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Abstract 

The growing urgency to address climate change and resource scarcity has accelerated efforts toward 

the energy transition. In this context, heat networks are gaining importance, as they are considered 

one of the most efficient supply solutions for areas with high heat demand density. However, to 

enable the transition to climate-neutral operation, a transformation phase is required in which existing 

heat networks are improved in efficiency and flexibility. 

Against this background, the scientific literature proposes closing the existing information gap be-

tween operators and users to enhance heat network control strategies. However, making user-level 

information accessible poses various challenges. Initial successes have been achieved in modeling 

the aggregated heat demand of large residential complexes. In contrast, the modeling of highly dy-

namic user behavior, as observed in buildings with few regular occupants, such as single-family 

homes, has so far been investigated only to a limited extent. This cumulative dissertation pursues the 

overarching objective of developing suitable modeling and analysis approaches that make infor-

mation on highly dynamic user-level behavior accessible. This aims to enable the use of this infor-

mation to enhance efficiency and flexibility in heat networks. 

Methodologically, the necessary information to achieve this overarching objective is developed step 

by step in a systematic manner. To this end, an automated approach based on thermodynamic prin-

ciples is developed to filter faulty and non-representative datasets. This improves data quality by 

generating cleaned datasets. Furthermore, relevant and non-redundant input parameters for modeling 

highly dynamic user behavior are identified. Subsequently, the results are integrated into a Long 

Short-Term Memory modeling framework. 

The results achieved with the developed methodology first enable the automated identification of 

faulty substations at the user level. For practical application, the method also quantifies the negative 

impact of the detected faults on the system. The insights gained improve data quality and contribute 

to enhanced fault management at the user level in heat networks, thereby enabling the increase of 

efficiency and flexibility. Furthermore, the findings demonstrate how data-driven modeling ap-

proaches can be applied in heat networks. This enables accessing the necessary information for im-

proved understanding of highly dynamic user behavior in heat networks. Model optimizations and a 

systematic error analysis are carried out. 

These findings on highly dynamic user-level behavior are relevant to modeling heat networks and to 

integrating this type of information into practical network operation, particularly for improving con-

trol strategies. 

Moreover, this cumulative dissertation identifies starting points for future research. For example, 

continuous model updating and self-learning modeling approaches could be incorporated into heat 

network control strategies to adapt to changing conditions. The transferability of the modeling stra-

tegy developed in this cumulative dissertation to other model regions and heat networks also repre-

sents a relevant question for future research. 
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Zusammenfassung 

Die zunehmende Dringlichkeit, auf den Klimawandel sowie auf die Ressourcenknappheit zu reagie-

ren, hat die Bemühungen um die Energiewende beschleunigt. In diesem Rahmen gewinnen Wärme-

netze an Bedeutung, da sie als eine der effizientesten Versorgungslösungen für Gebiete mit hoher 

Wärmenachfragedichte gelten. Um jedoch den Übergang zu einer klimaneutralen Betriebsweise zu 

ermöglichen, ist eine Transformationsphase erforderlich, in der bestehende Wärmenetze hinsichtlich 

ihrer Effizienz und Flexibilität verbessert werden.  

Vor diesem Hintergrund wird in der wissenschaftlichen Literatur vorgeschlagen, die bestehende In-

formationslücke zwischen Betreibern und Nutzern zu schließen, um die Regelungsstrategie von Wär-

menetzen zu verbessern. Das Zugänglichmachen nutzerseitiger Informationen ist jedoch mit ver-

schiedenen Herausforderungen verbunden. Erste Erfolge hierzu wurden bei der Modellierung des 

aggregierten Wärmebedarfs größerer Wohnanlagen erzielt. Im Gegensatz dazu wurde die Modellie-

rung des hochdynamischen Verhaltens, das sich bei Gebäuden mit wenigen regelmäßigen Nutzern 

wie etwa Einfamilienhäusern zeigt, bislang kaum systematisch untersucht. Die vorliegende kumula-

tive Dissertation setzt das übergeordnete Ziel, geeignete Modellierungs- und Analyseansätze zu ent-

wickeln, die Informationen zum hochdynamischen Verhalten der Nutzerebene zugänglich machen, 

um diese zur Steigerung der Effizienz und Flexibilität in Wärmenetzen nutzen zu können. 

Methodisch werden zu Beginn die notwendigen Informationen zur Erreichung des übergeordneten 

Ziels schrittweise und systematisch erarbeitet. Dazu wird ein automatisierter und auf thermodynami-

schen Grundprinzipien fundierter Ansatz zur Herausfilterung fehlerhafter und nicht repräsentativer 

Datensätze entwickelt, um die Datenqualität zu verbessern, indem bereinigte Datensätze erzeugt wer-

den. Weiterhin werden relevante, nicht redundante Eingangsparameter zur Modellierung des hoch-

dynamischen Nutzerverhaltens bestimmt. Daraufhin werden die Ergebnisse in ein Long-Short-Term-

Memory-Modellgerüst integriert.  

Die mit der entwickelten Methodik erzielten Ergebnisse ermöglichen zunächst die automatisierte 

Identifizierung fehlerhafter Wärmeübergabestationen auf der Nutzerebene. Für die praktische An-

wendung quantifiziert die Methode zudem die negativen Auswirkungen der detektierten Fehler auf 

das System. Die gewonnenen Erkenntnisse steigern die Datenqualität und tragen zu einem verbes-

serten Fehlermanagement auf der Nutzerebene in Wärmenetzen bei, wodurch Effizienz und Flexibi-

lität erhöht werden können. Weiterhin zeigen die gewonnenen Erkenntnisse, wie die Anwendung 

datengetriebener Modellierungsansätze in Wärmenetzen erfolgen kann. Damit können die notwen-

digen Informationen für ein verbessertes Verständnis des hochdynamischen Nutzerverhaltens in 

Wärmenetzen generiert werden. Es werden Modelloptimierungen und eine systematische Fehlerana-

lyse durchgeführt. 

Diese Ergebnisse zum hochdynamischen Verhalten der Nutzerebene sind für die Modellierung von 

Wärmenetzen sowie für die Integration dieser Art von Informationen in den praktischen Netzbetrieb 

relevant, insbesondere zur Verbesserung der Regelungsstrategie.  

Weiterhin ergeben sich in dieser kumulativen Dissertation Ansatzpunkte für zukünftige Forschungs-

fragen. Beispielsweise können die fortlaufende Aktualisierung und die selbstlernende Modellierung 

in die Regelungsstrategien von Wärmenetzen einfließen, um sich an sich verändernde Bedingungen 

anzupassen. Auch die Übertragbarkeit der in dieser kumulativen Dissertation entwickelten Model-

lierungsstrategie auf andere Modellregionen und Wärmenetze im Vergleich ist eine für die Zukunft 

relevante Fragestellung.  
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1 Introduction 

With the growing need to mitigate the effects of climate change and address resource scarcity, efforts 

to achieve the energy transition have increased significantly in recent years. In this context, heat 

networks have come into focus, as they are commonly considered one of the most efficient options 

for heat supply in areas of high demand density [12, 38, 41]. Yet, while the European Union covered 

47.5% of its electric energy demand with renewables in 2024, only 26.7% of its thermal energy 

demand was met by CO2-neutral sources [23]. Given the anticipated high efficiency, the strategic 

importance of heat networks could increase significantly in future energy systems. Figure 1 substan-

tiates the growing interest in the relevance of heat networks. It illustrates the number of search hits 

on ScienceDirect1 [62] by publication year for the selected keywords “district heating”, “thermal 

energy system”, “heat network”, “heat system”, and “heat grid” as of 29th January 2026. Moreover, 

in Figure 1 a), relevant geopolitical events and their date of occurrence are highlighted. As the term 

“district heating” stands out significantly in Figure 1 a), Figure 1 b) shows a magnification of the 

results when excluding this term, enabling a distinction for the remaining keywords. 

As indicated in Figure 1 a), (e.g., political) incentives lead to an increase in research, which enables 

a linking of the point in time to possible reasons for changes in the number of publications that exist. 

Figure 1 a) suggests that interest in the subject of district heating increased significantly in 2017. 

After this year, the number of publications first decreased but has risen again since 2020. In compa-

rison, Figure 1 b) shows that scientific interest in pipe-bound heat supply, as reflected in the remai-

ning keywords, has continuously increased. Generally, the investigation confirms the growing rele-

vance of the topic in research. Regarding Figure 1, the specific interest in heat networks appears to 

be driven by their potential contribution to the heat transition. Yet efforts to integrate renewables 

pose particular challenges for existing heat networks. Such heat networks need to transform to meet 

future requirements and achieve lower operational temperatures and greater flexibility, as outlined 

in the concept of the 4th generation of district heating [45].  

As operations are intended to be optimized to meet future requirements, the limitations of conven-

tional operational practices become increasingly apparent. Traditionally, heat network operation was 

a knowledge-based, reactive task primarily aimed at balancing heat demand in response to weather 

conditions [74]. This can enable sufficient control strategies but not optimized operations [74]. Im-

proved operational strategies for heat networks were found to reduce heat losses by up to 6-7 %, not 

yet including the efficiency gains of the supply plant [14]. Thus, it is emphasized that traditional 

approaches can fail to account for all influencing factors and, therefore, exhibit insufficient perfor-

mance [31]. As a specific shortcoming of traditional operational concepts, Ref. [61] notes that these 

principles are often feed-forward, meaning they do not allow back-coupling of user information.  

In response to these limitations, one specific suggestion to further enhance the efficiency of heat 

networks is to close the information gap between operators and users by establishing bottom-up con-

trol [51, 80]. For example, accurate predictions of substations' supply-side parameters could reduce 

existing safety margins without risking undersupply [51]. This underscores the critical need to make 

user-level heat network information accessible. The information obtained should be valuable for en-

hancing the control strategy by providing insights into the efficiency and flexibility. Hence, there is 

a current need for reliable, high-quality information on user-level behavior in heat networks.  

                                                      
1 Particular emphasis is placed on ScienceDirect, as the literature review suggests that, to the best of the author’s 

knowledge, this platform has published the largest number of relevant articles to date. 
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Figure 1 ScienceDirect search results for different keywords on pipe-bound heat supply for a) “district 

heating”, “thermal energy system”, “heat network”, “heat system”, and “heat grid” with occurrence 

dates of relevant geopolitical events, and trend for “district heating” b) magnification excluding term 

“district heating” and including a trend for “heat network” 

One option to make user-level information in heat networks accessible for practical integration into 

control concepts is to develop appropriate modeling and analysis methods for user-level parameters. 

Primary existing successful applications provide valuable motivation for further investigation. In 

particular, aggregated heat demand for residential complexes has already been successfully modeled 

using Machine Learning (ML) frameworks [58]. However, modeling individual demand is conside-

rably more challenging than modeling aggregated demand from a larger number of regular users, 

owing to the increased influence of individual occupants [58]. Hence, modeling buildings with few 

regular occupants (e.g., single-family homes) remains a challenge [32, 35], because the lower the 

number of regular occupants of a building is, the higher the modeling error becomes [32]. Therefore, 
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for heat demand data in particular, certain studies exclude detached houses [9, 22]. Thus, knowledge 

of modeling and analysis for this particular type of user-level behavior in heat networks is limited 

[5] and requires further investigation. 

To target the highly dynamic user-level behavior in heat networks, the modeling and analysis me-

thodology must be appropriately selected. For instance, existing approaches use physical models to 

estimate parameters, which are specific to the modeled heat network structure and are challenging to 

set up [51]. Given the shortcomings of existing strategies [74], data-driven approaches, such as ML, 

have gained significance in comparison [31]. This is because they provide a systematic approach to 

harnessing the potential of data by using algorithms that process large-scale datasets and yield inter-

pretable conclusions, but require limited detail on infrastructure (such as network, buildings, and 

equipment) [54]. Furthermore, ML concepts make decisions based on historical (real) data and are 

highly effective in modeling nonlinear behavior [54]. Thus, ML is considered a method that will 

“revolutionize” district heating through increased automation and greater flexibility [54]. The ad-

vantages of data-driven modeling support its application to heat networks: ML models enable a high 

degree of automation in model building [51], thereby simplifying adaptation through retraining [54]. 

To substantiate the increase in interest arising from the potential benefits of applying ML to heat 

network data, Figure 2 presents results for the combination of keywords related to heat supply with 

“artificial intelligence”, “machine learning”, and “deep learning”. Based on the results in Figure 1, 

the terms “heat network” and “heat system” are combined, while the seemingly less significant term 

“heat grid” is excluded.  

 

Figure 2 ScienceDirect search results for keywords on data-driven processing strategies and pipe-bound 

heat supply for “district heating”, “heat network” OR “heat system” OR “thermal energy system” AND 

“machine learning”, “artificial intelligence” and “deep learning”, and trend for “district heating” AND 

“machine learning” 

Figure 2 indicates the highest number of hits for the term “machine learning” in recent years, but 

“artificial intelligence” is a standard reference as well. Furthermore, Figure 2 showcases that “deep 

learning” has gained importance since 2017. As the upward trend underscores, interest in combining 

ML and heat network data has been increasing. 
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However, Figure 2 also visualizes that due to limited data availability [5], heat networks have only 

recently become a focus of data-driven investigations [26]. In existing work on data-driven concepts 

applied in heat networks, a focus on modeling the heat network inputs is discernible, especially re-

garding the heat load prediction (e.g., Ref. [9, 12, 15, 16, 20, 26, 34, 41, 44, 46, 56, 65, 68, 70]). For 

this modeling target, data have been available for a considerable period. In contrast, user-level heat 

network data have only recently become available, despite their suggested high relevance for en-

hancing heat network efficiency and flexibility. Specifically in Germany, the “Fernwärme- oder 

Fernkälte-Verbrauchserfassungs- und -abrechnungsverordnung” (FFVAV) has required the use of 

remotely accessible data-collection units at the user level for all newly installed facilities since 2021 

[8]. Retrofitting of existing facilities is required by 2027 [8]. Yet, even though user-level data are 

becoming available, the specific information content captured in the data that will enable efficiency 

and flexibility gains in the heat network has yet to be obtained, e.g., by applying ML. Because data 

availability is a significant barrier to data-driven modeling [5], research on combining ML methods 

with user-level data from heat networks is scarce [51].  

Hence, although ML offers the aforementioned advantages, applying this methodological framework 

to user-level data that reflects highly dynamic behavior still requires specific knowledge. The unique-

ness of experimental data necessitates individualized information about the most sophisticated data-

driven model-building process. It is uncommon for a single optimal approach to exist, as the choice 

of ML architecture and (hyper-)parameterization is typically domain- and dataset-specific for a given 

modeling objective [29]. Therefore, modeling newly suggested or scarcely investigated parameters, 

such as those that reflect the highly dynamic user-level behavior of heat networks, requires intensive 

inquiry into the conceptualization of the modeling framework. 

In this context, selecting an appropriate modeling architecture is particularly critical [54]. Regarding 

the choice of ML modeling architecture, it is generally stated that the essential capability of data-

driven approaches nowadays should be a “memory” [74]. This is achieved by adding recurrent con-

nections, which is why Recurrent Neural Networks (RNNs) have gained popularity [74]. However, 

the effectiveness of the traditional concept is considered limited [74]. Thus, Ref. [12] identifies the 

currently preferred and most successful algorithmic structures within the ML spectrum for the spe-

cific application of heat load forecasting, namely Deep Neural Networks (DNNs) in general and the 

Long Short-Term Memory (LSTM) architecture in particular. The LSTM uses not just single recur-

rent connections as input for the neurons, as traditional RNNs do, but blocks that contain one or more 

memory cells [74]. These memory cells are connected in a recurrent architecture and comprise input, 

output, and forget units, which can be used to write, read, and reset the cells, respectively [74]. De-

spite the success of the LSTM approach for heat load modeling [12], it has not yet been holistically 

tested in combination with data reflecting the highly dynamic user-level behavior of heat networks. 

Likewise, the data must be selected in a unique combination with the ML architecture. For instance, 

this involves selecting inputs [15, 16, 46, 56, 68, 70], data pre-preparation [16, 20, 28, 31, 47, 55, 63, 

76], and optimizing hyperparameters [43, 64]. In general, for ML modeling, clean, sufficiently sized 

[5] datasets are required. Therefore, data scarcity remains a significant barrier [5]. This includes 

datasets that exhibit fault-induced patterns, sudden changes in behavior, and large data gaps. There-

fore, anomalous recordings pose challenges, as models trained on such datasets can be misleading. 

Hence, automatically detecting and filtering outlier datasets is essential for improving data quality in 

ML modeling. Beyond predictive and modeling capabilities, ML enables such deeper analytical in-

sights. Herein, a common approach is to cluster users by their load profiles [25, 53]. This enables the 

identification of outliers [9] and the subsequent automated filtering of datasets unsuitable for mo-

deling. 
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In summary, a specific research gap is the need to make information on the highly dynamic user-

level behavior in heat networks accessible to inform enhanced control strategies that increase effi-

ciency and flexibility. Addressing this gap, however, entails substantial methodological challenges. 

To access this type of user-level information, modeling and data analysis are key methodological 

instruments. In particular, ML appears to be a promising methodological framework. However, ap-

plying a data-driven approach requires further investigation, specifically for the highly dynamic be-

havior captured in user-level data. The following presents the research objective arising from the 

identified research gap, which informs the development and systematic implementation of the re-

search methodology outlined in this cumulative dissertation. 

  



6 Objective and Subobjectives of this Cumulative Dissertation 
 

2 Objective and Subobjectives of this Cumulative Dissertation 

Overall, this cumulative dissertation focuses on the so-far scarcely investigated user-level data from 

primarily single-family homes that capture high dynamics driven by individual demand and beha-

vioral patterns. Making these accessible could improve the control strategy for heat networks by 

closing the information loop between operators and users. This is intended to reduce safety margins 

without risking undersupply, thereby enhancing the efficiency and flexibility of the heat network. 

 Overarching Objective of this Cumulative Dissertation 

Below, the overarching research objective, which is derived from the identified research gap, is for-

mulated.  

 
Inquiring into the overarching research objective requires methodological implementation. The 

methodology in this cumulative dissertation is developed in an interdependent relationship with the 

available data. In the investigated model region in northern Germany, data are recorded at the buil-

ding level at approximately hourly intervals for supply and return temperatures and volume flow at 

the primary side. These recordings can potentially provide demand information and quantifiable 

feedback on supply efficiency and flexibility. Hence, they serve as one means of closing the control 

loop and bridging the information gap between users and the operator of the heat network. Therefore, 

these parameters are selected as the modeling targets and center of analysis for this cumulative dis-

sertation. Because the building stock of the model region comprises a significant share of single-

family homes and other residential buildings with few regular occupants, the data reflect highly dy-

namic behavioral patterns, as expected for these building types. Thus, modeling and analyzing the 

selected target parameters are consistent with the overarching objective of making information about 

highly dynamic user-level behavior accessible. 

To pursue the overarching research objective, a research design with three subobjectives was deve-

loped. These three subobjectives align with three contributions to the literature associated with this 

cumulative dissertation, which aim to make information on highly dynamic user-level behavior in 

heat networks accessible to achieve efficiency and flexibility gains.   

 Subobjectives of this Cumulative Dissertation 

In the following, the individual subobjectives are explained and placed in the context of the over-

arching objective of this cumulative dissertation. 

2.2.1 Subobjective 1: Clustering- and Statistic-Based Approach for Detection and 

Impact Evaluation of Faults in End-User Substations of Thermal Energy  

Systems 

In data-driven modeling, high-quality data is essential for model performance. To model user-level 

behavior, the data should be representative of the expected user patterns. Hence, the first investiga-

tion in this cumulative dissertation develops a method to automatically filter datasets unsuitable for 

modeling due to anomalies in the recorded data, such as fault-induced behavior. To pursue this aim 

and, in parallel, provide a practical benefit, subobjective 1 is formulated to increase automation in 

fault management of user-level substations in heat networks. Effective fault management is an es-

sential step toward achieving the required transformation for heat defossilization. Yet existing fault 

This cumulative dissertation pursues the overarching objective of developing suitable modeling 

and analysis approaches to make information on highly dynamic user-level behavior of heat 

networks accessible, thereby enabling the enhancement of efficiency and flexibility. 
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detection processes exhibit shortcomings that strain operators’ resources for fault management. 

Hence, increasing automation in this context is intended to advance fault management at the building 

level, thereby enhancing heat network efficiency and flexibility. 

As noted, to avoid overstraining the operator's limited resources for fault management [6], certain 

practical constraints should receive more consideration [60, 79]. The existing literature identifies, for 

example, reducing manual processing steps [6], enabling the prioritization of fault-elimination 

measures [49], using only accessible (i.e., primary-side) data [60], and taking into account reliability 

and cost-effectiveness, as well as transferability and scalability across different heat networks [79]. 

To address this, this cumulative dissertation considers the aforementioned practical requirements for 

the feasibility of fault management. Additionally, the methodological implementation for detecting 

anomalous patterns should enable the automated identification and filtering of datasets unsuitable for 

data-driven model building. 

In the publication pursuing subobjective 1, it is investigated how automatically detectable indicators 

for existing faults in building-level substations can be derived from user-level temperature data. 

Moreover, the negative effect of the fault on the heat network is quantified by combining information 

on existing faults with the volume-flow data. Publication 1 formulates a fault management approach 

that aims for practical feasibility and enables automated fault detection in user substations. Further-

more, this step provides the methodological framework for improving data quality in data-driven 

modeling by automatically removing datasets unsuitable for this purpose.  

2.2.2 Subobjective 2: Feature Selection for Specific Prediction Targets at the User 

Level in a District Heating Network 

To develop any modeling framework, it is necessary to identify inputs that effectively yield the de-

sired outputs. The inputs of an ML model are referred to as “features”. Transforming raw data of 

potential inputs into datasets processible by an ML algorithm is called “feature engineering.” Deter-

mining a subset of features that are non-redundant and of as high relevance as possible for the target 

of prediction is the so-called “feature selection.”  

The choice of predictors decisively influences model performance [56]. However, research on the 

most sophisticated selection of inputs tends to be limited for heat network modeling in general and 

for highly dynamic user-level behavior in particular [15, 46]. Hence, the second subobjective of this 

cumulative dissertation is to obtain a set of relevant features for modeling the highly dynamic user-

level behavior in heat networks. The parameters are to be selected to provide information on heat 

network efficiency and flexibility. As feature engineering and selection are time-consuming pro-

cesses, this cumulative dissertation aims to accelerate model building by identifying suitable inputs 

for a data-driven model of parameters reflecting the highly dynamic user-level behavior, thereby 

enhancing the applicability of ML in heat networks. 

The publication associated with subobjective 2 proposes the supply and return temperatures, as well 

as the volume flow at the user level as modeling targets that convey relevant information on heat 

network efficiency and flexibility. For these parameters, feature engineering and selection are con-

ducted. A methodological investigation and selection process is developed. The transfer of influenc-

ing factors from heat-load prediction to user-level parameter modeling is evaluated. Pursuing subob-

jective 2 provides a set of relevant features for the suggested user-level modeling targets. 
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2.2.3 Subobjective 3: Dynamic User-Level Parameter Modeling in Heat Networks 

with Deep Learning Long Short-Term Memory 

Subobjective 3 is to develop an ML-based modeling framework for the suggested parameters that 

reflect the highly dynamic user-level of the investigated heat network. The further aim is to reduce 

modeling error to an acceptable level by thoroughly optimizing the modeling setup. As existing 

knowledge of ML-based user-level modeling in heat networks is scarce, publication 3 integrates 

findings from subobjectives 1 and 2 and explores the knowledge required to establish an ML-based 

modeling framework for selected parameters that reflect highly dynamic user-level behavior.  

To achieve this, an ML modeling architecture is first selected. Then, data pre-preparation is ad-

dressed, as it has been shown to significantly influence the success of modeling [63]. This includes, 

e.g., equalizing timestamps, cleaning outliers, and filling missing data [10]. Furthermore, this process 

involves encoding non-numerical information (e.g., human behavior [15, 16, 34, 40, 56, 65]), scaling 

[63, 76], and data transformation [20, 47], which are assessed. Moreover, an ML model does not 

perform optimally without optimizing the hyperparameters [43]. However, research on the optimal 

hyperparameter selection for modeling heat network parameters is limited [76]. Methods such as 

Bayesian Optimization allow the transfer of information on suitable hyperparameter ranges from 

comparable modeling tasks [37]. Therefore, suitable hyperparameter intervals to be tested through 

an optimization process are determined in this cumulative dissertation. Furthermore, domain-specific 

factors affecting modeling performance include seasonality [2, 7, 40] and the amount of data col-

lected [7], which are therefore investigated as well. The named tasks are addressed to optimize a 

model for the highly dynamic user-level behavior in heat networks.  

Particularly, publication 3 optimizes the modeling framework to reduce the error margin to an ac-

ceptable level despite the high dynamics of user-level behavior. The gained information contributes 

to accelerating ML applications in subsequent work. The findings motivate further investigation into 

integrating information derived from modeling and analysis of highly dynamic user-level behavior 

into heat network control to enhance the efficiency and flexibility of future heat networks. 
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3 Overview of Publications 

The following sections present the results of the three respective subobjectives, citing the associated 

publications of this cumulative dissertation and the supplementary materials. A brief introduction to 

each publication provides context. Moreover, the author contribution statements are presented sepa-

rately. 

 Publication 1: Clustering- and Statistic-Based Approach for Detection and 

Impact Evaluation of Faults in End-User Substations of Thermal Energy  

Systems 

Subobjective 1 is to enable an automated filtering of datasets that are unsuitable for modeling, e.g., 

because of the occurrence of faults in the substations that provide the recordings. In practical imple-

mentation, publication 1 aims to enhance automation in fault management for user-level substations 

in heat networks. Effective fault management is an essential step toward achieving the required trans-

formation for heat defossilization. Yet existing fault detection processes exhibit shortcomings that 

strain operators’ resources for fault management. Hence, increasing automation in this context is 

intended to advance fault management at the substation level, thereby enhancing heat network effi-

ciency and flexibility. 

Overall, the findings of publication 1 indicate that substations' primary-side temperature data are 

suitable for detecting user-level faults. Using a clustering approach, three indicators of existing faults 

were identified and labeled with expert knowledge: An exceeded return temperature, low cooling, 

and an inversion of the temperature difference. The third indicator is yet to be applied broadly. The 

indicators are then formulated to be accessible by statistical analysis. Using basic principles of ther-

modynamics, the negative impact of the detected fault on the system is quantified by combining 

temperature and volume-flow information. As the requirements for establishing the fault manage-

ment approach are defined in publication 1, the transfer of this approach to other model regions can 

be investigated to improve the efficiency and flexibility of heat networks. 

Moreover, within the research design of this cumulative dissertation, publication 1 presents an auto-

mated method for filtering outlier datasets that are unsuitable for data-driven modeling, which is 

essential for improving data quality in the modeling framework developed in publication 3.  

3.1.1 Author Contribution Statement of Publication 1 

S.A.W. carried out the conceptualization, formal analysis, and investigation, and prepared the origi-

nal draft. S.A.W. and U.R.-B. developed the methodology. M.F. contributed to the formal analysis 

and investigation. D.V. acquired the funding with the support of S.A.W., M.F. and D.V. were in 

charge of supervision. All authors reviewed the manuscript. All authors have read and agreed to the 

published version of the manuscript. 

3.1.2 Publication 1 

WEBER, S.A./FISCHLSCHWEIGER, M./VOLTA, D./RIECK-BLANKENBURG, U.: Clustering- and statis-

tic-based approach for detection and impact evaluation of faults in end-user substations of thermal 

energy systems. Sci. Rep., 14, 32166, https://doi.org/10.1038/s41598-024-82103-5, 2024. 

https://doi.org/10.1038/s41598-024-82103-5
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3.1.3 Supplementary Material for Publication 1 

 



28 Overview of Publications 
 



Overview of Publications 29 
 



30 Overview of Publications 
 



Overview of Publications 31 
 

 

  



32 Overview of Publications 
 

 Publication 2: Feature Selection for Specific Prediction Targets at the User 

Level in a District Heating Network 

The subobjective of the second publication is to identify a set of relevant, non-redundant features for 

modeling the supply and return temperatures, as well as the volume flow at the user level of the 

model region’s heat network. Using the suggested parameters as modeling targets within a data-

driven modeling framework has been investigated to a limited extent due to data scarcity. Hence, 

knowledge of the sophisticated inputs to such models is sparse. Consequently, feature engineering 

and feature selection require investigation. 

To achieve subobjective 2, the publication proposes a chain of methods. First, domain knowledge 

and a thorough literature review are employed to identify a subset of potential features based on 

commonly used influencing factors in ML-based heat network modeling. Following these steps, sta-

tistical and correlation analyses identify features with high information content and detect feature 

redundancies, which should be avoided. Using the information from the previous steps, feature in-

vestigation and selection methods are applied. Based on these, a set of relevant, non-redundant fea-

tures is identified for the modeling targets. 

Achieving subobjective 2, i.e., providing suitable features, is one essential step toward modeling the 

suggested user-level parameters in heat networks using ML. It is found that, although the features 

are transferable from modeling other heat network parameters to some extent, the specific relevance 

of the influencing factors to the modeling target varies. Identifying adequate inputs for an ML model 

accelerates the model-building process. In the future, the exploitation of the modeled user-level in-

formation can enable efficiency and flexibility gains in heat networks. Essentially, within the re-

search design of this cumulative dissertation, the findings gained by pursuing subobjective 2 provide 

the necessary information for selecting suitable features for subobjective 3 of this research. 

3.2.1 Author Contribution Statement of Publication 2 

S.W. carried out the conceptualization, the formal analysis and investigation, developed the method-

ology and prepared the original draft. M.F. and J.G. contributed to the formal analysis and investi-

gation. D.V. acquired the funding with support of S.W., M.F. and D.V. were in charge of supervision. 

All authors reviewed the manuscript. All authors have read and agreed to the published version of 

the manuscript. 

3.2.2 Publication 2 

WEBER, S.A./FISCHLSCHWEIGER, M./VOLTA, D./GEISLER, J.: Feature selection for specific predic-

tion targets at the user level in a district heating network. Sci. Rep., 15, 29789, 

https://doi.org/10.1038/s41598-025-15777-0, 2025. 

  

https://doi.org/10.1038/s41598-025-15777-0
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In publication 2, the referencing of sections through consecutive numbering occurs as follows. 

1 Introduction 

2 Material and Methods 

2.1 Model region 

2.2 Suggested prediction targets and influencing factor determination 

2.3 Feature engineering for the influencing factors 

2.4 Statistical and correlation analysis for evaluating feature interdependencies 

2.5 Feature selection methods 

2.5.1 Filter type and embedded type feature selection 

2.5.2 Wrapper type feature selection 

3 Results and Discussion 

3.1 Statistical properties’ visualization for the prediction targets 

3.2 Statistical properties’ exemplary visualization for the meteorological data 

3.3 Correlation analysis of the features 

3.4 Feature evaluation with MRMR, F-tests, predictor importance RT, NCA 

3.4.1 Volume flow as prediction target 

3.4.2 Supply temperature as prediction target  

3.4.3 Return temperature as prediction target 

3.4.4 Feature selection with MRMR, F-tests, predictor importance RT, and NCA 

3.5 Feature selection applying RNN for considering temporal dynamic influences 

3.6 Summary and discussion 

4 Conclusions 
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3.2.3 Supplemental Material of Publication 2 
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 Publication 3: Dynamic User-Level Parameter Modeling in Heat Networks 

with Deep Learning Long Short-Term Memory 

Subobjective 3 is to develop a modeling framework for the suggested modeling targets, which reflect 

highly dynamic user-level behavior, and to reduce modeling error to an acceptable level by tho-

roughly optimizing the modeling setup. Existing knowledge of ML-based user-level modeling in 

heat networks is scarce, particularly for data reflecting the highly dynamic behavior from residential 

buildings with a limited number of regular occupants, e.g., single-family homes. To achieve subob-

jective 3, publication 3 integrates the results from publications 1 and 2. It examines the knowledge 

required to establish an ML-based modeling framework for highly dynamic user-level behavior in 

the model region’s heat network.  

First, publication 3 conducts data pre-preparation. This includes cleaning tasks, such as filling mis-

sing values, removing outliers, and equalizing timestamps. Methods for scaling and transformation 

are compared, outlining zero-mean unit-variance scaling and the sine-cosine transformation as be-

neficial. The comparison is based on the specified error metrics and the achieved runtime. Therefore, 

this step is intended to enhance modeling performance and reduce computational costs. This type of 

information contributes to greater modeling success in studies with similar modeling objectives.  

Second, publication 3 establishes appropriate hyperparameter ranges for Bayesian optimization. This 

step helps reduce computational costs and improve model performance by limiting the hyperpara-

meter intervals to be investigated. The results of the hyperparameter optimization step are analyzed 

to reevaluate the pre-selected hyperparameter ranges. This enables confirming, widening, or nar-

rowing the examined hyperparameter intervals. Therefore, this step helps avoid unsuccessful trials, 

i.e., hyperparameter combinations that yield insufficient model performance. This knowledge accel-

erates model development for comparable objectives. 

Third, using the pre-preparation methods and the adjusted hyperparameter ranges, domain-specific 

influences are systematically tested. These include the effects of data quantity and seasonality. Thus, 

publication 3 provides insights into addressing seasonality and quantifies the required data volume 

to the equivalent of half a year sampled from all four seasons, thereby helping to define the boundary 

conditions for modeling user-level parameters in heat networks. 

Consequently, publication 3 investigates the scalability of the results within the model region by 

extending the model to include more substations. Models are built for all substations with a data 

collection rate of at least 90%. Using the findings from publication 2, the substation data unsuitable 

for modeling are removed. Lastly, the resulting model is evaluated to highlight the achieved perfor-

mance. The findings confirm that the modeling error is reduced to a level comparable to benchmarks 

in the existing literature, despite the high dynamics captured by the modeled user-level parameters. 

Overall, publication 3 builds on publications 1 and 2 and presents findings that contribute to a deeper 

understanding of ML-based modeling of highly dynamic user-level heat network parameters. Infor-

mation on these user-level parameters, as accessed by modeling and analysis, can improve heat net-

work efficiency and flexibility by enhancing future control setups. 

3.3.1 Author Contribution Statement of Publication 3 

Weber Samanta: Writing – original draft, Methodology, Investigation, Funding acquisition, Formal 

analysis, Conceptualization. Dirk Volta: Supervision, Funding acquisition. Michael Fischlschweiger: 

Supervision, Investigation, Formal analysis. 
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3.3.2 Publication 3 

WEBER, S.A./FISCHLSCHWEIGER, M./VOLTA, D.: Dynamic user-level parameter modeling in heat 

networks with deep learning Long Short-Term Memory. Energy Reports, 14, 2720-2731, 

https://doi.org/10.1016/j.egyr.2025.09.032, 2025. 

Eq. 2-1 in publication 3 reads as follows in index notation: 

𝑀𝑒𝑎𝑛𝑀𝑎𝑥𝐴𝑏𝑠𝐸 =
1

𝑁
∑max

𝑗
|𝑦𝑛,𝑗 − 𝑦̂𝑛,𝑗|

𝑁

𝑛=1

 

 

Publication 3 

Eq. 2-1 

 

https://doi.org/10.1016/j.egyr.2025.09.032
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3.3.3 Supplemental Material of Publication 3 
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4 Discussion, Conclusions, and Outlook 

Following the objective of making information on heat network efficiency and flexibility accessible 

through modeling and analysis of building-level data that reflect highly dynamic user-level behavior, 

this cumulative dissertation contributes to the literature through a three-subobjective research design. 

To enable a holistic evaluation of these contributions, the following sections synthesize and discuss 

the investigations presented, conclude, and provide an outlook to summarize this cumulative disser-

tation. 

Starting with the discussion, while each publication separately discusses its findings, the cumulative 

perspective adopted here provides an overarching interpretation and contextualization of the results.  

Central to all investigations is the data upon which the models and analyses are based. The depth and 

width of the inquiries in this cumulative dissertation depended, in certain respects, on data availabi-

lity, as shall be explained below. Overall, data scarcity was a relevant boundary condition in this 

cumulative dissertation. Thus, a significant objective for the future is to make user-level heat network 

data widely available for research, e.g., through data platforms. 

Collectively, this cumulative dissertation demonstrates the successful implementation and optimiza-

tion of concepts that pursue the overarching research objective for the investigated model region. 

The concepts were tested across the model region and scaled up to as many substations as provided 

sufficient data. The promising results motivate further inquiry into the framework’s transferability 

across different heat networks, which have remained constrained by data scarcity, particularly re-

garding the extent to which model development and optimization can be automated.  

To ensure practical feasibility and real-world applicability, this cumulative dissertation relies on 

readily available measured data. To evaluate the interdependencies between the model and manually 

selected settings, the developed methodology employs sensitivity and comparative analyses. The 

findings demonstrate a reduction in modeling error through thorough optimization of the modeling 

framework. Likewise, subsequent inquiries can explore additional parameters as features in ML set-

ups, propose alternative measurements for model building, and assess whether the benefits justify 

the investment in integration.  

For instance, in the context of data, this cumulative dissertation examines the significance of data 

quality. This relates, e.g., to large measurement gaps, anomalous behavior, or erroneous readings. 

Excluding substations exhibiting anomalous behavior significantly improved modeling performance. 

Regarding the importance of high-quality data, this cumulative dissertation presents methods to en-

hance data quality (e.g., filling missing values, reducing noise, and discarding outliers). To progress 

further, the existing measurement error could be addressed in terms of its impact on ML modeling 

performance. Evaluating which measurement accuracy best serves the objective of user-level mo-

deling could prove to be promising. This would help determine the necessary data quality and limit 

the required data quantity. Moreover, this cumulative dissertation demonstrates the successful im-

plementation of modeling frameworks and stepwise methods applied to hourly-resolution data. Sub-

sequent research could investigate the collection at higher sampling frequencies (e.g., every 15 

minutes, as in electrical grids) to determine the optimal approach for capturing the dynamics.  

In particular, this cumulative dissertation addresses modeling heat-network user-level parameters for 

buildings with a limited number of regular occupants. As noted earlier, a key contributor to the ap-

parent randomness and modeling complexity of such data is human behavior. Therefore, subsequent 

investigations aiming to advance in modeling this influencing factor could include, for example, 

enhanced occupation modeling. Within the context of human behavior, another area of interest is the 

effect of factors not directly captured by the features but indirectly reflected in the user-level data 
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collected. To integrate information into the model, this cumulative dissertation presents an approach 

that uses operational, meteorological, and temporal features. Yet, beyond the information contained 

in the features, the modeling results will also be influenced by human behavior in response to local, 

regional, or even global factors captured in the data. Thus, subsequent inquiries could examine the 

relevance of specific features for user-level modeling targets that reflect the effects of human behav-

ior on heat demand at a meta-level, such as the impacts of climate, crises, and politics. This area of 

interest is particularly relevant to the aim of understandable Artificial Intelligence. Explicitly linking 

the features and settings to the model's behavior could increase the acceptance of ML applications.  

Continuing with the conclusions of this cumulative dissertation, the following revisits the three 

subobjectives formulated to pursue the overarching objective.  

• Publication 1 aimed to enable the automated detection of anomalous, especially fault-in-

duced, substation data patterns. It demonstrates the successful application of substation tem-

perature data for user-level fault detection in heat networks, aiming to achieve a high degree 

of automation. Furthermore, the proposed chain of methods enables quantification of the 

negative impact of faults by combining temperature information and volume-flow recor-

dings. The findings confirm the successful identification of faults that have a relevant impact 

on the system. Fault elimination can significantly reduce system temperature and increase 

capacity, thereby enhancing efficiency and flexibility. Within the research design, the fin-

dings from pursuing subobjective 1 were essential to enhance data quality for achieving 

subobjective 3.  

• Publication 2 explores feature engineering and selection for modeling the user-level para-

meters of the supply and the return temperature, as well as the volume flow, at buildings’ 

substations. While temporal features and the operational parameters of the heat infeed faci-

lity significantly impact the target parameters, meteorological data appear to be less essen-

tial. The choice of modeling architecture and the selection of relevant, non-redundant fea-

tures are interdependent, as demonstrated by comparing different feature investigation and 

selection algorithms. Regarding the research design of this cumulative dissertation, the in-

quiry into subobjective 2 provided the required information on the selection of features for 

pursuing subobjective 3. 

• Publication 3 investigates the additional steps necessary to develop a modeling framework 

for the suggested user-level parameters that reflect the highly dynamic user-level. The con-

cept using a basic LSTM architecture includes data pre-preparation, hyperparameter optimi-

zation, and domain-specific impacts of data quantity and seasonality. Based on data from a 

subset of characteristic substations and the features selected in publication 2, suitable data 

pre-preparation methods are identified, including zero-mean unit-variance scaling and sine- 

and cosine-based transformations of cyclic continuous features. Adequate hyperparameter 

ranges are identified and validated. The minimum required data quantity and the impact of 

seasonality are assessed. The findings demonstrate a successful upscaling across the heat 

network. The methods from publication 1 were used to discard substation data unsuitable for 

modeling. Thus, the modeling error could be reduced to a level comparable to existing 

benchmarks, despite the high dynamics of user-level behavior captured in the modeling tar-

gets. The information made accessible by models comparable to those established in publi-

cation 3 can bridge the information gap between operators and users. Such optimized heat 

network control has the potential to increase the efficiency and flexibility of heat networks, 

consistent with the overarching research objective of this cumulative dissertation.  
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Figure 8 summarizes the subobjectives, data, methods, and contributions of each publication associ-

ated with this cumulative dissertation. 
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Data: 

Peer-reviewed studies from 2012-2024 on the subject of data-driven modeling in heat networks including data pre-preparation 

and hyperparameter optimization, meteorological data of the DWD, operational data of the CHP and user-level data of the 

individual substations in the model region of 1st December 2021 to 15th January 2024.
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Data-Driven Modeling and Analysis of the Highly Dynamic User-Level Behavior in Heat Networks 

to Enhance the Efficiency and Flexibility 

Methods: 

Literature research, Bayesian Optimization, DNN (LSTM), sensitivity and comparative analyses, scaling, sine-cosine 

transformation, statistical analysis, metric functions (e.g., MSE, MeanMaxAbsE).

Contributions: 

Basic LSTM modeling framework with systematic stepwise approach for determination of methods for data pre-preparation 

and hyperparameter optimization, impact assessment of data quantity and seasonality within the sampling strategy for 

automated model building for higly dynamic user-level behavior in heat networks, knowledge gain on the scalibility of the 

results within the heat network and overall model performance compared to existing benchmark.

Subobjective: 

Development of a modeling framework for the suggested parameters of the highly dynamic user-level in heat networks and 

reduction of the modeling error to an acceptable level by thoroughly optimizing the modeling setup.

Methods: 

Literature research, k-means clustering of temperature signatures transformed into heat maps, expert knowledge and labeling, 

statistical analysis, thermodynamic fundamentals, encoding for automation.

Contributions: 

Systematic three-step method for identification of indicators for the occurence of faults in user substations, detection of faulty 

user substations and determination of the detected faults  negative impact on the system with high degree of automation, gain 

of knowlegde for applying user-level temperature data not structured as a time series for fault management on the user level in 

heat networks including labeling data; automated filtering of datasets unsuitable for modeling within subobjective 3.

Subobjective: 

Dismissing datasets unsuitable for modeling with fault management approach for user-level substations with high degree of 

automation addressing requirements for practical feasibility.

Data: 

Peer-reviewed studies from 2004-2023 on the subject of data-driven fault detection and management in heat networks, user-

level data of the individual substations in the model region of 2023.

Data: 

Peer-reviewed studies from 2017-2023 on the subject of data-driven modeling in heat networks with special regard to feature 

engineering and selection, meteorological data of the DWD, operational data of the CHP and user-level data of the individual 

substations in the model region of 1st December 2021 to 17th June 2023.

Methods: 

Literature research, domain knowledge, statistical analysis, correlation analysis, feature investigation and selection methods 

(RNN), combination of information on correlation and feature relevance.

Contributions: 

Systematic approach to feature engineering and selection for modeling parameters of the highly dynamic user level in heat 

networks in a chain of methods, gain of knowlegde for accelerating ML modeling; set of features for user-level modeling in the 

model region for subobjective 3.

Subobjective: 

Obtaining a set of relevant, non-redundant features for the modeling targets supply temperature, return temperature and volume 

flow at individual user substations in the model region.

 

Figure 3 Structure of this research with subobjectives, data, methods, and contributions 
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Lastly, closing with an outlook, the findings of this cumulative dissertation open several directions 

for future research that extend beyond the scope of the presented investigations while building di-

rectly on their methodological and conceptual foundations. In particular, the results highlight the 

value of highly dynamic user-level information for both heat network analysis and operation, sug-

gesting directions for future research.  

While this cumulative dissertation primarily focuses on analysis and knowledge generation, a con-

clusive subsequent step is to integrate user-level insights into operational and control strategies. Fu-

ture research may explore how modeling and analysis results can serve as indicators of efficiency 

and flexibility, and how they can be incorporated into predictive or adaptive control frameworks. 

This could enable bridging the gap between offline analysis and real-time decision-making. The in-

creasing digitalization of heat networks also provides opportunities for further development. Future 

work could investigate automated model calibration, online learning, and continuous updating of 

user-level behavior models.  

Beyond operational aspects, the insights into highly dynamic user-level behavior may support the 

activation of demand-side flexibility. Future studies could examine the coordinated use of building 

thermal mass, decentralized storage, or hybrid heating systems to exploit efficiency and flexibility 

potentials at the user level. In combination with sector-coupling options, such as power-to-heat tech-

nologies, this could enhance the integration of renewable energy sources and increase system-wide 

efficiency and flexibility. Furthermore, extending the analysis to include economic and environmen-

tal dimensions offers a broader perspective. Linking user-level dynamics, for example, to costs and 

emissions could help quantify the general benefits of reduced network temperatures and improved 

operational strategies.  

From a methodological perspective, future work could extend the proposed modeling and analysis 

approaches to explicitly account for additional sources of uncertainty. This includes uncertainties 

arising from weather forecasts, measurement errors, and incomplete or heterogeneous datasets. Com-

bining the presented data-driven methods with physics-based network models may further enhance 

robustness and interpretability. With respect to the scalability and transferability of user-level mo-

deling approaches, applying the methods developed in this cumulative dissertation to larger or more 

heterogeneous heat networks across different climatic regions, building stock, and network topolo-

gies would enable an assessment of their generalizability. Such studies could help distinguish be-

tween network-specific characteristics and more universal patterns in user behavior, thereby suppor-

ting the broader applicability of the results. 

In summary, the investigations conducted in this cumulative dissertation demonstrate that infor-

mation on heat network efficiency and flexibility, derived by modeling and analyzing highly dynamic 

user-level behavior captured in building-level data, can be obtained through appropriate modeling 

and analysis approaches. This cumulative dissertation presents valuable findings that advance highly 

dynamic user-level modeling and analysis in heat networks. They exemplify how user-level data can 

support efforts to reduce heat network temperatures and increase the capacity. The surplus 

knowledge gained by making highly dynamic user-level behavior accessible through modeling and 

analysis can enhance future heat network control. Integrating this type of information can enable 

practical steps to reduce safety margins without risking undersupply. Thus, this cumulative disserta-

tion provides a fundamental knowledge base for practical implementation and scientific implications, 

serving as a starting point for future research to further enhance the efficiency and flexibility of heat 

networks.  
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