Scenario A: Rapid Restoration

Scenario B: Sustainability-Oriented Scenario C: DT-Based Adaptive

Recovery effectiveness 0.706
Environmental performance 0.477
Resilience performance 0.445
Chemical risk at Day 30 0.757
Average chemical-risk exposure 0.845
Resource consumption (units) 88

0.682 0.690
0.492 0.489
0.432 0.447
0.736 0.729
0.833 0.825
81 83

Note: The values are generated from the synthetic post-earthquake computational simulation described in Sections 4.1-4.3. All three strategies use the same initial

conditions and total resource capacity. The results are intended to demonstrate comparative framework behavior rather than represent measurements from a

specific post-earthquake city.
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Fig 4. Simulated chemical-risk evolution under the three recovery strategies
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4.4. Quantitative comparison of the three recovery strategies

The computational outputs are compared using recovery
effectiveness,  environmental = performance, resilience
performance, chemical risk, and resource consumption. The
indicators are normalized where appropriate to provide a
common basis for comparison.

The results demonstrate distinct trade-offs among the three
recovery strategies. Scenario A achieves the highest recovery
effectiveness, with a value of 0.706. This result is consistent
with its emphasis on rapid restoration of critical urban
functions. However, this strategy produces the lowest
environmental performance (0.477) and a relatively lower
resilience performance (0.445). It also produces the highest
chemical risk at Day 30 (0.757) and the highest average
chemical-risk exposure (0.845). The results therefore indicate
a clear trade-off between rapid functional restoration and
environmental-risk control.

Scenario B achieves the highest environmental
performance, with a value of 0.492. It also reduces the Day-30
chemical risk to 0.736 and the average chemical-risk exposure
to 0.833. However, its recovery effectiveness is 0.682, the
lowest among the three strategies. This pattern is consistent
with a strategy that assigns greater priority to environmental
protection and sustainable reconstruction. Scenario B also has
the lowest resource consumption, at 81 units, indicating
relatively strong resource efficiency within the simulated
conditions.

Scenario C does not produce the highest value for every
individual indicator. Its recovery effectiveness is 0.690,
slightly below Scenario A but above Scenario B. Its
environmental performance is 0.489, very close to the highest
value obtained by Scenario B. However, Scenario C achieves
the highest resilience performance (0.447), the lowest Day-30
chemical risk (0.729), and the lowest average chemical-risk
exposure (0.825). Its resource consumption is 83 units, which
lies between Scenario A and Scenario B.

This pattern is important for interpreting the contribution of
the proposed adaptive strategy. The simulation does not
suggest that DT-SRUR universally dominates alternative
recovery strategies. Instead, Scenario C demonstrates a more
balanced performance across competing objectives. It
sacrifices a small amount of recovery effectiveness relative to
the rapid restoration strategy while achieving lower chemical
risk and higher resilience. At the same time, it approaches the
environmental performance of the sustainability-oriented
strategy without adopting exactly the same fixed recovery
priorities.

The chemical-risk results provide a specific computational
demonstration of the proposed CR-DT-ERP component. The
simulated Day-30 chemical-risk level decreases from 0.757
under Scenario A to 0.736 under Scenario B and 0.729 under
Scenario C. Similarly, average chemical-risk exposure
decreases from 0.845 to 0.833 and 0.825, respectively. These
results indicate that incorporating evolving chemical-risk
information into recovery decisions can alter the simulated
recovery trajectory and improve risk-oriented decision support.

The resource results further illustrate the trade-offs among
the strategies. Scenario A consumes 88 units, Scenario B

consumes 81 units, and Scenario C consumes 83 units from
the common 100-unit resource capacity. Therefore, the
improved resilience and chemical-risk performance of
Scenario C is not based on an assumption of unlimited
resources. Instead, the adaptive strategy operates under the
same resource constraint while adjusting priorities according
to the evolving simulated state.

Overall, the computational results suggest that the main
value of Scenario C lies in adaptive coordination among
competing recovery objectives, rather than maximizing a
single indicator. This finding is consistent with the central
design principle of DT-SRUR: recovery decisions should be
updated as environmental, risk, infrastructure, and resource
conditions change.

4.5.Computational interpretation, robustness, and limitations

The scenario simulation provides a computational
demonstration of the closed-loop operation proposed in
Section 3. During the simulated recovery period, monitoring
information is incorporated into the digital twin, the current
state is reassessed, and subsequent recovery priorities are
adjusted. The process can be summarized as:

Monitoring — State Update — Risk Reassessment —
Resource Adjustment —  Recovery Action —  New
Monitoring

This mechanism distinguishes Scenario C from the two
fixed-priority strategies. Scenario A maintains its emphasis on
rapid restoration, whereas Scenario B maintains its emphasis
on sustainability. Scenario C allows the relative importance of
recovery requirements to change as the simulated urban state
evolves.

The chemical-risk simulation provides a focused
demonstration of how the proposed framework can
incorporate a disaster-specific environmental risk into
recovery decision-making. Rather than treating chemical risk
as a static indicator, the simulation represents it as an evolving
condition that can affect subsequent recovery priorities. This
provides a concrete computational illustration of the
chemistry-informed component introduced in Section 3.

The results should nevertheless be interpreted
conservatively. The present study does not claim to provide
empirical evidence from a real earthquake. The numerical
values are generated from synthetic scenario inputs and
simplified computational relationships. Their primary purpose
is to demonstrate the internal operation of the framework and
provide a controlled comparison of alternative recovery
strategies.

The scenario also has several limitations. First, site-specific
post-earthquake monitoring data were unavailable, preventing
direct calibration of the model. Second, the chemical-risk
relationship is a simplified representation and does not
reproduce the full physicochemical behavior of a particular
contaminant. Third, real urban recovery involves additional
factors, including detailed infrastructure interdependencies,
population behavior, institutional coordination, transportation
disruption, and spatially heterogeneous environmental
processes.

Therefore, the results should not be interpreted as
predictions for a particular city or as evidence that DT-SRUR



Applied Artificial Intelligence Research 59

will outperform alternative strategies under all real-world
conditions. Instead, they demonstrate that the proposed
framework provides a structured computational environment
in which alternative recovery strategies can be evaluated
under common initial conditions and resource constraints,
while simultaneously considering recovery effectiveness,
environmental performance, resilience, and chemical risk.

Future research should incorporate real post-earthquake
monitoring observations, infrastructure damage records, site-
specific contaminant transport models, and actual recovery-
resource data. These data would allow the framework to be
calibrated and subsequently evaluated under real-world
conditions. Such work would constitute a further stage of
external assessment beyond the present synthetic scenario-
based computational demonstration.

5.Discussion
5.1.Contribution to digital twin-enabled urban recovery

The results support the use of digital twins as a
coordination mechanism for post-disaster recovery rather than
only as tools for monitoring or visualization. Existing digital
twin research has mainly emphasized data integration, system
representation, simulation, and operational decision support!®-
131, The proposed DT-SRUR framework extends this role to
post-disaster recovery by connecting urban state information
with environmental assessment, risk evaluation, resource
allocation, and recovery actions.

The scenario comparison in Section 4 shows that the value
of the proposed approach is not simply to maximize one
recovery indicator. The rapid restoration strategy provides
stronger short-term  functional recovery, while the
sustainability-oriented strategy places greater emphasis on
environmental performance and resource use. The DT-based
adaptive strategy provides a more balanced outcome by
adjusting recovery priorities according to the changing
simulated state. This is consistent with the broader
understanding of urban resilience as an adaptive capacity
rather than a simple return to pre-disaster conditions!!=.

The main contribution is therefore the integration of these
functions within a single recovery loop. Instead of treating
infrastructure recovery, environmental risk, and resource
management as separate tasks, DT-SRUR links them through
continuous state updating and strategy adjustment. This
provides a practical way to translate the concept of adaptive
urban resilience into a digital decision-support process.

5.2.Environmental risk and adaptive recovery

Environmental risk is an important part of post-disaster
recovery because disaster impacts may continue after the
initial physical event. Conventional recovery planning can
place greater emphasis on infrastructure restoration, while
environmental changes and secondary risks may receive less
attention. The proposed framework addresses this issue by
incorporating environmental conditions and chemical-related
risk into the digital twin state.

The computational demonstration in Section 4 provides a
focused example of this mechanism. The chemical-risk
component represents contamination as an evolving condition
affected by environmental attenuation and recovery
intervention. The purpose is not to reproduce the complete
physicochemical behavior of a specific contaminant, but to
demonstrate how changing environmental risk can be
incorporated into recovery decisions.

The results show that the adaptive strategy can reduce
simulated chemical-risk exposure while maintaining a
recovery performance close to the rapid restoration strategy.
This finding should be interpreted as evidence of the decision
mechanism demonstrated by the scenario, rather than as
empirical evidence of improved chemical-risk prediction. In
this sense, the contribution of the chemical-risk module is its
integration into the recovery decision loop rather than the
development of a site-specific contaminant transport model.

5.3.Resource management and recovery trade-offs

Post-disaster recovery is normally subject to limited
financial, material, energy, and labor resources. A recovery
strategy that maximizes restoration speed may therefore
impose additional environmental or resource costs.
Conversely, a strategy that gives strong priority to
environmental protection may slow the restoration of essential
urban functions.

The results presented in Section 4 illustrate this trade-off
under a common resource constraint. The three strategies
produce different combinations of recovery effectiveness,
environmental performance, resilience, chemical risk, and
resource consumption. The DT-based strategy does not
achieve the best value for every individual indicator, but
instead adjusts priorities according to the evolving recovery
state.

This result supports the central role of adaptive resource
coordination in DT-SRUR. Rather than assigning fixed
priorities throughout the recovery period, the framework
allows resource decisions to respond to changes in
infrastructure conditions, environmental quality, chemical risk,
and remaining resources. Such an approach is more consistent
with the dynamic and interconnected nature of urban
recovery!!-2l,

Table 5. Comparison of traditional recovery approaches, existing digital twin
applications, and the proposed DT-SRUR framework

. . Traditional Existing Digital Proposed DT-SRUR
Dimension Recovery . S,
Twin Applications Framework
Approaches
. . Int t
Information ~ Fragmented and Real-time _ntegra od
integration delayed monitorin environmental and
g Y & urban data
. . i tal
Environmental - Mainly Environmen i
. . Limited - assessment and risk
consideration operational

analysis
Simulation-based

Decision-making Experience-based Data-supported adaptive support

Resource . . Limited Sustainable resource
Static allocation S o
management optimization coordination
Recovery Restoration- Efficiency- Sustainability and
objective oriented oriented resilience-oriented
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5.4.Practical implications

The proposed framework has several practical implications
for post-disaster management. First, it provides a common
digital ~ environment for combining infrastructure,
environmental, risk, and resource information, which can
reduce fragmentation between different recovery activities.
Second, the framework allows alternative recovery strategies
to be evaluated before implementation, helping decision-
makers examine potential trade-offs between rapid restoration
and environmental protection. Third, the adaptive mechanism
provides a basis for adjusting recovery priorities as new
monitoring information becomes available.

The framework may therefore be useful for emergency
management agencies, urban planners, infrastructure operators,
and local governments. However, its practical value depends
on the availability and quality of real-time data, reliable
environmental models, and effective institutional coordination.
Digital twin technology alone cannot resolve these
organizational and data-related constraints!!-131,

5.5.Limitations and future research

The findings of this study should be interpreted within the
scope of the scenario-based evaluation. The computational
demonstration uses synthetic post-earthquake inputs and
simplified assumptions to examine the operation and
comparative behavior of the proposed framework. It therefore
does not provide empirical validation for a specific city or
disaster event. In addition, the chemical-risk component
represents contaminant evolution at a simplified scenario level
and does not reproduce the detailed transport, dispersion,
reaction, or transformation processes of a specific chemical.
The current framework also does not fully capture
infrastructure interdependencies, population responses, or
institutional coordination.

Future research should validate DT-SRUR using real
disaster cases and monitoring data. Real infrastructure damage
records, environmental observations, contaminant transport
models, and recovery-resource data could be incorporated to
improve model calibration and scenario realism. Further work
could also introduce more detailed optimization and predictive
methods to strengthen adaptive recovery planning while
retaining the framework's focus on environmental risk,
resource coordination, and urban resilience.

6.Conclusion
6.1.Main findings and contributions

This study developed a Digital Twin Framework for
Sustainable and Resilient Post-Disaster Urban Recovery (DT-
SRUR) to support adaptive recovery under changing
environmental, risk, infrastructure, and resource conditions.
The framework connects multisource urban information,
environmental assessment, risk analysis, digital twin state
updating, resource coordination, and recovery decision-
making within a closed-loop process.

The scenario-based computational demonstration shows
that different recovery strategies produce different trade-offs.
Rapid restoration favors functional recovery, sustainability-
oriented recovery places greater emphasis on environmental
performance and resource use, while the proposed DT-based
adaptive strategy provides a more balanced response across
the considered objectives. The chemical-risk simulation
further demonstrates how an evolving environmental risk can
be incorporated into recovery decisions instead of being
treated only as a separate monitoring indicator.

The contribution of DT-SRUR therefore lies primarily in
adaptive  coordination  rather than  single-objective
optimization. By linking environmental risk, recovery
performance, resilience, and resource constraints within the
same decision process, the framework provides a structured
approach for evaluating and adjusting post-disaster recovery
strategies. It also extends the role of digital twins from system
monitoring toward integrated recovery decision support?®'3],

6.2.Limitations and future directions

The findings should be interpreted within the scope of the
synthetic scenario used in this study. The computational
results are not intended to predict the performance of a
particular city or disaster event, and the simplified chemical-
risk model cannot replace contaminant-specific environmental
modeling. Future research should validate DT-SRUR using
real disaster cases and integrate real-time environmental
observations, infrastructure damage data, and recovery-
resource information. More detailed chemical transport
models and advanced predictive methods could also be
incorporated to improve the framework's external validity.

Overall, DT-SRUR provides a foundation for linking
digital twin technology with environmental risk management
and adaptive resource coordination in post-disaster urban
recovery. Its further development will depend on empirical
validation, improved data integration, and closer integration
with real-world recovery governance.
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