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Abstract. District Heating (DH) systems have been an essential component of urban energy
infrastructure for nearly a century, particularly in regions with severe winter climates, such as
Northern Europe and the Baltic states. These networks reliably deliver thermal energy to
residential, institutional, and industrial consumers. Like all infrastructure systems, the
operational lifespan of DH pipelines is finite and is largely determined by material properties,
operating conditions, and installation quality. To ensure long-term serviceability, investment
planning, and effective asset management, it is critical to understand the ageing mechanisms
of DH pipelines and to develop robust models for service life prediction and Remaining Useful
Life (RUL) estimation. The European standard EN 253 provides quality assurance guidelines
and minimum performance thresholds—typically specifying a 30-year minimum service life
under defined operating conditions—for pre-insulated bonded pipe systems. While such
standards offer valuable product-level benchmarks, they do not provide sufficient tools for
predicting infrastructure-wide lifetime or RUL during operation. Existing literature classifies the
ageing models as deterministic or probabilistic approaches, which they are respectively based
on material science—based models, and on failure event statistics. These approaches are often
described respectively as “Top-Down” (statistical) and “Bottom-Up” (material-based) methods.
More recently, the emergence of machine learning and the increasing availability of operational
and failure data have enabled the development of advanced data-driven models with improved
predictive capabilities for both failure forecasting and remaining useful life estimation.

This paper presents a critical review and updated classification of ageing models for DH
pipelines, organizing them into three main categories: deterministic, probabilistic, and data-
driven approaches. The advantages and limitations of each class are discussed, with particular
emphasis on their applicability to real-world DH network management and remaining useful
life prediction. The proposed framework aims to support the development of integrated hybrid
models that can better capture the complex, multifactorial ageing processes in DH systems
and improve long-term infrastructure planning and maintenance strategies.

Keywords: District Heating, Ageing Models, Bonded Pipes, Service-Life, Remaining Useful
Life
1. Introduction

District Heating (DH) networks represent long-lived, capital-intensive infrastructure systems
whose reliability is central to urban energy security. Based on the Critical Entities Resilience
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(CER) Directive (EU) 2022/2557 and its supplementing Commission Delegated Regulation
(EU) 2023/2450 DH is a critical infrastructure and as many European DH systems approach
or exceed their originally intended design life, the ability to predict pipe ageing and remaining
useful life has become a critical concern for utilities, regulators, and policymakers. Ageing-
related failures—such as leaks, insulation degradation, and corrosion-induced ruptures—can
result in high economic costs, service interruptions, and safety risks. Although product
standards such as EN 253 provide minimum performance requirements and qualification
testing for pre-insulated bonded pipes (BP), they do not directly address the heterogeneous
and evolving conditions encountered in real networks over decades of operation.
Consequently, ageing models have been developed to support maintenance planning, risk
assessment, and long-term investment strategies and in total improve the Asset Management
(AM).

The Standard EN 253 contains various tests for each component of the BP as well as the
entire pipe assembly but not necessarily the introduced tests are life-time prediction models
but a quality assurance of the product that would remain in service for a certain period if
operated under certain conditions. Most of these tests are focused on the physical entity of the
product and they are experimental based. In another word, the approach is deterministic.
Contrary, the system reliability engineering introduced another approach. Instead of going
through the physical changes of the ageing phenomenon and understanding the degradation
mechanisms, the engineers, grid operators, and experts look at the system as whole and
investigate the failure data in different sectors of the grid. In system reliability approach, the
datasets, system information and data statistics are translated to ageing information, and any
distribution and survival function may be introduced to estimate the service life of the pipe and
the ageing estimations.

1.1 Scope and Methodology of the Review

This review is grounded in the author’s research activities over the past five years, including
the development and application of ageing models for DHpipelines within two collaborative
research projects. Rather than aiming for an exhaustive bibliometric survey, the paper adopts
a focused, expert-driven review methodology that emphasizes models with demonstrated
relevance to real-world DH network operation.

The literature selection prioritizes peer-reviewed journal articles, conference proceedings,
and technical reports that address ageing, degradation, failure prediction, or service-life
modelling of DH pipes and closely related buried energy infrastructure. Particular attention is
given to studies that:

o Explicitly link ageing mechanisms to operational, environmental, or material
parameters;

o Have been validated using field data, laboratory experiments, or long-term monitoring;

o Are applicable at component, network, or asset-management levels.

The reviewed models are classified into deterministic, probabilistic, and data-driven
categories, reflecting both methodological differences and their practical implications for DH
utilities. Where relevant, insights from the author’'s own modelling work are used to critically
assess assumptions, data requirements, and transferability.

1.2 Limitations of the Review

The scope of this review is subject to several limitations. First, the emphasis on ageing models
relevant to European DH systems may limit the generalizability of conclusions to regions with
different climatic, regulatory, or operational contexts. Second, proprietary utility data and
unpublished industrial studies—while often highly informative—are largely inaccessible and
therefore underrepresented. Finally, rapidly evolving machine learning approaches may
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outpace the literature covered here; consequently, the discussion of data-driven methods
focuses on conceptual maturity and applicability rather than completeness. These limitations
are acknowledged to provide transparency and to delineate opportunities for future research.

2. Physical Ageing Mechanisms of District Heating Pipes

Understanding the dominant degradation mechanisms is a prerequisite for meaningful lifetime
modelling. Major ratio of modern DH pipelines are BPs [1], which are composite systems
typically consisting of a steel service pipe, polyurethane (PUR) foam insulation, and a high-
density polyethylene (HDPE) casing. Each component is subject to distinct ageing processes,
often interacting in complex ways. This section reviews the physical ageing mechanisms of
DH pipes and systematically examines the principal modelling approaches proposed in the
literature.

2.1 Thermal and Mechanical Loading

DH energy providers use gliding temperature to supply the energy on the demand side [2].
According to [3] the operating temperature is 80°C when the outdoor temperature is 15°C and
the supply temperature increases up to 130°C when the outdoor temperature is -10°C and
lower. As the operational temperature is not fixed based on the outdoor temperature and heat
demand on days and nights thermal cycling observed on the DH systems run with gliding
temperature. Repeated thermal cycling due to varying supply and return temperatures induces
expansion and contraction in the steel pipe, generating axial and radial stresses. Over long
periods, these stresses may contribute to fatigue damage, joint failure, or debonding between
pipe layers special at the interface of the steel pipe and PUR foam. The latter is probably the
most decisive phenomena that determines the end of the service-life of a pipe based on the
research of many scholars [4], [5], [6], [7], as the medium pipe can freely expand and contract
and cause the damage at bends and T joints. Elevated operating temperatures also accelerate
chemical degradation processes in PUR insulation foam and Arrhenius equation governs the
degradation process. The long-term thermal performance of DH pipes is governed by the
integrity of the PUR insulation. Thermal and thermal oxidation is a key mechanism that ages
the PUR foam. This can be observed as gradient browning of the insulation layer, which is
usually darker at the interface with medium pipe and brighter as move outward toward casing.
The thermal and thermal oxidation leads to increased heat losses and mostly precedes
structural failure. However, according to our investigations DH operators are less sensitive to
thermal ageing than mechanical ageing of the PUR insulation layer. In another word, structural
failure is the utmost concern of the grid operators.

2.2 Corrosion and Moisture Ingress

Corrosion of the steel pipe is recognized as a cause of DH pipe failures and that’s why in some
countries like Germany there are restricted regulations for the water quality in DH systems [8].
Moisture ingress from the HDPE casing layer of the pipe also like damaged or imperfect joints,
compromises the insulation and increases heat losses and creates conditions favorable to
corrosion. The rate of corrosion depends on soil properties, groundwater conditions, oxygen
availability, and the effectiveness of cathodic protection systems [9], [10].

2.3 Installation and Manufacturing Defects
Defects introduced during manufacturing or installation—such as eccentric insulation, poor

welding, or inadequate joint sealing—can significantly reduce service life. These factors
introduce variability that is difficult to capture using purely deterministic approaches.
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2.4 Unclassified Ageing Mechanisms

Beside the mentioned ageing mechanisms on previous subsections, there are debates among
researchers and experts that other phenomena may play a role in ageing and degradation of
the PUR foam and in general results lowering the service life of the pipe assembly. One of the
mechanisms that are being discussed is blowing agent gas diffusion that leads to loss of
thermal resistance of the foam and hydrolysis of the PUR foam which is a result of moisture
ingress discussed before. As a BP structure is secured to moisture from outside with a HDPE
layer and inside from a steel medium pipe and even in newer generations with an aluminum
foil barrier, it is not plausible to have moisture inside the insulation layer. However, [11] argues
that water vapor permeates the closed-cell foam insulation much more rapidly than blowing
agent diffusion, which is about 2 to 3 times faster with calculation based on Graham’s law for
porous material and even 100 times faster based on Fick’s law for Closed-Cell foams.

3. Ageing Models

Because of the multivariate nature of degradation mechanism of the PB, it is not
straightforward to find a single method to calculate precisely the remaining useful life (RUL)
and lifetime prediction. That could be the main reason EN 253 provides different tests methods
for different components of BPs to ensure their service life for a minimum of 30 or 50 years
based on certain conditions of operation. As the test methods provided in EN 253 is being used
as benchmarks for PB service life, other stakeholders such as researchers, grid operators, and
engineering companies focus on asset management (AM) try to find solutions for lifetime
prediction to increase the system reliability. In 2017, a publication about “Asset Management
of District Heating” summarized the ageing models in two groups as material based models
and statistical based models [12] and argues that in both approaches the data quality is the
buttle neck of the ageing models. However, in parallel the advancement of the machine
learning (ML) technology from one side and data collection and implementation of sensory and
loT devices in DH, opened the field of data-driven models as a new approach to address the
ageing and lifetime prediction for DH pipes generally at every level and pipe type of the DH
system. Henceforth, in this paper it will be discussed the approaches and models under the
classification of deterministic, probabilistic, and Data-Driven approaches (see Figure 1).

Ageing Models

Figure 1. Classification of ageing models for district heating pipes, grouped into deterministic,
probabilistic, and data-driven approaches

3.1 Deterministic Ageing Models

Deterministic models aim to describe pipe ageing using explicit physical or empirical
relationships between operating conditions and degradation rates. These models typically
assume known parameters and predictable behaviour. Physics-based deterministic models
rely on material science principles, such as corrosion kinetics, thermal degradation laws, or
creep and fatigue models. For example, temperature-dependent Arrhenius-type formulations
have been used to estimate insulation ageing, while corrosion depth may be modelled as a
function of exposure time and environmental factors. Such models offer interpretability and
physical transparency but often require detailed input data that is rarely available at the network
level. Empirical deterministic models are derived from laboratory testing or field observations
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and calibrated to specific pipe designs or operating regimes. While simpler to apply, their
validity is often limited to conditions similar to those under which they were developed and
tested. Extrapolation beyond the calibration range introduces significant uncertainty. The
deterministic models are mostly covered in EN 253 [13] and EN 13941 [14], such as fatigue
calculation, axial shear stress test, etc. However, for some tests and models literature provide
more sophisticated and advanced models for the same problem solving (see Figure 2).

Figure 2. Physics-based tests and models for quality assessment and lifetime prediction of district
heating bonded pipes.

Starting with the steel medium pipe, EN13941-1 offers Palmgren-Miner’s rule for low-cycle
fatigue in terms of the pseudo-elastic stress range. Fatigue is one of the well-studied
phenomena discussed thoroughly by many scholars and researchers as well as the type of
fatigue like stress-based or strain-based models and the governing form whether it is high-
cycle, low-cycle or crack propagation [15], [16], [17], [18]. In 1999 a thorough study of fatigue
analysis specifically in district heating pipes have been conducted by International Energy
Agency Technology collaboration program on District Heating and Cooling (IEA-DHC) and
there it has been fully discussed the origin of the SN curve given in EN13941-1, calculation
methods and its limitations [19]. However, some aspects of fatigue analysis such as
Measurement frequency (1 min, 1 h, 1 day, etc.), temperature bin size for rainflow counting (1
K, 5K, 10 K, etc.) remain open since temperature variation profile depends strongly on climate,
load profile, control strategy, and pipe system design. Because the nature of the mechanical
force in DH systems is Thermal Stress, the mentioned fatigue aspects may be the more
important aspects need further research compared to the issues like mean stress correction,
strain-life models, or plasticity models (Neuber, Ramberg—Osgood). However, the track record
of the PBs are showing a longer service life than expected -usually more than 50 years- which
means the structure of the PBs are robust for DH operation, but to have a RUL and predictive
maintenance (PdM) approach it is a necessity to fine tune a suitable fatigue model for DH
networks.

As discussed before, the ageing of the PUR increases the heat losses of the system and
also degrades mechanical properties and loss of adhesion special at the interface with medium
pipe [20]. To evaluate the degradation at interface the accelerated ageing method is commonly
used to ensure that the pipes last for a minimum of 30 years based on the axial shear strength
test after the artificial ageing. However, there are discussions going on up to which temperature
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resembles the reality of in-field ageing. Annex A in EN253 shows an accelerated ageing up to
190°C for 2700 hours to be equivalent of a pipe which operated at 120°C for 30 years.
However, [20], [21] argues that temperature above 170°C unleash other degradation
mechanisms that not happening in real-world environments and it is suggested that not to
accelerate age above 150°C. Consequently, the activation energy may vary based on the
accelerated ageing temperature, type of pipe if the pipe has a diffusion barrier or not, or even
the chamber is heated for further oxygen ingress through the outer casing or not. Therefore,
the outcome usually is good enough for quality assurance but not precise for lifetime prediction
based on the Arrhenius equation. To address this discrepancy other scholars and researchers
try to quantify the ageing and oxidation level of the PUR with Fourier Transform Infrared
Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA) and.

In FTIR, a chemical substance can be identified by passing infrared radiation through a
sample. Specific functional groups absorb characteristic frequencies corresponding to their
molecular vibrations. In polyurethane (PUR), functional groups such as urethane (C=0),
benzene rings (C=C), and hydrogen bonds (N-H) are typically analyzed to identify degradation
mechanisms including thermo-oxidative degradation, hydrolysis, post-curing, and chain
scission [22], [23]. FTIR is widely used in various district heating (DH) laboratories and by
researchers to monitor ageing processes and to support service-life predictions, as reported
in [4], [20], [24]. However, investigations conducted by the author indicate that FTIR is not able
to reliably identify degradation in PUR foams when the material becomes blackened. In such
cases, the strong dark coloration suppresses the detectable absorption signals, particularly
when the surface layer is black or nearly black. The author assumes that this effect is caused
by a high degree of carbonization at the interface. Characteristic signals can be observed again
only after performing a transversal cut approximately 1 mm toward the outer side of the pipe.
This limitation makes it difficult to define a clear reference point for the end of the PUR service
life. Nevertheless, an advantage of the Attenuated Total Reflection (ATR)-FTIR method is that
it largely eliminates discrepancies related to variations in foam density. In addition to
laboratory-based chemical characterization methods such as FTIR, field-based diagnostic
approaches have also been developed. For instance, the PipeOpsy method, developed by
RISE, combines the RISE Plug field test, which measures the adhesion (axial shear strength)
between the service pipe and the insulation in operating pipelines, with laboratory analysis of
extracted insulation samples using techniques such as FTIR. This integrated approach
enables in-situ assessment of the degradation state of PUR insulation and the pipe—foam
interface while allowing restoration of the insulation after testing, thereby minimizing
permanent damage to the pipeline system [25].

Thermogravimetric analysis (TGA) is a widely used thermal analysis technique that
measures the change in mass of a material as a function of temperature or time under a
controlled atmosphere. By recording the mass variation during heating, TGA provides valuable
information on thermal stability, degradation behavior, and reaction kinetics of materials. In
addition, the resulting thermogravimetric and derivative thermogravimetric curves enable the
identification of decomposition stages and the determination of kinetic parameters such as
activation energy [26]. In recent years, the application of TGA has gained increasing attention
for assessing the aging behavior of insulation materials used in DH pipes. Studies have
explored the possibility of estimating the RUL of pre-insulated bonded pipe systems by
analyzing changes in the activation energy of polyurethane foam at the steel-foam interface
relative to that of an unaged reference foam. The relative difference in activation energy can
then be expressed either as a percentage change or converted into an equivalent service life
in years. Such an approach aims to provide a quantitative indicator of the degradation state of
the insulation material and its expected residual lifetime [27]. Despite the promising potential
of this method, a standardized experimental and analytical procedure has not yet been
established. Issues related to the reproducibility of TGA measurements, sample preparation,
heating protocols, and data interpretation remain insufficiently addressed. Consequently,
further research is required to develop a robust and reproducible TGA-based methodology
suitable for reliable RUL estimation of pre-insulated bonded pipes in district heating systems.
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3.2 Probabilistic Ageing Models

Probabilistic models explicitly account for uncertainty by treating failures and degradation
processes as stochastic phenomena. These approaches are particularly useful for system-
level reliability assessment. Statistical models are often based on historical failure data and
describe the probability of failure as a function of time, age, or explanatory variables. These
models are frequently referred to as top-down approaches, as they infer ageing behaviour from
observed outcomes rather than underlying mechanisms as illustrated in Figure 3.
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Figure 3. Statistical models for evaluating the probability of failure in district heating networks.

Distribution functions used in reliability analysis are described in several statistical
handbooks (e.g [28], [29]). In DH network asset management, the Gaussian, Weibull, and Herz
distributions are among the most commonly applied. While Gaussian and Weibull models are
widely used in system engineering and reliability analysis, the Herz distribution [30] is more
specialized and is primarily applied to model the ageing behavior of water and DH pipelines.
These statistical approaches are often implemented through reliability frameworks such as
Weibull-based models, proportional hazards models, and Bayesian updating. Survival analysis
techniques enable the estimation of hazard rates and RUL while accounting for censored data,
such as pipes that have not yet failed. Model performance can be further improved by
incorporating covariates such as pipe diameter, installation year, soil conditions, and
temperature regime [31]. An example application is presented in [32], where a network-wide
risk analysis was conducted using GIS data (pipe location, diameter, age, and technology)
combined with a maintenance database containing all recorded leakages since 1998. Survival
curves were derived for the pipe population to estimate failure probabilities over time,
identifying pipe age as the dominant factor influencing system reliability, with different
degradation rates across pipe technologies. The resulting survival functions were used to
assign a risk index to each pipe segment, representing its relative failure likelihood. These risk
indices were subsequently integrated into a maintenance optimization model that evaluates
long-term strategies based on the Net Present Value (NPV) of network operation, enabling the
comparison of preventive and corrective maintenance while accounting for repair costs,
reinvestment costs, and operational losses. This approach demonstrates how survival-based
reliability modelling can support data-driven maintenance planning and long-term asset
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management in DH networks [32]. More examples of utilizing the survival-based models could
be found in [33], [34].

Additionally, other probabilistic models such as Monte-Carlo Simulation and First-Order
Reliability method is used for market prediction as well as failure prediction in DH system [35],
[36], [37].

3.3 Data-Driven and Machine Learning Approaches

The increasing digitalization of DH systems and improved data collection have enabled the
application of data-driven modelling techniques. Machine learning approaches, including a
wide range of established regressor/classification models such as random forests, support
vector machines, as well as deep learning architectures and neural networks, are growing
rapidly for pipe failure prediction and degradation states. These models can capture nonlinear
relationships and complex interactions among multiple variables without explicit assumptions
about physical processes. As illustrated in Figure 4, statistical trend analysis may also be
considered a data-driven modeling approach. However, it is difficult to clearly distinguish it
from other subcategories, such as pattern recognition and hybrid models, as these approaches
often overlap or incorporate statistical trend analysis as an input component or as an integral
part of the model. Among these models, pattern recognition models such as acoustic signal
monitoring and thermography is commonly use for detecting anomalies in DH networks. The
are different types of implementations in acoustic signal monitoring depending on the
application. For example, [38] provide a framework for quality and condition assessment of the
district heating valves. In another study, researchers collected signals from the pipe using
accelerometers and acoustic emission sensors to classify the abnormal pipe conditions [39].
Multiple studies shown the advantages of the Thermography methods for the systems that are
not or very limited equipped with leak detection systems. The common practice is infrared
imageing and Airborne Thermography to detect leakages [40], [41]. However, the guide lines
should be considered such as wind speed, surface dampness, relative humidity, etc. for better
results [42].
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Figure 4. Data-driven approaches for failure detection and prediction in district heating networks.
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Recent research has increasingly explored hybrid approaches that combine data-driven
methods with physical knowledge to improve model generalizability, robustness, and
interpretability. In parallel, purely data-driven models have been developed to predict failures
of PBs in DH networks based on historical operational and failure data, as demonstrated in
[31]. In the present project, the author investigates a model-assisted learning approach, in
which laboratory measurements and physically based lifetime predictions of PBs are used to
support the training of predictive models. Such approaches represent a form of hybrid
modelling, where data-driven techniques are complemented by domain knowledge describing
degradation processes. With the rapid progress of artificial intelligence (Al), it is expected that
more advanced physics-informed machine learning models will increasingly be applied to
lifetime prediction and the estimation of RUL. These models integrate known degradation
mechanisms, governing laws, or boundary conditions into the learning process, thereby
constraining predictions and improving their physical consistency and reliability.

4. Comparative Assessment of Ageing Models

A comparative analysis of deterministic, probabilistic, and data-driven approaches highlights
trade-offs between interpretability, data requirements, uncertainty representation, and
applicability. Deterministic models excel in physical insight, probabilistic models in risk
quantification, and data-driven models in predictive performance. No single approach
adequately captures all relevant aspects of DH pipe ageing. Major aspects of deterministic,
probabilistic and data-driven approach is briefed in Table 1.
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Table 1. Comparison of Ageing Model Categories for District Heating Pipes

Aspect Deterministic Probabilistic Data-driven
Core Principle Physics-based or Statistical Machine learning
empirical modeling of failure or statistical
formulations using processes using learning from
fixed parameters probability historical data
distributions
Strengths High interpretability; | Explicit uncertainty High predictive
suitable for quantification; accuracy; captures
component-level suitable for asset | complex nonlinear
analysis and design | management and relationships
optimization risk-based
decisions
Limitations Limited uncertainty Strong Black-box nature;
representation; dependence on strong data
sensitive to failure data quality; dependency;
incomplete material susceptible to limited
and boundary data reporting bias extrapolation
capability
Data Requirements Material properties, Failure records, Large, high-quality
geometry, operating inspection data, operational,
and environmental maintenance environmental,
conditions history and failure
datasets
Uncertainty Handling Limited; conservative | Explicit stochastic Implicit; learned
assumptions and representation from data but often
safety factors using probability | difficult to interpret
distributions
Typical Applications Design optimization, | Risk assessment, | Failure prediction,
lifetime estimation, reliability analysis, condition
sensitivity analysis maintenance monitoring,
planning predictive
maintenance

Deterministic models are well suited for component-level analysis and design optimization.
However, they struggle to represent the inherent uncertainty and heterogeneity of large DH
networks, particularly when data on boundary conditions and material properties are
incomplete. Probabilistic models are attractive for asset management due to their ability to
quantify risk and uncertainty. However, their accuracy depends heavily on the availability and
quality of failure records, which may be inconsistent or biased by historical maintenance
practices. Data-driven models often demonstrate superior predictive accuracy when large,
high-quality datasets are available. Nevertheless, their black-box nature, data dependency,
and limited extrapolation capability remain significant challenges for practical implementation.

5. Conclusions

This review has presented a structured overview of ageing mechanisms and modelling
approaches for DH pipelines. By critically assessing deterministic, probabilistic, and data-
driven models, the paper highlights both the progress achieved and the remaining gaps.
Advancing ageing prediction will require interdisciplinary approaches, improved data
integration, and closer alignment between standards, research, and operational practice. The
ageing of DH pipes is inherently multi-factorial, resulting from complex interactions between
material degradation, operational loads, and environmental influences. Traditional lifetime
prediction approaches, such as accelerated thermal ageing tests, often fail to capture the

10
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nuanced deterioration of pre-insulated pipes under real service conditions. Accelerated
methods may overestimate or underestimate remaining life due to differing mechanistic
pathways in natural ageing, particularly in polymeric insulation and steel interfaces. These
limitations highlight the need for integrated modelling frameworks that combine insights from
material science, statistical inference, and machine learning. Material-based models provide a
mechanistic understanding of local degradation processes, such as adhesion loss, foam
degradation, and thermal conductivity changes, while statistical reliability models quantify
probabilistic failure trends across heterogeneous pipe populations. Machine learning methods
complement these approaches by capturing complex nonlinear relationships between
operational conditions and observed deterioration, enabling predictive maintenance,
vulnerability ranking, and optimized reinvestment strategies. Recent research demonstrates
that hybrid models incorporating historical operational data, sensor measurements, and
material ageing parameters significantly improve the accuracy of remaining useful life
predictions. Furthermore, integrating these predictive models into sustainable asset
management strategies allows operators to balance cost-effectiveness, reliability, and
environmental impact. Moving forward, research should focus on developing unified modelling
paradigms that combine physical deterioration models with data-driven approaches, enabling
scenario-based planning, informed decision-making under uncertainty, and resilient
management of ageing DH infrastructure in line with sustainability objectives.
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