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 A B S T R A C T

District heating systems (DHSs) play a central role in Europe’s sustainable heat transition, yet pipeline leaks 
threaten their efficiency and reliability. Thermography-based leak detection (TLD), particularly via remote 
sensing, has emerged as a promising non-invasive localisation approach, however its cost-effectiveness remains 
unexplored.

This study presents the first quantitative economic assessment of TLD for DHS pipeline leak detection 
based on newly collected empirical data centred around Central European German-speaking countries. To 
this end, leak growth and associated ongoing and repair costs are modelled and a break-even analysis is 
performed to compare TLD to baseline operational scenarios. The results show that TLD can recover its costs 
within months after deployment, even under conservative assumptions, and consistently outperforms passive 
leak response strategies. Based on these findings, the study offers recommendations for integrating TLD into 
network monitoring strategies and contributes to the broader evaluation of innovative and cost-efficient leak 
detection methods for DHS operators.
1. Introduction

1.1. Context

In light of the ongoing energy crisis, securing sustainable and re-
silient heat supply systems has become a central concern for poli-
cymakers and urban planners in Europe. Among the most promising 
technologies in this regard are DHSs, which provide thermal energy 
to buildings through centralised heat production and distribution net-
works. These systems, of which there are more than 19,000 in the EU 
alone [1], have evolved to offer efficient, sustainable, and cost-effective 
alternatives to decentralised, fossil-fuel-based heating [2]. In Denmark, 
where two-thirds of the population receive 89% climate-neutral heat 
via DHSs [3], such networks are already forming the backbone of a 
low-carbon heating strategy.

However, maintaining DHS efficiency and reliability is vital, espe-
cially as the components age and deteriorate over time. In Germany, 
network losses have consistently ranged between 10% to 14% over 
the past two decades [3]. A key contributor to these losses are leaks in 
the underground transport pipelines, the most failure-prone component 
of DHSs [4,5]. Left undetected, such leaks not only reduce efficiency 
but also risk escalating into severe infrastructural damage and high 
repair costs [6,7]. With around 600,000 km of pipelines in operation 
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worldwide [5] – a third of which lie within the EU [1,8] – this issue 
presents a major challenge.

To address it, various LD approaches have been developed, includ-
ing conventional tools like integrated leak detection systems (ILDSs) or 
novel techniques such as correlators, tracer gas, or thermography. TIR 
imaging, especially when remotely sensed, enables the non-invasive, 
flexible localisation of heat anomalies that may indicate underground 
pipeline leaks [6,9]. However, despite algorithmic and technologi-
cal advances in this field, the critical question of economic viability 
remains unanswered.

1.2. Related work

Thermography is mentioned as a promising and robust option for LD 
in DHS pipelines in various reviews, notably Zhou et al. [10] and Latif 
et al. [11]. Several studies have explored TLD as a technical solution. 
Foundational research by Ljungberg and Rosengren [12] and Axelsson 
[13] demonstrated that underground leaks in DHSs lead to measurable 
hot-spots on the surface. More recent efforts have advanced the algo-
rithmic analysis of TIR data, leveraging computer vision to improve 
detection accuracy and reduce false positives to present operators with 
a viable list of leak candidates. These range from histogram-based [6,9,
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14,15], over saliency mapping [9,16,17], to machine and deep learning 
methods [14,18,19].

However, the economic dimension of this particular approach has 
received little attention. Existing work typically focusses on technical 
feasibility or data processing methods, with no assessment of opera-
tional costs or financial BEPs. This may be attributed to the novelty 
of TLD, from which follows a lack of data with which to quantify 
the economy of all process steps and involved aspects — not just 
regarding the method itself, but also the economic impact of leaks on 
DHSs. So far, only Tuikka [20] provide an overview of LD methods 
used by Finnish DHS operators from a practical perspective to shed 
light on cost-effectiveness and reliability. However, they so do in a 
strictly qualitative manner and without a specific focus on TLD. Some 
newer reviews such as Ye et al. [21] provide indicative comparisons of 
LD technologies and occasionally report approximate costs for select 
approaches, but these are context-specific and do not constitute a 
systematic economic evaluation of LD strategies.

Indeed, a recent review by Ahmed et al. [22] highlights this lack of 
monetising economic benefits as a general problem in DHS research. 
While a growing number of publications showcase ways of improving 
DHS design, operation, and management, only around 10% quantify 
approaches in monetary terms and even fewer detail their method-
ology [22]. In general, existing studies revolve around the impact of 
alternate energy sources [23,24] or operating conditions [25]. This 
finding is mirrored by Ahmed et al. [22]’s comprehensive overview, 
which is not able to identify any studies pertaining to the economic 
assessment of leak detection methods. Consequently, several important 
research gaps currently remain in literature:

• No quantitative economic assessments of monitoring strategies for 
DHS pipelines exist, in particular for TLD.

• The long-term cost implications of pipeline leak growth in DHS 
networks remain largely unmodelled.

• Economic viability and break-even conditions for advanced leak 
detection technologies have not been identified.

1.3. Objectives and contributions

This study addresses these research gaps by providing the first 
economic assessment of TLD for pipeline leak detection in DHS. Focus-
ing on the real-world use case of Central European German-speaking 
countries, this work makes several novel contributions:

• We introduce and evaluate newly collected empirical data from 
the most extensively developed area of DHSs in Europe [1].

• Exemplary DHS pipeline leak growth and associated ongoing and 
repair costs are modelled for the first time, offering insight into 
long-term impacts of leaks.

• The practical cost for TLD is estimated, with which a first-of-its-
kind BEA is performed. With it, key economic thresholds for TLD 
viability are established.

• Given the findings of both the empirical study and BEA, recom-
mendations are provided for use of TLD and LD in general to help 
DHS operators in their decision making.

By bridging the gap between technical potential and economic 
feasibility, this work contributes to the informed adoption of innovative 
TLD techniques that can improve the sustainability and reliability of 
DHSs operation. To this end, the paper is organised as follows: After 
Section 2 details leak detection approaches and the focus on thermogra-
phy, Section 3 presents the empirical study. The analysis is described in 
Section 4, while recommendations are derived in Section 5. The study 
concludes with Section 6.
2 
2. Foundations and methodological context

2.1. District heating and the need for leak detection

DHSs distribute thermal energy from central production units to 
urban areas via networks of predominantly underground pipelines. 
Since their emergence in the late 19th century, DHS technologies have 
evolved through four generations characterised by decreasing temper-
atures of the utilised heated medium, improved insulation, and the 
integration of renewable heat sources [26,27]. Today, modern systems 
predominantly employ pre-insulated pipes (PIPs) with steel carriers, so-
called pre-insulated rigid pipes (PIRPs) [28]. A detailed overview of 
pipeline installation methods and types is provided in Appendix  A.

As providers of essential urban heating, DHSs form part of critical 
infrastructure [29]. Failures can cause severe disruptions and safety 
risks, as highlighted by outages in Lithuania (2006) [30], Harbin 
(2020) [31], and even deadly incidents such as in Zhengzhou (2021)
[29].

Over time, DHSs face degradation owing to their extreme operating 
conditions, which include high temperatures, pressure, and humid-
ity [29]. Of all components, pipelines have been found to be the most 
vulnerable to damage [31,32]. Four years of data from Heilongjiang 
province, China, show that 56% of faults originate in pipelines — over 
2.3 and 5.5 times more than those linked to valves and compensators, 
respectively [4]. These failures are attributed to both internal and ex-
ternal causes, including corrosion, installation errors, or environmental 
exposure [5,32,33]. Among these, external corrosion is most commonly 
identified as the leading cause [30,34].1

If not caused by accidental external damage, pipe failures are usu-
ally preceded by micro-damage [35]. The presence of leaks is therefore 
indicated by the increasing need for water input, so-called makeup 
water [33]. Even small leaks can cause severe financial losses due to 
the requirement to chemically and thermally treat additional water 
and reduction in efficiency [10,35]. Early detection is therefore crucial 
for reducing operational costs and avoiding major disruptions later 
on. Given the uneven wear across systems [34], regular, data-driven 
assessments are essential for prioritising maintenance [35]. To this end, 
effective LD tools are key to ensuring safe, efficient, and sustainable 
operations.

2.2. Methods for leak detection

A wide range of methods and tools exist for LD in DHS pipelines. 
They differ greatly in terms of methodology, technology readiness 
level, commercial availability, and practical application. LD systems 
can be dynamic, i.e. the technology involved consists of mobile devices, 
or static, when sensors are fixed in one place [11]. Various reviews 
and technical handbooks detail the numerous approaches in existence, 
ranging from implemented in practice to state-of-the-art [7,10,11,21,
28,36–39]. In the context of this paper’s Central European region of 
study, the following list provides an overview of relevant LD methods:

• Operational monitoring: Changes in pressure or make-up water 
demand can indicate leaks [36–38], though they do not allow 
precise localisation [37].

• Visual and mechanical-technological methods: Ranging from 
expert visual inspection [36] to more complex inspection craw-
lers, ultrasonic wall-thickness measurements, and moisture me-
tres [11,37], these approaches are effective for assessing spe-
cific network sections, though they require direct access to the 
pipelines [37].

1 In Yekaterinburg, prolonged water exposure caused 80% of pipe 
ruptures [34].
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Table 1
Qualitative comparison of district heating LD methods based on pipeline applicability, area coverage, capability, application mode, and operational effort.
Source: Based on descriptions from Arbeitsgemeinschaft Fernwärme [Consortium on District Heating] (AGFW) [37], Gurklienė et al. [36], Heating [28], Latif 
et al. [11], El-Zahab and Zayed [7], Woods [38] and Konstantin and Konstantin [39].
 
Method Pipeline

applicability

Coverage Diagnostic capability Application mode Operation
effort Network-

wide
Chosen
section

Condition
overview

Leak
presence

Leak pin-
pointing

Fixed Mobile
 DC IC RS

 Operational All 3 3 3 3 Low
 Visual All exc. PIPsa 3 3 3 3 3 3 Mid
 Tracer All 3b 3 3 3 3 High
 ILDSs PIRPs only 3 3 3 3 3 3 (3)c Low-mid
 TLDs All 3 3 3 3 3 3 3 High
 Radar Buried only 3 3 3 3 3 High
 Acoustic All 3 3 3 3 High

Legend: DC = direct contact (at/in pipe), IC = indirect contact (close proximity), RS = remote sensing.
a PIPs indicators exist but are not generally applicable (i.e. steam from close manholes).
b Only if areas are not hydraulically separated or blocked [37].
c Manual control needs indirect pipeline contact for portable device measurements [28].
• Tracer methods: Injected substances, such as Helium, become 
detectable when the heated medium escapes through a leak, 
enabling precise pinpointing [7,36,37]. While measurement sys-
tems are highly sensitive, the approaches are often operationally 
complex and expensive [36].

• ILDS: PIRPs specifically can be equipped with monitoring wires 
in the insulation layer to detect moisture ingress [28,37,38], 
which require correct connection during pipe installation. The 
most common systems are the Nordic [36] and Brandes [28], 
respectively, which can implemented for central, decentral, or 
manual LD [28,37].

• Thermography: Heat released into the surrounding environment 
by a leak can be detected as a hotspot in TIR imagery, allow-
ing for precise pinpointing [6,37]. Image acquisition can oc-
cur from ground-based, vehicle-mounted, or airborne (i.e. UAS) 
cameras [10,36], with the latter offering high flexibility at low 
cost [15].2 However, TLD remains sensitive to data quality, and 
leak identification requires an expert or complementary soft-
ware [5,11,15].

• Ground-penetrating radar: Electromagnetic radiation can be 
used to examine the subsurface and identify leaks in buried 
pipes through changed reflected frequencies. While precise, ex-
perienced operators, costly equipment, and above-ground access 
are required. [36]

• Acoustic methods: Leak-induced noise can be detected using 
synchronised acoustic sensors and correlation analysis. While 
accurate for localisation, they are sensitive to background noise, 
require above-ground access, and expert handling. [11,37]

2.3. Motivation for methodological focus on TLD

Table  1 provides a qualitative comparison of the afore-described 
methods. Approaches are contrasted across key operational aspects, 
including pipeline applicability, spatial coverage, diagnostic capabil-
ity, application mode, and overall operational effort. In showcasing 
practical strengths and limitations, it provides context for this study’s 
methodological focus. Among the existing LD techniques, the study 
prioritises TLD for several reasons. First and foremost, even without 
the latest advances in automatic image analysis, it is recommended as a 
viable method by various handbooks [28,33,36] as well as the German 
Consortium on District Heating [37]. Compared to more proactive 
static methods, such as ILDS, TLD is not just limited to PIRPs and not 

2 Further details on TLD acquisition, including relevant conditions and an 
illustrative setup and workflow, are provided in Appendix  B.
3 
wholly reliant upon initial correct installation, but entirely pipeline-
agnostic3 [37]. Where most visual and mechanical-technological meth-
ods require direct pipeline contact, the thermographic approach is 
entirely non-invasive and – via remote sensing – able to reach man-
ually inaccessible areas. Given recent developments in UAS technology 
and automatic image analysis, the manual and organisational effort 
associated with TLD is reduced, particularly compared to acoustic and 
tracer-based methods. While this study’s focus lies solely on leak de-
tection and localisation, Arbeitsgemeinschaft Fernwärme [Consortium 
on District Heating] (AGFW) [37] also highlight TLD’s versatility for 
condition monitoring — and even quality assurance during installation 
for some pipeline types.

Given the combination of broad pipeline applicability, network-
scale coverage, and non-invasive operation as well as the fact that TLD 
is of yet lacking any form of economic assessment, this scalable and 
flexible method is selected as the focus of our study.

3. Empirical study

A central part of this study consisted of conducting interviews 
with DHS operators to gain insight into network management and 
the occurrence and handling of pipeline leaks in practice. To this 
end, a case study was developed based on DHS in Central European 
German-speaking countries, where networks meet around 15% of heat-
ing demand. With record growth rates, Germany alone accounts for 
more than 34,000 km of trench length, representing the largest share of 
DHS pipes in Europe [1]. Given their historical development there [27], 
networks reflect a diverse mixture of pipeline generations and installa-
tion methods (see Appendix  A). Mirroring global trends, PIRPs are the 
most dominant pipeline type (Fig.  1.a) [39] and this transition towards 
newer generations is reflected in the distribution of heat carriers given 
today (Fig.  1.b) [3]. These characteristics make DHSs from Central 
European German-speaking countries a particularly relevant region of 
study for analysing pipeline leaks and their operational implications.

To investigate leak occurrence and management practices within 
this regional context, 35 network operators from DHSs of various sizes 
and locations were contacted, of which nine – eight from Germany 
and one from Switzerland – agreed to participate. The interviews were 
conducted between January and July 2025 and consisted of a list 
of survey questions which can be found in Appendix  C. While the 
responses varied greatly in detail as well as quantity, this chapter 

3 While leaks in duct-based pipes will not cause the heated medium to 
spread to the surface, they are commonly caused by breaks in the ducts them-
selves which can be seen in TIRs. Arbeitsgemeinschaft Fernwärme [Consortium 
on District Heating] (AGFW) [37] presumably highlight its pipe-agnostic 
applicability for this reason.
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Fig. 1. Characteristics of DHSs infrastructure in Germany in 2020 and 2021 [3,40].
Table 2
Characteristics of participating networks, generalised through categorisation into four groups according to their pipeline lengths.
 Characteristic Unit S M L XL  
 DHS grid length km <30 30−100 100−300 >300  
 Heat production GWh/yr 20−45 75−85 300−850 >900  
 Connected households – 50−400 1000−5000 20,000−50,000 >50,000  
 Share heat demand covered by DHS % 12−13 13−40 12−25 30−90  
 Avg max flow temperature (as per Fig.  1.b) ◦C 90−110

(∼100)
>110
(∼120)

>110
(∼125)

>110
(∼132)

 

 

Installation method

Above ground % 0 0 <1 <1  
 Underground duct-based % 0 0 18 20  
 

Underground ductless

Pour-in-place % 0 0 <1 <1  
 

PIP

Glide % 0 0 <1 <1  
 Rigid % 95 94 70 51  
 Rigid (dated) % 0 0 4 <1  
 Flexible % 0 0 <1 5  
 Twin % 0 6 0 <1  
 Cellar pipes % 0 0 5 8  
 Unknown % 5 0 2 11  
summarises the supplied information as best as possible. Where none 
was provided, slashes (‘‘/’’) are used to indicate missing data. For the 
purpose of anonymity, a Roman numeral from I to IX is associated with 
each DHS and used to reference each where they are sources of specific 
information.

To get an overall picture of the currently implemented approaches 
for DHS LD management, an interview was also conducted with a 
representative of LANCIER monitoring [41]. The company specialises 
in infrastructure monitoring worldwide and develops ILDS for DHS in 
particular for the German-speaking market [G. Roehl, personal commu-
nication, May 8, 2025].

3.1. General overview

DHSs in Central European German-speaking countries vary greatly 
in size — from small local networks of just a few kilometres [G. 
Roehl, personal communication, May 8, 2025] to some of the largest in 
the European Union, exceeding 2.000 km of pipeline [42]. To balance 
the need for generalisability with an accurate portrayal of network 
diversity, this study’s DHSs are categorised into four groups according 
to their pipeline grid length. This has the additional benefit of preserv-
ing participant anonymity. The four-tier categorisation is defined as 
follows: 1. S (𝐿DHS < 30 km), 2. medium (M) (30 km < 𝐿DHS < 100 km), 
3. large (L) (100 km < 𝐿DHS < 300 km), 4. XL (300 km < 𝐿DHS).

An overview of general network characteristics is provided in
Table  2. Each category is represented by at least two DHSs, for which 
averages or ranges are provided. Although some initially began as 
steam-based, all participating networks use hot water as a heat carrier, 
as is common to DHSs nowadays (see Section 2.1). Various pipeline 
diameters are installed, ranging from 𝐷𝑁20 to 𝐷𝑁500 [VIII].

As expected, the heat produced for end use and the number of 
connected households are closely related to network size. Similarly, 
maximum flow temperature increases with pipeline length, although 
– with most temperatures above 110 °C – the participating networks 
4 
are generally on the higher end of the spectrum of German DHSs (see 
Fig.  1.b). Given these circumstances, the interviewed network operators 
may handle potentially more challenging conditions than on average. 
To better characterise each category, the percentages of pipeline types 
were averaged to match the installation methods introduced in Ap-
pendix  A. When it comes to the types of installed pipelines, network size 
can be seen as an indicator of diversity. Larger networks show much 
greater variety than smaller ones due to their greater age, as demon-
strated by the existence of duct-based systems and other outdated types. 
S to M DHSs, on the other hand, consist almost exclusively of the newer 
PIRPs in single or twin form (see Appendix  A).

3.2. Leak occurrences

Table  3 gives an overview of leaks and the impact of their occur-
rence in DHSs. Network losses vary greatly between the different DHSs, 
though they generally reflect the 10% identified by Arbeitsgemein-
schaft Fernwärme [Consortium on District Heating] (AGFW) [3] as an 
average for German DHSs. Aside from heat losses [IV ], leaks constitute 
a considerable part of these [I, V, VI]. As may be expected, the number 
of leaks per year increases with network size. Although observed leak 
rate ranges can be calculated using such values (as shown in Table 
3), these suffer from detection bias as not all leaks are found and 
repaired. This problem is particularly prevalent in larger networks, as 
highlighted by the standard losses some operators were able to provide. 
In these instances, operators either do not have the resources available 
to locate the remaining leaks, are currently not able to repair them (see 
Section 3.3), or do not believe the efficiency increase to outweigh the 
localisation and repair effort. It may therefore be assumed that true 
leak rates for larger networks are higher than those in Table  3. Beyond 
typical loss levels, DHS operators report leaks to cause more than a 
quadrupling in losses. Even a XL network mentions more than double 
their already heightened baseline losses to occur before LD and repairs 
are initiated.
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Table 4
Characteristics related to LD of participating networks.
 Characteristic Unit S M L XL 
 

LD methods
Conventional

Operational change – ✓ ✓ ✓ ✓  
 Public notification – ✓ ✓ ✓  
 Visual checks – ✓ ✓ ✓  
 ILDS – ✓ ✓  
 

Novel
TLD – ✓ ✓ ✓ ✓  

 Acoustic – ✓ ✓  
 Tracer-based – ✓  
 

ILDS

Installation % 98 100 58 29 
 

Type
Nordic – ✓ ✓ ✓ ✓  

 Brandes – ✓ ✓ ✓  
 Other – ✓  
 

Usage
Not used – ✓ ✓ ✓ ✓  

 Decentral/manual – ✓ ✓  
 Central – ✓  
 
Leak duration

Days – ✓ ✓ ✓ ✓  
 Weeks – ✓ ✓ ✓ ✓  
 Months – ✓ ✓ ✓  
 Years – ✓  
Table 3
Characteristics related to leak occurrences of participating networks.
 Characteristic Unit S M L XL  
 Network losses % 8−16 12 12−25 10−19  
 Standard losses m3/day ∕ 6 96 480  
 High losses m3/day ∕ 25 ∕ 960  
 Repaired leaks #∕yr ≤1 2−4 9−24 60−140  
 Leak rate ranges #∕km 0.02−0.1 0.05−0.1 0.04−0.1 0.07−0.1 
 Avg. leak rate #∕km 0.06 0.09 0.09 0.09  

Pipeline leaks generally start as hairline cracks before growing to 
greater sizes [35]. According to practical findings from Fuchs and 
Frommhold [43], these can range from 1.2m3/day to 85m3/day. Here, 
hairline cracks are estimated to cause about 2m3/day to 3m3/day [V ], 
while larger leaks may incur 10m3/day [VI] or grow further to near 
20m3/h [I]. A leak can culminate in a rupture of 1000m3/h [IX].

3.3. Leak detection

As hinted at in the previous section, DHS losses vary greatly de-
pending on the implemented monitoring strategy, which tends to align 
with size-based category. Table  4 summarises the different LD methods 
used by the interviewed operators, demonstrating commonalities and 
dissimilarities.

The first indicator of system leaks are changes in operational param-
eters, such as pressure drops and the requirement for make-up water. 
While these are monitored by all DHS operators, they cannot reveal the 
concrete location of a leak. For that purpose, other methods are listed as 
having been implemented, each with a varying degree of emphasis and 
priority. For example, several operators stated using calls from citizens 
as an alert and means of locating leaks. However, a XL network is the 
only one to indicate that this is the main localisation method they rely 
upon. Only in the rare cases where no notification is provided and 
losses are exceedingly high is an active search initiated. While another 
XL operator describes a much more stringent approach for their smaller 
secondary networks, they face similar problems in their primary which 
services half the city. While DHSs of other categories also mention 
having made use of public notifications, they are generally able to 
follow a more proactive maintenance strategy by trying to locate leaks 
5 
of smaller sizes throughout their systems. To this end, visual checks4 in 
areas of interest are implemented across the board. Such methods may 
be useful for sporadic leak localisation, but are not viable as holistic 
monitoring approaches due to the involved effort. The popularity of 
their usage highlights a surprising aspect of LD in practice.

Given the prevalence of PIRPs indicated in Table  2, one would 
expect there to be almost no need for manual methods. In practice, 
however, the integrated monitoring systems are put to surprisingly 
little use — paradoxically in particular in S and M networks where 
their prevalence is highest. The reason provided for this is simple: the 
operators do not have the (full) circuit diagrams of the monitoring 
wires and thus lack the capability to interpret the measured results as 
intended [I, III, V, VI, VIII]. Even when plans exist, their usage can still 
be hampered by wiring errors that occurred during installation [II, III] 
or a lack of personnel [VI, XI]. These observations are not just limited 
to the interviewed DHSs — carelessness during pipeline installation has 
caused a disuse of integrated monitoring throughout German-speaking 
countries5 [G. Roehl, personal communication, May 8, 2025]. However, 
this is not true for all networks. IV, for instance, reported restoring their 
ILDS recently so that it has now become their main LD and localisation 
method.

Such examples bring to light a new trend that is mirrored in Table 
4, namely a recent focus on monitoring and LD in general. As implied 
by the previous descriptions and listed repair time frames, several 
operators show a more laissez-faire approach to leak repair. This con-
tradiction in terms of business economics may be attributed to the fact 
that many networks, especially S and M ones, originated as a means of 
using readily available excess heat (such as from incineration plants or 
production processes) and were not intended or managed as a regular 
business [VIII]. While many operators did not look beyond function 
fulfilment and network expansion, the energy crisis has placed a new 
spotlight on DHSs as a means to provide climate neutral heat, causing 
a change in mindset and interest in a more economical operation [G. 

4 This includes inspecting the ground above pipelines under suspicion to 
see if they are dry and warm [V ] or checking for steam rising from manhole 
covers, which can be an indicator of leaked DHS water heating the sewage 
system [I, II].

5 The reasons for this are two-fold according to G. Roehl [personal commu-
nication, May 8, 2025]. Firstly, if circuit diagrams are not explicitly listed in 
the installation Statement of Work, they simply are not provided. Reproducing 
them post-construction is possible, but comes with massive effort and cost. 
Secondly, very few companies document the circuits with enough precision 
that they can be used reliably. In Germany, experience has shown only a single 
company to provide plans of sufficient detail.
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Table 5
Causes for leaks with respect to pipeline types (based on data from II). All values are given in %.
 Component Cause [%] SUM [%] 
 Wear and 

ageing
Corrosion Installation and 

manufacturing errors
External
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Pipe type

Above ground 1.7 0 0 0 0 0 0 0 0 0 0 0 1.1 0 1.1  
 Underground in ducts 12.3 0 1.1 2.1 0 0 0 0 0 0 0 0 0 1.1 4.3  
 

Underground 
ductless

Pour-in-place 0.3 0 0 1.1 0 0 0 0 0 0 0 0 0 0 1.1  
 

PIP

Glide 0.4 1.1 0 5.3 1.1 0 1.1 0 0 0 0 0 0 0 8.6  
 Rigid 63.9 1.1 3.2 3.2 0 0 38.3 2.1 3.2 6.4 2.1 4.2 1.1 1.1 66.0  
 Rigid (dated) 11.2 0 2.1 4.2 0 0 0 0 0 0 0 0 0 0 6.3  
 Flexible 0.4 0 0 0 0 0 0 0 0 0 0 1.1 0 0 1.1  
 Twin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 Cellar pipes 5.1 0 0 0 0 1.1 1.1 0 0 0 0 1.1 0 0 3.3  
 Unknown 4.6 2.1 0 2.1 0 0 0 0 0 0 0 0 0 0 4.2  
 Other components (flange, compensator) 0 2.1 0 0 0 0 0 1.1 0 0 0 1.1 0 4.3  
 SUM 4.3 8.5 18.0 1.1 1.1 40.5 2.1 4.3 6.4 2.1 6.4 3.3 2.2  
 SUM (by category) 12.8 20.2 55.4 9.7 2.2  
 

 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Roehl, personal communication, May 8, 2025]. Given these circum-
stances, various network operators have reported trying alternative
methods, first and foremost among these thermography. This was im-
plemented in various ways, including via aeroplane [I, IV, XI], UAS [II,
III, VII, XI], vehicle-mounted [XI], or hand-held sensor [IV, VI, XI] —
all of which were successful in discerning leaks and their locations. XI
in particular report having incorporated all forms of thermography into
their network monitoring strategy. Information obtained through TIR
acquisition flights is mentioned as particularly useful, having helped
identify leaks that accumulated to 40% of network losses [XI].

Other reported methods include acoustic techniques, such as the
unsuccessful use of correlators by an M network. One XL DHS reported
using an ultrasonic listening probe, though they stressed the sensor’s
ineffectiveness in urban environments given interfering ambient noise.
Another XL network reported the continuous use of Uranin-based tracer
dye, which is generally helpful to differentiate leaks when they occur
at construction sites or near water distribution networks.

As indicated, the duration for which leaks persist in practice de-
pends greatly on the urgency of the situation, expressed in terms
of the relative increase of network loss they cause. This in turn is
dependant on leak and DHS size. Once leaks reach extreme magnitudes,
as those listed at the end of Section 3.2, they are quickly identified due
to the disruption they cause in the system [I]. They will commonly
show visible signs of damage, which are called in by the public [I].
Smaller networks may act accordingly for objectively smaller leaks, as
they generate a comparatively high relative increase in their network
losses. Similarly, losses of the same magnitude might be viewed as
irrelevant by XL DHSs who contend with much higher standard losses.
Network loss increases that do not warrant the same urgency and
immediate attention may persist for much longer time frames. The
duration of their existence can be divided into two parts: 1. the time
for leak localisation, 2. the time until the repair can be made. The first
depends mainly on the maintenance strategy implemented by the DHS
operators. If no active monitoring method is used, leaks may not be
found for several months or even years [V ]. The second is subject to the
individual circumstances of each situation. Leak repair may be impeded
by the following:

• Time of year (i.e. in winter, the need to maintain operational in-
tegrity and high flow temperatures may prevent proper repairs [II,
VI]),
6 
• Location (i.e. areas that are difficult to access or require specific 
authorisation, such as under airports or railway lines [G. Roehl, 
personal communication, May 8, 2025]),

• Unavailability of required materials or services (i.e. special filling 
or wrapping materials [G. Roehl, personal communication, May 
8, 2025]),

• Customer requirements (i.e. manufacturers may require process 
heat for long processes [G. Roehl, personal communication, May 
8, 2025]).

Depending again on the urgency of the situation, a temporary fix may 
be performed to bridge the time until conditions allow for a complete 
repair [II].

3.4. Causes for leaks

As discussed in Section 2.1, the reasons why leaks occur are var-
ied, with corrosion mentioned as the main factor by many studies in 
literature. Thanks to a detailed breakdown provided by II for the years 
2019 to 2024, Table  5 can give an overview of the prevalent causes and 
most affected pipeline types in an exemplary German DHS consisting 
of various different pipeline types. Interestingly, corrosion is only the 
second most common cause, with installation and manufacturing errors 
being the source of more than half of all repaired leaks. Among these, 
welding seam defects are most prevalent.

A closer look reveals the source of this to be the PIRPs, which 
seem disproportionately affected.6 While 66% of leaks throughout 
the provided 6 year time frame occurred in these most common of 
pipelines, 79% of them were caused by installation and manufacturing 
errors. This observation coincides with reports made by other inter-
viewed DHS operators that mention such errors as a dominant reason 
for repairs to become necessary long before the officially estimated 
end of lifetime7 [I, III, IV, V ]. In earlier years, this was attributed to 
underdeveloped sleeve technology and substandard steel quality from 
the postwar years, although these aspects have become less problematic 

6 II report leaks in these pipes to make up between 58% to 92% of yearly 
occurrences.

7 The technical service life of PIRPs in Germany is estimated at 36 yrs to
70 yrs, on average 51 yrs [44].



E. Vollmer et al. Applied Thermal Engineering 299 (2026) 131038 
since the 1990s [I, IV ]. Current errors are assumed to be the result 
of construction defects and inadequate site supervision [II, III, V ]. 
Incidentally, II report up to 40% of annual leaks (to which such errors 
are counted) still occur within the warranty, customarily a period 
of 5 years [G. Roehl, personal communication, May 8, 2025]. Other 
operators such as VI also describe the occurrences of multiple leaks 
annually starting just over 10 years after initial installation. It may 
be for these reasons that operators such as VII go as far as to refute 
the correlation between pipeline age and occurrence entirely. The fact 
that these circumstances can be observed across all interviewed DHS 
operators further underlines the need for active LD.

Table  5 also shows other interesting aspects. External damage 
causes a comparatively small amount of leaks, about 10% throughout 
the regarded time frame. Older systems, such as duct-based and dated 
PIRP installations are significantly less fault-prone than the previously 
discussed newer types. Leaks in these pipelines are caused only by 
corrosion or otherwise wear. This coincides with observations made by 
other operators, who attest to their general reliability as long as certain 
conditions are upheld — in particular ensuring the pipe surroundings 
remain dry [III, IV ].

With regard to other installation methods not represented in II, 
twin pipes are reported by V  to be particularly fault-prone. The high 
flow temperatures are found to induce mechanical stresses that lead 
to the crack formation and growth, a process often exacerbated by 
production errors [V ]. This practical experience contradicts literature 
such as Mazhar et al. [45], which suggest ‘‘to use twin-pipes wherever 
applicable since their performance to price ratio is the best’’.

Aside from these pipeline type-related aspects, some general obser-
vations regarding DHSs and leak causes should be mentioned. While 
the main focus often lies on the heating period and operation at high 
temperatures, difficulties may arise owing to the longer periods of 
colder flow temperatures. It can cause damage to the installed press 
technology or sleeves to loosen given the shear forces that occur when 
the pipe contracts [V ]. Maintenance is also a key aspect to prevent 
leak-enabling circumstances. Without it, draining and venting can be 
compromised, shut-off valves clogged, or salt and water enter the 
shafts [V ]. This, again, emphasises the necessity for active LD.

4. Economic analysis

4.1. Estimating leak costs

The cost incurred by DHS leaks can fundamentally be divided into 
two parts: 1. ongoing, namely the cost of treated and heated make-up 
water required to compensate for the incurred loss, and 2. one-time, 
namely the costs of repair. As highlighted in Section 2.1, the longer 
a pipeline leak remains undetected, the greater the risk of rupture 
and destruction of surrounding infrastructure [35], a result of which 
would be very high repair costs. Economically speaking, an earlier 
detection has the benefit of minimising the considerable ongoing costs 
DHS operators have to bear while a leak persists [35]. However, both 
types of cost are difficult to quantify given their dependence on the 
unique circumstances of each DHS. Nevertheless, this study makes an 
effort to estimate them given a combination of theoretical sources and 
practical knowledge from the conducted surveys described in Section 3.

4.1.1. Ongoing costs
Leaks incur ongoing costs chiefly due to the make-up water that 

must be fed into the system to counteract the ensuing loss. This mainly 
stems from the required heating and treatment of the water before it 
can enter the pipelines [35]. The latter is essential to prevent internal 
corrosion and includes the removal of particulate matter, hardness 
minerals, salts, and oxygen, as well as addition of chemicals to raise the 
pH level, stabilise hardness, and prevent particle coalescence [28,38]. 
The addition of make-up water is outsourced to the DHS water carrier 
providers, meaning that operators pay according to their individual 
7 
contracts and circumstances [V ]. Most interviewed operators were 
unable to provide costs per cubic metre, indicating that these expenses 
are not taken note of as carefully as one might expect. IX mention 
7e/m3 as a value from another German DHS, while V  provide an 
estimate of 5e/m3 for their network with 125 °C flow temperature.
VIII report a precise value 5.20CHF/m3, equivalent to approximately 
5.60e/m3, for their 20 °C colder network. Following a conservative 
approach, 5e is assumed as the cost 𝐶𝑚𝑎𝑘𝑒−𝑢𝑝 incurred per cubic metre 
of make-up water.

The amount of required water depends on the size of the leak, which 
in turn depends on the duration of its existence (see Section 2.1). As 
discussed in Section 3.3, size varies greatly depending on all manner of 
influencing factors. However, for the purpose of this study, a simplifica-
tion must be made to quantify ongoing monetary losses. To this end, an 
exemplary leak and its growth are modelled. While there is a significant 
lack of literature in this field for DHS pipelines, leak growth models 
have been developed for those of water distribution networks, which 
share the same medium and similar characteristics. Specifically, Guo 
et al. [46] compared different growth functions, including Logistic, 
Gompertz, and Richards, to identify which is most adept at simulating 
a leak’s growth based on a real leak dataset. They find that the Richards 
function performs best, which is generally defined as 
𝑓 (𝑡) = 𝑎

(

1 + 𝑒(𝑏−𝑐⋅𝑡)
)

1
𝑁

(1)

where 𝑓 (𝑡) is the leak flow rate (m3/h), 𝑡 defines the leak duration, and 
𝑎 is equal to the maximum leak flow rate. The other parameters – 𝑏, 𝑐, 
and 𝑁 – are tuned to best simulate the real-world dataset. Guo et al. 
[46] performs these optimisations for diameters 𝐷𝑁100 to > 𝐷𝑁400
and different pipe materials such as cast iron, cement, and steel. The 
growth coefficient, 𝑐, is found to be best defined as 0.20 throughout. 
The position of the inflection point, 𝑏, and the curve steepness, 𝑁 , are 
defined by the diameter: 𝑏 = 3 and 𝑁 ≈ 0.8 for ≤ 𝐷𝑁300 and 𝑏 = 1 and 
𝑁 ≈ 0.2 for > 𝐷𝑁300. 𝑎 generally grows with diameter and is smaller 
for steel pipes than cast iron [46].

An exemplary leak is modelled on the basis of the theoretical and 
practical information described in Section 3. To this end, Guo et al. 
[46]’s function definition is adapted to the circumstances of this study 
and to account for the differences between water distribution networks 
and the systems at hand.8 To better suit the time frames for DHS leaks 
(s. Section 3.3), growth is measured in m3/day instead of m3/h. The 
inflection point position 𝑏 is based on larger pipe diameters with a 
value of 1. A low growth coefficient 𝑐 of 0.01 is selected to reflect much 
longer leak progressions, while the curve steepness of 𝑁 = 0.4 similarly 
allows for a gradual S-curve. The maximum leak flow rate 𝑎 is selected 
as 30m3/day to simulate the following behaviour: The leak starts as 
a small hairline crack of 1m3/day [43], a more conservative choice 
than the reported 2m3/day to 3m3/day [V ]. It reaches 10m3/day 
after 6 months, equivalent to a leak of a somewhat larger size [VI], 
and arrives at 20m3/day after a year, thereby equating the additional 
network losses reported by M networks. Although the modelled leak 
does increase progressively over time, in an effort to balance out the 
possible extremes, it stays well below the more major occurrences 
reported in practice and literature. It therefore simulates a leak that 
will not necessarily be called in by the public.

The leak growth curve can be translated into cost via Eq.  (2). The 
cumulative summation helps obtain an amount in cubic metres for a 
given number of days that the leak exists, while multiplication with 
the cost of make-up water 𝐶𝑚𝑎𝑘𝑒−𝑢𝑝 translates to a quantification of 
economic value attributable to the ongoing loss. For the exemplary leak 
growth shown in Fig.  2, the cost can be defined as a function of time — 

8 Specifically, DHSs have a significantly higher medium temperature to 
fulfil their purpose, which necessitate other pipe materials.
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Fig. 2. Leak growth of an exemplary leak with 𝑎 =30m3/day, 𝑏 = 1, 𝑐 =
0.01, 𝑁 = 0.4.

Fig. 3. Cumulative ongoing cost of the exemplary leak defined by Eq.  (3).

specifically leak duration (s. Eq.  (3)). The cumulative cost is visualised 
in Fig.  3.

𝐶ongoing (𝑡) = 𝐶make-up ⋅
𝑇
∑

𝑡=0
𝑓 (𝑡) (2)

𝐶ongoing (𝑡) = 5 e

m3
⋅

𝑇
∑

𝑡=0

⎛

⎜

⎜

⎝

30 m3

day
(

1 + 𝑒(1−0.01⋅𝑡)
)

1
0.4

⎞

⎟

⎟

⎠

(3)

4.1.2. Repair costs
Beyond the costs incurred while leaks persist, additional expenses 

arise from repairs. On this aspect, the interviewed DHS operators were 
able to provide significantly more detailed information than they could 
about ongoing losses. In general, repairs may consist of several cost 
categories, such as those for materials, civil engineering work, pipe 
construction, welders, construction cite coordination, and traffic re-
routing [II, V ]. The required services are commonly outsourced to 
specialised companies [V ].

The precise requirements are unique to each leak and costs can vary 
greatly depending on a multitude of factors, such as the surrounding 
infrastructure, pipeline installation method, cause of failure, time of 
occurrence relative to the heating period, and many more. Repair costs 
registered by the participating DHSs described in Section 3 spanned an 
incredibly broad spectrum from 2000e to over 1,000,000e. In gen-
eral, the more complex the circumstances, the greater the expense [G. 
Roehl, personal communication, May 8, 2025]. As Table  6 shows, such 
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Table 6
Estimated cost ranges for a single leak repair.
 Characteristic Unit S M L XL  
 Repair cost e 5000−

250,000
3500−
100,000

2000−
> 1,000,000

avg. 25,000;
mostly <100,000

 

Fig. 4. Repair costs for leaks reported by II, III, VIII.

complicating conditions have occurred in DHSs of all sizes, given their 
placement in urban, and thus structurally speaking complex, areas.

The relationship between leak repair costs, their cause, and af-
fected pipeline type is displayed in Fig.  4, largely thanks to a detailed 
breakdown of occurrences throughout 2024 provided by II. Despite the 
comparatively small number of data points and thus arguable statistical 
relevance, some important observations can be gleaned from it. Simi-
larly to Section 3.4, the figure highlights the prevalence of leaks in the 
most common form of pipelines (PIRP), mainly on account of installa-
tion and manufacturing errors. The repair costs for this pipeline type 
also spans the greatest breath, from 2000e to 1,000,000e. Even PIRP 
leaks attributed solely to installation and manufacturing errors can 
range from 2500e to 35,000e, highlighting again the relevance of sit-
uational circumstances. Unsurprisingly, leaks in underground pipelines 
are more expensive than above-ground or cellar variants. Duct-bound 
pipes, in particular, require high repair cost due to the nature of the 
installation method [II]. Aside from this, leaks caused by corrosion 
seem to generally cause greater expenses than wear and ageing or 
external influences.

Several DHS operators highlight a correlation between the duration 
for which a leak exists and its repair cost. For PIRPs, V  list smaller 
leaks to require 3000e to 8000e for civil engineering and 500e for 
materials (mainly sleeves), but these costs increase for leaks that exist 
for longer time frames to a total of around 20,000e. This is because 
material costs escalate to 3000e to 4000e when re-insulation becomes 
necessary due to a larger leak size. These numbers showcase how 
fixing leaks earlier can save between 1.7 to 5.7 times in repair costs. 
Similarly, costs of extreme magnitudes of >1,000,000e often stem from 
infrastructure damage caused by the prolonged existence of leaks [III].
III list two such events in which entire crossings or network sections 
needed replacing due to 6 months of persistent moisture leakage.

To quantify exemplary repair costs for this economic analysis, sev-
eral assumptions and generalisations must be made. PIRPs are consid-
ered for the example leak due to their current and future prevalence 
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Fig. 5. Repair cost growth of an exemplary leak defined by Eq.  (5).

and high occurrence both in the given DHSs (Section 3.1) and leak 
statistics (Section 3.4). The key information provided by V  on the 
effect of leak duration on repair costs is used as reference to model the 
time-based dependence. As per I, repair costs commonly do not exceed 
100,000e, meaning instances above these are viewed as outliers and 
not considered for our conservative example leak. Taking into account 
the remaining values shown in Fig.  4, the repair cost for a leak of this 
pipeline type averages at around 12,900e. This is close to the average 
of the reported range by V  for longer existing leak repairs, namely 
13,000e. We therefore assume this to be the cost for repairs after 6 
months. The starting point is selected using the average of lower repair 
costs reported by different operators for PIRPs. These encompass the 
cluster of instances of lower repair costs from Fig.  4 – that average to 
2700e – as well as lower bounds of various provided value ranges, 
including 3500e [V ] and 5000e [VI, VII]. Together, these combine 
to an average of around 3400e, close to equal to the lower bound 
of the fast repair range defined by V. To approximate the extent of 
the duration-induced cost increase, the repair expenses after a year’s 
existence are also estimated. The cluster of higher leak repair costs from 
Fig.  4 amount to an average of 18,500e, just short of the 20,000e 
value defining the upper bound of the slower repair range [V ].

Given these data points, a function is defined to model the time-
based cost progression of leak repairs. As simpler functions (such as 
linear, exponential, or logarithmic) are not able to properly capture 
the described circumstances, a growth function similar to the one from 
Section 4.1.1 is chosen. For the given purpose, we select the simplest 
and most well-known sigmoid function, the Logistic function [46,47], 
9 
generally defined as in Eq.  (4). 
𝐶repair (𝑡) = 𝑎

(

1 + 𝑒(𝑏−𝑐⋅𝑡)
) (4)

Here, the maximum cost 𝑎 is defined as the upper bound 20,000e. 
The remaining parameters, 𝑏 and 𝑐, are chosen as 1.6 and 0.012 
respectively to fit the function to the circumstances. This results in a 
time-dependent repair cost progression as defined by Eq.  (5) and shown 
in Fig.  5.

𝐶repair (𝑡) = 20,000e
(

1 + 𝑒(1.6−0.012⋅𝑡)
) (5)

4.1.3. Total leak costs
The ongoing and repair costs from Sections 4.1.1 and 4.1.2 can 

be combined into total leak-induced costs by summation. Fig.  6 dis-
plays the resulting cost for the derived exemplary leak, for which a 
conservative growth and repair were estimated. For any point in time 
𝑡, the plot shows the cost that the leak accumulated throughout its 
lifetime, were it be repaired that day. Although repair costs make up 
the lion’s share of expenses in the beginning, the figure clearly shows 
how ongoing costs replace these in severity if the leak persists for long 
enough (e.g. contributing more than 50% after 1 year). It is important, 
therefore, that these costs are not underestimated.

A combined SA of the fixed-value ongoing and repair cost assump-
tions is provided in Appendix  D. It shows that plausible lower- and 
upper-bound parameter choices affect the magnitude of cumulative 
leak cost, but not the qualitative finding that 𝐶ongoing becomes the 
dominant component for sufficiently long leak durations. Across all 
tested scenarios, this happens within the first year of a leak’s existence, 
with the parity point occurring as early as 249 days when make-up 
water is valued at 7 e∕m3. This indicates that the strategic importance 
of rapid leak repair is not merely a product of the baseline assumptions, 
but a fundamental characteristic of this kind of leak cost modelling.

4.2. The economic necessity for alternative LD methods

In terms of economic viability and cost efficiency, the interviews 
with DHSs operators also highlight a current need for alternative LD 
techniques despite commonly installed ILDS or use of other traditional 
methods. This can be attributed to the following:

1. Lack of usability: ILDS either do not exist or have not been 
installed in a way that allows them to be used (incorrect wiring, 
missing circuit diagrams) [V, VI, VIII].

2. Lack of usage: Systems are not used as required, i.e. manual 
readings are not performed regularly. For III, this caused a 
leak to go undetected for 6 months, culminating in 1,000,000e 
repair cost.
Fig. 6. Combined cumulative ongoing and repair costs for an exemplary DHS leak.
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3. System malfunction: The ILDS either does not give a warning 
despite the presence of a leak, returns a false positive or provides 
an incorrect location. The first caused III to fail to localise a leak 
for 6 months, again causing costs of 1,000,000e. The second 
can lead to unnecessary excavations and cost, such as for 2500e 
as described by II. Incorrect localisations are attributed with 
1000e∕m by I, though examples show they can grow to over 
2000e∕m9 [VIII].

These aspects call into question the advisability of relying solely 
on ILDS. As described in Section 3.3, the monitoring strategies shown 
by DHS operators in practice seem to reflect similar conclusions, with 
many of them turning to a combination of methods and alternative 
options, such as thermography.

4.3. Estimating TLD costs

The usage of TLD for DHS incurs its own cost, which is quantified 
in this subsection. However, the method as described in Section 2.2 
is characterised by some factors that require consideration for cost 
estimation. Mainly, these consist of the time frame limitation and the 
form of acquisition itself.

Given the stringent requirements for TIR acquisition discussed in 
Section 2.2, the time frame for data collection is limited. This naturally 
sets boundaries for the applicability of the method and must therefore 
be quantified as part of the economic viability assessment. By means 
of a comprehensive analysis of historical weather data in Germany, in-
cluded in Appendix  E, the viable number of days per year in which TIRs 
can be acquired is estimated as 40. Clusters of days at the beginning 
(November), middle (January), and end (March) of the heating period 
are found to commonly exhibit suitable characteristics that allow the 
capture of high-quality images, meaning multiple acquisitions per year 
are theoretically possible.

While the technology can be implemented via ground-based (hand-
held, vehicle-mounted) or aerial (UAS, aeroplane) sensor, practical 
experience has shown the latter to be most viable. Ground-based ther-
mography allows for the highest ground sampling distance (GSD) but 
at the cost of an extremely time-consuming acquisition.10 Additionally, 
these methods are subject to access restrictions in many urban areas, 
preventing full coverage [IX].

The most suitable type of aerial acquisition is a matter of con-
tention among the interviewed operators. While IX have incorporated 
aeroplane-based TLD into their monitoring strategy, IV  report images 
from this form of acquisition to provide only superficial overviews and 
not enough detail for comprehensive LD. This is due to the lower GSD, 
a side effect of the great flight heights. In comparison, UASs can fly 
much closer to the ground,11 thereby combining the benefits of high 
resolution and full coverage in one. At the same time, Heipke and 
Tödter [48] state around 20 km of pipeline can be covered via UAS per 
night, making it 10 times faster than the hand-held approach. While 
this speed may not be sufficient to cover of the largest XL networks in 
their entirety, its flexibility and applicability to most forms of network 
make UAS-based acquisition the main focus of this study.

The cost of UAS-based thermography comprises several key ele-
ments. These include the hardware (thermal camera and UAS), the 
acquisition flights (trained pilot), and the evaluation of the data (expert 
image analysis). While it is theoretically possible for operators to invest 

9 An instance of incorrect localisation reported by VIII lead to a tripling 
of repair costs when 30m of pipeline required excavation until the true leak 
position was pinpointed.
10 According to VI, the hand-held approach takes around 4h/km, meaning 
that only around 2 km can be covered in one night.
11 Sledz and Heipke [17] achieve a GSD of 5.2 cm for their UAS flight at 
40m, representing nearly a 5-fold improvement in resolution compared to the 
24 cm GSD reported by Friman et al. [6] for their 800m aeroplane flight.
10 
Table 7
Estimated cost ranges for the TLD approach.
 Characteristic Unit S M L XL  
 𝐿DHS km <30 30−100 100−300 >300  
 𝐶TLD e <10,110 10,110−33,750 33,750−101,250 >101,250 
 Required time frame nights ≤2 2−5 5−15 >15  

in the required technology and train or hire expert staff, this would 
mean a substantial initial investment. In terms of hardware, the costs 
are driven by thermal sensors, which are considerably more expensive 
than standard colour cameras [49].

As an alternative, several companies in Germany have begun of-
fering the UAS-based thermography as a package service. In an effort 
to find specific leaks in their networks, some interviewed operators 
report trying such services. They list expenses of between 300 and 
600 e/km for network coverage [VI, VII]. To further disaggregate these 
costs, offers were requested from different companies for an exemplary 
region. Three areas of expense are thereby identified: 1. flight costs 
𝐶flight (20% to 30%), 2. operational expenses 𝐶operation, ranging from 
travel and accommodation to generators for loading the UAS batteries 
(30% to 60%), and 3. image analysis effort 𝐶analysis to identify leak 
candidates for report creation (25% to 40%). For comparison, in the 
case of aeroplane-based acquisition – which is listed by IX as costing 
143 e/km – roughly 50% are attributed to image analysis and report 
generation.

Recent advances in the field of TIR analysis for DHS LD have 
enabled the automation of said analysis step [6,9,14,15,17,18,48]. 
This not only allows for the reduction of a considerable portion of 
service cost for both kinds of aerial acquisition, but also removes 
the time-related bottleneck meaning results can be provided faster to 
the operators. Additionally, it may supply DHS operators with the 
necessary tool to implement the approach themselves by eliminating 
the requirement for extensive thermographic knowledge.

Taking all afore-mentioned aspects into account, the cost of UAS-
based thermography as a service can be quantified in general according 
to Eq.  (6), with 𝑛service the number of DHS flyovers planned per year, 
𝐶service the service cost per km, and 𝐿DHS the network pipeline length:

𝐶TLD = 𝑛service ⋅𝐶service ⋅𝐿DHS = 𝑛service ⋅(𝐶flight+𝐶operation+𝐶analysis)⋅𝐿DHS

(6)

Assuming the average of expenses reported by DHS operators, the 
cost to requisition UAS-based TLD 𝐶service is defined as 450e/km. 
However, since the analysis step can be automated, the associated cost 
𝐶analysis can be eliminated, thus reducing the total TLD cost. Given the 
previously described range for 𝐶analysis, 𝐶service can drop to 270e/km to
337.5e/km. For the purpose of this study, the most conservative value 
is chosen — meaning 25% savings. The TLD costs can therefore be 
summarised as shown in Table  7 for this study’s four-tier categorisation 
(see Section 3.1). Given the average number of viable days for TIR 
acquisition per year and kilometres of pipelines that can be covered by 
night, all sizes of DHS (up to 800 km) can be checked via UAS-based 
thermography at least once per heating period (𝑛service = 1). The TLD 
cost is therefore a function of DHS length and defined as Eq.  (7). 

𝐶TLD(𝐿DHS) = 1 ⋅ 337.5 e
km ⋅ 𝐿DHS (7)

4.4. Break-even analysis

The previously estimated costs of exemplary leak and TLD are 
compared to assess the economic viability of the latter method. In 
particular, the objective of the analysis lies in identifying the BEP for 
TIR-based DHS pipeline LD. To this end, the following scenarios are 
contrasted in a BEA:
𝑇𝐶 = 𝑛 ⋅ lim 𝐶 (𝑡) (8)
inf leaks 𝑡→∞ ongoing
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Table 8
Network characterisations for break even analysis.
 Characteristic Unit S M L XL  
 
General

𝐿DHS km 0−30 30−100 100−300 300−800 
 Leak rate #∕km 0.06 0.09 0.09 0.1  
 𝑛leaks #∕yr 0–2 2–9 9–27 30–80  
 
Example

𝐿DHS km 17 56 200 550  
 𝑛leaks #∕yr 1 5 18 55  
 𝑡TLD nights 1 3 10 28  
 𝑡𝑑min days 8 10 17 35  

𝑇𝐶none = 𝑛leaks ⋅
(

𝐶ongoing(𝑇 ) + 𝐶repair(𝑇 )
)

(9)

𝑇𝐶TLD = 𝑛leaks ⋅
(

𝐶ongoing(𝑡𝑑 ) + 𝐶repair(𝑡𝑑 )
)

+ 𝐶TLD(𝐿DHS) (10)

In the reference scenarios (Eqs.  (8) and (9)), leaks are not actively 
sought, meaning no expenses are incurred by detection methods. In-
stead, leaks are assumed to grow — either infinitely (Eq. (8)) or until 
day 𝑇  when, for instance, the DHS operators are informed about their 
location by the public (Eq. (9)). This means they continuously incur 
time-dependent ongoing 𝐶ongoing and – in the case of 𝑇𝐶none – repair 
𝐶repair expenses once found. The costs are combined as discussed in 
Section 4.1.3. In the TLD scenario (Eq.  (10)), leaks are localised via 
UAS-based thermography. Here, ongoing and repair costs only increase 
until the leaks have been removed on day 𝑡𝑑 , though at the additional 
price of the thermography-based survey 𝐶TLD. At minimum, 𝑡𝑑 consists 
of the number of nights required to survey the DHS – which depends 
on network size – and the time needed for image analysis and leak 
repair. The latter duration is estimated at 7days, assuming the analysis 
is automated.

The number of leaks 𝑛leaks that we assume occur for the purpose of 
this analysis depend on the size of the network. To quantify this num-
ber, the four categories of DHS length are viewed individually. Table 
8 presents the defining characteristics for the BEA based on findings 
from Section 3.2 as well as the following additional assumptions. XL 
networks are capped at 800 km, as this is the upper limit for a TLD 
coverage within the viable amount of days (see Section 4.3). Given 
the detection bias discussed in Section 3.2, we assume a leak rate that 
increases slightly with DHS size from 0.06 leaks/km to 0.1 leaks/km. 
While this amplifies the empirically found value for XL networks, it 
still works conservatively, as we may assume a much higher unrecorded 
leak number given standard losses in such systems. Combining network 
size with leak rate provides estimates for a range of 𝑛leaks in each 
system.

Using the thus determined general value ranges, a representative 
DHS is defined for each of the four network categories (see Table 
8, ‘‘Example’’). In each case, average values for 𝐿DHS and 𝑛leaks are 
selected. The former helps define the number of nights required for 
TLD, 𝑡TLD, which in turn helps to estimate a minimum 𝑡𝑑min . Physical 
network characteristics such as flow temperature are defined as in 
Table  2, thereby fulfilling the detection requirements for TLD.

Comparative cost plots for each of the four network categories are 
provided in Fig.  7. To improve interpretability, it is assumed that all 
leaks occur simultaneously and that in thermography scenario the 𝐶TLD
expense is incurred at the beginning — regardless of when exactly 
the flights take place. As the analysis is focused on a comparatively 
short time frame and TLD is modelled as a third-party service, factors 
such as capital investment, discounting, and depreciation are excluded. 
The figure visualises the BEA for leak localisation and repair at 𝑡𝑑 ∈
{

𝑡𝑑min
, 30, 91, 183, 274, 365

}

days, thus spanning from weeks over 
quarter-year increments to a year. These time frames take into account 
that delays can occur during localisation (as TLD is only implemented 
once a year) or repair (see Section 3.3). For reference, the precise values 
visualised in Fig.  7 are provided in Appendix  F.

A comparison with the reference scenarios shows that, regardless 
of network size or leak removal date, the BEP 𝑡  is reached in a 
BEP
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surprisingly short period of time after 𝑡𝑑 – for 𝑇𝐶none no longer than 
three months. Even if one assumes that leaks are never found (𝑇𝐶inf), 
the extra expense of TLD and repair is shown to always pay off in less 
than three quarters of a year after 𝑡𝑑 .

When comparing the different 𝑡𝑑 values, an interesting trend can be 
observed mirrored through all network sizes. Faster leak detections and 
removals take slightly longer to amortise than slower ones, specifically 
the delta 𝛥𝑡BEP = 𝑡BEP − 𝑡𝑑 diminishes with larger 𝑡𝑑 values. This is 
caused by the non-linearity of both 𝐶ongoing and 𝐶repair, which means 
that the relative effect of the added constant 𝐶TLD decreases over time. 
For 𝑡BEPnone , for instance, the delta in S networks decreases by 55.4% 
from the initial 92days for 𝑡𝑑min  to 41days for 𝑡𝑑 = 365. This aspect can 
be seen as favourable for TLD, as one may assume that the probability 
of a leak being localised by other means (such as public notification) 
grows over time. Later localisation via TLD should therefore amortise 
faster for the method to remain viable.

Another interesting observation from Fig.  7 is that TLD pays off 
faster with increasing network size. This may, in particular, be at-
tributed to the associated leak rates. For instance, XL DHSs have 
𝛥𝑡BEPnone  values that range from 52days (𝑡𝑑min = 35) to 25days (𝑡𝑑 =
365), which are 43% and 39% smaller, respectively, than those pre-
viously listed for S networks. This indicates that the method becomes 
more viable with higher leak rates.

These findings have an impact on the economic viability of TLD in 
general. In the best-case scenario, where leaks can be removed in the 
shortest time frame (𝑡𝑑 = 𝑡𝑑min ), amortisation of the UAS-based TLD 
service cost takes no more than 3months after leak removal and the 
additional repair costs are paid off in less than three quarters of a year. 
In the worst-case scenario, where leaks are located and repaired only 
after a year (𝑡𝑑 = 365), the cost for TLD is amortised almost within 
a month after 𝑡𝑑 and the entire localisation and repair via TLD pays 
off in less than half a year after 𝑡𝑑 . In summary, this means that the 
true economic benefit of TLD, namely faster amortisation over time, 
complements its methodological strength as a LD method, where its 
advantage lies in the ability to help locate leaks that are otherwise not 
pinpointed quickly.

The robustness of these findings with respect to cost modelling 
assumptions is assessed in Appendix  G. Although the resulting amortisa-
tion periods shift under lower- and upper-bound leak cost scenarios, the 
qualitative conclusion remains unchanged: TLD continues to amortise 
within a comparatively short period after leak removal.

In the context of this BEA, an additional SA is performed to show 
the impact of automation on 𝑇𝐶TLD. As detailed in Appendix  H, the 
analysis shows that automating 𝐶analysis – and thereby reducing 𝑇𝐶TLD
by a given percentage – leads to a reduction in the amortisation period 
𝛥𝑡𝐵𝐸𝑃  by at least the same percentage. This means that even a conser-
vatively estimated automation significantly shortens the amortisation 
time beyond the savings percentage. Given future technological ad-
vancements and growing UAS market [50], this aspect can be expected 
to provide an even greater potential for cost savings and increased 
amortisation, as the share of 𝐶flight can be expected to drop.

An aspect that is disregarded in this direct cost comparison (as 
it is not easily quantified) is the additional benefit afforded by the 
investment in TLD. Acquired TIR images can be used beyond mere 
LD to assess the condition of the DHS pipelines [IV, IX]. If flights 
are performed regularly, a temporal analysis can provide valuable 
information on network degradation [14]. IX highlight these aspects 
as other main motivators for using aerial TLD.

5. Recommendations

In light of the findings from Sections 3 and 4, several important 
statements can be made regarding DHS LD and specifically TLD from 
an economic standpoint. These elicit general as well as DHS-unique 
recommendations.
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Fig. 7. BEAs across different network sizes. Red lines depict the reference scenario costs, aqua-coloured lines the TLD costs for 𝑡𝑑 ∈ {𝑡𝑑min , 30, 91, 183, 274, 365} days. 
To show when TLD costs amortise, the BEPs are marked by dotted vertical lines — thick ones for 𝑡BEPnone , thin ones for 𝑡BEPinf .
The considerable expenses caused by leaks in practice (Section 4.1) 
highlight the critical importance of implementing LD in general. At 
the same time, the empirical study shows that this aspect is attributed 
with a varying degree of urgency and importance, especially where less 
critical leaks are concerned (Section 3.3). Similarly to other publica-
tions [35,48], this study’s findings urge for the general adoption of 
regular LD in DHS monitoring. Beyond that, leaks should be viewed 
as part of the system’s lifecycle, meaning that LD should already be 
considered during network design.

Modelling leak growth and ongoing cost as part of this study has 
exposed the critical impact of leaks on economic efficiency. This aspect 
is key in the fast amortisation of TLD in the BEA, yet – as discussed 
in Section 4.1.1 – a considerable lack of provided data in this regard 
makes apparent the current focus on repair. Operators should incor-
porate ongoing cost calculations into their system assessment when 
selecting LD methods.

The BEA clearly highlights the economic advantage that aerial TLD 
can offer for DHS efficiency, but the decision of its usage depends on 
each network’s unique characteristics. The following factors require 
consideration:
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• Defining 𝐿DHS: While TLD is pipeline-agnostic (2.3), the appli-
cable area is limited by some factors. This includes installation 
depth (s. Appendix  B) and pipe surroundings, such as barriers that 
obstruct the line of sight between sensor and ground (train tracks, 
excessive foliage, etc.). Such areas fall outside the scope of remote 
sensing-based TIR acquisition and cannot be inspected.

• Defining 𝑛leaks: Although the number of leaks has been found to 
scale with 𝐿DHS (Section 3.2), this may not apply to all DHSs. 
The individual leak rate, assignment to one of the four network 
categories, and – by extension – applicability of the derived BEA 
must therefore be checked.

• Defining 𝐶service: As shown in Section 4.3, the derived cost for TLD 
as a UAS service can vary f.e. depending on DHS location. Re-
questing specific estimates from companies for the given network 
will provide precise values for individual cost estimations.

• Alternate LD: If other techniques are being implemented, com-
parisons should be drawn between their costs and application 
areas (Section 2.2). Given the unique circumstances of each DHS, 
another method might outweigh TLD in terms of economics or 
applicability.
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Taking these as well as previous chapters into account, DHS op-
erators can assess the economic viability of TLD given their unique 
circumstances. Marginal cases may also occur, where other forms of 
implementations are more cost-effective. For S networks with few 
leaks, hand-held thermographic sensors might be an alternative. Larger 
networks may consider acquiring the ownership and know-how to carry 
out UAS flights independently. For XL DHSs, the use of aeroplanes 
might be more economically viable than UAS [IX].

While Section 4.4 highlighted the economic viability of TLD for 
leak detection, especially given a degree of automation (s. Appendix  H, 
the method also provides other benefits. In the long run, TLD has the 
potential to be used for large-scale leak monitoring through temporal 
analyses [14]. While a single TIR acquisition provides only a snapshot 
of the DHS, data collected across regular UAS flights can be compared 
to help operators assess their DHS’s general condition. This knowledge 
can form the foundation for more advanced predictive maintenance 
approaches to schedule repairs before leaks occur [5]. However, as 
with all methods discussed in Section 2.2, TLD is subject to limitations 
and may not be capable of assessing a DHS in its entirety. A truly 
comprehensive LD monitoring strategy should rely on the combination 
of different techniques to ensure full coverage [7,20].

6. Conclusion and outlook

This study addressed a critical research gap by providing the first 
quantitative economic evaluation of TLD for leak detection in DHS 
pipelines, with a specific focus on networks in Central European
German-speaking regions. In contrast to other established methods, 
TLD offers a flexible, scalable, and non-invasive leak localisation ap-
proach for all manner of pipe types. Through the integration of new 
empirical data, a novel form of leak-associated cost was modelled and 
first-of-its-kind BEA performed. The findings presented in Section 4.4 
highlight TLD’s potential as a cost-effective tool for leak localisation 
in networks of all sizes given their short amortisation periods. This 
study was thereby able to justify the use of TLD for increased system 
efficiency — not only in terms of cost.

Naturally, it is subject to several limitations. As a case study of 
Central European German-speaking countries, the observations and 
findings may not be directly transferable to other regions with different 
climatic conditions, regulatory frameworks, or DHS infrastructure char-
acteristics. Much of the analysis was developed based on an empirical 
study consisting of a relatively small number of DHS operators, and the 
occasionally sparse information required generalisations that may not 
be representative of all networks.

In order to perform the economic analysis, assumptions needed to 
be made to model the exemplary leak. In practice, leak growth and 
repair is defined by a myriad of influencing factors, meaning the cost 
of a specific leak may differ considerably from the simulated example. 
The same can be said for DHSs, where each has its own defining 
characteristics that may differ from the defined four-tier categorisation.

While this study has provided an important initial economic as-
sessment of TLD for DHS leak localisation, there is much potential for 
future research. To better replicate real-world conditions, exemplary 
leak modelling can be expanded to simulate different kinds of leak 
growth in various pipe types. The BEA can be further developed by 
adjusting for currently disregarded time-dependant changes in cost, 
such as season-based fluctuations and interim leak repairs. Additional 
analyses can help assess disregarded financial aspects, such as main-
tenance intervals and discount rates. Drawing economic comparisons 
with other LD methods, such as ILDS, could provide additional weight 
to the results. In this regard, expanding the questionnaire focus and 
empirical study – for instance to additional European countries or 
other international regions – would help provide a more solid and 
more holistic data foundation and enable cross-regional comparisons 
of leak occurrence, operational practices, and the economic viability 
of TLD. This would allow for distribution-based instead of fixed-value 
13 
economic inputs, such as the make-up water cost. On a broader scale, 
the economic assessment of approaches such as TLD not just for leak 
detection but also condition monitoring could help shape the future of 
DHS monitoring.
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Appendix A. Pipeline installation types and methods

The technical improvement of DHSs throughout the decades is 
marked by the development of materials that allowed for cost-effective 
construction. This is particularly true for the pipelines themselves, 
which constitute the lion’s share of network installation costs [45]. 
Table  A.9 presents the different types of pipelines used in DHSs, classi-
fied by installation method. While early generation pipes were placed 
within concrete ducts, the advent of ground-installed PIPs helped over-
come the cost barrier and enabled the transition to the third gen-
eration [38]. Initial implementations with various casing materials, 
including fibre or asbestos cement, gave way to plastic, specifically 
polyurethane rigid foam (PUR) as an insulation material and high-
density polyethylene (HDPE) for casings. Combined with steel carri-
ers, composite PIRPs have become the most widely installed pipeline 
systems today [28].

Appendix B. Acquisition conditions and workflow for TLD

The acquisition-dependent conditions required for collecting high 
quality TIR images can be summarised as follows:

• Weather-related disturbances can impact the temperature signa-
ture on the earth’s surface, causing low quality or erroneous TIRs. 
These disturbances include solar radiation, cloud cover, wind, 
rain, snowfall, and fog [6,15,48]. Direct sunlight can already 
cause significant errors in TIR sensor measurements in the far 
infrared spectrum [51], persistent rain and wind cool down the 
surface [48], and water droplets in various forms of precipi-
tation greatly reduce resulting image quality [15]. Acquisition 
should therefore be carried out in dry weather and at low wind 
speeds [6].



E. Vollmer et al. Applied Thermal Engineering 299 (2026) 131038 
Table A.9
Installation methods and pipeline types (based on Winkens [53], Heating [28], Heipke and Tödter [48], Woods [38] and Roscher [54]).
Fig. B.8. TLD exemplified: From TIR image acquisition by UAS to automatic leak detection via analysis software.
• The camera should have an unobstructed view of the ground to 
ensure no leaks are missed. This includes no insulating layers of 
foliage or snow [6,15].

• Acquisition should only take place at nighttime or in the early 
morning when thermal reflectance is lowest, the delta of sur-
rounding temperatures to the network highest, and the TIR sensor 
most accurate12 [15,48].

• The carrier temperature in the flow pipe should correspond to 
the maximum permissible continuous operating temperature and 
should be constant over a longer period of time so that the heat 
loss is as constant as possible [48].

• The flow pipe installation depth should be near constant and not 
exceed 1m [48].

The practical context of these acquisition conditions is illustrated 
in Fig.  B.8, which shows an example of the UAS-based TIR acquisition 
workflow, resulting raw imagery, and outputs from automatic image 
analysis. Further details on the underlying case study and algorithms 
are discussed in Vollmer et al. [9,15,19].

12 Pech et al. [52] compare different flight times – 7 AM, 2 PM and 9 
PM – and find that midday flights cause considerable variation to ground 
measurements.
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Appendix C. Questionnaire

This appendix lists the set of questions posed to the DHS operators 
who participated in the study. The first group consists of general 
questions:

• What is the size of your network (pipe length in km)?
• What types of pipes are installed (percentage of the total network 
or length in km)?

• How many kilometers of your district heating network are equi-
pped with sensors for leak detection? What specific sensor tech-
nology is installed? How reliable is it?

• Do you know of any correlations between leaks and the pipeline 
age, pipeline type, etc.?

• Have you already had a particularly damaging leak in the net-
work? If so: When was this? What pipeline type did it affect? How 
high were the losses and repair costs?

A second group of questions revolved around information for a time 
period (such as per year or higher granularity if available):

• What is the heat production for your network (GWh)?
• What losses are registered (MWh)? What costs are incurred
(e/MWh or e/m3)?
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• If there is a general energy loss without leaks, what proportion of 
the loss is due to leaks?

• How many leaks does your network have per year? How large are 
they?

• How long does it take to find and repair leaks? What costs are 
incurred with the methods currently used to locate leaks in pipes?

• What costs are incurred in the event of a falsely located leak, 
i.e. by excavating at the incorrect place?

Appendix D. Sensitivity analysis of leak cost modelling for cumu-
lative cost

A SA is performed to assess how the parameters defining ongoing 
and one-time repair costs influence the cumulative leak cost. The 
relevant parameters are given in Eqs. (2) and (4).

For the ongoing cost assessment, the modelled leak growth as de-
fined in Eq.  (3) is complemented by lower- and upper-bound scenarios. 
While the baseline was intentionally defined as a conservative but 
practically relevant leak progression, lower- and upper-bound cases 
are considered to test the robustness of the conclusions to uncertainty 
in this type of leak development. Given the mathematical interde-
pendence of growth functions parameters, simply varying individual 
values can result in physically unrealistic curves. Therefore, plausible 
parameter combinations are defined instead of iterating through all 
mathematically possible values.

For the Richards-based leak growth model, the maximum leak 
flow rate 𝑎 and growth coefficient 𝑐 are varied, while the inflection 
point 𝑏 and curve steepness 𝑁 are kept constant. This preserves the 

Fig. D.9. Scenarios for exemplary leak growth using lower-, baseline- 
(𝑎 =30m3/day, 𝑏 = 1, 𝑐 = 0.01, 𝑁 = 0.4), and upper-bound Richards curves.
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assumed pipe-diameter context and general leak class while allowing 
the analysis of differences in leak magnitude and progression speed. 
A lower-bound scenario (𝑎 = 25m3∕day, 𝑐 = 0.009) and upper-bound 
(𝑎 = 35m3∕day, 𝑐 = 0.011) are defined, resulting in the curves depicted 
in Fig.  D.9. These selections ensure a valid test of uncertainty while 
staying within or below the conservative range defined in literature 
and the empirical study. The lower bound remains below 10m3∕day at 
6 months and 20m3∕day at a year, while the upper case barely exceeds 
15m3∕day and 30m3∕day respectively.

The final parameter influencing ongoing cost is 𝐶𝑚𝑎𝑘𝑒−𝑢𝑝. Since the 
most conservative reported value was already selected for the baseline 
scenario, only an additional upper bound of 7e∕m3 is defined for the 
SA. This ensures that all empirical values lie within the defined range 
and provides a suitable basis for assessing uncertainty in the make-up 
water cost assumption.

For repair costs, lower- and upper-bound scenarios are defined 
from empirically motivated values to reflect varying degrees of situ-
ational complexity (see Fig.  D.10). In the lower-bound scenario (𝑎 =
15,000e, 𝑏 = 1.75, 𝑐 = 0.01), the parameters are matched to the 
minimum reported repair cost of 2000e and the lower-end average for 
long-term repairs of 13,000e. For the upper-bound (𝑎 = 25,000e, 𝑏 =
1.45, 𝑐 = 0.014), the curve reflects faster cost escalation associated 
with more complex urban infrastructure, starting at the higher end 
of reported minimum cost for repairs (5000e) and reaching nearly 
25,000e after one year. By varying the growth coefficient 𝑐, the analysis 
accounts for uncertainty not just in the total cost magnitude, but also 
in the speed at which situational complications arise.

With these parameter choices, a lower-bound scenario cost-minim-
ising and upper bound cost-increasing case are defined. While the 
baseline scenario used in this study is the most likely representation 
of the exemplary leak, these can be interpreted as a boundary corridor 
for the same conservative leak class.

Table  D.10 shows how the described parameter variations affect the 
cumulative leak cost. As the cost differences after one year (𝐶total (𝑡 =
365)) indicate, the assumed parameter combinations have a substantial 
influence on the magnitude of the result. However, the qualitative find-
ing from the baseline remains unchanged across all scenarios: Ongoing 
costs account for more than half of total leak cost after one year.

Relative to the baseline, the lower- and upper-bound growth and 
repair scenarios change the one-year total leak cost by around -28 % 
and +29 %, respectively. Increasing 𝐶make-up from 5 to 7e∕m3 increases 
the one-year total cost by ca. 22 % and shifts the parity point 𝑡𝑝
– the day at which cumulative ongoing costs exceed repair costs — 
forward by 55 to 61 days. In comparison, varying the growth and repair 
scenarios with a fixed make-up water cost changes 𝑡𝑝 by 21 to 27 days. 
For the conservative leak type considered here, 𝐶make-up therefore has 
the strongest influence on the point in time when ongoing costs start 
to dominate 𝐶 .
total
Fig. D.10. Scenarios for exemplary repair cost growth using lower-, baseline- (𝑎 =20,000e, 𝑏 = 1.6, 𝑐 = 0.012), and upper-bound sigmoid curves.
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Table D.10
Impact of parameter variations in lower-, baseline, and upper-bound cost scenarios on cumulative cost and cost parity between 
ongoing and repair components.
 Growth model 𝐶make-up

[e / m3]
𝐶total(𝑡 = 365)
[e]

𝐶ongoing(𝑡 = 180)
share [%]

𝐶ongoing(𝑡 = 365)
share [%]

𝑡𝑝
[days]

 

 Lower-bound
5

30,037.18 31.88 56.56 310  
 Baseline 41,653.06 27.87 54.79 328  
 Upper-bound 53,617.53 25.84 54.54 331  
 Lower-bound

7
36,832.71 39.59 64.57 249  

 Baseline 50,781.59 35.11 62.92 270  
 Upper-bound 65,315.41 32.78 62.68 276  
Fig. E.11. Viable days for TIR image acquisition across Germany and its various states (based on weather data from Meteostat [55]).
Appendix E. Estimating the viable day count for TLD

Historical weather data from Meteostat [55] are analysed to esti-
mate the number of days that high-quality TIR images can be acquired. 
To this end, weather stations located within the largest city in each 
German state are selected to represent the different regions. For a repre-
sentative assessment, an investigation period of three consecutive years 
is selected, specifically 2019, 2020, and 2021.13 Daily measurements 
are used to identify when the stringent conditions as per Appendix  B 
were met. Specifically, these are defined as:

1. a maximum temperature below 10 °C (𝑇max < 10 ◦C),
2. a minimum temperature below 5 °C (𝑇min < 5 ◦C),
3. no precipitation (𝑝𝑟𝑐𝑝 = 0 mm),
4. no snowfall (𝑠𝑛𝑜𝑤 = 0 mm),
5. an average wind speed below 5m/s (𝑤𝑠𝑝𝑑 < 5 m∕s).

Fig.  E.11 displays the results of the analysis averaged for each of 
the different states as well as across Germany. Acceptable time frames 
generally range from fall to spring, whereby periods of consistently 
favourable conditions are found in November, mid-January, and mid-
March. This indicates that multiple acquisitions could be organised for 
DHS assessment, such as at the beginning and end of the main operating 
season.

In terms of quantification, Fig.  E.12 visualises the number of viable 
days per year for data acquisition throughout Germany. While the box 
plots highlight to what extent this value may differ depending on the 

13 These specific years were chosen as they were the only ones in the past 
decade for which data was consistently available for all days [55].
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Fig. E.12. Box plots of viable day counts for TIR image acquisition per year 
across all German states (based on weather data from Meteostat [55]).

year in question, the median is found to lie within a comparatively 
similar range of between 35 and 43 days. The combination of these 
values, shown in the overall box plot, depicts a median of around 
39, which is almost identical to the overall average of 40 days. This 
latter value will therefore be used as an underlying assumption for the 
economic viability analysis.

Appendix F. Breakdown of the BEA

Table  F.11 gives a quantitative overview of the BEA results, detail-
ing the values that are visualised in Fig.  7. Similarly to there, 𝑇𝐶none
(Eq. (9)) and 𝑇𝐶inf (Eq. (8)) are compared to 𝑇𝐶TLD (Eq. (10)). 𝑡BEP
is the number of days at which the BEP is reached for both of those 
comparisons, while 𝛥𝑡  is the number of days after which the BEP is 
BEP
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Table F.11
Breakdown of BEA results for all networks sizes.
 𝑡𝑑 scenario Parameter Unit S M L XL

 𝑇𝐶𝑛𝑜𝑛𝑒 𝑇𝐶𝑖𝑛𝑓 𝑇𝐶𝑛𝑜𝑛𝑒 𝑇𝐶𝑖𝑛𝑓 𝑇𝐶𝑛𝑜𝑛𝑒 𝑇𝐶𝑖𝑛𝑓 𝑇𝐶𝑛𝑜𝑛𝑒 𝑇𝐶𝑖𝑛𝑓  
 
𝑡𝑑𝑚𝑖𝑛

𝑡𝐵𝐸𝑃 days 100 243 76 220 80 224 87 230
 𝛥𝑡𝐵𝐸𝑃 days 92 235 66 210 63 207 52 195
 𝑇𝐶TLD e 9422.97 37753.95 140974.56 459298.95

 
30

𝑡𝐵𝐸𝑃 days 112 254 89 232 88 232 – –  
 𝛥𝑡𝐵𝐸𝑃 days 82 224 59 202 58 202 – –  
 𝑇𝐶TLD e 10451.05 42467.75 152343.9 –

 
91

𝑡𝐵𝐸𝑃 days 153 294 134 276 133 275 129 272  
 𝛥𝑡𝐵𝐸𝑃 days 62 203 43 185 42 184 38 181  
 𝑇𝐶TLD e 14446.79 62446.45 224267.22 664635.95

 
183

𝑡𝐵𝐸𝑃 days 231 372 215 356 215 356 212 353  
 𝛥𝑡𝐵𝐸𝑃 days 48 189 32 173 32 173 29 170  
 𝑇𝐶TLD e 23615.91 108292.05 389311.38 1168937.55

 
274

𝑡𝐵𝐸𝑃 days 317 456 303 442 303 442 300 439  
 𝛥𝑡𝐵𝐸𝑃 days 43 182 29 168 29 168 26 165  
 𝑇𝐶TLD e 34999.9 165212 594223.2 1 795057

 
365

𝑡𝐵𝐸𝑃 days 406 543 392 529 392 529 390 527  
 𝛥𝑡𝐵𝐸𝑃 days 41 178 27 164 27 164 25 162  
 𝑇𝐶TLD e 47390.56 227165.3 817255.08 2476543.3
Table G.12
Impact of smallest, baseline, and highest leak cost scenarios on BEA results for 
S and XL networks and reference scenario 𝑇𝐶𝑛𝑜𝑛𝑒.
 Growth model 𝐶make-up

[e /m3]
Parameter for 
𝑇𝐶𝑛𝑜𝑛𝑒

S XL

 𝑡𝑑 = 𝑡𝑑𝑚𝑖𝑛 𝑡𝑑 = 365 𝑡𝑑 = 𝑡𝑑𝑚𝑖𝑛 𝑡𝑑 = 365 
 Lower-bound 5 𝑡𝐵𝐸𝑃 139 415 113 395  
 𝛥𝑡𝐵𝐸𝑃 131 50 78 30  
 Baseline 5 𝑡𝐵𝐸𝑃 100 406 87 390  
 𝛥𝑡𝐵𝐸𝑃 92 41 52 25  
 Upper-bound 7 𝑡𝐵𝐸𝑃 71 391 69 380  
 𝛥𝑡𝐵𝐸𝑃 63 26 34 15  

reached after localisation and repair (𝛥𝑡BEP = 𝑡BEP − 𝑡𝑑). The total cost 
at BEP is the same for both comparisons, as it is equal to 𝑇𝐶TLD(𝑡𝑑 ).

Appendix G. Sensitivity analysis of leak cost modelling for BEA

To assess the robustness of the BEA with respect to leak cost 
modelling, the lower-, baseline, and upper-bound cumulative cost 
scenarios defined in Appendix  D are applied to select BEA cases.
Table  G.12 summarises the resulting break-even day 𝑡𝐵𝐸𝑃  and amor-
tisation period 𝛥𝑡𝐵𝐸𝑃  for representative S and XL networks with both 
minimum (𝑡𝑑 = 𝑡𝑑𝑚𝑖𝑛 ) and late (𝑡𝑑 = 365) leak removal, using ref-
erence scenario 𝑇𝐶𝑛𝑜𝑛𝑒. To capture the widest plausible sensitivity 
range, the baseline is compared to the smallest (lower-bound with 
𝐶make-up = 5e/m3) and highest (upper-bound with 𝐶make-up = 7e/m3) 
leak cost scenarios.

While the exact break-even timing shifts across scenarios, the qual-
itative outcome of the BEA remains unchanged. TLD amortises within 
a comparatively short period after leak removal in all tested cases, 
ranging from 15 to 131 days. This indicates that the economic viability 
of TLD is robust to plausible lower- and upper-bound variations in 
leak growth, make-up water cost, and repair cost modelling. As in 
the baseline analysis, larger networks and longer leak removal times 
continue to result in faster amortisation.

Relative to the baseline, the smallest leak cost scenario increases the 
amortisation period by approximately 20% to 50%, while the highest 
reduces it by around 32% to 40%. Interestingly, the smallest scenario 
has a larger relative impact on 𝛥𝑡𝐵𝐸𝑃 . This is due to the non-linear 
nature of the modelling: slower leak growth and repair cost escalation 
reduce the rate at which the reference scenario 𝑇𝐶𝑛𝑜𝑛𝑒 accumulates 
costs. Consequently, the avoided cost grows more slowly, delaying the 
17 
amortisation of the fixed 𝐶TLD more significantly than higher leak costs 
accelerate it. This asymmetry implies that the amortisation period of 
TLD is more sensitive to underestimating leak costs than to comparably 
pessimistic overestimations. However, since even the smallest cost 
scenario still amortises within roughly four months, the fundamental 
decision to implement TLD remains robust in the explored range of 
𝐶ongoing and 𝐶repair uncertainties.

Appendix H. Sensitivity analysis of TLD automation for BEA

This appendix provides details on the impact that automating the 
analysis step has on TLD cost given the associated reduction of 𝐶analysis. 
Fig.  H.13 shows how this choice influences each BEA for the various 
network sizes as visual SAs. As in Fig.  7, the aqua-toned lines show the 
𝑇𝐶TLD costs depending on 𝑡𝑑 (Eq. (10), with 𝐶service = 337.5e∕km given 
a 25% savings through 𝐶analysis automation (Eq. (7)). As described in 
Section 4.3, this was the most conservative choice given the possible 
range of 25% to 40% that manual 𝐶analysis currently contributes to 
the total cost. To assess the impact of said choice, this value range is 
depicted visually as the coloured, filled in areas below each aqua-toned 
line, where the 40% maximum savings scenario are at the lower edge 
of each area. The dotted lines above the 25%-savings scenario represent 
the current status quo – no automation of 𝐶analysis – as a baseline.

The comparison is based solely on monetary savings, without taking 
into account the time delay to which the baseline scenario is inherently 
subject, given that manual image viewing may require up multiple 
weeks depending on the network size.14 Despite this, Fig.  H.13 shows 
a significant difference between baseline and the savings scenarios. 
Even the most conservatively assumed automation enables TLD costs 
to amortise faster for 𝑡𝑑 = 1 month than they do for the 𝑡𝑑min  baseline.

Given the linearity of 𝐶TLD and its sole dependency on 𝐿DHS, the 
absolute cost difference to the baseline is constant for a network, 
regardless of 𝑡𝑑 . This means that in terms of percentage, savings are 
more impactful earlier on. In the S network, for instance, cost savings 
for 𝑡𝑑min  amount to 17% in the minimum savings scenario (25%) and 
can reach up to 27% for the maximum scenario (40%). Given the 
much higher cost at 𝑡𝑑 = 365 days, the savings here comprise only 4% 
and 6% of the total, respectively. However, amortisation is a different 
matter. As indicated above, the relevance of automation and associated 

14 According to [15], around 1300 images are acquired per km pipeline, 
which assuming a fast viewing speed of 1 s/imagealready results in 25days 
for XL networks.
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Fig. H.13. SAs for the impact of automation on TLD cost across different network sizes.
savings plays a key role. Compared to 𝑇𝐶none, the most conservative 
automation reduces the time 𝛥𝑡𝐵𝐸𝑃  by at least 19.3% (𝑡𝑑min ) and up to 
25.45% (𝑡𝑑 = 365 days) for S networks. These numbers increase with 
network size, amounting to 21.2% to 26.5% for XL networks.

A comparison between the different savings scenarios shows that 
increased automation is greatly beneficial and increases in relevance 
as time passes. For S networks, for instance, an additional 15% au-
tomation achieves 12.3% faster amortisation for 𝛥𝑡𝐵𝐸𝑃  compared, 
which increases to 14.6% at 𝑡𝑑 = 365 days. These values also grow 
with network size, reaching 13.6% to 14.7% for XL networks — and 
therefore a 34.9% to 41.2% reduction through maximum automation. 
This means that, given time, automating 𝐶analysis by a given percentage 
results in an even greater percentage reduction in the amortisation time 
𝛥𝑡𝐵𝐸𝑃 .

Data availability

The data that has been used is confidential.
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