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Abstract

Traditional design and operation of energy networks are challenged by the integration of large
shares of renewable energy sources. Smart energy systems, where different energy sectors are
jointly designed and operated, are expected to play an important role in the implementation of
future sustainable energy systems. A crucial step on the way to such renewable energy systems
is the transition of district heating and electrical distribution networks from independent to
actively linked and operated networks. This coupling of traditionally separate energy carrier
networks that exhibit high shares of renewable energy sources and smart control logic leads to
increasingly complex systems. As a result, advanced modeling and simulation techniques are
needed to analyze the operation and design of these systems in detail. Such simulation-based
experiments are especially relevant in the context of local network infrastructure, where field
tests are often impossible or prohibitively costly.
In this thesis, a modeling and simulation framework for technical assessments of coupled district
heating and electrical networks was developed. The framework combines thermal-hydraulic and
electrical models to enable detailed assessments of dynamic phenomena in such coupled networks.
Therefore, it uses the technique of co-simulation, which allows for reuse and coupling of existing
domain-specific simulation tools and facilitates possible extensions to additional domains. The
applicability of this simulation framework is demonstrated for various different and innovative test
cases. They range from electric booster heaters to upgrade district heating supply temperatures
at the customer sites to industry-scale district heating supply with multiple thermal-electric units
aiming at reducing excess electric power generation. The developed simulation framework is
able to account for highly relevant dynamic grid phenomena in both domains, e.g., temperature
propagation and pressure distribution in pipes and changing voltage levels in power grids.
The co-simulation framework is then extended to integrate advanced control algorithms. This
allows to perform assessments for different kinds of control schemes, e.g., comparing simple
rule-based and advanced model predictive control. It enables thorough assessments of the impact
on the physical system and the mutual influence of networks, subsystems and control before field
deployment. The use of this extended simulation framework is demonstrated for different case
studies, e.g., for multiple electric booster heaters in a low-temperature district heating network
each controlled by a model predictive controller.
Finally, the developed simulation framework is used to enable a combined optimal design and
control for coupled networks. This work, therefore, uses simulation-based optimization to account
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for the impact of advanced control schemes on the optimal design of these integrated multi-energy
networks. This approach is based on the use of heuristic optimization methods to allow the
use of detailed simulation results for sizing or selecting technologies in coupled heat and power
networks. The developed design work flow is demonstrated for the sizing of electric heaters and
thermal storage tanks in an residential area as well as for the dimensioning of heat pumps in an
industrial park.
In summary, this thesis introduces modeling and simulation methods to enable in-depth assessments of design and operation of coupled district heating and electrical distribution networks. It
presents multiple different example applications that underline the versatility of these approaches
and their applicability for real world problems. The methods can, for instance, be used in the
planning phase of smart local multi-energy communities and assist the decision-support for
stakeholders such as urban planners or energy suppliers.
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Kurzfassung

Die zunehmende Integration erneuerbarer Energiequellen stellt Planung und Betrieb von Energienetzen vor erhebliche Herausforderungen. Intelligente Energiesysteme, die sektorenübergreifend
geplant und betrieben werden, könnten eine wesentliche Rolle in zukünftigen nachhaltigen Energiesystemen spielen. Ein entscheidender Schritt am Weg zu solchen erneuerbaren Energiesystemen
ist die enge Verknüpfung und der gemeinsame Betrieb von bisher größtenteils unabhängigen
Wärmenetzen und elektrischen Netzen. Diese Kopplung von traditionell getrennten Energienetzen
mit hohem Anteil erneuerbarer Erzeugung und intelligenter Regelung führt zu einer zunehmenden
Komplexität des Gesamtsystems. Die Detailanalyse dieser Systeme erfordert daher fortgeschrittene Methoden der Modellierung und Simulation, um Betrieb und Auslegung zu bewerten. Speziell
im Kontext lokaler Netzinfrastruktur sind solche simulationsbasierten Experimente von spezieller
Bedeutung, da Feldversuche meist nicht möglich oder ausgesprochen teuer sind.
In dieser Dissertation wird eine Modellierungs- und Simulationsumgebung entwickelt, die eine detaillierte technische Bewertung gekoppelter Strom- und Wärmenetze ermöglicht. Dazu
werden thermohydraulische und elektrische Modelle kombiniert, um dynamische Phänomene
in diesen gekoppelten Netzen zu berücksichtigen. Der Einsatz von Co-Simulation ermöglicht
dabei die Verwendung und Kopplung existierender domänenspezifischer Simulationswerkzeuge
und erleichtert auch eine mögliche Verknüpfung mit zusätzlichen Domänen. In mehreren verschiedenen innovativen Anwendungsbeispielen wird die Einsetzbarkeit der Simulationsumgebung
demonstriert. Diese reichen von elektrischen Zusatzheizungen direkt bei den Verbrauchern, um
die Vorlauftemperatur des Wärmenetzes zu erhöhen, bis hin zu zentraler Fernwärmeversorgung
mit mehreren thermisch-elektrischen Einheiten, die auf die Verwendung von Überschussstrom
abzielen. Die entwickelte Simulationsumgebung ist in der Lage den dynamischen Netzbetrieb
inklusiver wichtiger technischer Aspekte, wie beispielsweise Temperatur- und Druckverteilung in
Rohrleitungen sowie sich ändernde Spannungsniveaus in Stromnetzen, abzubilden.
Anschließend wird die Simulationsumgebung erweitert, um fortgeschrittene Regelungsalgorithmen
berücksichtigen zu können. Dies erlaubt die Bewertung und Analyse verschiedener Regelungskonzepte wie zum Beispiel regelbasierte oder modellprädiktive Regelung. Dadurch können deren
Auswirkungen auf das physikalische System sowie der gegenseitige Einfluss der Netze, einzelner
Teilsysteme und Steuerungen analysiert werden, bevor entwickelte Regelungssysteme in realen
Anlagen eingesetzt werden. Der Nutzen der erweiterten Simulationsumgebung wird in verschiedenen Anwendungsfällen demonstriert, wie beispielsweise für mehrere elektrische Zusatzheizungen
in Niedertemperatur-Fernwärmenetzen, die von modellprädiktiven Reglern gesteuert werden.
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In einem weiteren Schritt wird die Simulationsumgebung für eine kombinierte optimale Planung
und Regelung gekoppelter Netze eingesetzt. Dazu werden simulationsbasierte Optimierungsverfahren herangezogen, die es ermöglichen den Einfluss moderner Regelungssysteme bereits im
Design gekoppelter Netze zu berücksichtigen. Dieser Zugang beruht dabei auf heuristischen Optimierungsalgorithmen, wodurch detaillierte Simulationsergebnisse für Auslegung und Auswahl von
Technologien in gekoppelten Strom- und Wärmenetzen genutzt werden können. Der entwickelte
Designprozess wird für die Auslegung von elektrischen Heizern und thermischen Speichertanks in
einem Wohngebiet sowie für die Dimensionierung von Wärmepumpen in einem Industriepark
vorgeführt.
Diese Doktorarbeit präsentiert Simulationsmethoden, die eine eingehende Bewertung von gekoppelten Strom- und Wärmenetzen bezüglich Design sowie Betrieb ermöglichen. Es werden mehrere
unterschiedliche Fallbeispiele präsentiert und damit der vielseitige Einsatz und Nutzen der Methoden hervorgehoben. Die Methoden können in der Planung intelligenter sektorenübergreifender
Quartiere sowie als Entscheidungshilfe für Stadtplaner oder Energieversorger genutzt werden.
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Introduction

1.1 Motivation
Heating and cooling demand accounted for 50% of the final energy consumption in the EU-28 in
2015. The largest share of final energy consumption is attributed to space heating, i.e., more
than half of all heating and cooling consumption, followed by industrial process heat demand
with a share of 32%, hot water demand with 8% and process as well as space cooling with 4% [1].
Related data for heating and cooling consumption of the EU-28 is illustrated in Figure 1.1.
This energy demand is largely supplied through the combustion of fossil fuels and, as such,
responsible for significant greenhouse gas emissions and contributing to global warming. This is
especially questionable in the case of low-temperature heating processes, the largest amount of
heating and cooling demands, as technical alternatives to combustion are readily available. Low
carbon fuels accounted for 25% of the primary energy demand for heating and cooling, using
11% biomass, 7% nuclear and only 7% wind, solar, hydro and geothermal power combined [2].
With biomass being a limited resource [3] and the associated risks of nuclear power generation [4]
it is necessary to substantially increase the utilization of solar- and geothermal power, waste
heat from industrial processes and infrastructure as well as to electrify heating and cooling using
wind, hydro and photovoltaic (PV) power. Electrification using renewable sources provides a
solution to decrease the share of fossil fuels, however, as a consequence the demand for renewable
electricity is expected to increase substantially [5].
The involved change in energy generation from centralized fossil fuel-based to distributed
renewable generation poses a big challenge to existing energy networks [6]. Especially, the spatial
and temporal mismatches of energy demand and available renewable energy sources (RESs)
complicate matters. To overcome these mismatches, extensive energy networks to connect supply
and demand sites together with the technical ability to shift energy consumption and generation
in time are required. Existing network and building infrastructure is, however, not designed
for such a supply structure, which brings about an increased need for flexibility [7]. Sectoral
integration of electricity, transport, gas as well as heating and cooling can make significant
contributions to counteract the variability from renewable generation and can, in the case of
power grids, be an alternative to network reinforcements [8, 9].
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Fig. 1.1: Share of heating and cooling on final energy consumption of the EU-28 in 2015.
Adapted from [1].
To this effect, district heating and cooling (DHC) systems are expected to play an important
role in future renewable energy systems [10]. They are often environmentally beneficial and
more cost effective compared to individual heating systems, especially in areas with a high heat
demand density [11–13]. Moreover, district heating and connected thermal storage capacities can
act as large source of flexibility for the power system as it is able to provide balancing power in
both directions [14]. For example, heat pumps and electric heaters can absorb critical excess
electricity generation, while combined heat and power (CHP) plants can actively support the
electricity supply system during power deficits. Therefore, district heating with thermal-electric
supply units can contribute substantially to integrate RESs into the power network [15–17].
Traditionally, the networks for different energy carriers, i.e., electricity, thermal and gas, are
built and operated mainly independent of each other with only loose interdependencies between
them [18]. Smart Energy Systems (SESs), where different energy sectors are jointly designed and
operated, are expected to play an important role in the implementation of future sustainable
energy systems [19]. With a high proportion of variable renewable energy supply, a smart energy
system is crucial so that all sectors can contribute to a balance between supply and demand. The
transition of district heating and electrical distribution networks from independent to actively
linked and operated networks is seen as one key step on the way to such SES. Figure 1.2 illustrates
such integrated district heating and electric networks.
This heat and power sector integration approach is accompanied by recent, sector-specific
developments. Electrical networks experience a rapid change towards smart electrical grids
with wide-spread use of intelligent control and high shares of decentralized RESs [6]. A similar
development is transforming district heating, a long established and efficient heating solution.
The consequent reduction of supply temperature levels and the integration of geographically
distributed low-temperature heat sources and prosumers is referred to as 4th generation district
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Fig. 1.2: Illustration of coupled local district heating and electrical networks.
heating (4GDH) or low-temperature district heating (LTDH) [20]. Coupling heat and power
networks on a local level could hold significant synergies needed along these transition paths.
The technology required to couple district heating and electric networks is already mature and
available on the component level. However, this does not apply to the system level, where the
mutual impact of the networks, subsystems and different control levels as well as the resulting
effects are not yet entirely understood. Research and industry, thus, heavily rely on modeling
and simulation techniques to address the growing complexity of these systems.

1.2 Research challenges
The following challenges and respective research questions were identified at the beginning of
this work:
Challenge I – Modeling and simulation
Sector integration between heat and power networks is seen as a major step to smart energy
systems. Simulation-based experiments are especially relevant for network infrastructure,
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where field tests are often impossible or prohibitively costly. However, state-of-the-art
modeling and simulation tools are mostly targeting a single energy domain and often rely
on steady-state models. They are, thus, not able to capture dynamic aspects of such
coupled networks.
Research question: How can the combination and extension of existing modeling and
simulation approaches overcome these barriers and deliver important insights into the
operation of integrated heat and power networks?
Challenge II – Control assessment
One of the greatest opportunities to support the networks on their transition to SESs is the
development and deployment of smart control that can, e.g., ease the integration of volatile
RESs, respond to dynamic price signals or provide services to ensure safe operation of the
networked infrastructure. The resulting complexity of multi-energy network infrastructure
with wide-spread use of advanced control logic has, however, resulted in the need to test
and analyze such systems before field deployment. Thus, simulation methods to thoroughly
assess the effects of different advanced control algorithms on the networks’ physical systems
are required.
Research question: How can simulation methods be expanded to allow for the explicit
consideration of advanced control algorithms in coupled heat and power networks?
Challenge III – Combined design and control
The transition to integrated smart multi-energy systems challenges established design
optimization approaches as they struggle to capture the technical details of control and
operation of such systems. These approaches are currently mostly relying on mathematical
programming methods that make it impossible to explicitly integrate control and have
sever difficulties to account for dynamic network aspects. This requires new approaches
that allow for integrated optimal design and control.
Research question: How can simulation methods for coupled heat and power networks
be used for a combined assessment of optimal design and control?

1.3 Main contributions
1.3.1 Peer-reviewed publications
The scientific contributions listed below constitute the integral part of this cumulative thesis.
Author contributions for each paper are listed below using the CRediT taxonomy [21].
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B. Pesendorfer, E. Widl, W. Gawlik, and R. Hofmann. “Operation of thermal-electric units in
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1.3.2 Doctoral School SIC! - Smart Industrial Concept
The doctoral school SIC! - Smart Industrial Concept 1 primarily focuses its research on digitalization & decarbonization as part of an overarching strategy of three scientific partners, TU
Wien, AIT Austrian Institute of Technology GmbH and Montanuniversität Leoben. The overall
goal of the doctoral school is the development of methods for the energy-optimized operation of
industrial plants, their energy conversion, distribution and storage as well as the investigation
of their interaction with the general conditions of the energy industry. Figure 1.3 summarizes
the four main pillars of SIC!, i.e., data processing and preparation, sector coupling and energy
markets, optimal design of energy supply as well as deployment and optimization.
This thesis is part of the doctoral school and contributes mainly to the pillar sector coupling
and energy markets. It aims to provide methods for the analysis of industry in smart coupled
electrical and thermal distribution networks under the assumption of a high share of distributed
RESs. This work’s main goals and contributions to the doctoral school SIC! are:
• The development of innovative modeling and simulation methods that enable assessments
of electrical distribution networks and district heating networks including their operation.
This allows detailed technical analyses from a system perspective and down to individual
components.

1

https://sic.tuwien.ac.at/
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Fig. 1.3: The main pillars of the doctoral school SIC!.
• Additionally, optimal control and operation should be included to these models and
simulations to assess the dynamics of such an integrated system and to study grid-friendly
and energy efficient control mechanisms.
• Finally, a design optimization should utilize the detailed simulation results and enable the
optimal sizing of individual components while simultaneously accounting for overall system
dynamics.
As such, this work enables the evaluation of different thermal-electric conversion technologies as
well as thermal and electrical energy storages and the development of suitable control algorithms
on a system level. The resulting methods aim at applicability for different study cases including
but not limited to industrial-scale district heating supply.

1.3.3 Horizon 2020 Project SmILES
Considerable parts of this doctoral work were carried out as part of the project SmILES Smart Integration of Energy Storages in Local Multi Energy Systems for Maximising the Share of
Renewables in Europe’s Energy Mix 2 . SmILES was a Horizon 2020 project running from 2017 to
2019 with contributions from AIT Austrian Institute of Technology GmbH, Technical University
of Denmark (DTU), Électricité de France SA (EDF), European Institute for Energy Research
(EIFER), VITO/EnergyVille and European Energy Research Alliance (EERA AISBL). SmILES
zooms in on simulation and optimization of smart storage in local energy systems for increasing
the understanding and transparency of innovative multi-energy projects.
In the course of the project the author received funding by a mobility scheme that enabled
research exchanges at DTU and EDF.
2

www.ecria-smiles.eu
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1.3.4 Further contributions
The following manuscripts were published during the doctoral work but are not explicitly part of
this thesis and listed only for the sake of completeness:
B. Leitner, E. Widl, W. Gawlik, and R. Hofmann. “Simulating smart coupled district heating
and electrical distribution networks”. In: EUROHEAT&POWER Magazine 3 (2020), pp. 12–16
R. Hofmann, V. Halmschlager, S. Knöttner, B. Leitner, D. Pernsteiner, L. Prendl, C. Sejkora,
G. Steindl, and A. Traupmann. Digitalization in Industry - An Austrian Perspective. Tech.
rep. accessed September 2020. 2020. url: https://sic.tuwien.ac.at/fileadmin/t/sic/
Dokumente/White-Paper-Digitalization-in-Industry.pdf
B. Pesendorfer and E. Widl. “The optFUMOLA package: A simulation-based black-box optimization library and interface”. In: 2017 Workshop on Modeling and Simulation of Cyber-Physical
Energy Systems (MSCPES). 2017, pp. 1–6. doi: 10.1109/MSCPES.2017.8064544
Additionally, the author was awarded the first price of the 8th International DHC+ Student
Awards in June 2020 for outstanding and original contributions to district heating and cooling
related research3 .

1.3.5 Open-source models and tools
Besides the already listed scientific contributions, the author also contributed to the research
field by making the following developed models and tools openly available for others:
DisHeatLib – Modelica library for district heating systems
DisHeatLib [30] is a component model library for dynamic simulation of district heating
networks. It is based on the Modelica language and uses the Modelica IBPSA library [31]
as core. The library contains various examples and descriptions for different individual
components as well as larger district heating networks.
pandapowerFMU – FMU export add-on for pandapower
The tool pandapowerFMU [32] enables the generation of Functional Mock-up Units (FMUs)
for integrating quasi-static power flow simulations in a co-simulation. It is based on the
Python-based open-source power network modeling package pandapower.
optFUMOLA – Simulation-based black-box optimization library and interface
The optFUMOLA package [29, 33] simplifies simulation-based black-box optimization by
providing a collection of different solvers and an easy to use interface to simulation tools.
It is implemented in Matlab and openly available.

3

https://www.euroheat.org/dhc-student-awards/8th-international-dhc-student-awards/
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The transparency and open availability of energy models are of particular importance due to
their policy relevance and contested nature [34]. With this in mind, the author tried to use and
contribute to open-source tools and models.

1.4 Thesis content
After this introductory part, Chapter 2 provides information on district heating in the context of
sector integration with the power domain. Moreover, it presents the current state-of-the-art in
modeling and simulation for integrated heat and power networks. The individual contributions
of this work are then presented in detail in Chapter 3. Concluding remarks and suggestions
for future work are given in Chapter 4. The scientific papers that constitute the core of this
cumulative thesis are provided in Chapter 5.

9

2

Background and state-of-the-art

This chapter describes district heating systems and their evolution in the context of sector
integration with the power system. Furthermore, modeling and simulation methods for integrated
heat and power networks are explained and relevant existing tools are presented.

2.1 District heating and sector coupling
The following summarizes the evolution of district heating from historic roots to recent concepts
and focuses especially on the cross-sectoral links to the electric power system.

2.1.1 From historic roots to early generations of district heating
First historical roots of district heating range back to the hot water heated baths and greenhouses
of the Roman Empire. A hot water distribution system installed in Chaudes-Aigues in France
using a local hot spring is, however, regarded as the first real district heating system with
recordings dating back to the 14th century [35].
Modern district heating systems are classified by four generations [20] as illustrated in Figure 2.1.
The first commercially successful district heating system started its operation in 1877 in Lockport
in the state of New York [36]. The developed technology was based on steam that was distributed
through pipes to heating coils at the customers’ premises and then sent back by return lines
to be used again in a coal-fired central heat generator. The technology was rapidly adopted
in numerous towns and cities throughout the United States, including New York City, Canada
as well as in some European countries. Also the world’s first commercial power plant, named
Pearl Street Station, provided steam to a district heating network and was, thus, also the first
cogeneration plant [37]. These steam-based heating systems represent the first generation of
district heating with high temperature levels of up to 200 °C, low energy efficiency and security
risks including steam explosions [38]. Most installed systems of this kind were later modernized,
however, some networks, e.g., in New York and Paris, are still considered to be first generation
district heating.
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Fig. 2.1: Illustration of the four different generations of district heating including typical
temperature levels and supply units. Adapted from [20].
The dominance of steam-based district heating systems ended around 1930 when the first systems
based on pressurized hot water were built. These systems represent the second generation of
district heating. The supply temperatures were still considerably above 100 °C and supply was
mainly based on coal-fired and oil-fired CHP plants or heat only boilers.
The increase of energy prices in the 1970s led to improvements of energy efficiency as well as to
the use of renewable sources for heat generation, including biomass, industrial waste heat and
waste incineration. Energy efficiency measures involved reducing supply temperature levels to
levels between 70 to 100 °C as well as the to use of pre-insulated pipes and improved substations.
These characteristics mark district heating systems of third generation. Nowadays it is the
most common district heating technology. Efforts to integrate geothermal or solar heat sources
into these systems have increased in recent years, however, heat supply is still mainly based on
combustion processes.

2.1.2 Fourth generation district heating and beyond
The concept of the 4th generation perceives district heating as an integral part of future smart
energy systems [19, 20]. In contrast to previous generations, 4GDH requires a substantial
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reduction of temperature levels to the range of 30 to 70 °C. This is required for enabling the
integration of low-temperature heat sources, increasing the efficiencies of related production
units and reducing grid losses. Especially the utilization of renewable heat sources, e.g., shallow
geothermal, low-temperature waste heat or ambient heat sources mostly in combination with
heat pumps, could benefit from these changes.
Becoming a main component in future smart energy systems requires district heating to integrate
with other sectors such as electricity, gas, cooling and transport [18]. Traditionally, district
heating networks have strong links to the power grid via large-scale CHP plants. However, a
declining dominance of fossil fuel-based CHP together with rising shares of renewable power
generation leads to an increased integration of power-to-heat plants, such as heat pumps or
electric boilers.

2.1.3 Sector integration with electricity & flexibility of thermal networks
The increasing interconnection between the heat and electricity domain offers benefits for both
networks. The electric energy system requires power demand and supply to constantly match.
This balancing of demand and supply is especially challenging when intermittent renewable
electricity generation, such as wind and solar power, is introduced in large amounts [7]. Apart
from balancing aggregated demand and supply, decentralized renewable generation leads to the
operation of existing distribution and transmission networks closer to their operational limits
due to, e.g., voltage fluctuations or reversed power flows [18, 39]. Thus, options to support the
power system to accommodate high shares of renewable generation are increasingly important.
District heating with power-to-heat and CHP plants can act as source of flexibility in this
regard, e.g., absorbing excess power generation or injecting electricity during power deficits. The
flexibility of district heating can come from the ability to store energy, e.g., to shift electricity
generation from periods of high demand to periods with lower demand, or the ability to shift
fuels for heat generation, e.g., by substituting electric heating with biomass-based heating [14,
40]. The energy storage ability of district heating is, thereby, characterized by the different
thermal capacities in the network, i.e., the heat carrier fluid in the piping, installed thermal
energy storages (TESs) and the thermal inertia of buildings to which heat is supplied [14].
But not only the electricity sector could benefit from sector coupling with district heating.
Power-to-heat can be used to upgrade supply temperatures directly at the demand sites, thus
only requiring low network temperatures, and can enable the use of ambient heat sources, e.g.,
from sea water or aquifers [41]. It can also be used for cooling purposes, e.g., for data centers or
supermarkets, leading to buildings that can act as prosumers, i.e., consuming and producing
heat [42]. Depending on the heating and cooling demands as well as the topology of the network,
this can even lead to changes of the mass flow directions in the piping system [43]. To balance
demand and supply in such prosumer-dominated networks, additional sources such as heat
pumps, solar thermal plants and seasonal storages are needed. The concept of these bidirectional
LTDH systems, also referred to as fifth generation or anergy network, is in an early stage of
research and development. A couple of demonstration projects are currently in operation or
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under construction [44]. All of these systems show close interconnections with the electrical grid
with coupling points distributed throughout the network.

2.2 Modeling and simulation of integrated heat and power
networks
The increasing number of interconnections between district heating networks and power grids
as well as the higher complexity of involved control systems leads to new requirements for
simulation, control and design of such hybrid networks. Modeling integrated heat and power
networks typically involves components from different domains, including electrical engineering,
thermodynamics, fluid mechanics and control engineering. This poses a challenging problem
for modeling and simulation of multi-energy networks, in particular when studying operational
aspects, where control is explicitly included. Figure 2.2 illustrates approximate time scales of
typical phenomena in coupled heat and power distribution networks and respective control.
Existing literature in the area of sector integration of heat and power networks focuses on either
individual thermal-electric appliances [16, 45–47] or on national aspects [17, 48, 49]. These
assessments, however, do not account for the impact of sector integration on a local neighborhood
or district level. Thus, the following review of approaches is targeting models for local network
assessments, i.e., the focus of this thesis.

2.2.1 Optimization versus simulation
Existing modeling approaches presented in literature can broadly be classified into optimization
and simulation models [50]. Optimization models, on the one hand, are prescriptive in the sense
that they are able to determine the best solution out of a set of feasible solutions considering a

Fig. 2.2: Qualitative illustration of time scales for typical phenomena in integrated heat and
power networks and respective control decisions.
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performance criterion. Thus, they generally try to answer “how to” questions. The energy hub
concept introduced by Geidl et al. [51] gained considerable attention in this regard. It seeks
to optimize energy hubs, i.e., units that provide the features of input, output, conversion and
storage of multiple energy carriers. It is, in this respect, not restricted to just the heat and power
domain. Today, it is referred to as a mathematical modeling framework and is sometimes used
as a synonym for multi-energy systems in general [52]. Applications of the energy hub modeling
concept can be found at different scales from single building energy system to city scale energy
supply. Detailed recent reviews try to summarize the broad use of this concept [52–54]. Freely
available software tools based on the concept include closed-source, such as DER-CAM [55], as
well as open-source solutions, such as urbs [56]. The energy hub concept and related approaches,
however, provide only limited insight into the dynamic aspects and control of local multi-energy
systems or networks. The main reason is that the concept and related studies target optimal
planning or operation problems and are ultimately relying on optimization techniques and suitable
solution algorithms. This requires the extensive use of numerous simplifications to enable the
application in mathematical programming, e.g., by employing linearization techniques. The use
of nonlinear formulations to circumvent such model simplifications is still severely limited by the
associated computational costs, especially for large systems or networks.
Simulation approaches that are the focus of this thesis, on the other side, try to model a virtual
replica of the physical system with the goal to describe its behavior in detail and to perform
“what-if” analyses. As a result, they generally utilize more accurate descriptions of physical
processes compared to optimization models. Moreover, model validation with experimental
measurements is a lot easier and more common in comparison to optimization models [50]. In
energy-related research, simulation approaches are most prominent in the area of building energy
simulation, where several tools, both proprietary, e.g., TRNSYS [57], and open-source, e.g.,
EnergyPlus [58], exist. The possibility to use high-fidelity models is also crucial when explicitly
considering detailed thermal and electrical network phenomena and topologies as well as the
impact of different control schemes.

2.2.2 Literature review of applied simulation approaches
In this section, simulation approaches dedicated to multi-energy networks are presented that
explicitly implement topology-based network models for at least the thermal or the electrical
domain.
Existing work on modeling integrated heat and power networks is focused on steady-state models.
For instance, Liu et al. [59] present methods for combined steady-state analysis of district
heating and electrical power networks. They employ two approaches, one where the steady-state
hydraulic, thermal and power flow equations are solved sequentially and one where they are
solved simultaneously. The method is expanded in [60] to additionally include steady-state gas
network equations. A similar yet independent approach for an integrated steady-state model of
gas, heat and power networks is presented in [61]. Pan et al. [62] propose a quasi-steady-state
multi-energy flow model to study the time-scale characteristics in a coupled district heating and
electricity system. They present a case study of a large-scale system interconnected through
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CHP units and study the different types of disturbances like pipe outages. In [63] the integrated
steady-state models for district heating and electric networks presented by Liu et al. [59] are
extended and generalized by employing the energy hub concept for simulation. A decomposed
method based on the non-iterative holomorphic embedding approach is presented in [64] to solve
the multi-energy network equations. Results show that the method can be superior to standard
solution approaches such as Newton-Raphson. Cai et al. [40] present a steady-state heat and
power flow method that is also based on formulations from Liu et al. [59] while employing a
sequential approach to couple hydraulic, thermal and power flow equations. They extend the
steady-state method to a quasi-static simulation, i.e., consecutive steady-state calculations, to
assess technical aspects of electric booster heaters in LTDH and low-voltage electrical networks.
In a recent work, the method is extended to enable the evaluation of different operational
strategies [65]. Bunning et al. [43] present a dynamic modeling approach for bidirectional LTDH
networks based on coupled quasi-static hydraulic and transient thermal models using Modelica.
The system includes distributed booster heat pumps, even though the electricity domain is
only implicitly considered in terms of total power imports. Comprehensive reviews of modeling
approaches for multi-energy systems are available in [18, 50, 66–68].
In conclusion, available modeling approaches nearly exclusively focus on the steady-state electrical,
thermal and hydraulic behavior of these highly complex systems. A shift to dynamic multi-energy
models considering the different levels of interaction, including long-term thermal transients and
control is still open. Additionally, methods that rely on established modeling approaches, use
validated component models, and are openly available for the research community are of high
need [34, 50, 69].

2.3 Modeling approaches and tools
Natural science has been very successful by investigating isolated phenomena and reducing the
complexity and size of the system under study. Following a similar approach in engineering
science led to the formation of individual fields such as mechanical, civil or electrical engineering.
The increase of complexity in human-made systems, however, resulted in the importance of
multi-disciplinary and holistic approaches to tackle modern engineering problems [70].
Modeling and simulation is fundamental when dealing with these so-called complex systems.
It enables a thorough assessment before deploying new technologies or controllers in the field
and helps understanding the interrelations between system, individual subsystems and existing
control. Simulation-based experiments are, thus, promising testing approaches, especially for
energy network infrastructure, where field tests are often impossible or prohibitively costly. As a
result, simulation-based testing is widely considered an important method in the planning phase
of smart building and energy system projects [71, 72].
Historic advances in digital computer and software techniques led to the emergence of various
different modeling approaches and tools. They differ largely depending on:
• the scope of application, e.g., focusing on a specific domain or on multi-domain systems,
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• the user-friendliness, e.g., providing a graphical user interface or predefined component
model libraries,
• the computational efficiency, e.g., enabling parallel computing,
• the underlying solution method, e.g., using numerical integration or mathematical programming,
• the versatility, e.g., relying on equation-based physical modeling, or
• the reusability of models, e.g., using object-oriented programming.
A nice summary of the historic development of different approaches is given in [73].
The requirements for modeling and simulation tools have increased based on the concepts of
smart energy systems. Dynamic multi-domain models are needed to allow for multi-energy
and multi-sector investigations with the aim to quantify the potentials of these systems [68].
Traditional special purpose tools are limited as they often use domain-specific approaches that
enable efficient and convenient modeling only for special classes of systems. General-purpose
tools, on the other hand, allow multi-domain modeling and are applicable for a wide range of
systems [74]. A major limitation of such general-purpose tools is, however, that they are not suited
to integrate advanced control schemes [75]. Furthermore, domain experts might be reluctant to
change tools as their expertise is often closely linked to domain-specific special-purpose software
that proved efficient for their daily tasks. A solution is offered by co-simulation approaches as
they are able to couple special-purpose and general-purpose tools [76].
The following sections focus on modeling and simulation approaches used in the context of district
heating, electrical distribution grids, and advanced feedback control systems and present the
technique of co-simulation to couple established tools.

2.3.1 District heating modeling
One key interest in modeling district heating networks is to simulate energy flows through the
system. They are mainly dependent on the fluid flows and the temperature levels present in the
network. Thus, a rather simple yet fundamental equation is at the center of most district heating
models. It relates heat flow Q̇, mass flow ṁ as well as the temperature difference between supply
and return ∆T while accounting for the specific heat capacity of the transported fluid cp .

Q̇ = ṁ · cp · ∆T

(2.1)

Using this sole equation, it already becomes clear that, e.g., delivering the same amount of heat
with a lower supply temperature requires a higher mass flow or a lower return temperature. In
district heating networks this can result in the need for larger pipe diameters to avoid higher
pressure differences causing higher pump energy demands or the need to refurbish building
heating systems to achieve lower return temperatures. Depending on the aim and scope of the
study, a model of a district heating network commonly includes many individual components.
The model might include low energy building models and detailed supply unit models, integrate
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Fig. 2.3: Schematic of the basic elements in a district heating network.
optimal operation, consider detailed TES models, include heat and pressure losses as well as
transport delays of the piping system or account for different types of substations. Figure 2.3
shows the basic components and the main functionality of district heating networks.
The main difficulty in modeling district heating networks lies in the interdependence and dynamics
of hydraulic and thermal behavior. Mass flow is driven by pressure waves and hydraulic steadystate conditions are typically reached within seconds even in larger networks. Dynamic thermal
phenomena present in district heating networks, on the other hand, complicate matters, as the
respective time constants are in the range of hours. They include heat losses and associated
temperature reductions of the fluid, long thermal transients due to transport delays in pipes or
mixing of fluids at different temperatures [77]. This general problem setting resulted in various
modeling and simulation approaches, each relying on different assumptions and simplifications.
In dynamic models, assuming steady-state hydraulic conditions for each time step is most
common [78, 79]. Thus, the different approaches can roughly be divided into models that assume
the thermal behavior to be quasi-static [80], i.e., using a succession of steady states, or to include
transients [79, 81]. Several commercial special-purpose tools have been developed for district
heating networks [82]. The computational effort related to simulation can increase drastically
with larger networks, which resulted in different approaches to reduce model complexity in terms
of spatial aggregation [83], temporal aggregation [84], simplification of component models [85] or
limiting the representation of dynamics [86].
The concept of fourth and fifth generation district heating changed the requirements for modeling
and simulation of such systems. They comprise multiple decentral supply units and prosumers
that can lead to bidirectional mass and energy flows, smart control systems might be involved to
manage energy flows, seasonal storage elements and solar thermal systems could be integrated that
lead to fluctuating supply temperatures, distributed heat pumps or electric heaters can be present
at individual substations, etc. Thus, modeling these systems not only involves thermodynamics
or fluid mechanics but also control engineering is of increasing importance. This results in a
hybrid dynamical system that exhibits both continuous and discrete dynamic behavior [87].
As a consequence, dynamic equation-based models [88] are used frequently to describe such
low-temperature DHC systems as they are able to represent many of these innovative aspects in
detail while offering additional benefits to the modeler [43, 74, 89–102].
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Equation-based modeling using Modelica Modelica is an openly available language designed for modeling dynamic physical systems [103]. The Modelica language is equation-based
and, thus, allows to separate the modeling process from the numerical solution, i.e., the simulation.
Modelica is an acausal language, meaning that it enables the modeler to describe a system by a
mix of explicit differential algebraic equations and ordinary differential equations. Hence, there
is no need to, in comparison to block-oriented languages, determine and constrain the causalities
of the system a priori. Moreover, it allows the easy reuse and extension of component models
as it employs an object-oriented approach. Modelica is under continuous development by the
Modelica Association and contributors. The reusability and easy exchange of models led to the
development of various openly available as well as commercial model libraries for quite diverse
applications, e.g., electric vehicle, building or biochemical modeling [104].
In the area of building system and district energy system modeling and, thus, relevant for this
work, a couple of openly available libraries exist. The most prominent is the Modelica IBPSA [31]
library that originated from the IEA EBC Annex 601 and is now organized through the IBPSA
Project 12 of the International Building Performance Simulation Association3 . The main idea is
to implement best practice models for building and community energy and control systems in
one collaborative Modelica library. The library does not directly aim at end users but rather at
developers of other Modelica libraries that use it as their core. At the time of writing the IBPSA
library is used by the libraries AixLib [105] from RWTH Aachen University, Buildings [106] from
LBNL Berkeley, BuildingSystems [107] from UdK Berlin and IDEAS [108] from KU Leuven. In
the context of district heating network modeling, the IBPSA library provides models for the
basic components such as valves, heat exchangers, pumps, pipes, etc. At the time of writing the
mentioned openly available libraries are not specifically targeting district heating networks and,
thus, do not include detailed system-of-system models for, e.g., different substation or supply
configurations. Such predefined component models are crucial for local network assessments as
they can reduce the time needed to create larger district heating network models and allow for
unit tests. However, configurations of components, such as for instance substations can be quite
heterogeneous depending on the presence of storage tanks, decentral heating units or bypass
valves as well as sensors and implemented control logics.
As already mentioned, Modelica itself only provides an elegant way to model components and
compose larger systems of these component models. Consequently, a tool to translate the resulting
Modelica model into an executable simulation is still needed. Although open-source initiatives
are working on freely available tools [109], in this work the proprietary software Dymola [110] is
used. The main reason is that Dymola is, at the time of writing, superior in terms of simulation
speed, coverage of model libraries as well as support for large-scale systems.

1

http://www.iea-annex60.org/
https://ibpsa.github.io/project1/
3
http://www.ibpsa.org/
2
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2.3.2 Electrical distribution network modeling
Modeling approaches for electrical networks differ between assuming steady-state conditions and
including transients in the respective analysis. Models that include transient behavior either
focus on electro-magnetic phenomena [111, 112], e.g., harmonics in currents and voltages, or on
electro-mechanical processes [113], e.g., generator start-ups. The steady-state power flow analysis,
also referred to as load flow analysis, on the other hand, is a common basis for studies of power
systems where transients and stability issues can be neglected [113]. It is used to assess voltage
magnitude and phase at each node in the network, loading of equipment like transformers or
lines as well as active and reactive power flows for all branches for a given supply and loading
condition. Where applicable, power flow studies are preferred as they rely on simplified models
and, thus, require less input parameters, are of lower complexity and have shorter simulation
times.
At the center of the power flow analysis are the power flow equations that can be derived using
Kirchoff’s circuit laws [114]. The equations in complex form for node a in a N -node system are
given by [113]:
N
X
Sa∗
=
Yab Vb
(2.2)
Va∗ b=1
where Sa∗ and Va∗ denote the complex conjugate apparent power and voltage at node a, respectively,
Yab denotes the bus admittance matrix and Vb denotes the complex voltage at node b. Different
methods, including Newton-Raphson and more recently holomorphic embedding load flow [115],
exist to numerically solve the resulting system of 2n nonlinear algebraic equations for the 4n
variables, i.e., voltage magnitude, active and reactive power and voltage angle. This obviously
requires the knowledge of 2n variable values to match the number of equations and unknowns.
Depending on the variables that are known for a specific bus it is commonly referred to as
PQ bus, where active and reactive power are known, PV bus, where active power and voltage
magnitude are given, or slack bus, where voltage magnitude and angle are known.
The solution of the power flow equations provides insights into the status of the power system at a
single time step with respect to a specific operating condition. However, to analyze the dynamics
of the system over a period of time for varying load and generation, the method can be expanded
to a so-called quasi-static power flow analysis. The power flow equations are, thereby, solved
at each time step, resulting in a series of consecutive power flow calculations. The equations
at each time step are in principal independent from each other and time dependency is only
introduced by, e.g., time-varying loading, control or energy storages. This approach is widely
used for operation and planning assessments where only long-term stability issues are relevant.
As the power flow equations are the basis of many power system analyses, a large number of
domain-specific tools exist that allow to conveniently formulate and solve this problem.

Power system modeling tools The field of power system software tools is dominated by
commercial special-purpose products, e.g., DIgSILENT PowerFactory [116] to name a prominent
example. In the last decades, several open-source tools have been developed to provide free and
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transparent alternatives for scientific applications as well as for educational purposes [34, 117,
118]. A recent example is the tool pandapower which is written in Python and has a growing
community of users and contributors [118]. It offers a comprehensive model library that was
verified and validated by comparison with commercial software tools. Moreover, pandapower
is specifically focusing on distribution system analysis and allows to study balanced as well as
unbalanced steady-state network conditions.
It should be noted that there are also component libraries for power system simulation in
Modelica. The only openly available and dedicated library that is currently ready for use and
still maintained, to the best of the author’s knowledge, is the OpenIPSL library [119] that
originated from the iPSL library [120]. It focuses on transient power system simulations. Another
noteworthy library is Dynaωo [121], which is at the moment of writing still under development
and originated from the Modelica PowerGrids library [122]. It aims at providing a complete set
of power system analysis approaches, including steady-state, short-circuit, long-term transient
stability as well as electro-magnetic calculations. The number of Modelica users in the power
systems community, however, is currently limited, most likely due to the fact that the complexity
of the Modelica language represents a significant entry barrier and that other more convenient and
well established alternatives are readily available. Thus, special-purpose tools are still dominant
and most commonly used, see the previous paragraph for an example of tools. However, there
are good reasons that this might change in the future [123].

2.3.3 Closed-loop control
The performance of energy supply systems largely depends on the installed components as well
as on the implemented control system. Modern control schemes are commonly implemented as
closed-loop control, where, in contrast to open-loop control schemes, frequent feedback from the
controlled system is used to correct for possible deviations from the control objective. Thus,
in closed-loop control this error correction is built-in by recomputing control actions after
periodically updating the initial conditions to the state of the controlled system or an estimation
thereof.
Figure 2.4 shows a classification of feedback control methods. Classical control is the simplest
and by far the most commonly used control method [124]. More advanced and predictive control
methods are, however, gaining importance in the context of smart energy systems, in order to
guarantee an optimal operation of distributed assets, e.g., TESs or batteries [14, 19]. The main
reason is their ability to account for future events or disturbances, e.g., taking into account
weather changes, fluctuating market prices or consumer behavior.

Rule-based and model predictive control Two approaches are often used to include
predictive behavior in control algorithms, i.e., rule-based and model predictive control (MPC) [125,
126]. Rule-based control is based on a set of heuristic rules, while MPC uses a mathematical
model of the controlled system. Thus, their performance depends heavily on the quality of rules
and on the accuracy of the model, respectively.

20

2 Background and state-of-the-art

Fig. 2.4: Classification of control methods. Adapted from [125].
Rule-based control relies on a list of deterministic “if-else” rules, e.g., a hysteresis controller that
issues on/off signals. These rules constitute the knowledge base to determine control actions for
a set of inputs corresponding to a certain system state. Rule-based control is relatively easy to
implement once these rules are fixed. Constructing this list of rules can, however, be difficult in
the case of complex systems or for changing operating conditions. Moreover, the process heavily
relies on expert knowledge and reasoning as well as on specified operational goals and is, thus,
often highly case-specific [127].
Model-based control algorithms, in comparison, rely on knowledge about the dynamic system
behavior which is used to mathematically model the impact of control actions. In optimal control
schemes the model is then used to determine the control action that operates the system along an
optimal trajectory while satisfying all system constraints. Moreover, predictions of disturbances
can be integrated into such schemes to make the control logic aware of future influences on the
system. The main challenges of such MPC schemes include obtaining the system model, as this
is typically time-consuming and case-specific, as well as the deployment, as it requires trained
personnel due to the fact that in most cases no “plug-and-play” software tools are available [124,
128].

2.3.4 Simulation-based optimal design
Traditional design optimization approaches in multi-energy networks rely on mathematical
programming for selecting and sizing components [51, 129]. However, applied models are rather
simple to be suitable for mathematical programming and to meet related solver capabilities.
They are, thus, not able to cover many technical and dynamic aspects relevant in power networks,
e.g., voltages and reactive power, in district heating, e.g., temperature propagation and pressures,
or in individual components, e.g., temperature stratification in TESs. Moreover, the explicit
integration of closed-loop control that actuates and receives feedback from components is not
possible.
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Simulation-based optimization offers a possible solution as it is able to utilize detailed simulation
results for design optimization. It is a frequently used technique as it allows the use of high-fidelity
models for optimization, which is especially relevant when targeting complex energy systems.
Deriving an analytic formulation of such systems is often impractical due to numerous interacting
physical equations or simply impossible due to the proprietary nature of applied simulation tools.
In energy-related research, applications to power systems [130], buildings [131] and more recently
to district energy systems [98, 132, 133] exist. However, it should be noted that there are also
considerable shortcomings to this method as it requires dedicated and efficient optimization
algorithms [134], finding a global optimum within finite time is not guaranteed [135] and the
evaluation of the objective function is computationally expensive as it requires a full simulation
run.
The simulation-based design problem can be formulated as:
x∗ = argmin f (x)

(2.3)

x∈X

where each evaluation of the objective function f (x) involves one simulation run for a specific
system design x while X describes the solution space, i.e., the set of all possible and allowed
system designs. The applied optimization algorithm aims at finding the system design x∗ that
minimizes the objective function. To this end, the optimizer proposes various system designs
that are then evaluated by the simulation tool. The simulation results are used to calculate the
objective function value for each proposed system design and are fed back to the algorithm. This
procedure is repeated until a defined convergence criteria, e.g., the maximum number of allowed
simulation runs, is met.

2.3.5 Co-simulation
A co-simulation approach provides the possibility to combine models of different subsystems
and simulation tools. This is a key advantage as simulations of smart energy systems requires
input and cooperation of experts from different disciplines, e.g., electrical, mechanical and
control engineers, where each expert has own preferences for simulation tools and methods for
the respective subsystems. Modeling and simulation techniques can, in this regard, broadly
be distinguished into four categories depending on the number of models and the number of
solvers [136]. These four techniques are illustrated in Figure 2.5.
The number of co-simulation approaches in energy-related research as well as in other domains
increased significantly in the last years [76]. The main reasons are the rise of multi-disciplinary
research problems together with a heterogeneous landscape of specialized and established tools
for different domains. This led to the development of standards to couple different simulators
and models as well as of co-simulation platforms that implement these standards. Extensive
presentations of the concept of co-simulation and comprehensive lists of the most notable cosimulation platforms and standards can be found in [137–140] and, with a special focus on energy
systems, in [76, 141–143]. In the following, more details are provided for the standard and
platform that are used in this thesis.
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Fig. 2.5: Different categories of simulation approaches. Adapted from [136].
FMI standard & FUMOLA platform The Functional Mock-up Interface (FMI)4 standardizes the exchange of dynamic models and originated from the goal to facilitate interoperability of
simulation models and tools [144]. It defines a container and the related interface of a simulation
model using a combination of XML files, binaries and C code that are zipped into a single
file referred to as a Functional Mock-up Unit (FMU). Currently more than one hundred tools
support this independent and open-source standard. An FMU can either include its own solvers
or require the host simulation environment to perform numerical integration, referred to as FMI
for Co-Simulation and Model Exchange, respectively.
The Functional Mock-up Laboratory (FUMOLA) [145, 146] offers a co-simulation platform
that supports the features offered by the FMI specification. As such, it provides a framework
that allows to configure and execute diverse co-simulation setups. FUMOLA is built upon
Ptolemy II [147], a framework for simulating and prototyping heterogeneous systems, and the
FMI++ library [148] that aims at bridging the gap between the basic FMI specifications and
practical requirements of simulation tools by providing high-level functionalities.

4

https://fmi-standard.org/
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Contributions

The main contributions of this work can be summarized in three constitutive parts, illustrated in
Figure 3.1 and shortly described in the following. They directly relate to the identified research
challenges and questions presented in Section 1.2.
Contribution I – Modeling and simulation
First a modeling and simulation framework for technical assessments of coupled district
heating and electrical networks was developed. The framework combines thermal-hydraulic
modeling and quasi-static electrical grid simulation to allow for detailed assessments of
dynamic phenomena in coupled heat and power networks. It uses co-simulation that allows
to reuse and couple existing special-purpose and general-purpose tools.
Contribution II – Control assessment
The second part integrates advanced control algorithms in this co-simulation framework.
This allows to perform control algorithm performance assessments for different kinds of
control schemes, e.g., comparing simple rule-based control and advanced MPC.
Contribution III – Combined design and control
The third part uses the developed simulation framework to enable a combined optimal
design and control for coupled networks. It is based on the use of heuristic optimization
methods to allow the use of detailed simulation results for sizing or selecting technologies
in coupled heat and power networks.
Each of these contributions is presented in more detail in the following, including references to
the related published papers that are part of this thesis.

Fig. 3.1: Overview of the three main contributions.
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3.1 Modeling and simulation

Fig. 3.2: Illustration of the contribution related to modeling and simulation.
Traditional special-purpose modeling and simulation tools are targeted on either district heating
or electrical distribution networks, as described in more detail in Section 2.2. Thus, with these
tools the assessment of effects from increased coupling between energy domains and sectors
is limited to either the thermal or the power domain. This complicates planning processes
and operational assessments of integrated energy networks. This contribution is illustrated in
Figure 3.2.
In Journal Paper I a method that enables a detailed technical assessment of the operation
of coupled heat and power networks is presented using a co-simulation approach. The method
is based on sequential coupling of a dynamic thermal-hydraulic model for the district heating
network and a quasi-static model for the electrical distribution network. The district heating part
is implemented using the Modelica library DisHeatLib that was specifically developed for this
purpose and includes detailed models of substations, pipes and supply units. The electric network
model is based on the openly available power system tool pandapower [118], including extensions
to allow for the use in a co-simulation framework. Different use cases are highlighted where a
local coupling of the networks with power-to-heat is supporting the transition to smart energy
networks. The first use case foresees electric booster heaters at the consumer sites to allow for
lowering the district heating network supply temperatures while still guaranteeing user comfort.
The second use case targets the accommodation of RESs in the power network by utilizing
excess power generation from local wind and PV generation through distributed power-to-heat
appliances. A third use case is presented where low-temperature heat sources are integrated into
the district heating network using heat pumps. All three use cases are implemented in a local
district heating and low-voltage electric network.
The possibility to conveniently replace individual models is shown in Conference Paper II,
where the quasi-static power system simulation in pandapower is replaced by a transient model
using a phasor representation in PowerFactory. This can be preferable as such a representation
enables the evaluation of control interactions in large distribution networks. The example
application presented in this paper comprises a medium voltage network and a central district
heating supply plant including a CHP unit, an electric heater, a TES and a back-up gas boiler.
This is of interest as it shows that a co-simulation approach can be a viable solution to model
general thermal-electric systems, e.g., to model the detailed interaction of industrial energy
supply plants with electric networks. However, this implies the need to use specialized models for
the thermal system of interest, e.g., multi-phase media models are required for industrial energy
supply systems.
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In summary, results for the different example applications underline the ability to perform detailed
technical assessments of coupled heat and power networks using a co-simulation approach. As
such, these papers contributed to the research field by presenting novel methods to analyze the
dynamics of coupled local district heating and electrical distribution networks.

Development of modeling and simulation framework
The use of a co-simulation approach, as introduced in Section 2.3.5, allowed cherry-picking the
most appropriate solution available for each respective domain. This provides the possibility to
easily extend the simulation to other tools and modeling approaches, e.g., using high-fidelity
building models or geothermal energy simulation with explicit integration of the underground. In
practical terms, the simulation of heat and power networks required the selection and development
of suitable models and tools for the thermal-hydraulic and electrical domain, as explained in the
following.

Modelica library DisHeatLib Modelica is a well established choice to model thermalhydraulic problems, existing libraries for basic components exist and it allows the export of
models as FMUs, as described in more detail in Section 2.3.1. However, no openly available
Modelica library dedicated to district heating networks was available at the start of this work.
This need resulted in the creation of the Modelica library DisHeatLib. The library includes
models for most relevant components in district heating networks including their control and is
openly available [30]. Most importantly, it features detailed models of substations that take into
account primary and secondary side details, which allows for easy extension to detailed building
models. It uses the open-source Modelica IBPSA library [31] as a core. Implementation details
and full models can be found in the open-source Modelica libraries IBPSA and DisHeatLib. All
Modelica models include examples and documentation.

pandapowerFMU In the case of electrical distribution networks a quasi-static power flow
assessment is a common choice to study medium to long term effects, i.e., in the range of several
seconds to seasons. A couple of openly available power system tools was already available at
the beginning of this work, as explained in Section 2.3.2. The choice to use pandapower [118]
resulted from its convenient application programming interface and the dedication to open-source
software. However, pandapower was only suited for steady-state power flow analysis and exports
of models as FMUs that allow the use in co-simulation was not supported. To this end, the tool
pandapowerFMU [32] was developed to allow for a quasi-static simulation and model export for
co-simulation.
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Fig. 3.3: Illustration of the contribution related to control assessments.

3.2 Control assessment
Intelligent control schemes are essential for the implementation of smart energy systems, where
district heating and electric networks are tightly interconnected, as explained in more detail
in Section 2.3.3. The increasing complexity of such networked infrastructure has resulted in
the need to test and assess control algorithms before field deployment. This contribution is
illustrated in Figure 3.3.
To this end, Journal Paper II presents a method to assess advanced closed-loop control schemes
for thermal-electric appliances with explicit consideration of their impact on coupled heat and
power networks. It builds upon and extends the method and models for heat and power networks
developed and presented in Journal Paper I. A closed loop simulation of high-fidelity physical
system models, using dynamic thermal-hydraulic district heating and electric distribution network
models, and low-fidelity time-discrete advanced control models is at the core of the approach.
Again, co-simulation is used to perform coupled simulations of the different involved domains and
tools. As such, the versatility of co-simulation allows for the use and easy exchange of a broad
spectrum of control methods and tools, ranging from rule-based to model-based approaches
like MPC. The paper introduces and discusses an innovative network-friendly MPC scheme for
domestic hot water electric booster heaters in LTDH. The MPC’s objective implicitly considers
the impact on the electric and the district heating network. For this purpose, it aims at reducing
peak district heating demand and peak electric demand and generation as well as increasing
self-consumption of excess PV generation. In a test case the MPC scheme is implemented for
multiple buildings that are connected to a LTDH and a low-voltage electric distribution network.
The performance of the MPC is compared for both perfect and naive forecasts as well as to a
simple control scheme using PID controllers. Test case results show that the control is able to
reduce peaks in district heating and electric networks compared to the simple reference controller.
A comparison between using perfect and naive forecasts shows that control performance highly
depends on the availability of accurate predictions.
A hierarchical control approach for distributed power-to-heat appliances is presented in Conference Paper I. It takes into account the different involved actors including district heating and
electrical distribution network operators, a potential aggregator and the local component level.
An example application of this control scheme is shown where it is used to operate multiple
distributed electrically heated storage tanks. The control scheme tries to take into account
and coordinate the limitations imposed by the different actors, including network constraints,
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component capacities and temperature limits as well as low-level control of, e.g., pumps and
valves.
In Conference Paper II a MPC scheme is presented to control a central district heating supply
plant. Different operation modes are presented that vary with respect to the objective of the
MPC. They include a heat driven mode, one that minimizes the excess power of generators in the
network as well as one mode that aims at reducing peaks in the power network’s residual load.
At the application level the paper compares these control models for an electrical distribution
network and a district heating network coupled through a CHP unit and an electric heater.
To summarize, these works contribute to the research field by demonstrating the use of cosimulation to perform complex control assessment tasks for integrated thermal-electric energy
networks and presenting different model-based closed-loop control schemes.

3.3 Combined design and control

Fig. 3.4: Illustration of the contribution related to combined design and control.
The transition to integrated smart multi-energy systems poses practical challenges, starting
already in the design phase, where established design optimization approaches struggle to capture
the technical details of control and operation of such systems, explained in more detail in
Section 2.3.4. This contribution is described in the following and illustrated in Figure 3.4.
Journal Paper III addresses these obstacles by introducing a design approach that enables
the analysis and optimization of coupled district heating and electrical distribution systems
with explicit consideration of control. The presented approach takes into account the impact of
advanced control schemes on the optimal design of these system. It employs (co-)simulation-based
optimization that allows the use of detailed simulation models to evaluate an objective function.
To this end, the co-simulation setup presented in Journal Paper II is employed while the design
optimization relies on the use of heuristic approaches. The design work flow is applied to two
real-world applications, proving its suitability for design optimization under realistic conditions.
The first case includes a suburban industrial area with multiple heat and power demand and
supply sites. The objective was to find optimal sizes for two additional heat pumps to increase the
local consumption of PV generation and to decrease power imports. The second case comprises
a rural residential area with multiple buildings, high local PV production and a central district
heating supply unit. Here, multiple electric heaters in combination with thermal storage tanks
are sized with the goal to reduce heat generation of the main district heating supply unit and
increase self-consumption of PV generation. Compared to existing studies, this work explicitly
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includes detailed models for the district heating network, the electric distribution grid as well as
low- and high-level control implementations already in the design stage. Coupling multiple tools
and simulators into a common design work-flow brings together important aspects from different
engineering domains. This, most notably, allows to consider the impact of operation and control
on the optimal system design.
This contribution provides a significant extension of established tools for the design optimization
of multi-energy systems as it enables a multidisciplinary approach using detailed simulation and
control models.

Tool development for simulation-based optimization
The main limitation of simulation-based optimization is the high computational effort needed for
a single objective function evaluation as it requires a full simulation run.

optFUMOLA This problem setting is targeted by optFUMOLA, an open-source simulationbased black-box optimization library and interface [33]. It was developed to provide versatile
interfaces between simulation tools and optimization algorithms as well as to facilitate parallel
execution of simulations that are distributed to different machines. optFUMOLA contains opensource optimization algorithms that offer quite diverse approaches dedicated to solve problems
related to black-box optimization efficiently.
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Conclusions and recommendations

4.1 Main conclusions
This thesis describes the developments and applications of a simulation framework for coupled
local district heating and electrical distribution networks. The framework was used to analyze
technical aspects in the operation and subsequently extended to perform assessments of advanced
closed-loop control algorithms and to combine optimal design and control of these networks.
The main contributions are directly related and provide answers to the initially posed research
questions.

4.1.1 Modeling and simulation
Simulation-based experiments are especially relevant for network infrastructure where field tests
are often impossible or prohibitively costly. However, state-of-the-art modeling and simulation
tools are mostly targeting a single energy domain or rely on steady-state models. They are,
thus, not able to capture dynamic aspects of such coupled networks. Many special-purpose and
general-purpose tools were developed and continuously improved over the last decades to perform
detailed simulations of different energy domains. They are, as such, well respected by relevant
domain experts but unable to perform cross-domain simulations or rely on steady-state models.
The aim of this work was the assessment of the possibilities of coupling existing specific-purpose
and general-purpose simulation tools for performing network analyses of coupled district heating
and electrical grids. To this end, a co-simulation approach is used that allows to combine the most
relevant tools of each domain. The modeling language Modelica is employed to develop dynamic
thermal-hydraulic models for district heating network components. These models are made
openly available for others in a dedicated Modelica library. The open-source tool pandapower is
used to perform quasi-static power flow simulations to assess electrical distribution networks. The
choice of co-simulation makes it easy to replace individual models, which is also demonstrated
by using the proprietary simulation tool PowerFactory to perform power system simulations in
the phasor domain. The applicability of the simulation framework is demonstrated for various
different and innovative test cases. They range from electric booster heaters to upgrade district
heating supply temperatures at the customer sites to industry-scale district heating supply
units in a medium-voltage grid. The main conclusion from this part is that co-simulation is an
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extremely versatile method that allows to reuse existing tools and enables dynamic simulations
of coupled district heating and electrical networks. The developed simulation framework uses
open-source models and is able to account for highly relevant dynamic grid phenomena in both
domains, e.g., temperature propagation in pipes and voltage levels in power grids.

4.1.2 Control assessment
The development and deployment of smart control exhibits a significant potential for the
implementation of smart energy networks. However, standard simulation tools are unable to
explicitly account for smart control algorithms and are, as a consequence, not able to analyze
the system-level impact of advanced control in coupled district heating and electrical networks.
To this end, the developed simulation framework is extended to allow for the integration of
different control methods. The use of co-simulation significantly facilitated this extension as
it enabled a strict separation of physical modeling and advanced control logic with their only
direct relation being the exchange of signals for control feedback and actions. Moreover, it
also enables an easy exchange of individual control algorithms which allows the testing and
direct comparison of different control implementations. The viability of this simulation setup is
shown for different application cases. They include the comparison of model predictive control
to a simple rule-based control for multiple distributed electric booster heaters as well as the
comparison of different model predictive control models for a central district heating supply unit.
The developed method is also able to compare the impact of different forecasting methods in the
case of model predictive control. In summary, the extended simulation framework allows in-depth
performance assessments of different advanced control algorithms with explicit consideration of
their impact on the networks’ physical systems.

4.1.3 Combined design and control
Established design optimization approaches struggle to capture the technical details of control
and operation of integrated smart multi-energy systems. They mostly rely on mathematical
programming methods that make it impossible to integrate control and are severely limited in
accounting for dynamic network phenomena. In this context, this work uses simulation-based
optimization to find optimal designs for coupled district heating and electrical networks while
explicitly accounting for closed-loop control and network dynamics. To this end, heuristic
optimization algorithms together with the presented simulation framework are employed. This
setup allows to integrate the effects of advanced control strategies already in the system’s design
phase. The developed approach is exemplified for two different proof-of-concept applications.
They include a suburban industrial area with the aim to find optimal sizes of two heat pumps
and a rural residential area with the goal to find optimal sizes of electric heaters and thermal
storage tanks. To summarize, the approach enables the exploitation of synergies of combined
optimal design and control of coupled district heating and electric networks. It, thus, provides a
notable extension to traditional design optimization tools.
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4.2 Recommendations for further research
Although all research questions were answered in this thesis, the broad topics of sector-coupling
together with modeling and simulation still exhibit many remaining research opportunities. A
number of recommendations and suggestions for further research have been identified and are
shortly explained in the following.
This thesis mainly targeted the coupling of district heating and electrical grids, however, also
other energy networks are expected to play important roles in future energy systems. They
include district cooling technologies that are likely to become more important due to the climate
crisis and the high consequent cooling demands. But also gas networks that are regarded as
relevant option for flexibility and long term storage, especially in combination with power-to-gas
technologies.
The control algorithms studied and implemented in this thesis comprise classic control concepts as
well as model-based and rule-based predictive control. However, innovative techniques based on
machine learning gained attention in recent years, e.g., reinforcement learning. Such techniques
promise to solve or at least ease development and deployment as they might be able to derive
and adapt control logic by themselves.
Openly available models and tools are still of high need in energy-related research. Models and
model libraries used in this work could be enhanced, e.g., to make them compatible with openly
available Modelica compilers, or extended, e.g., for seasonal storages or district cooling.
Currently, standard test cases to verify the correctness of simulations, as they exist for electric
grids, are not available for district heating and even less for multi-energy networks. They could,
however, enable a systematic comparison of different modeling approaches and, thus, support
model and tool development.
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The transition of district heating and electrical distribution grids from traditionally independent to
actively coupled and operated networks is seen as an important step on the way to smart energy networks. This work presents a method that enables a detailed technical assessment of the operation of such
coupled heat and power networks. It is based on a sequential coupling approach of a dynamic thermalhydraulic model for the district heating network and a quasi-static model for the electrical distribution
network. Different use cases are highlighted where a local coupling of the networks with power-to-heat
is supporting the transition to smart energy networks, i.e., lowering district heating supply temperatures,
accommodating renewable energy sources in the power network and integrating low-temperature heat
sources into the district heating network. All three use cases are implemented in example applications to
showcase the versatility of the method. The results underline the presented method's ability to perform
detailed technical assessments of coupled heat and power networks.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Smart energy systems (SESs), where different energy sectors are
jointly designed and operated, are expected to play an important
role in the implementation of future sustainable energy systems
[1]. The transition of district heating and electrical distribution
networks from independent to actively linked and operated networks is seen as an important step on the way to SESs. This sector
coupling approach is accompanied by recent, sector-speciﬁc developments. District heating (DH), a long established and efﬁcient
heating solution, experiences a paradigm shift to 4th generation
district heating (4GDH) or, often used synonymously, lowtemperature district heating (LTDH) featuring low supply temperatures (30e70  C) and increasing shares of prosumers [2]. This
development is similar to the transformation of electrical networks
to smart electrical grids with wide-spread use of intelligent control
and high shares of decentralized renewable energy sources (RESs)
[3].
The technology needed to realize SESs is already mature and
available on the component level. However, this does not apply to

* Corresponding author.
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the system level, where the mutual impact of the networks and the
resulting effects are not yet entirely understood. This is especially
true for the operation of SESs, where interconnections between the
subsystems may result in unexpected behavior. To this end, this
work presents a modeling and simulation approach for coupled
local district heating and electrical distribution networks. The
approach relies on the combination of a dynamic thermal-hydraulic
DH network model and a quasi-static electrical network model,
which is speciﬁcally well suited to study effects with a temporal
resolution relevant for the joint operation of these networks. All
presented models and the majority of simulation tools used for the
presented approach are openly accessible (open-source) and
useable by others.
In the following, Section 2 presents the state of the art in
modeling coupled heat and power networks, illustrating the need
for new and openly available approaches. Section 3 speciﬁes use
cases that highlight where power-to-heat (PtH) is potentially
beneﬁcial in a SES, setting the scope of the application of the proposed method. The details of the method enabling technical assessments of coupled heat and power distribution networks is
presented in Section 4. Section 5 outlines relevant example applications with a LTDH and a low-voltage electrical network. The use
cases have been implemented as a proof-of-concept to
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demonstrate the versatility of the proposed assessment approach,
with results shown in Section 6. These results range from high-level
yearly performance indicators to low-level aspects, such as voltage
levels, differential pressures or mass ﬂow rates. Section 7 summarizes and concludes this work.
In short, this paper contributes to the research ﬁeld by (i) presenting a technical assessment method combining a detailed dynamic thermal-hydraulic DH network model and a quasi-static
electrical network model, (ii) highlighting relevant use cases for
PtH in SESs, (iii) showcasing the versatility of the assessment
method by implementing these use cases in example applications
and (iv) the dedicated use and development of open-source tools
and models that enable the presented technical assessment
method.
2. State of the art
Many studies focus on either the individual power-to-heat
appliance [4e7] or on national aspects of power-to-heat to couple
heat and power networks [8e10]. However, the impact of powerto-heat on the joint operation of local distribution networks is
not explicitly included in these assessments. Nevertheless, a
detailed assessment is needed for coupled heat and power grids to
ensure that hitherto unused synergies can be indeed used to their
full potential in day-to-day operation, while avoiding possible
negative effects in both domains.
Existing literature on integration of coupling appliances in
multi-energy networks is mainly focused on steady-state energy
ﬂow analyses between the different energy carriers [11,12]. Especially the energy hub concept introduced by Geidl et al. [13] gained
considerable attention in this regard. However, related literature
provides only limited insight into the dynamic and technical aspects
of the joint operation of locally coupled multi-energy networks. For
instance, Liu et al. [14] present a method for combined analysis of
district heating and electrical power networks. They employ two
approaches, one where the steady-state hydraulic, thermal and
power ﬂow equations are solved sequentially and one where they
are solved simultaneously. The method is expanded in Ref. [15] to
include gas distribution networks. The relevant steady-state electrical, heat and gas equations are therefore solved simultaneously.
In Ref. [16] Li et al. introduce a non-linear optimization model to
operate integrated electrical and heating networks to accommodate volatile renewable energy sources. They formulate the problem using steady-state nodal energy ﬂows and constraints
introduced through the pipes and lines as well as temperature and
voltage at each node. Pan et al. [17] propose a quasi-steady multienergy ﬂow model to study the time-scale characteristics in a
coupled district heating and electricity system. They present a case
study of a large-scale system interconnected through combined
heat and power units and study the different types of disturbances
like pipe outages. Cai et al. [18] present a combined, steady-state
heat and power ﬂow analysis to asses the technical aspects of
electric booster heaters in low-temperature district heating and
low-voltage electrical networks. Kauko et al. [19] present a dynamic
modeling approach for local district heating networks. They also
studied the impact of heat prosumers on local district heating [20],
however, the power network is not explicitly considered in the
modeling approach.
A comprehensive review of modeling approaches for multienergy systems is provided by Mancarella [21] and Allegrini et al.
[22]. The body of work discussed there provides valuable insights
on how to plan coupled heat and power networks and optimize
their design. They also conclude e in agreement to what has been
stated above e that the available modeling approaches focus on the
steady-state thermal and hydraulic behavior of these highly

complex systems. However, as they are tailored for system planning
and optimization, they are not suitable to study the operational
aspects. A shift to dynamic multi-energy models considering the
different levels of interaction and control is still open. Within this
context, this work contributes to the research ﬁeld by presenting an
assessment method combining a dynamic thermal-hydraulic district heating network model and a quasi-static electrical network
model.
3. Power-to-heat use cases for local smart energy systems
In the following, three distinct use cases for PtH applications in
local SESs are presented, which deﬁne the scope and context for the
assessment method presented in this work. As such, these use cases
determine the focus of application, level of technical detail and
temporal resolution required for a meaningful assessment method.
3.1. Use case 1: PtH supporting transition to LTDH
Lowering the supply temperature in district heating networks is
a necessary step to enable a more efﬁcient heat supply, to reduce
heat distribution losses and to enable the use of low temperature
heat sources [2]. Besides the need for well insulated buildings with
suitable heating systems, the risk of Legionella in domestic hot
water (DHW) systems with circulation or thermal storage tanks
[23,24] as well as comfort requirements are main concerns in LTDH.
This introduces a lower limit for supply temperature reductions.
Local temperature boosting, e.g., for DHW preparation, using PtH
units can be a promising solution [6].
3.2. Use case 2: PtH supporting integration of RESs into the power
network
An increasing share of decentralized volatile renewable power
generation complicates the balancing of supply and demand and
challenges electrical distribution grids that were traditionally
designed to cover the demand of consumers using large remote
power plants. Reversed power ﬂows, high loading of equipment
and voltage band violations are just some of the main issues
modern power distribution systems are facing. PtH can be part of
the solution to these problems when used to convert negative residual load, i.e., excess power generation, in the electrical network
and matched with a corresponding DH demand [4,5].
3.3. Use case 3: PtH supporting integration of low-temperature heat
into the DH network
Many low-temperature and ambient heat sources, e.g., from
industry, waste water, data centers and supermarket refrigeration
systems as well as ground water, rivers, lakes and sea water, are not
suited for direct connection to LTDH. However, electric heat pumps
can effectively increase their temperature level and enable their
integration into LTDH networks. While some of these heat sources,
e.g., sea water, allow the use of heat pumps as base supply in the DH
network, others might only be able to supply parts of the DH demand due to limited availability, e.g., supermarket refrigeration
systems [10,20]. An increased utilization of these geographically
distributed, low temperature heat sources is considered as a main
step in the decarbonisation of heat supply of district heating
networks.
4. Assessment method
The coupling use cases presented in the last section exemplify
the need for methods that are able to assess the combined
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operation of coupled district heating and electrical distribution
networks. In the operation of such smart energy systems, effects in
coupled heat and power distribution networks show similar time
characteristics, i.e., in the order of minutes to several seconds.
These effects range from ﬂow reversals to valve dynamics in the
district heating network and from transformer tap changing to
voltage ﬂuctuations in the electrical distribution network. Thus, the
following assessment method focuses on and combines modeling
approaches that are able to study the networks at these time-scales.
To this end, the method is based on coupling a dynamic
thermal-hydraulic modeling approach for the district heating
network and a quasi-static modeling approach for the electrical
distribution network. A sequential coupling approach is employed
using co-simulation in order to combine these different modeling
paradigms, i.e., dynamic and quasi-static. The resulting simulation
ﬂow is shown in Fig. 1. Details on the used tool-chain to implement
the co-simulation setup can be found in Appendix A.

4.1. District heating network modeling approach
A dynamic thermal-hydraulic modeling approach was chosen
for the district heating network. The district heating network
model includes time delays, heat dissipation and pressure drops of
the piping network, mixing of ﬂows from different pipes, supplies
or substations and accounts for different controls in the system. It
allows to represent complex thermal network behavior such as bidirectional or zero mass ﬂows, varying temperatures, heat losses
and time delays.
The modeling language Modelica [25] is used to model the
district heating network. Modelica enables an acausal modeling
approach with mathematical equations and is by design an objectoriented language. A Modelica library, using the open source IBPSA
library [26] as a core, was created to model all relevant components
of a district heating network. This facilitates the reuse, extension
and adaptation of existing models for various different systems. The
resulting library DisHeatLib is openly available [27].
More details on the district heating model can be found in
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Appendix B.
4.2. Electrical distribution network modeling approach
A quasi-static approach, based on consecutive steady-state power ﬂow calculations, was chosen to study the medium to long
term effects of time-varying loads and generators on the electrical
distribution network. This assessment comprises the calculation of
the active and reactive power ﬂows for all branches and the voltage
magnitude and phase for all nodes. Such a quasi-static approach is
appropriate to assess the behavior of the network in timescales of
several seconds to minutes. A fully dynamic assessment of the
electrical grid was not considered. This is appropriate as stability
issues in this domain are normally in time scales of milliseconds to
seconds and would signiﬁcantly increase the modeling complexity.
More details on the electrical distribution network model can be
found in Appendix C.
4.3. Sequential coupling approach
A sequential approach was chosen to couple the dynamic
thermal-hydraulic calculations and the steady-state power ﬂow
calculations using co-simulation. To this end, the average power
consumption of coupling appliance j over the synchronization interval Dt from the dynamic district heating network model is used
in the quasi-static electrical distribution network model. Thus, the
electric power consumption in the quasi-static model at time t is
given by

P qs
ðtÞ ¼
j

1
Dt

ðt

dx P dy
ðxÞ
j

(1)

tDt

dy

where P j is the continuous value in the dynamic district heating
model. An alternative is to directly use the current power consumption from the dynamic model at each synchronization time
step. The approaches correspond to a conservation of energy or
power, respectively. Both approaches yield equal results when using a small enough synchronization interval. However, the
computational time increases with smaller Dt, as the power ﬂow
equations need to be solved at each synchronization time.
The sequential coupling approach limits the method to coupling
units where the power consumption/generation is not a function of
the electrical network. Hence, so-called PQ buses, where active and
reactive power are known from the thermal-hydraulic model, are
used to represent the coupling units in the electrical network
model. This is appropriate for pumps and power-to-heat units as
well as small-scale combined heat and power units.
4.4. PtH appliances for each use case

Fig. 1. Simulation ﬂow diagram. Parameter and input names speciﬁc to the example
applications are included in brackets.

Different PtH appliances enable the use cases presented in
Section 3. In the following, a mapping of speciﬁc appliances to each
use case is provided. As such, the presented appliance models
should be considered as representative examples of the level of
detail the proposed method is able to achieve.
Use Case 1 e Electric booster heater. The electric booster heater
(EBH) consists of a stratiﬁed thermal storage tank with an internal
heat exchanger and an electrical heating rod. The component,
including control functions, is illustrated in Fig. 3a. The tank volume
was dimensioned to cover the mean daily DHW demand of the
connected building. The internal heat exchanger allows heating the
tank with DH and is placed in the lower half of the tank. A PIcontroller sets the ﬂow valve position to reach a set-point temperature in the middle of the tank. This set-point directly depends
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on the current supply temperature of the main supply unit in the
DH
district heating network T HX
set (T set including a slight reduction to
account for losses and effectiveness of the heat exchanger. The
electric heating rod is used to upgrade the temperature of a standby
volume, i.e., the top quarter of the tank volume, in case the district
heating supply temperature is not sufﬁcient. A hysteresis controller
with a reference temperature T DHW
and a small bandwidth is used
set
for de-/activation of the electric heating rod. The electric consumption is given by

P

EBH

¼

8
<

P EBH
nom
: 0

if on
else

(2)

where P EBH
nom is the capacity of the electric heating rod.
Use Case 2 e Electric heater. The electric heater (EH) has the same
DH
supply temperature T EH
s as the main DH supply unit T set . It uses DH
return water and injects it into the supply line. The component,
including control functions, is illustrated in Fig. 3b. The mass ﬂow m_
is set by a PI-controlled pump with a set-point for power consumption P EH
set . It takes into account the dynamically changing return temperature at the connection point T EH
r and a mass ﬂow limit
corresponding to the currently needed mass ﬂow in the DH
network m_ max . The electric consumption at time t is

P EH ðtÞ ¼

1

hEH



EH
_
cp mðtÞ
T EH
s  T r ðtÞ

1

h0 hC



HP
_
cp mðtÞ
T HP
s  T r ðtÞ

network.
4.6. Example applications

(3)

where hEH is the power-to-heat efﬁciency and cp is the speciﬁc heat
capacity of water.
Use Case 3 e Heat pump. The heat pump (HP) model considers a
constant Carnot efﬁciency hC and is otherwise equal to the EH
model. The component including control functions is illustrated in
Fig. 3c. The electrical consumption at time t is

P HP ðtÞ ¼

Fig. 2. Schematic representation of a consumer/building. Note that the inverter is only
considered implicitly in the model.

(4)

where all additional losses and deviations from the Carnot process
are summarized in the efﬁciency h0.
4.5. Consumer model
A schematic diagram of the consumer model and the connections to the respective grids is shown in Fig. 2.
Detailed time series proﬁles are used to represent the time
characteristics of space heating demand, domestic hot water demand, electric load and photovoltaic (PV) generation of each consumer. The DH substation model consists of two individual DHW
and space heating (SH) stations and a bypass valve, arranged in
parallel. The DHW station consists of an EBH tank described in
more detailed in Section 4.4 The DHW demand draws a mass ﬂow
from the top of the EBH tank according to the respective proﬁle. The
SH station uses a heat exchanger with a constant effectiveness and
a ﬂow valve at the primary side. The valve is controlled such that an
outside-dependent set point temperature at the secondary side is
reached. The SH demand is modeled using a dynamic radiator
model based on the European Norm EN 442 [28]. A PI-controller is
used to set the mass ﬂow according to the current heat demand,
accessed from the respective proﬁle. All consumer substations are
connected with the main DH network via service pipes.
All electric loads and PV generators are represented as timevarying active and reactive power consumption and generation.
All consumers are connected via service lines, connecting the
consumer loads and generators with the electrical distribution

This section presents example applications for the presented
assessment method. A case study in Austria [29] is used, for which
the different PtH use cases are showcased. The total heated building
area comprises around 23000 m2. The case study is described in the
following and the network is illustrated in Fig. 4.
For this example application a synchronization time step of Dt ¼
15 min is used as it represents a suitable trade-off between precision and computational effort. The time step also corresponds to
the available resolution of input data and the typical operational
time periods of the selected PtH appliances.
4.7. Time-series proﬁles
Time-series proﬁles are used with a 15 min resolution for SH,
DHW, electric load, power generation from RES and the low temperature heat source. The modeled building stock was simpliﬁed
such that sets of several buildings of the same type were aggregated
and modeled as single large buildings.
As DHW proﬁles are highly dependent on actual user behavior,
the water draw proﬁles were created using statistical means [30],
incorporating basic assumptions on nominal ﬂow rates. Demand
proﬁles for SH are created using a dynamic building model,
described in Ref. [31], and different building archetypes for Austria,
as described in Ref. [32]. The low temperature heat useable for the
HP was assumed to have a temperature of 30  C and its availability
was modeled to be dependent on the outside temperature, as is the
case for instance in supermarket refrigeration systems or seasondependent industry. The proﬁle has its maximum at the warmest
hour of the year, it is zero once the temperature drops below 10  C,
and is linearly interpolated between these values otherwise. Electric load and PV generation proﬁles are represented by synthetic
proﬁles for residential buildings [33]. They show a low coincidence
factor and high ﬂuctuations and are therefore more suitable for
studies of small, local networks compared to standard load proﬁles.
Correlations between these proﬁles that would in reality be given
through occupants’ behavior or short-term weather conditions are
not considered. The total and maximum values together with
coincidence factors of each demand and supply are summarized in
Table 1.
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Fig. 3. Schematic ﬁgures of the power-to-heat appliances including control functions selected to implement each use case.

Fig. 4. Schematic representation of the network including lengths of pipes and lines in meter.

4.8. Network dimensions & main supply units
The main district heating supply unit is modeled as an ideal heat
source, with no limits on maximum/minimum power or ramp rate,
and with a prescribed supply temperature T DH
set . The delivered
pressure lift of the electrically driven DH network pump is determined by the weakest point in the district heating network, i.e., the
building that is hydraulically the furthest away. A transformer unit
connects the low-voltage electrical network to an external grid, i.e.,
a slack bus that prescribes the voltage and phase at the connection
point. No limits on maximum/minimum power are considered.
The hydraulic diameters of the DH pipes were dimensioned
based on the nominal mass ﬂow rates of all connected substations

Table 1
Summary of all demands and supplies present in the case study.
Demand/Supply

Total [MWh]

Peak [kW]

Coincidence factor []

Space heating
DHW
Electric load
Photovoltaic
Wind
Excess power
LTH source

1676.3
661.8
510.2
213.01
169.6
132.6
108.2

870.6
481.9
177.4
185.5
100.0
220.2
80.0

0.53
0.30
0.60
0.99
e
e
e

considering a nominal temperature drop between supply and return of 30  C. This results in a maximum pressure drop per pipe
length of 200 Pa/m when only considering the main supply. The
pipe diameters were adapted to their commercially available
equivalent, including data for nominal velocity, wall thickness and
insulation material [34]. The dimensions of the electric lines and
the transformer rating are based on data provided by the local
network operator. Key parameters of the networks together with
the different DH pipe and electric line dimensions are summarized
in D.
4.9. Scenarios
Use Case 1 e Lowered supply temperature. The EBHs are used as
coupling points between the two networks. They upgrade the
supply temperature for DHW in the standby volume of the tank.
Scenarios with decreasing nominal supply temperature T DH
s;nom of
the main DH supply unit are studied. A lower limit is given by the
nominal supply temperature of the SH demand. Thus, the district
heating supply temperature can only be further reduced in times
where no building needs SH. The supply temperature levels

T DH
s;nom ¼ 70=60 C are studied. The temperature needs to be
increased to 50 C in times of space heating demand for the latter
two. Therefore, the supply temperature of the main district heating
supply unit at time t is controlled by

734

T DH
set ðtÞ ¼
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8

>
< max T DH
>
:



s;nom ; 50
T DH
s;nom

C



if SH demand
else

(5)

The impact on the electrical grid is mainly affected by the EBH
capacities P EBH
nom , as they can increase the peak electrical demand
signiﬁcantly. On the other hand, the share of heat delivered by EBHs
will increase with lower DH supply temperatures. Thus, the capacity must be high enough to satisfy DHW demand. To this end,
each electric booster heater is dimensioned to cover two thirds of

the respective peak DHW demand in the scenario with T DH
s;nom ¼ 30
DH

C and zero in the scenario with T s;nom ¼ 70 C. The capacity is linearly interpolated for the other scenarios.
Use Case 2 e Increased share of PV. Three EHs, one in each feeder,
are used as coupling points between the two networks. They aim to
utilize as much excess power from wind and PV generators in the
electrical grid as possible. Such a local consumption of excess power might decrease over-voltage problems and high reversed power ﬂows. Scenarios with increasing shares of PV generation are
studied. The PV generation of the base case, as described in Table 1,
is scaled to %PV ¼ 100; 150; 200; 250 & 300. Uncoupled scenarios,
i.e., without EHs, are included as reference for each respective PV
generation level. The power consumption set-point for each EH at
time t is controlled by

8


>
>
>


>
< 1 Pres ðtÞ


n
P EH
ðtÞ
¼
EH
set
>
>
>
>
0
:

if Pres ðtÞ < 0

(6)

else

where nEH is the number of EH units and Pres is the residual load in
the electrical network, i.e., the difference between load and power
generation. Perfect predictions for loads and generators and no
capacity limits for the electric heaters are considered. A constant
supply temperature of 70 C for the base supply unit and the EHs is
used.
Use Case 3 e Increased low-temperature heat availability. A single
HP is used as coupling point. It aims to integrate as much of the low
temperature heat source into the district heating network as
possible. Different scenarios with increasing heat availability are
studied. The low temperature heat availability proﬁle of the base
case, as described in Table 1, is therefore scaled to %LTH ¼ 100= 200.
The heat generation set-point for the HP at time t is given by
HP
Q_ set ðtÞ ¼ Q_ LTH ðtÞ

(7)

where Q_ LTH is the outside temperature-dependent low temperature heat availability described in Section 5.1. A constant supply
temperature of 70 C for the base supply unit and the HP is used.
5. Results & discussion of example applications
One co-simulation run for one year took around 4e10 h, mainly
depending on the simulation time of the dynamic district heating
model.
5.1. Use case 1 e lowered supply temperature
Fig. 5 shows performance indicators and effort variables at the
consumers, i.e., supply temperature T, differential pressure dp and
voltage u, for decreasing supply temperature levels T DH
s;nom . The
district heating supply temperature is high enough to supply the
DHW demand for the 70 C and the 60 C scenarios and EBHs are,

consequently, not needed at all. The share of EBHs Q EBH =Q DHW
increases signiﬁcantly from 55  C to 50  C. This is due to the setpoint temperature for EBH activation lying between these values.
Thus, the minimum supply temperature for DHW can not to be
reached by the use of DH alone anymore. The pump work relative to
the total DH delivered W pump =Q DH increases with lower supply
temperatures while decreasing slightly again for 50/40  C and 50/
30  C. This is a direct cause of the higher mass ﬂows needed to
supply almost the same amount of heat for space heating and domestic hot water, using lower supply temperatures. For 50/40  C
and 50/30  C the amount of heat delivered for domestic hot water
and the corresponding mass ﬂows decrease again as EBHs take over
higher shares of DHW demand. District heating network losses
compared to the 70  C case DQ loss =Q loss
70 are decreased signiﬁcantly
when lowering the supply temperature. A reduction of the supply
temperature in times of no space heating is able to reduce losses
even further. However, imported electric power compared to the
70  C case DP imp =P imp
70 increases drastically as soon as the EBHs take
over parts of DHW. The power imports are more than doubled for
50/30  C compared to the base case 70  C. Also the increased work
by the DH pump, considered to have an electric motor, results in
higher power imports, e.g., for the 60  C scenario.
Supply temperatures seen at the consumer substations are
directly affected by the supply temperature of the base supply unit
and heat network losses. A higher pressure rise is needed by the
central district heating network pump to maintain the nominal
differential pressure at the weakest substation for lower supply
temperatures. Thus, substations closer to the main supply unit are
exposed to higher differential pressure levels. The lower supply
temperatures lead to a higher power consumption of all buildings
due to the activation of EBHs. As a result, voltage levels at the
consumers are decreasing for higher shares of the EBHs on DHW
supply.
5.2. Use case 2 e increased share of PV
Fig. 6a shows performance indicators for increasing levels of
photovoltaic generation %PV . The share of heat delivered by the EHs
to total heat generation in the DH network Q EH =Q DH is increasing
due to the higher availability of excess power generation in the
electrical network. The share is highest for %PV ¼ 300 where it
reaches 10%. The change of power import from the external
network compared to the respective uncoupled scenarios, i.e.,
imp
without EHs, DP imp =P uc increases with %PV . This is due to network
losses not being considered when calculating power consumption
set-points for the EHs. As a direct effect, EH power consumption
overshoots the actual excess power when activated. Power export
to the external network DP exp =P exp
uc is signiﬁcantly reduced. While
for %PV ¼ 100 more than 75% of exported power is used by the EHs,
only a reduction of around 50% is possible for %PV ¼ 300. This is due
to low heat demand during times of excess power generation and
resulting mass ﬂow injection limits for the EHs. As a result, the EHs
are not able to convert all available excess power. The local use of
excess power from PV generation in the electrical network is able to
reduce times of high voltage levels, u > 1:03 p:u:, compared to
uncoupled scenarios D%u > 1:03 =%uuc> 1:03 . This is especially pronounced for scenarios where a signiﬁcant reduction of excess power, i.e., power exports, is possible. However, the wind power
generator situated outside the low-voltage network is also
considered when calculating the power consumption set-points
P EH
set . This leads to EHs being activated regardless of the actual
load situation in the distribution network. As a result, times with
low voltage levels, u < 0:97 p:u:, increase compared to uncoupled
scenarios D%u < 0:97 =%uuc< 0:97 . This is more pronounced for higher
shares of PV generation as the times and magnitude of negative
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Fig. 5. Results for Use Case 1 for different supply temperature levels. Performance indicators and effort variables are shown. The box plots for frequency of effort variable values
show the 1%, 25%, 50%, 75% and 99% percentiles.

Fig. 6. Results for Use Case 2 for different levels of PV generation.

residual load and, therefore, electric heater activation increase.
Duration plots for the power ﬂow to and from the external grid
are shown in Fig. 6b. Two curves are included for each share of PV
generation %PV , one including EHs and one for the respective
uncoupled scenario. It can be seen that EHs are able to absorb
almost all available excess power in times of moderate wind and PV
generation. However, the EHs are unable to signiﬁcantly reduce
power export peaks. This is due to low heat demand at these times
and could be improved, e.g., using thermal storages.
5.3. Use case 3 e increased low-temperature heat availability
Fig. 7a shows the change of annual performance indicators for
increasing levels of low temperature heat availability %LTH . The
share of low temperature heat availability utilized by the heat
pump Q HP =Q LTH is decreasing. This is due to the unavailability of a
corresponding heat demand in the network and, thus, to the
limited mass ﬂow injection of the heat pump. The share of heat
pump generation to total DH generation Q HP =Q tot is increasing
with higher levels of %LTH . The increased utilization of the heat
pump is also affecting power imports and exports of the electrical
network compared to an uncoupled scenario. Power import
DP imp =P imp
uc is increasing as can be expected while power export
DP exp =P exp
uc is decreasing due to the heat pump being active during
times of PV and wind generation.

Fig. 7b shows the heat duration curve for the base DH supply
unit for the different scenarios. The curves are mainly affected in
times of low demand, i.e., summer, where the heat pump is able to
cover the demand almost completely. This results from the
assumed outside-temperature dependence of the heat availability
proﬁle.
Fig. 8 shows the mass ﬂow through the supply pipe marked with
an asterisk in Fig. 4 and the heat generation of the heat pump for
one day in October. It can be seen that for low values of %LTH the
heat generated by the heat pump mainly ﬂows to the buildings in
the same feeder, i.e., after this pipe. This changes most drastically
for %LTH ¼ 800, where heat generation is signiﬁcantly exceeding the
demand in this feeder, leading to ﬂow reversals. Heat pump generation is strongly limited at midday due to the low mass ﬂow
demand in the network at this time.
6. Conclusion
This work presents a versatile method for technical assessments
of coupled district heating and electrical distribution networks. The
method uses a dynamic modeling approach for the district heating
network, which considers bi-directional mass ﬂows, heat transport
delays and other thermal-hydraulic aspects that are highly relevant
in district heating networks. The power network modeling
approach is based on a quasi-static assessment which is able to
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Fig. 7. Results for Use Case 3 for different levels of low-temperature heat (LTH) availability.

renewable power generation and the integration of low temperature heat sources, are implemented in example applications. Results are presented for electric booster heaters that upgrade the
temperature for domestic hot water utilization for different supply
temperature levels, for electric heaters that utilize excess power
generation from renewable power sources for different levels of PV
generation and for a heat pump that integrates a low-temperature
heat source into the district heating network. High-level performance indicators as well as detailed results for dynamic aspects,
such as mass ﬂows, voltages, differential pressures or temperatures
are presented. These results conﬁrm that this method is indeed
useable for the assessment of diverse power-to-heat use cases and
appliances on a network level.
Several aspects of this work could be improved or extended. A
fully dynamic assessment of both networks might give insights in
how the networks interact on shorter time scales. The models could
be extended to enable an assessment of cooling appliances on a
network level. Coordination schemes between the district heating
and electrical network operators, power-to-heat aggregators and
different energy markets are necessary to fully tap the ﬂexibility
potential of power-to-heat. The impact of smart control, such as
model predictive control to optimally schedule power-to-heat
units, could improve system performance. Furthermore, standard
test networks for coupled local heat and power networks would
enable a comparison across different modeling approaches.
Fig. 8. Results for Use Case 3 for different levels of LTH availability. Mass ﬂow through
the supply pipe marked with an asterisk in Fig. 4 and heat generation by the heat
pump are shown for one day.

cover the most important features when studying electrical distribution networks, such as voltage ﬂuctuations and time-varying
loads and generation. Both modeling approaches are coupled
sequentially using co-simulation, which enables the combined
assessment of coupled local heat and power networks. Moreover,
all presented models are openly available and, thus, useable by
others.
The proposed method is showcased for three different powerto-heat use cases that can be beneﬁcial in the transition to SES.
These high level use cases, i.e, the support of power-to-heat to
lower the district heating supply temperatures, the integration of
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Appendix A. Simulation details
The presented assessment method uses state-of-the art
modeling tools for each domain. A co-simulation approach enables
the coupling of different modeling paradigms, i.e., dynamic and
quasi-static, and the use of suitable modeling tools for each
respective domain, i.e., Modelica/Dymola [25,35] and pandapower
[36]. In order to combine the models for district heating and
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electrical networks, they are exported as Functional Mock-up Units
(FMUs) and coupled via co-simulation based on the Functional
Mock-up Interface (FMI) speciﬁcation [37,38]. The calculation of
EH
_ HP
inputs, i.e., T DH
set ðtÞ, P set ðtÞ and Q set ðtÞ, used for the example applications is done in a separate Python FMU. Ptolemy [39], extended
with FUMOLA [40], is used as a co-simulation master, orchestrating
the different FMUs. This approach is similar to the well known
Buildings Control Virtual Test Bed [41]. All co-simulation tools are
openly available. Moreover, this co-simulation setup is extensible
and allows the integration of advanced control approaches such as
model predictive control [42].
Appendix B. District heating modeling details

(B.1)

where k is the ﬂow coefﬁcient of the component. For valves k is a
function of the opening signal. The nonlinear relation of mass ﬂow
rate and differential pressure in this ﬂow model introduces a set of
nonlinear equations, i.e., an algebraic loop, and signiﬁcantly increases the computational time. Simplifying the equation by using
a linear relation can be a viable solution when studying large-scale
DH networks.
All district heating pipes are modeled using a plug ﬂow
approach. Details about implementation and experimental validation can be found in Ref. [43]. The delay time of any ﬂuid parcel in
the pipe is described by the one-dimensional wave equation

vzðx; tÞ
vzðx; tÞ
þ vðtÞ
¼0
vt
vx

(B.2)

where zðx; tÞ is the transported ﬂuid property such as enthalpy. The
temperature change and, thus, the heat loss of a ﬂuid parcel depends only on its initial temperature, on its residence time in the
pipe, the undisturbed ground temperature and the thermal resistance, i.e., insulation, of the pipe. The thermal inertia of the pipe
wall is represented by a single capacitance. The model uses the
pressure drop equation stated above.
A medium model for water with constant mass density and
constant speciﬁc heat capacity is used. All Modelica models presented are open-source and include unit tests and documentation.
Dymola [35] is used to compile the Modelica code into executable simulation code and exported as an FMU for co-simulation.
Appendix C. Electrical network modeling details
A set of n equations for a n-bus system can be derived using
Kirchoff's Current law for each node in the network

Ia ¼

n
X
b¼1

Yab Vb

where Ia is the net current injection at node a, Yab is the bus
admittance matrix and Vb is the bus voltage phasor at node b. The
bus admittance matrix can be expressed in terms of rectangular
coordinates, which yields

Yab ¼ Gab þ jBab

(C.2)

where Gab is the conductance matrix and Bab is the susceptance
matrix. The complex power S at each bus a can also be expressed
using rectangular coordinates

Sa ¼ Pa þ jQa ¼ Va I a

(C.3)

where Pa and Qa are active and reactive power at node a, with

The Modelica library DisHeatLib, created by the authors, includes models for most relevant components in district heating
networks including their control. It uses the open-source Modelica
IBPSA library [26] as a core. The whole DisHeatLib library is made
openly available together with this publication [27]. Only fundamental formulations for the most essential components used in the
district heating network model are given here. Implementation
details and full models can be found in the open-source Modelica
libraries IBPSA and DisHeatLib.
The ﬂow model for pressure drop Dp and mass ﬂow m_ correlation through a component, e.g., a valve or pipe, is expressed as

qﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m_ ¼ sgnðDpÞk jDpj

737

(C.1)

n
X
Pa ¼ jVa j
jVb jðGab cosdab þ Bab sindab Þ

(C.4)

b¼1

Qa ¼ jVa j

n
X

jVb jðGab sindab  Bab cosdab Þ

(C.5)

b¼1

where dab is the voltage angle between bus a and b. This results to
2n equations for the 4n unknowns, i.e., voltage, active/reactive
power and voltage angle. To reduce the number of variables two
unknowns for each bus need to be speciﬁed. These buses are then
commonly referred to as PQ bus, PV bus and slack bus, where V and
d are given. The external grid is modeled as slack bus and all other
loads and generators are modeled as PQ buses. The NewtonRaphson method is used to solve these equations at each time
step. The resulting series of consecutive power ﬂow calculations is
referred to as being quasi-static. Consecutive time steps are in
principal independent from each other and time dependency is
introduced by time-varying load and generation. Such a quasistatic approach is appropriate to assess the behavior of the
network in timescales of several seconds to hours, depending on
the time characteristics of load and generation.
The open source network calculation program pandapower [36]
is used as a convenient power system modeling tool and solves the
above equations. pandapower's simulation interface has been
extended by the authors to enable a series of consecutive power
ﬂow calculations and to allow an export to an FMU for cosimulation [44]. Again, all models and tools used are open-source
and include documentation.
Appendix D. Parameters used for example applications
The appendix contains parameter tables of key parameters
(Table D1), district heating pipe types (Table D.2) and electrical line
types (Table D.3) used for the example applications.

Table D.1
Summary of the main parameter values used in the example applications.
Parameter name

Value

SH supply temperature set-point
DHW temperature set-point
DCW temperature
Room temperature
Heat exchanger effectiveness
Nominal differential pressure
DH pump efﬁciency
Nominal voltage
Transformer rating
Power factor (PtH units/consumers)
Electric heater efﬁciency hEH
Heat pump efﬁciency h0

35e45  C
52  C
10  C
20  C
0.95
1 bar
40%
400 V
250 kVA
1.0/0.95
0.97
0.4

738
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Table D.2
Summary of DH pipe types used in the example applications.
pipe type

hydraulic diameter [mm]

insulation [mm]

[19]

Isoplus
Isoplus
Isoplus
Isoplus

107.1
82.5
53.9
36.0

55.4
45.6
39.9
41.3

[20]

KRE-100
KRE-80
KRE-50
KRE-32

[21]
Table D.3
Summary of electric line types used in the example applications.
line type

rated current [A]

resistance [U/km]

reactance [U/km]

E-AYY 4x240
E-AYY 4x150
E-AYY 4x50

363
270
142

0.125
0.206
0.641

0.079
0.080
0.083

[22]

[23]
[24]

[25]
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Intelligent control schemes are essential for the implementation of smart energy systems, where district
heating and electric networks are tightly interconnected. The increasing complexity of such networked
infrastructure has resulted in the need to test and assess control algorithms before ﬁeld deployment. This
work presents a method to assess advanced control schemes for thermal-electric appliances with explicit
consideration of coupled heat and power networks. It is based on closed loop simulation of high-ﬁdelity
physical system models, using dynamic thermal-hydraulic district heating and electric distribution
network models, and low-ﬁdelity time-discrete advanced control models. Co-simulation is used to
perform coupled simulations of the different involved domains and tools. A test case is presented where
a model predictive control scheme for grid friendly operation of domestic hot water electric booster
heaters is implemented in a low-temperature district heating and low-voltage electric distribution
network. Test case results show that the control is able to reduce peaks in district heating and electric
networks compared to a simple reference controller. A comparison between using perfect and naive
forecasts shows that control performance highly depends on the availability of accurate predictions. The
results underline the versatility of the method to assess different control schemes in integrated
networks.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
The change in energy generation from centralized fossil fuelbased to distributed renewable generation poses a big challenge
to heat and power grids. Existing network and building infrastructure is not designed for such a supply structure, and brings
about an increased need for ﬂexibility [1,2]. In the past, the networks for different energy carriers were built and operated mainly
independent of each other with only lose interdependencies between them [3].
In this context, the transition of DH and electrical distribution
networks from independent to actively linked and operated networks is seen as an important step on the way to future SES [4]. This
sector coupling approach is accompanied by recent, sector-speciﬁc
developments. Electrical networks experience a rapid change towards smart electrical grids with wide-spread use of intelligent

* Corresponding author.
E-mail address: benedikt.leitner@ait.ac.at (B. Leitner).

control and high shares of decentralized RES [2]. A similar development is transforming DH, a long established and efﬁcient heating
solution. The consequent reduction of supply (30e70  C) temperature levels and the integration of geographically distributed lowtemperature heat sources and prosumers is referred to as 4th
generation district heating and LTDH [5].
One of the greatest opportunities to support the networks on
their transition to SES is the development and deployment of smart
control that can, e.g., ease the integration of volatile RES, respond to
dynamic price signals or provide services to ensure safe operation
of the networked infrastructure. Before deploying these algorithms
and solutions in the ﬁeld, a thorough assessment of the impact on
the physical system is required to understand the mutual impact of
the networks, subsystems and control. Simulation-based experiments are, thus, promising testing approaches, especially for
network infrastructure where ﬁeld tests are often impossible or
prohibitively costly. To this end, this work presents a method for
control assessment in coupled local district heating and electrical
distribution networks.
In the following, Section 2 presents the state of the art in control

https://doi.org/10.1016/j.energy.2020.118540
0360-5442/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Abbreviations
DCW
domestic cold water
DH
district heating
DHW
domestic hot water
EBH
electric booster heater
FMI
Functional Mock-up Interface
FMU
Functional Mock-up Unit
LTDH
low-temperature district heating
MPC
model predictive control
PV
photovoltaic
RES
renewable energy source
SES
smart energy system
SH
space heating
TES
thermal energy storage
Symbols
Dp
Dtctrl
Dtqs
m_
Q_

FSC
t
C
cp
J
k
N

pressure difference
control time step
quasi-static power ﬂow simulation time step
mass ﬂow
heat ﬂow rate
self-consumption rate
residence time
thermal capacity
speciﬁc heat capacity of water
objective function
ﬂow coefﬁcient
control horizon as number of control time steps

assessment of coupled heat and power networks, illustrating the
need for approaches that allow the explicit consideration of grid
aspects in both domains. Section 3 introduces a simulation
approach that combines advanced control and physical system
models, enabling detailed assessments of control impacts on a
network level. The modeling approach applied for the physical
system part is outlined in Section 4, using EBH as example coupling
units. Section 5 provides details on the implementation of
advanced control models, using a formulation of heat and power
grid friendly MPC for EBH as example. Section 6 outlines the
example control assessment application with a LTDH and a lowvoltage electrical network, coupled through EBH controlled by
MPC. Results shown in Section 7 describe the impact of the proposed model-based optimal control scheme on the respective
networks using both perfect and naive forecasts and provide a
comparison to a simple state-of-the-art control scheme as well as
to uncoupled networks. Section 8 summarizes and concludes this
work.

1.1. Scope and main contributions
This work continues efforts to model and simulate coupled
district heating and electric networks presented in previous
research by the authors [6] by extending the method to allow for
the integration of distributed and closed-loop advanced control
models. The extended method is then used to implement and test a
grid-friendly MPC scheme for domestic hot water electric booster
heaters in an example application using perfect and naive forecasting methods. In short, this paper contributes to the research

P
p
Q
R
S
SL
T
V
V TES
w
Y

electric power
price
heat ﬂow
thermal resistance
complex power
slack variables
temperature
bus voltage phasor
thermal storage tank volume
weights in objective function
bus admittance matrix

Indices
avg
ctrl
D
EL
exp
g
HX
imp
in
m
max
min
nom
out
qs
RL
set
tot

average
control
demand
electric load
exported
ground
heat exchanger
imported
initial
measured
maximum
minimum
nominal
outlet
quasi-static
residual load
set-point
total

ﬁeld by (i) presenting the extended method for the assessment of
advanced control schemes in local coupled heat and power networks, (ii) introducing an innovative network-friendly MPC scheme
for DHW electric booster heaters, (iii) using the assessment method
to implement this MPC scheme in an example LTDH and lowvoltage electric network, and (iv) the network-level comparison
of a simple control scheme and the model predictive control
scheme to uncoupled networks.

2. State of the art
Simulation-based testing of different control schemes is widely
considered an important method in the planning phase of smart
building and energy system projects [7]. A rigorous testing of
operational strategies and control schemes is of utmost importance
to support the smooth implementation of smart and ﬂexible energy
systems. It is especially relevant for heat and power networks as
they comprise many interconnected components controlled by
various levels of control. However, this poses a big problem for
modeling and simulation of multi-energy networks, in particular
when explicitly including control. The current scientiﬁc literature
provides little insight in how to perform such a network-wide
control assessment in coupled heat and power networks
including advanced control methods.
Several contributions focus on control assessments limited to
coupling units, e.g., heat pumps, single buildings or central supply
units, and only implicitly take into account the needs of local DH
and electric networks, e.g., employing peak shaving or demand
response. A mixed-integer model predictive control scheme for
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cost optimal operation of domestic hot water booster heaters is
proposed in Ref. [8]. The controller is tested in closed loop using a
detailed EnergyPlus model of the DHW preparation system, however, lacking a detailed consideration of the DH or the electric
network. Lamaison et al. [9] study the operation of a DH plant
comprising a combined biomass and power-to-heat unit including
a TES. They test a mixed integer linear programming in closed loop
with a detailed Modelica model of the heating plant. However,
neither the heating nor the electric network is included in the
study.
Other approaches aim at network level optimization using open
loop implementations, i.e., without feedback from a detailed plant
model, focus on a single energy domain or rely on steady-state
assumptions when modeling the networks. Schweiger et al. [10]
present a Modelica-based simulation and dynamic optimization
framework for district heating networks that allows to re-use highﬁdelity Modelica models for operational optimization. The results
of the operational optimization are tested against the high-ﬁdelity
model, however, no closed control loop is applied. Moreover, the
study is exclusively targeting the thermal domain. In Ref. [11] a
concept for the operation optimization and control of low temperature DH networks using temperature set-point optimization
and agent-based control is presented and validated using a dynamic DH network model. However, the impact of the used electric
booster heat pumps on the electric distribution networks is not
considered. Cai et al. [12] integrate a centralized fuel shifting
controller in a steady-state heat and power ﬂow analysis to assess
the technical aspects of electric booster heaters. The control
implementation, however, does not account for complex control
schemes, e.g., model predictive control. Moreover, a steady-state
approach for the DH network and the consumer substations
including TES oversimpliﬁes the complex behavior of these components, e.g., stratiﬁcation effects, and is not suited for potential
off-design situations.
A comprehensive and recent review of multi-energy infrastructure modeling aspects can be found in Ref. [3]. Moreover,
Vandermeulen et al. [13] present an overview and future challenges
of the different levels of control present in district heating and
cooling networks. While many of the control concepts can also be
applied to electric distribution networks, considerable differences
exist. The control of electric distribution networks and connected
appliances is discussed and reviewed, e.g., in Ref. [14,15].
In summary, existing literature is mainly focused on testing
control schemes on a component and building level or within a
single energy domain without explicit consideration of all relevant
domains and networks. Thus, the impact of different control strategies on individual networks stays unclear. Such a detailed
assessment of the control impact on coupled heat and power grids
is, however, needed to ensure that hitherto unused synergies can
indeed be used to their full potential in day-to-day operation, while
avoiding possible negative effects in both domains.
Within this context, this work contributes to the research ﬁeld
by presenting a versatile approach allowing to implement and test
advanced control schemes, including but not limited to model
predictive control, in coupled local district heating and electric
power networks.
3. Simulation approach
The simulation approach of both the heat and power domain
and the coupling devices is based on a method e developed by the
authors e for technical assessment of coupled DH and electrical
distribution networks presented in Ref. [6]. The method is extended
to allow for the integration of closed-loop time-discrete advanced
control models. Thus, the inﬂuence of multiple distributed
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advanced control systems, e.g., using MPC, on the physical system,
i.e., the electric and the DH network including supplies, coupling
units and consumers, can be studied. The assessment method is
based on state-of-the-art modeling tools for each domain that are
presented in more detail in the following sections. The modeling
activities and environments used in this work are strictly split into
the advanced control model and the physical system model, with
the latter only including low-level control, e.g., PID controller.
A co-simulation approach enables the coupling of the different
modeling paradigms, i.e., a dynamic thermal-hydraulic model, a
quasi-static power ﬂow model and time-discrete advanced control
models. In order to combine the models, they are exported as FMU
and coupled via co-simulation based on the Functional Mock-up
Interface (FMI) speciﬁcation [16]. The FMI standard enables the
exchange and extension of tools and methods for the different
domains and, thus, makes the approach highly versatile and
extensible, especially in selecting the most appropriate method for
advanced control system design [17]. Ptolemy [18], extended with
FUMOLA [19], is used as a co-simulation master, orchestrating the
time synchronization of the different FMU. The relevant domains in
the simulation approach are summarized in Table 1 and the
resulting simulation ﬂow is illustrated in Fig. 1.
At each synchronization time the FMU containing the advanced
control models receive measurement values of selected sensors
from the district heating and the electric network model. This information is used to calculate new control set-points that are then
sent to the FMU containing the physical system models. These setpoints are held constant until they are updated at the next synchronization time. In principle, multiple different advanced control
models with different and possibly anisochronous control time
steps can be considered. Also, the different control models can run
asynchronously from each other, however, for simplicity this is not
considered in this article. For a detailed discussion of data exchange
between the district heating and the electrical network model refer
to Refs. [6].
4. Physical system model: district heat and power networks
The choice of the physical system modeling approach is based
on the requirement to capture dynamic aspects relevant in local
heat and power distribution networks. An important aspect, in the
light of control performance assessment, is the ability to capture
off-design effects that might result from erroneous control implementations. Such effects include but are not limited to deviations
from the allowed voltage band, insufﬁcient supply temperature or
differential pressure, transformer overloading or presence of high
return temperatures. To this end, the physical system model of the
networks is based on a method that enables such a detailed technical assessment, presented by the authors [6]. Thus, the following
section should mainly highlight the different natures of modeling
approaches for the physical system model and the advanced control model that is presented in the next section.
4.1. District heating network
The DH network model is based on a dynamic thermalhydraulic approach using the modeling language Modelica [20].
This allows insights into detailed network behavior such as temperature and pressure distribution in meshed and radial pipe networks as well as explicit consideration of relevant low-level
controls, e.g., for valves or pumps. Moreover, it allows to take into
account secondary side details, such as detailed building models,
which are relevant to, e.g., properly calculate return temperatures
or account for distributed TES. Although being detailed, the underlying models rely on several assumptions and simpliﬁcations

4

B. Leitner et al. / Energy 210 (2020) 118540

Table 1
Overview of modeling and simulation approaches for the different domains.

electric network
district heating
advanced control

domain

dynamics

time step

equations

solver

tool

electric
thermal
hydraulic
control

quasi-static
transient
quasi-static
discrete

Dtqs

see Section 4.2

Newton-Raphson

pandapower

n.a.

see Section 4.1

CVode

Modelica/Dymola

Dtctrl

see Section 5

CPLEX

Pyomo

Fig. 1. Simulation ﬂow diagram.

It depends only on the initial temperature Tin , residence time t,
undisturbed ground temperature Tg calculated using the Kusuda
equation [21], thermal resistance of the pipe R and heat capacity of
the water in the pipe C. The pressure drop mass ﬂow correlation
along the pipe is given by

the above pressure drop and ﬂow rate correlation with the ﬂow
coefﬁcient k depending on the opening control signal.
The use of Modelica enables an easy adaptation and exchange of
different models. Thus, the above model descriptions should be
seen as a basic example for describing a DH network and might
need to be adapted to the speciﬁc requirements and the desired
level of detail. The openly available Modelica library DisHeatLib
[25] includes system-of-system models for the most relevant
components in DH networks including their low-level control. It
uses the open-source Modelica IBPSA library [26] as a core.
Implementation details and full models can be found in the opensource Modelica libraries IBPSA and DisHeatLib. Dymola [27] is
used to compile the Modelica code into executable simulation code
using CVode as solver and exported as an FMU for co-simulation.

qﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m_ ¼ sgnðDpÞk jDpj

4.2. Electrical distribution network

including but not limited to being one-dimensional, modeling
pressure propagation as being quasi-static or using constant material properties.
All DH pipes are modeled using a plug ﬂow approach. The outlet
temperature Tout and, thus, the heat loss of a ﬂuid parcel passing a
pipe is described as:


 t
Tout ¼ Tg þ Tin  Tg eR,C

(1)

(2)

where k is the constant ﬂow coefﬁcient calculated for nominal
conditions using the Colebrook equation for turbulent ﬂow in
rough pipes [22]. Details about implementation and experimental
validation can be found in Ref. [23]. Heat exchangers in the DH
substations are modeled with a variable effectiveness using a
number of transfer units approach [24]. Valves are modeled using

A quasi-static approach, based on consecutive steady-state power ﬂow calculations, enables the assessment of the electrical
distribution network. It covers medium to long term effects, i.e.,
from several seconds to seasonal changes, of time-varying loads
and generators including effects introduced by thermal-electric
coupling units.
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The power ﬂow equations for node a in an N-node system are
given in complex form:
N
S*a X
¼
Yab Vb
*
Va b¼1

(3)

where S*a and Va* denote the complex conjugate apparent power
and voltage at node a, respectively, Yab denotes the bus admittance
matrix and Vb denotes the complex voltage at node b. This results to
2n equations for the 4n unknowns, i.e., voltage, active/reactive
power and voltage angle. Coupling units are modeled as PQ buses,
where active and reactive power is known, using the average power
consumption/generation from the dynamic DH network model
over the synchronization interval Dtqs as input.
The open source network calculation program pandapower [28]
is used to solve the above equations at each time step and the
model is exported as FMU for co-simulation [29].
4.3. Demand & generation
Time series proﬁles are used to represent the time characteristics of space heating demand, hot water demand, electric load and
PV generation of each consumer. The DH substation model consists
of two individual DHW and SH stations, arranged in parallel. The
DHW station consists of an EBH tank described in more detailed in
Section 4.4. The SH station consists of a heat exchanger and a ﬂow
valve at the primary side. The valve is controlled such that the set
point temperature at the secondary side is reached. The heating
system is modeled using a dynamic radiator model based on the
European Norm EN 442 [30] to yield realistic estimates for the return temperature. All consumer substations are connected with the
main DH network via service pipes.
All electric loads and PV generators are represented as timevarying active and reactive power consumption and generation.
All consumers are connected via service lines, connecting the
consumer loads and generators with the electrical distribution
network.
The time resolution of the demand and generation proﬁles is
ﬂexible but inﬂuences both accuracy of results as well as computational time needed for the simulation.
4.4. Coupling unit: electric booster heaters
In the example application below electric booster heaters are
used for DHW preparation, however, the presented method is also
applicable to any other thermal-electric appliance. The small seasonal changes in demand compared to space heating make hot
water EBH a reliable source for ﬂexibility in coupled heat and power networks. The thermal-hydraulic setup including sensors and
HX
controllers is illustrate in Fig. 2. DCW is heated to the set-point Tset
by a heat exchanger using district heat. To this end, a PID-controlled
valve draws water from the DH supply pipe to keep the measured
HX close to this set-point.
temperature Tm
The pre-heated water then enters the bottom of a sensible TES
with tank volume V TES that is modeled using a multi-node
approach to account for stratiﬁcation and buoyancy [31]. In the
study below, each tank is discretized vertically into six volume
nodes as a compromise between model accuracy and computational efﬁciency.
An electric heating rod is immersed in the bottom node to
enable temperature boosting of the whole TES using electric power
EBH . This is necessary as the DH supply temperature in LTDH is
Pset
often not sufﬁcient for DHW preparation and offers the possibility

Fig. 2. Schematic ﬁgure of the physical electric booster heater model including the
interaction with the MPC.

to provide ﬂexibility to the electric network.
The outﬂowing water at the top of the TES is mixed with cold
water to reach the target temperature T DHW ¼ 50 C using a threeway valve and a PID controller. Note that the mass ﬂow at the
secondary side, i.e., through the heat exchanger and the tank, is
dependent on the DHW demand and the necessary mixing at the
three-way valve.
5. Advanced control model: grid-friendly MPC of electric
booster heaters
The optimal operation of distributed assets, e.g., thermal storages or batteries, within local multi-energy networks requires
advanced control schemes. Closed-loop control schemes like MPC,
in contrast to open-loop optimal control schemes, use frequent
feedback from the physical system to correct for possible control
errors due to unpredicted disturbances or modeling differences
between the physical system and the control model. In closed-loop
control this error correction is built in by recomputing control actions after periodically updating the initial conditions to the state of
the physical system or an estimation thereof. Such schemes are
generally based on:
 a deﬁned objective, e.g., reduction of operation costs or provision of ﬂexibility,
 frequent measurements, e.g., from tank temperature sensors, to
estimate the current state of the controlled assets,
 predictions about future external signals, e.g., prices, or other
disturbances such as outside temperature,
 simple yet accurate models describing the behavior of the
controlled assets to, e.g., allow for use in optimization, and
 communication of measurements and control actions, its
complexity depending on the type of control, i.e., central,
distributed or hybrid.
The following sections exemplify these points by introducing a
model predictive control scheme for EBH in LTDH networks. The
control is designed such that it relies only on locally available information avoiding the need for communication between buildings
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and potentially costly information and communication technology.

5.3. Objective

5.1. State-space model of electric booster heaters

The objective function is formulated based on the following key
ideas:

A simpliﬁed zero-dimensional model for the EBH is derived
analytically using the physical system model from Section 4.4 as
starting point. To this end, a fully mixed storage tank model is used
for the control formulation neglecting any nonlinear effects, e.g.,
stratiﬁcation. The temperature dynamics of the storage tank are,
thus, described by

C

TES

C TES

,

TES ðtÞ
dTavg

dt

 Increase PV self-consumption and avoid power consumption peaks.
The ﬁxed, i.e., inﬂexible, power demand, P EL , and PV generation
EBH of the building can be
P PV as well as the ﬂexible EBH power Pset
combined to describe the residual load of the building:
EBH
P RL ðtÞ ¼ Pset
ðtÞ þ P EL ðtÞ  P PV ðtÞ

¼

EBH
ðtÞ
Pset

þ Q_

DH

D

ðtÞ  Q_ ðtÞ

is the thermal capacity of the storage tank,

(4)
TES
Tavg

is the average

EBH is the heat generated by the electric
storage tank temperature, Pset
DH
D
is the heat delivered by DH and Q_ is the heat
heating rod, Q_
demand for DHW. Heat losses are neglected.
The heat delivered from DH by preheating the DCW from the
HX can be
temperature T DCW to the heat exchanger set-point Tset
calculated as follows:



DH
HX
ðtÞ  T DCW
Q_ ðtÞ ¼ cp , m_ DHW ðtÞ, Tset

(5)

cp is the speciﬁc heat capacity of water and m_ DHW is the mass ﬂow
rate of the DHW demand, directly given from the draw proﬁle, thus,
it is a known or predicted disturbance.
The heat demand is given by:



D
Q_ ðtÞ ¼ cp , m_ DHW ðtÞ, T DHW  T DCW

It is positive in times where the building draws power from
the grid and negative in times where it feeds excess power from
the PV system to the network. Minimizing the quadratic residual
load ðP RL Þ2 leads to shifting the power consumption of the EBH
to times of low power consumption or even to times of excess
power from PV while heavily penalizing the introduction of
power consumption peaks by the EBH.
 Reduce simultaneous use of DH for SH and DHW to avoid heat
demand peaks. The heat drawn from the DH network for DHW
can be reduced in times of high SH demand, however, at the cost
of additional electric power usage. Due to the thermal-hydraulic
setup of the EBH it is not possible to charge the tank in advance
using DH. The individual cost for DH for each EBH, pDH , is based
on the SH characteristics of the respective building, being high
phigh in times of high SH demand, and otherwise low plow :

(
DH

p
(6)

where T DHW is the demanded DHW temperature that is assumed to
be 50 C in the study below.
A forward Euler discretization scheme is used to transform the
differential equations into a linear state-space system using the
time step Dtctrl and N discretization steps.
5.2. Constraints and control variables

ðtÞ ¼

phigh

. SH
SH
if Q_ ðtÞ Q_ nom  70%

plow

else

(11)

SH
SH
Here Q_ ðtÞ is the SH demand at time t and Q_ nom is the
nominal/maximum SH demand of the building. The threshold
for a high DH price of 70% was chosen as it is only exceeded in
rare and very cold weather conditions which lead to signiﬁcantly higher generator capacity requirements.

The two targets are combined in the objective function:

The power consumption of the electric heating rod is bound
constrained by:

min J ¼

EBH HX
Pset
;Tset

EBH
EBH
0  Pset
ðtÞ  Pnom

(10)

N
X


2
DH
w1 P RL ½k þ w2 , pDH ½k , Q_ ½k þ w3 ,SL½k

k¼1

(7)

(12)

EBH is the nominal power of the electric heating rod.
Pnom
The temperature set-point reachable by the DH network is
constrained by the DCW temperature, corresponding to no heat
consumption, and the maximum temperature that can be delivered
HX :
by the network Tmax

where wi are the weights for the individual parts of the objective
function. The ratio between the weights w1 and w2 was determined
through a sensitivity analysis such that an acceptable balance between the two objectives is achieved, i.e., both objectives are able to
signiﬁcantly inﬂuence the optimal control actions. The weight w3 is
related to the minimization of the slack variables for the tank
temperature soft constraint and is chosen high enough to avoid any
considerable constraint violations.

HX
HX
T DCW  Tset
ðtÞ  Tmax

(8)

The average temperature in the storage tank is bound conTES ¼ 55 C to avoid
strained by a minimum temperature of Tmin
Legionella [32] and guarantee comfort as well as a maximum
TES ¼ 95 C to avoid boiling:
temperature of Tmax
TES
TES
TES
Tmin
 Tavg
ðtÞ  Tmax

(9)

Measurements from the physical tank model that lie outside this
range could lead to infeasible problem formulations. Thus, this
constraint is re-formulated as soft constraint using slack variables
SL.

5.4. Measurements and predictions
As the MPC is called repeatedly it needs updates on how the
physical, high-ﬁdelity model evolved to initialize the optimization
problem properly and correct for possible control errors. The
TES is, thus, estimated as the
average measured tank temperature Tm;avg
i in the tank [33].
weighted sum of all temperature sensors Tm
To plan the operation of the system, the MPC implementation
needs predictions for the DHW demand, the SH demand, the ﬁxed
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electric load and the PV generation of the building for the full
control horizon, i.e., in this work for the next day with N ¼ 96.
These predictions are updated each time the controller is called.
Only information that is available locally at each building is used
and no communication between the buildings is assumed.

5.5. Implementation and performance
One MPC runs for each building in the network separately. The
optimal set-points for the current time step of EBH power conEBH and secondary heat exchanger supply temperature
sumption Pset
HX are then sent to the physical system model. The MPC is then reTset
run at every control time step Dtctrl using updated states.
The presented MPC, a quadratic programming problem, is
implemented in Python using the Pyomo [34] framework and IBM
ILOG CPLEX [35] as solver. One call of the MPC takes signiﬁcantly
less than 1 s on a standard ofﬁce computer, which makes it useable
in real-world implementations. The implemented MPC are exported as FMU to integrate them in the applied co-simulation approach
[36].

6. Example application: coupled low-temperature district
heating and low-voltage electrical grid

7

6.2. EBH design parameters
The storage tank volume V TES is sized to cover half of the mean
daily DHW draw-off of the connected building. This leads to an
average of two full charging and discharging cycles per day. A
smaller tank volume would require more frequent charging and
might reduce the ability for PV self-consumption while a higher
tank volume involves higher installation costs and space
requirements.
EBH is chosen
The nominal power of the electric heating rod Pnom
such that ﬁfty percent of the peak DHW demand could be directly
supplied by electricity. The value was chosen to guarantee domestic
hot water temperature requirements for high demand times in the
simple control case where no pre-heating of the storage tank is
possible. On the other hand, the capacity of the electric heating rod
had to be high enough to self-consume all excess PV generation.
The maximum temperature that can be reached at the secondary side of the heat exchanger is directly inﬂuenced by the nominal
supply temperature at the base district heating supply unit.
Considering T DH ¼ 50 C as well as dynamically changing temperature degradation due to pipe losses and heat exchanger effecHX ¼ 45 C.
tiveness we estimated this value to be Tmax
A sensitivity analysis for each of the above parameters could be
done using the presented simulation approach, however, this was
out of scope for this work.
6.3. Scenarios

6.1. Networks and base supply units
Fourteen buildings are present in the network, each with a demand for electricity, space heating and domestic hot water and PV
generation. Realistic time-series proﬁles with a 15 min resolution
and linear interpolation between the data points are used
[6,37e40]. The total demand and generation for one year is summarized in Table 2.
The main district heating supply unit is modeled as an ideal heat
source, with no limits on maximum/minimum power or ramp rate,
and with a ﬁxed supply temperature T DH . This assumption was
made as this work primarily focuses on the heat and power distribution networks without further assumptions about central
generators and heat sources. The delivered pressure lift of the
electrically driven DH network pump is determined by the weakest
point in the district heating network, i.e., the building that is hydraulically the furthest away. The hydraulic diameters of the DH
pipes are dimensioned using the nominal mass ﬂow rates of all
connected substations considering a nominal temperature drop of
30 C and were then adapted to their commercially available
equivalent [41].
A transformer unit connects the low-voltage electrical network
to an external grid, i.e., a slack bus that prescribes the voltage and
phase at the connection point. The dimensions of the electric lines
and the transformer rating are based on data provided by the local
network operator [42].
The coupled heat and power network is illustrated in Fig. 3.

Table 2
Summary of all building demand and generation present in the
example application.
Demand/Supply
Space heating
Domestic hot water
Electric load
Photovoltaic

Total [MWh]
1676.1
589.0
511.3
269.3

6.3.1. Business as usual: uncoupled
Traditionally, DH and power networks are not coupled at the
consumer level and, thus, heat demand is supplied exclusively by
DH. In this business as usual scenario the main DH network supply
unit is operating at a higher temperature, i.e., T DH ¼ 65 C, to
guarantee high enough supply temperatures for DHW preparation
with no need for local temperature boosting. Thus, this scenario
represents the current state-of-the-art of uncoupled networks, i.e.,
without EBH, and serves as a reference in terms of total energy use,
peak heat and power supply, network losses or local use of excess
PV generation.
6.3.2. EBHs with reference controller: simple
This scenario introduces EBH to satisfy DHW demand requirements in a DH with low supply temperatures. The supply
temperature of the main DH supply unit is set to T DH ¼ 50 C in this
and the consecutive cases. This scenario serves as a reference for
the performance of the control implementation for the EBH substations. Simple proportional controllers are used with ﬁxed setpoints to control the EBH. The temperature set-point for the heat
HX ¼ 45 C and the electric heater is used to
exchanger is ﬁxed at Tset
TES ¼
keep the temperature of the top layer of the storage tank at Tset
55 C.

6.3.3. EBHs with MPC using perfect forecast: MPC-p
In this scenario the EBH in each building is controlled by the
MPC scheme presented in Section 5. Perfect forecasts for the DHW
demand, space heating, electric load and PV generation for the next
day are assumed in this scenario. Thus, the results for this scenario
characterize the control performance under the assumption of ideal
next day foresight.
6.3.4. EBHs with MPC using naive forecast: MPC-n
Perfect predictions are in reality hard or even impossible to
achieve as demand and generation characteristics are highly
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Fig. 3. Schematic ﬁgure of the networks and consumers including model predictive controllers.

dependent on consumer behavior, for DHW demand and electric
load, or on short-term local irradiation in the case of PV generation.
Thus, the main goal of this scenario is to yield a lower performance
threshold for the proposed MPC scheme. To this end, a simple naive

forecasting method is used in this scenario where the demand and
generation characteristics of the last 24 h are directly used as
predictions to plan the operation for the next 24 h.
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7. Results of example application

space heating demand and PV generation, as can be seen in the
higher shares of electricity usage for DHW preparation in these

In this section the simulation results for one full year for the
different scenarios are given. All results presented in the following
are exclusively taken from the high-ﬁdelity physical system model.

EBH
occasions, see %EBH
SH and %PV . Using naive forecasting leads to a
reduced share of EBH during these times compared to using perfect
forecasts.
The total heat generation from the base unit is generally reduced
when using EBH compared to the uncoupled case due to lower
usage of DH for DHW and lower network losses resulting from the
network supply temperature reduction. However, this comes at the
cost of higher power imports into the electric network. The imports
are increased by 19% using the simple control, by 21% using MPC
with perfect forecasts and, more drastically, by 33% using naive
forecasts.
In summary, EBH controlled by the MPC scheme using perfect
forecasts show very good performance when it comes to reducing
peaks in heat and power consumption as well as increasing PV selfconsumption while also exhibiting beneﬁts from reducing DH
network supply temperatures, i.e., lower losses. The ability to
reduce peaks in the electrical network is lost when using naive
forecasts, mainly due to daily changes in DHW and electricity demand as well as PV generation which leads to signiﬁcant prediction
errors. The MPC with naive forecasts still outperforms the simple
reference controller in reducing heat demand peaks and PV selfconsumption, however, featuring higher total and peak power
imports.

7.1. Comparison metrics
To enable a comparison between the scenarios different performance metrics are analyzed:
DH
 Q_ peak - peak heat generation from the DH base supply unit,
imp
exp
/Ppeak
- peak electric power imported from and exported to
 Ppeak

the external grid,
 FSC - PV self-consumption rate at network level, deﬁned as 1
exp
PV using the total power exported from the network and
Ptot
=Ptot
the total PV generation in the network,
EBH EBH
 %EBH
avg /%SH /%PV - share of EBH on DHW preparation on average
for the full year, at days with high space heating demand and at
days with excess PV generation, respectively,
DH - total heat generation from the DH base supply unit,
 Qtot
DH - total DH network losses, and
 Qloss
imp

 Ptot - total power import into the electric network.

7.2. DHW preparation

Results for these performance metrics are given in Table 3. These
results show that using MPC enables the reduction of heat generation peaks in DH by 17% using perfect forecasts and by 8% using
naive forecasts whereas the simple controller only reduces the heat
generation peak by 3% compared to the uncoupled base scenario.
Moreover, MPC with perfect forecasts is able to achieve the
necessary DHW temperature boost without increasing the electricity demand peak compared to the uncoupled case. The simple
control, in contrast, increases the peak power consumption by 13%.
The use of naive forecasts leads to an even larger increase of peak
power imports, i.e., by 39%, due to high daily variations of load and
generation characteristics which directly affect the quality of the
naive forecasting method.
The scenario MPC with perfect forecast shows a substantial
decrease of peak power export of local PV generation and an increase of PV self-consumption to a ratio of 0.98, meaning that
nearly the total excess generation is used for hot water preparation.
The use of naive forecasts worsens the performance in this regard,
leading to a power export peak reduction of only 7% and a selfconsumption ratio of 0.84. The simple reference controller only
marginally decreases the power export peak and is only able to
slightly increase the self-consumption to 63% compared to 58% in
case of uncoupled networks.
The ﬂexibility utilization of the DHW preparation system for
peak heat demand reduction and increased PV self-consumption by
the MPC increases the average use of electricity for DHW from
12:5% in the simple control case to around 30% for both perfect and
naive forecasts. This is mainly due to using the EBH in times of high

Fig. 4 shows the aggregated energy use for DHW preparation of
all buildings for winter and summer time, i.e., with and without
space heating demand, as well as the average over the full year. For
the uncoupled case the full DHW demand is covered by DH. Around
5% of DHW preparation is done during times with high space
heating demand, i.e., in times of high DH prices, as shown by Q phigh .
The introduction of EBH combined with the simple reference
controller has no inﬂuence on the timing of DH use. Thus, the share
of DH in times of high prices stays the same. However, boosting the
temperature with EBH leads to a 12:5% share of electric load. This
load is mainly covered by additional electric power imports into the
network and little use of PV generation in both summer and winter
as shown by P imp and P PV , respectively.
Using MPC with perfect forecasts changes this picture as almost
all DHW preparation by DH is done during low price times shown
by Q plow and a signiﬁcant share is covered by the utilization of
excess PV generation, i.e., 17%. In summer, boosting the DHW
temperature is in large parts enabled by the use of excess PV generation. Power imports are on average slightly increased compared
to the simple control. This is due to using EBH for both reducing
peaks in DH as well as increasing the use of local excess PV. In total,
leading to a higher share of electric load in DHW preparation, i.e.,
29:9%. The use of naive forecasting in scenario MPC-n leads to a
higher use of DH in high price times and a lower share of PV to
cover the additional electric load. The total share of electric load,
however, stays almost the same. This is a direct consequence of the

Table 3
Comparison metrics for the different scenarios in absolute values and relative change to the uncoupled scenario.
Scenarios

uncoupled
simple
MPC-p
MPC-n

DH
Q_ peak

FSC

exp
Ppeak

imp

Ppeak

%EBH
avg

%EBH
SH

%EBH
PV

DH
Qtot

MW

%

kW

%

kW

%

e

%

e

%

e

%

e

%

MWh

1.03
1.01
0.86
0.95

3
17
8

176
198
176
244

þ13
0.0
þ39

181
179
12
169

1
93
7

0.58
0.63
0.98
0.84

þ9
þ71
þ45

0.0
12.5
29.9
30.1

e
e
e

0
12.5
63.4
60.9

e
e
e

0
12.5
49.5
42.0

e
e
e

2.54
2.41
2.31
2.31

DH
Qloss

%
5
9
9

kWh
275
218
226
225

imp

Ptot
%
20
18
18

MWh
374
446
455
497

%
þ19
þ21
þ33
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occurring in summer, further decreases the DH demand in times
with already low demand. Moreover, the MPC scheme also leads to
signiﬁcantly reduced demand in times of high heating demand by
avoiding simultaneous use of DH for SH and DHW.
In summary, the MPC implementation mainly impacts the low
and high DH demand times and leads to a more leveled power
duration curve by avoiding increased peak demands and limiting
power exports.
The impact of the quality of forecasting becomes apparent when
comparing peak power imports and exports as well as heat generation peaks for the MPC scheme with perfect and naive forecasts.
Using a naive forecasting method leads to the highest power import
values of all scenarios, is not able to signiﬁcantly reduce peak exports compared to the simple controller and only shows a moderate
decrease of heat generation peaks.
7.4. Winter and summer operation

Fig. 4. Energy use for DHW preparation in winter, summer and on average for the
different scenarios.

one day time lag between the perfect and the naive forecasts
resulting in a time shift in the EBH operation pattern but leading to
a similar total energy use.
7.3. Duration curves
Fig. 5a and b shows the duration curves for the heat and power
network supplies, i.e., the main DH supply unit and the external
power grid, respectively.
Comparing the duration curves for the simple control and the
uncoupled scenario shows a shift to lower heat demand values and
higher electric power demand without signiﬁcant change in the
shape of the curves. This is mainly due to the fact that using the
reference control leads to partially substituting DH with electric
power for DHW supply. However, the simple control logic acts
irrespective of any network impact it might have and, thus, does
not inﬂuence the timing of heat or power usage.
The MPC implementation using perfect forecasts, in stark difference to the simple control, is able to avoid major power exports
to the external grid while simultaneously avoiding increased power
demand peaks. The utilization of excess power from PV, mainly

Figs. 6 and 7 show the dynamic behavior of heat generation and
EBH usage for a week in winter with high space heating demand
and a week in summer with high excess power generation from PV
for the different scenarios. Figs. 6a and 7a show the heat generation
of the main DH supply unit together with the average DH price of
all buildings, correlating to the average space heating demand.
Figs. 6b and 7b show the aggregated power consumption of EBH,
i.e., the sum over all EBH in the network, together with the
aggregated excess power generation from PV for the uncoupled
case.
The operation of EBH using the simple reference controller
shows little differences between winter and summer resulting only
from seasonal changes in DHW demand. The simple control is
marginally reducing heat demand compared to the uncoupled case
due to lower network losses and due to the EBH taking over shares
of DHW preparation. However, heat generation from the DH supply
unit for the uncoupled and the simple control scenario show
otherwise very similar characteristics.
The operation pattern changes radically when using MPC. For
the case with perfect forecasts EBH operation in winter mainly
correlates with peak heat demands of the uncoupled case occurring
in the morning and evening and also with occasional excess power
generation from PV. As a result, heat supply peaks in scenario MPCp are reduced signiﬁcantly. In contrast, EBH operation during
summer closely follows the characteristics of excess power generation from PV occurring in the daytime. The use of characteristics
from the last 24 h for naive forecasting results in a clearly visible lag

Fig. 5. Results for the different scenarios.
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of one day in EBH usage. This results in signiﬁcantly different power
demand patterns when using perfect or naive forecasts and ultimately leads to a poorer performance in the case of naive forecasts,
as already discussed in detail.
7.5. Discussion of control performance improvements
In general, the following points lead to major discrepancies from
a theoretically perfect controller and could be improved:

Fig. 6. Winter operation for one week for the different scenarios.

 Model differences. The presented control model is an abstraction
of the detailed physical system model to enable the use within
optimal control schemes. Thus, it is not able to capture all dynamic aspects, such as detailed temperature stratiﬁcation in
tanks, opening times of valves or low-level control errors.
 Finite control horizon. The ﬁnite control horizon of one day used
in this example limits the supervisory control to ﬁnding optimal
control actions regarding only the next day without any
consideration of what might follow.
 Discrete control actions. Using discrete time steps to call the
controller, in this example every 15 min, necessarily leads to
errors due to dynamically and possibly fast changing heat and
power demand or generation. The choice of the control time
step, thus, needs to be well suited for the dynamics of the
controlled system and might also be subject to individual load
and generation characteristics.
 Prediction errors. Forecasting methods for future disturbances,
such as energy demand or prices, are in reality unable to provide
perfect predictions. This results in imperfect control actions due
to wrong anticipation of future events as can be seen in the
scenario using naive forecasts.
 Lack of information exchange. Exchange of information is especially relevant in the case of operational strategies on a network
level. E.g., the peak of power consumption on a network level
does not necessarily correspond with the individual demand
peak of a single building. To control the individual assets, in this
work all fourteen EBH, in a way to achieve a common goal requires reliable information on the current state and possible
ﬂexibility options. Such a coordination between the units could
be achieved, e.g., using a centralized or distributed control
scheme.
An improvement or extension of the tested MPC scheme
following the above listed points and subsequent comparisons was
out of scope in this work.
7.6. Computing time
One simulation run for scenarios including MPC took 72 h on a
standard ofﬁce computer using the time steps Dtqs ¼ 15 min and
Dtctrl ¼ 15 min. The high computing time is due to solving the MPC
problem 490,560, i.e., 35,040 times for each of the 14 buildings,
running the power ﬂow solver for the electric network 35,040
times in total and using dynamic thermal-hydraulic simulation for
the DH network including detailed secondary side models of the
DHW system.
8. Conclusion

Fig. 7. Summer operation for one week for the different scenarios.

This work presents an approach to perform network-scale
control assessments in coupled local district heating and electric
distribution grids. The approach is split in a high-ﬁdelity physical
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system model representation of the networks and a low-ﬁdelity
control model for the supervisory controllers. The detailed
network model is based on dynamic thermal-hydraulic district
heating and electric network models while the advanced control
model is restricted to time discrete control actions. The physical
and the control models are simulated together in closed loop using
a co-simulation setup. This allows to study the impact of different
implementations of advanced control on the local networked
infrastructure. The developed method can be used in the planning
phase of smart local multi-energy communities and assist the
decision-support for stakeholders such as urban planners or energy
suppliers.
The control assessment approach is applied to a lowtemperature district heating and low-voltage electric network using model predictive control to operate domestic hot water booster
heaters in a grid-friendly way. The performance of the proposed
MPC formulation is tested using perfect and naive forecasting
methods and compared against a simple reference control implementation and the case of uncoupled networks. Results show that
the presented MPC scheme is able to reduce heat demand peaks in
the district heating network, avoids introducing power demand
peaks in the electric network and can make use of local excess
power from photovoltaic generators. However, the control performance highly depends on the quality of forecasts for demand and
generation. Possible means to increase the control performance are
discussed.
Several aspects of this work could be further improved. Methods
to decrease simulation times, e.g., using parallelization would
enable the application to large-scale networks. Different forms of
network-wide control could be tested, e.g., centralized vs. decentralized, and the involved information exchange could be explicitly
included in the co-simulation setup. Moreover, the presented
model predictive control could be combined, e.g., with a supply
temperature optimization at the district heating base unit. The
utilization of ﬂexibility from the thermal mass of buildings could
further help to reduce district heating demand peaks and, when
booster heat pumps are installed, might also be an attractive option
to provide electricity grid services and reduce network supply
temperatures.
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Abstract: Innovations in today’s energy grids are mainly driven by the need to reduce carbon
emissions and the necessary integration of decentralized renewable energy sources. In this context,
a transition towards hybrid distribution systems, which effectively couple thermal and electrical
networks, promises to exploit hitherto unused synergies for increasing efficiency and flexibility.
However, this transition poses practical challenges, starting already in the design phase where
established design optimization approaches struggle to capture the technical details of control and
operation of such systems. This work addresses these obstacles by introducing a design approach that
enables the analysis and optimization of hybrid thermal-electrical distribution systems with explicit
consideration of control. Based on a set of key prerequisites and modeling requirements, co-simulation
is identified as the most appropriate method to facilitate the detailed analysis of such systems.
Furthermore, a methodology is presented that links the design process with the implementation
of different operational strategies. The approach is then successfully applied to two real-world
applications, proving its suitability for design optimization under realistic conditions. This provides
a significant extension of established tools for the design optimization of multi-energy systems.
Keywords: design optimization; control and operation; multi-carrier energy systems; co-simulation

1. Introduction
The joint design and integrated operation of electrical distribution grids and district heating
systems promises to exploit hitherto unused synergies for increasing efficiency and flexibility.
The envisaged goal is to achieve an increase of the hosting capability of electrical distribution networks
for renewable energy sources (RES), while simultaneously reducing greenhouse gas emissions
and primary energy use of district heating systems. For instance, in electrical distribution grids,
the integration of photovoltaic (PV) and wind generation into the existing infrastructure has severe
consequences on the power quality. At the same time, district heating networks struggle to replace
carbon intensive heat plants with economically feasible combined heat and power plants and other
renewable heat sources. In case network planning and operation are done appropriately, the diverse
storage technologies, the different time constants and the diverse constraints regarding demand and
generation can complement each other.
However, there is a lack of tools and methods for designing such integrated energy systems,
especially in view of a detailed validation of proposed control and operation schemes. The work
Energies 2020, 13, 1945; doi:10.3390/en13081945
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presented here introduces a design approach that addresses the technical challenges of both
domains at the same time, including their dynamic interaction at network level as well as local
and high-level control (see Figure 1). This enables the exploitation of synergies in the operation of
hybrid thermal-electrical distribution system in an optimal way. The presented approach relies on
co-simulation, which enables the coupling of domain-specific simulators and multi-purpose tools in a
way that allows to combine multi-physics simulations and optimization procedures. This approach is
motivated by the criteria established in Section 2, and backed up by reviewing the available tools and
methods according to the state-of-the-art for simulation and optimization (Section 3). A description of
the modeling approach and the utilized simulation tools is presented in Section 4. Based on this, a novel
methodology is presented in Section 5 that links design constraints to suitable operational strategies
and optimization methods. Finally, the applicability of the presented approach is demonstrated in two
real-world applications in Section 6.

dynamically coupled
network models

design
op�miza�on

proposed
design
approach

control and
opera�on

Figure 1. Scope of the design approach proposed in this work.

Scope and Main Contributions
This paper aims at developing an integrated optimal design and control framework for coupled
district heating and electrical distribution networks, extending the scope of traditional design tools for
multi-energy systems. The simulation and optimization framework is illustrated for designing storage
and thermal-electric appliances in two case studies, i.e., an industrial and a rural area. Note that
the focus of this work lies on the methodological contribution rather than on the case study results.
Compared to existing studies, this work explicitly includes detailed models for the district heating
network, the electric distribution grid as well as low- and high-level control implementations already in
the design stage. Thus, the method considers the impact of different levels of control and operation on
the optimal system design. The coupling of heterogeneous modeling paradigms and tools is established
via a co-simulation approach and the design optimization relies on the use of meta-heuristics.
This work addresses experts with backgrounds in district heating, electric distribution,
energy storage deployment, control theory, design optimization and (co-)simulation alike.
The multi-disciplinary nature of the proposed design approach (see also Figure 1) requires a
comprehensive introduction and presentation of the work to make it understandable and useful
for readers and experts coming from these different fields.
In summary, this paper contributes to the research field by presenting a simulation-based design
optimization approach that: (i) is based on a fully dynamic thermal-hydraulic district heating and
electrical distribution network model; and (ii) explicitly includes closed-loop control implementations
and, thus, leads to the optimal design being dependent on operational aspects. The method is used
in two case studies that exhibit different control complexities, i.e., model predictive and rule-based,
and design spaces, i.e., a finite set of allowed solutions and an infinite set of possible designs.
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2. Prerequisites for the Design Optimization of Hybrid Distribution Systems
2.1. Determining Factors of Hybrid Distribution Systems
Hybrid networks are realized through the physical interconnection and joint operation of electrical
and thermal distribution grids. From a technical perspective, this is accomplished with the help of
coupling points, i.e., devices which directly or indirectly enable the exchange of energy across carrier
domains. For the proposed design approach, a (preliminary) technical system layout for both the
electrical network and the thermal network topology is required from the domain experts, which
already includes the type and position of the coupling point(s). The considered degrees of freedom in
this work are typically related to the sizing of components (e.g., storage capacities or power ratings)
or controller set-points (e.g., gains or thresholds). A specific technical system layout together with a
specific set of numerical values for theses degrees of freedom is referred to as system configuration in
this work.
The proposed design optimization approach explicitly considers operational and control aspects
at different levels. In general, there are control systems at the process level (e.g., for heat pumps or
transformers) that are designed to ensure that objectives are achieved locally (e.g., valve positions
and tap changer). However, the complexity of control schemes increases drastically when individual
processes are combined to larger systems and new (common) control/optimization targets are defined.
In such a case, a higher-level control instance—referred to as operational strategy in this work—is
required that governs the local processes in compliance with relevant system constraints (compare
with Figure 2).

thermal/electrical network
producers

distribution
grid

consumers

local
controller

local
controller

local
controller

operational strategy
Figure 2. Overview of local control (process level) versus operational strategy (system level).

2.2. Key Prerequisites and Modeling Requirements
This work focuses on the optimization of technical design aspects, assessing the impact of
system configurations and operational strategies on the system’s performance. This requires not only
the quantification of performance indicators on the system level, but also validation down to the
component level, in order to avoid infeasible results. Hence, any valid design approach for hybrid
thermal-electrical distribution networks has to fulfill the key prerequisites (KP) presented in Table 1.
In general, the most viable approaches in this context are simulation-based methods, as they allow
the qualitative and quantitative examination of new concepts in a comparably fast and inexpensive
way before deployment. However, the accurate and detailed modeling of all involved networks
including their coupling points and control is of utmost importance. When deployed in a joint
simulation, the (sub-)models representing the individual domains have to comply with the modeling
requirements (MR) presented in Table 1.
It should be noted that some of the criteria defined above do not necessarily apply for design
optimization approaches focusing on socioeconomic goals, especially regarding the required level of
detail (spatial and temporal).
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Table 1. Key prerequisites and modeling requirements for the assessment of hybrid networks.
Key Prerequisites
KP1

A method for analyzing coupled thermal and electrical distribution systems on a network level
is required, which allows a technical assessment with reasonably high spatial and temporal
resolution.

KP2

Given a system layout with certain degrees of freedom and a design criterion represented by a
(scalar) objective function, a suitable method is needed to optimize this layout by minimizing
this objective function.

KP3

The tools and methods used for analysis and optimization must enable domain experts to actively
participate in the design process.
Modeling Requirements

MR1

When combined, the (sub-)models need to capture the dynamic interactions between the domains,
i.e., electric, thermal and control, on the system level. This is the prerequisite for enabling the
design of new coupling concepts and operational strategies for hybrid distribution systems.

MR2

At the same time, they have to enable the detailed study of the impact on the individual domains,
from the network down to the component level. This is required to check the feasibility of any
coupling concept and/or operational strategy from the technical perspective of the respective
domains.

MR3

In addition, the proper representation of local controls at process level and overall operational
strategies is required. Their proper interaction with the models of the physical processes is
fundamental for a complete system representation and can come in various forms, e.g., from
simple PID to model predictive control.

3. State of the Art Regarding the Simulation and Optimization of Hybrid Distribution Systems
3.1. Simulation of Coupled Heat and Power Networks
Previous work on multi-carrier energy systems was mainly focused on determining an optimal
mix of energy sources as well as conversion and storage technologies. Comprehensive overviews
were given by Mancarella et al. [1] and van Beuzekom et al. [2], who independently concluded that
existing approaches are not suited for detailed technical assessments that are required for network
infrastructure planning and operation. Consequently, they argued that there is a need for new tools
and methods in this regard. One of the main reasons is that established tools for system design, such as
EnergyPLAN [3] or HOMER [4], do not offer models that are detailed enough to evaluate the effects of
local controls on the process level, thus disagreeing with KP1, MR2 and MR3. Unfortunately, simulation
tools that focus on the technical evaluation of energy systems on the process level are by themselves
also not suited in this context [5], as they are typically concerned with just a single energy-related
domain. Anything outside their direct focus is usually taken into account only implicitly or using
simplified models, thus disagreeing with KP1, MR1, MR2 and MR3.
A potential solution is provided by multi-domain modeling languages. For instance, there exist
several libraries for the Modelica [6] language that target energy-related domains, such as power
systems [7,8] or buildings [9], which in combination allow the modeling of hybrid thermal-electrical
distribution systems (and thus satisfying KP1 and MR1). It has also been demonstrated how such
models can be utilized for standard optimization approaches (satisfying KP2), see for instance [10].
However, domain experts (thermal, electrical, controls) are often not trained to use such tools, which is
complicating compliance with KP3. Furthermore, since Modelica focuses on modeling physical
systems, the implementation of controls and operational strategies with a high algorithmic effort,
e.g., model predictive control, can become difficult, thus complicating compliance with MR3. Most of the
above arguments are also valid for similar languages and tools, e.g., MATLAB/Simulink/Simscape [11].
Hence, in the context of simulating hybrid thermal-electrical distribution networks, the usability of
approaches relying exclusively on multi-domain modeling languages is in practice (still) limited, or at
least the associated effort is (still) considerably high.
An alternative solution is offered by co-simulation approaches, which overcome these limitations
by enabling the coupling of domain-specific simulators and multi-purpose tools (thus satisfying MR2
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and MR3). This allows domain experts to use the most appropriate tools according to the
state of the art for their respective domain, including advanced optimal control schemes.
On the one hand, this guarantees an adequate and precise representation of the individual
domains (thus satisfying KP1 and MR1) [12]. On the other hand, it facilitates the participation of and
interaction between experts from different domains, whose expertise is often closely linked to specific
tools (thus satisfying KP3). This advantage has led to various research activities in many energy-related
domains, e.g., buildings [13,14], power systems [15–18] and hybrid distribution networks [12,19].
Given these considerations, co-simulation has been chosen to analyze systems according to the
criteria defined in Section 2 for the work presented here. Even though other approaches—and especially
approaches based on multi-domain modeling languages—are expected to become mature and flexible
enough in the future, the advantages of coupling domain-specific simulators and multi-purpose tools
in a co-simulation still prevail.
Within this context, established tools for the design and optimization of multi-energy systems
can be considered as important guides for an overall design process, as their results should be used as
starting point for a detailed technical evaluation.
3.2. Design Optimization of Coupled Heat and Power Networks
Available literature on design optimization of hybrid thermal-electric networks is mainly based on
the energy hub concept introduced by Geidl et al. [20]. Related work focuses on determining optimal
design of energy hubs such as selection and sizing of coupling units and storages [21]. However,
applied models rely on many simplifications and are not able to cover technical aspects relevant in
power networks (e.g., voltages and reactive power), in district heating (e.g., temperature propagation
and pressures), and also in individual components (e.g., temperature stratification in thermal storages).
Thus, such an approach contradicts the identified modeling requirements MR2 as well as MR3.
One possible solution, targeted in this paper, is to utilize detailed (co-)simulation setups for design
optimization. Even though simulations are very well suited to characterize a given system design
using a system performance measure, their application in the context of design optimization is more
challenging. From a mathematical programming point-of-view, the simulation-based design leads to
objective functions that must, in general, be considered non-linear, multi-modal and discontinuous [22].
To make matters more complicated, the evaluation of the objective function is computationally
expensive (minutes to hours or even days per evaluation), depending on the complexity of the
simulation model. With the number of possible design variables being high and the range of
corresponding input parameter values being huge or even infinite, it becomes infeasible to perform
this search by hand or by brute-force. Thus, this problem class requires to either reduce the allowed
solution space and/or to use efficient black-box optimization algorithms, where finding a global
optimum within finite time is not guaranteed [23].
Nevertheless, simulation-based design optimization is a frequently used technique as it allows
the use of detailed models. The possibility to use high-fidelity models for optimization is especially
relevant when targeting systems-of-systems, such as hybrid thermal-electric networks in this work,
and, thus, satisfies KP2. In energy-related research, applications to building design are most
frequent. The dynamic simulation tool IDA ICE together with a multi-objective optimization was
used to find cost-optimal energy performance renovation measures for educational buildings by
Niemela et al. [24]. Delgarm et al. [25] used the building energy simulation program EnergyPlus
and a multi-objective particle swarm optimization to find the building specifications that minimize
annual energy consumption. Many more similar studies exist and Nguyen et al. [26] provided an
extensive summary of building related simulation-based optimization methods. Recent work uses
simulation-based optimization in the context of district heating system design. Wang et al. [27]
optimized the hydraulic design of variable-speed pumps in multi-source district heating networks
using static hydraulic simulation and a genetic optimizer. Van der Heijde et al. [28] tried to find
the cost optimal location and size of thermal storage tanks in district heating networks using
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dynamic thermal-hydraulic simulation combined with optimal control and a genetic multi-objective
optimization algorithm.
3.3. Summary and Conclusion Regarding the Relevant State of the Art
Based on the review of the relevant state of the art above, it follows that established
optimization models do not provide the level of detail required for assessing hybrid thermal-electrical
distribution grids, especially in view of closed-loop control and operation. In practice, currently
only the co-simulation of domain-specific technical models can provide the desired degree of
accuracy. However, even though these technical models are commonly used by domain experts
for detailed assessments, they are typically not designed nor intended to be used for optimization.
The literature gives examples of how co-simulation and this class of technical models can be used for
optimization, but there exists—to best knowledge of the authors—no general methodology to support
this process.
In this context, this work is the first to introduce simulation-based optimization for coupled
district heating and electric network simulation combined with closed-loop control. A methodology to
assist the co-simulation-based design of coupled heat and power networks is presented by providing
conceptual guidance and a proof-of-concept implementation to the above mentioned problem setting.
The focus lies on the utilized technical models (see Section 4) and their integration into suitable
optimization approaches (see Section 5), not on the formulation of specific optimization algorithms.
Table 2 summarizes this situation in terms of the KPs and MRs identified above (+, full compliance;
◦, compliance with effort; −, insufficient compliance).
Table 2. Comparison of modeling and simulation approaches in view of key prerequisites and
modeling requirements.

established design optimization tools
domain-specific tools
multi-domain languages
proposed approach (based on co-simulation)

KP1

KP2

KP3

MR1

MR2

MR3

−
−
+
+

+
◦
◦
◦

◦
+
◦
+

+
−
+
+

−
−
+
+

−
−
−
+

4. Simulation Approach for Hybrid Networks
This section presents the approach used in this work for the detailed simulation of coupled heat
and power networks including control. The overall model is highly complex, exhibits non-linear
behavior and has no closed algebraic formulation. On the one hand, this rules out the utilization of the
most commonly used optimization approaches (e.g., LP or MILP). On the other hand, this additional
complexity is unavoidable for analyzing the technical details of control and operation in such networks.
In view of the general optimization methodology presented in Section 5, the presented approach can
be regarded as a representative example of co-simulation approaches used for technical assessments.
As such, it highlights the differences between the class of simulation models targeted by this work and
the class of models typically used for optimization.
4.1. Co-Simulation Environment
A co-simulation approach enables the coupling of the different modeling paradigms,
i.e., a transient thermal-hydraulic model, a quasi-static power flow model and time-discrete advanced
control models. Thus, the influence of time-discrete advanced control systems, e.g., using rule-based
control or model predictive control (MPC), on the dynamic physical system, i.e., the electric and the
district heating (DH) network including supplies, coupling units and consumers, can be studied.
This enables the assessment of hybrid thermal-electrical distribution grids with appropriate spatial
and temporal resolution for relevant use cases [12].
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The modeling activities and environments used in this work are split into the control model
and the physical system model, with the latter only including low-level control, e.g., PID controllers.
The assessment method is based on modeling tools according to the state of the art for each domain
that are presented in more detail in the following sections.
Within the context of this work, the FUMOLA environment [29] has been used as co-simulation
environment. FUMOLA is specifically designed to support the features offered by the Functional
Mock-up Interface (FMI) specification [30], which defines a standardized application programming
interface (API) and model description for both co-simulation and model exchange. FMI was selected
as it is a mature, non-proprietary specification, developed by both academia and industry. The FMI
standard enables the exchange and extension of tools and methods for the different domains and,
thus, makes the approach highly versatile and extensible, especially in selecting the most appropriate
method for advanced control system implementation.
4.2. District Heating Network Model
Thermal networks (including producers, network, thermal storages and consumers) are modeled
in Modelica/Dymola [6,31] with the help of the DisHeatLib library [32] that is built upon the IBPSA
library [33]. These open-source libraries include models for the most relevant components of district
heating networks, considering bi-directional mass flows, heat transport delays, detailed substation
and storage models and other thermo-hydraulic aspects that are highly relevant in heat networks.
In addition, it provides models of local controllers and interfaces to electric networks. In summary, this
modeling approach captures transient thermal and quasi-static hydraulic network behavior. The most
relevant models are shortly presented in the following.
All DH pipes are modeled using a plug flow approach. The outlet temperature Tout and, thus,
the heat loss of a fluid parcel passing a pipe is described as:

τ
Tout = Tg + Tin − Tg e− R·C

(1)

It depends only on the initial temperature Tin , residence time τ, undisturbed ground temperature
Tg calculated using the Kusuda equation [34], thermal resistance of the pipe R and heat capacity of the
water in the pipe C. The pressure drop mass flow correlation along the pipe is given by
ṁ = sgn(∆p)k

q

|∆p|

(2)

where k is the constant flow coefficient calculated for nominal conditions using the Colebrook equation
for turbulent flow in rough pipes [35]. Details about implementation and experimental validation can
be found in [36]. Heat exchangers in the DH substations are modeled with a variable effectiveness
using a number of transfer units approach [37]. Valves are modeled using the above pressure drop and
flow rate correlation with the flow coefficient k depending on the opening control signal.
Thermal energy storages are modeled using a vertically discretized multi-node approach to
account for stratification and buoyancy [38]. Heat pumps are modeled using a Carnot-efficiency-based
approach, electric heaters use a constant efficiency and gas and biomass boilers as well as combined heat
and powers (CHPs) use heat generation dependent efficiencies. The main district heating supply unit
is modeled as an ideal heat and differential pressure source and with no limits on maximum/minimum
power or ramp rate. A fixed supply temperature is assumed for all generators.
A full list of model formulations and implementations can be found in the open-source Modelica
libraries DisHeatLib and IBPSA.
4.3. Electrical Distribution Grid Model
Electrical distribution grids (including producers and consumers) are modeled with DIgSILENT
PowerFactory [39], an engineering tool targeting primarily professional users. The quasi-static
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assessment of the electrical networks covers the most important features, such as voltage fluctuations
and time-varying loads and generation. DIgSILENT PowerFactory’s simulation interface has been
extended to enable a series of consecutive power flow calculations in a co-simulation [40].
The power flow equations for node a in an N-node system are given in complex form:
N
S∗a
=
∑ Yab Vb
Va∗
b =1

(3)

where S∗a and Va∗ denote the complex conjugate apparent power and voltage at node a, respectively,
Yab denotes the bus admittance matrix and Vb denotes the complex voltage at node b. This results to
2n equations for the 4n unknowns, i.e., voltage, active/reactive power and voltage angle.
Coupling units are modeled as PQ buses, where active and reactive power is known,
using the average power consumption/generation from the dynamic DH network model over
the synchronization interval ∆tqs as input. Transformer units connect the low-voltage electrical
networks to an external grid, i.e., modeled as a slack bus that determines the voltage and phase at the
connection point.
4.4. Operation and Control Models
General-purpose tools such as MATLAB or Python can be integrated into the co-simulation
with the help of FMI-compliant interfaces [41,42]. After each synchronization interval ∆tctrl , they are
called with the latest simulation outputs (measurement data), based on which they calculate and
return new control setpoints that are then fed back to the physical models (feedback loop). This
facilitates the implementation of a potentially large range of different types of algorithmic approaches
for system-level controllers, including rule-based or model-predictive control schemes (see below).
Local controllers on the process level are implemented within their respective subsystem models.
4.4.1. Rule-Based Operational Strategies
Rule-based control generally relies on a list of i deterministic rules formulated as logical and/or
algebraic expressions, e.g., a hysteresis controller that issues on/off signals. These rules constitute the
knowledge base to determine a control action ψi for a set of inputs (measurement data) corresponding
to a certain system state φi .
(φ1 → ψ1 ) ∧ ... ∧ (φi → ψi )
(4)
Constructing this list of rules relies on expert knowledge. The reasoning depends on the specified
operational goals and is often highly case-specific.
4.4.2. Model-Based Operational Strategies
Model-based control algorithms, in comparison, rely on knowledge about the dynamic system
behavior ẋ(t) and the impact of control actions u ∈ U to govern the overall system along an optimal
trajectory. The model can be used within an optimal control scheme to determine the control action
that satisfies all system dynamics and yields an optimal performance metric J:
min J =
u∈U

Z t
f
ts

L(x(t), u(t))dt

(5)

s.t. ẋ(t) = f (x(t), u(t))

where L is a cost function, ts is the start and t f is the final time of the control horizon. The continuous
time optimal control problem is often transformed into a time discrete version where the dynamics are
represented by a (linear) state-space system. At runtime, feedback from the system (measurement data)
and predictions of disturbances can be used to provide safe operation and optimal performance with
respect to the operational goals. The use of model-based optimal control schemes is often labor intense,
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especially if model identification is not automated, requires a suitable optimization algorithm and
solving the mathematical programming problem might be time consuming.
5. Design Optimization and Control of Hybrid Networks
This section describes the proposed design optimization framework for hybrid thermal-electrical
distribution networks, focusing on the technical assessment of such systems for the purpose of network
planning and operation. It is based on a simulation-based optimization approach that utilizes the
detailed coupled heat and power network simulation including closed-loop control, presented in the
previous section. The general resulting design optimization problem is given by
z∗ = argmin c ( g(z))
z∈ Ω

(6)

where the function g(z) involves one (co-)simulation run for a specific system configuration z and Ω
describes the solution space, i.e., the set of all possible and allowed system configurations. The goal of
the design optimization process is to find the system configuration z∗ that minimizes the objective
function. Due to the high computational burden involved in executing one call of g(·), it is important
to a priori reduce the number of possible system configurations. Hence, the proposed design approach
assumes that most basic design decisions have already been reached using either expert know-how
and/or established design optimization tools, e.g., the choice of conversion and storage technologies
has been made employing mixed-integer linear programming techniques.
The objective function c(·) relates results from one simulation run g(z) for a specific system
configuration z to the optimization criterion, such as costs or technical key-performance indicators.
Thus, the objective function maps certain technical and/or economical aspects of the overall system to
a numerical (scalar) value. In the case of multi-carrier energy systems, objective functions typically
relate aspects of the overall system that are traditionally treated by separate engineering domains, e.g,
total energy imports for both heat and power. Furthermore, objective functions may evaluate effects
that result from dynamic interactions between the subsystems, especially synergies among production,
consumption and storage and their impact on network operation.
5.1. Influence of Operational Strategies on Optimal Design
The objective function of a given system configuration is highly dependent on the performance
of the respective operational strategy and implemented control. Hence, to yield a small value
for the objective function, the operational goals (e.g., the use of local PV generation for heat pump
operation) should be in-line with the design optimization targets (e.g., sizing of heat pump to increase
PV self-consumption). To this end, the operational goals and design optimization targets need to be
translated into an appropriate control implementation.
In this work, two categories of control schemes, i.e., rule-based and model-based, are considered
in more detail in Section 4.4. From the point of view of design optimization, these two categories of
operational strategies serve very different purposes:
•

•

The evaluation of a system configuration with the help of a rule-based operational strategy
provides by itself little or no information about how this specific configuration could be
improved. Improvements could be potentially achieved by changing either the design or the
operational strategy.
In contrast, the evaluation of a system configuration with the help of a model-based optimal
operational strategy yields a measure for the best possible performance for this specific system
configuration.

This difference comes from the fact that model-based optimal operational strategies are—by
design—able to guide the system evolution in accordance to the defined optimization targets.
In contrast, a rule-based approach is always heuristic, such that there is a priori no such guarantee.
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In this case, both a different set of rules or a different system configuration could yield a performance
improvement with respect to the objective function.
5.2. Design Optimization Approaches
The design process needs to adapt to the specific circumstances of any given project, especially
constraints regarding available design options. For instance, there may be economical or legal
restrictions or technical constraints (especially due to already existing infrastructure). In practice,
this has a strong influence on the number of possible system configurations (see, for instance, the
applications in Section 6). Hence, the following two complementary approaches are introduced,
taking into account the size of the solution space and the implemented control scheme:
•
•

Optimal Control Scan (OCS): In case only a very limited number of possible system configurations
needs to be considered (e.g., due to specific design constraints), the evaluation of all these options
with the help of an optimal control strategy determines the best possible design candidate.
Heuristic Parameter Scan (HPS): In case the number of possible system configurations is large
and the evaluation of all possible options is unfeasible due to the associated computational load,
a metaheuristic optimization algorithm on top of a rule-based heuristic operational strategy can
be utilized to determine the best possible design candidate.

In considerations of the above, the choice between OCS and HPS represents a trade-off among
implementation effort, computational complexity and usability of the operational strategies for
design optimization. Figure 3 visualizes this trade-off in terms of the size of the solution space,
the computational complexity of the utilized operational strategy and the implementation effort for the
associated sub-tasks (i.e., controller development and candidate selection). A combination of OCS and
HPS, i.e., metaheuristic design optimization on top of an optimal control scheme, for a large number
of possible system configurations, although preferable and theoretically possible, is not considered
due to the high computational effort involved.
Figure 4 visualizes the different optimization approaches of OCS and HPS. In OCS, the optimizer
is an integral part of the operational strategy implementation, guiding the system evolution towards
optimal operational performance. In HPS, the optimizer is separated from the co-simulation and
design optimization is achieved by repeatedly executing the co-simulation with different parameters.
In this context, another benefit of using co-simulation becomes apparent, because the choice between
both approaches has virtually no impact on the modeling of the thermal and electrical domain,
as long as the operational strategy is implemented as an individual and exchangeable component in
the co-simulation.
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Figure 3. Comparison of the Optimal Control Scan (OCS) and the Heuristic Parameter Scan (HPS),
indicating higher (↑) and lower (↓) implementation effort for specific sub-tasks.

design
op�mizer

co-simulation
thermal model
electrical model
operational strategy

(a)

(b)

Figure 4. Schematic view of the relation between co-simulation and optimizer for: (a) the Optimal
Control Scan (OCS); and (b) the Heuristic Parameter Scan (HPS).

5.3. Optimization Algorithms, Decision Variables and Objective Functions
The choice between OCS and HPS is first and foremost conceptual, providing a guideline for
implementing the actual optimization. For both cases, a large variety of optimization algorithms
exists that can be applied, thanks to the flexibility of co-simulation approaches. In the case of HPS,
any metaheuristic population-based optimization algorithm can be applied that can take the results
from individual co-simulation runs as black-box input, such as PSO [43], Differential Evolution [44]
or PSwarm [45]. In the case of OCS, the co-simulation approach enables for instance the integration
of existing toolboxes for model-predictive control, LP or MILP for MATLAB or Python. For example
implementations—without loss of generality—refer to Section 6.
Using co-simulation of domain-specific models as basis for system assessment allows including
more detailed technical information for decision variables compared to traditional optimization
approaches. However, the choice between OCS and HPS does have practical implications for the
selection of decision variables and objective functions. In the case of HPS, the decision variables used
by the optimal control instance have to be based on the measurement data of the current and previous
simulation time steps. For HPS, in contrast, the optimizer has not only access to all measurement
data but also the full set of results of each completed co-simulation run. This means that overall key
performance indicators (e.g., total energy saving or yearly local self-consumption) can be included
in the objective function. This distinction is key for understanding the conceptual and qualitative
difference regarding the optimality of results in OCS and HPS. Nevertheless, from a quantitative and
practical point of view, both approaches yield (near) optimal results.
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6. Proof-of-Concept Applications
The applicability and usefulness of the proposed design approach is demonstrated with the
help of two real-world applications. Both applications focus on the design optimization of hybrid
thermal-electrical grids from a technical perspective, aiming at exploiting synergies between the
networks by mutual support during operation. Hence, no monetary optimizations are applied,
i.e., neither investment nor operational costs are considered.
Both application examples aim at local consumption of excess PV generation using heat pumps
or electric boilers. However, the proposed design approach is not limited to this kind of applications
and could also be applied to applications with a focus on short-term and/or long-term storage,
peak shaving, or others.
6.1. OCS Example Application: Suburban Industrial Area
6.1.1. Technical System Layout
The system is located in a suburban industrial park area, comprising multiple office buildings and
industrial facilities at four adjacent sites, with a total yearly electrical demand of 1 GWhel and a total
yearly thermal demand of 2.3 GWhth . Figure 5 presents a schematic of the technical system layout.

Figure 5. Schematic overview of the hybrid system layout for the suburban industrial area (GB, gas
boiler; BB, biomass boiler; GWHP, ground water heat pump; WWHP, waste water heat pump; PV,
photovoltaic module; CHP, combined heat and power plant). The components targeted by the design
optimization process are highlighted in orange.

The on-site low voltage network consists of 0.6 km of cables and 0.6 km of overhead lines, and has
five medium-size PV systems with a total installed capacity of 272 kWpel connected to it. The heat
network connects the thermal generators and demand sites, which makes it possible to share heat
between them. Three of the sites use previously installed gas boilers (GBs) with a total nominal
capacity of 2.44 MWth , whereas the fourth site uses a CHP plant with a nominal capacity of 950 kWth ,
all four connected to thermal buffer tanks. Moreover, a biomass boiler (BB) with 950 kWth nominal
capacity is feeding the heat network.
The main task in this application was to add and size a ground water heat pump (GWHP) and a
waste water heat pump (WWHP), representing the degrees of freedom in the design process. These heat
pumps and the CHP are the system’s coupling points between the networks.
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6.1.2. Operational Strategy
The foremost goal of the operational strategy is to maintain an operational temperature between
80 and 95 ◦ C in all thermal buffers, in order to guarantee that the thermal demand can be fulfilled at
all times at an admissible temperature level. At the same time, the following optimization targets should
be considered:
•
•

The local consumption of on-site PV production for thermal production should be maximized.
On-site CO2 emissions and electricity imported from the external grid should be minimized.

These operational targets can be translated into an operational strategy, which was implemented
as model-based optimal control (compare with Section 4.4.2), based on a linear optimization problem
formulation. It prioritizes the heat sources according to the following scheme:
1. In case there is sufficient PV production, heat pumps are given priority over all other heat producers
in order to maximize the consumption of on-site PV production.
2. In case the heat pumps cannot provide sufficient generation, the BB is used.
3. In case heat pumps and the BB combined cannot provide sufficient generation, the CHP is used.
4. In case the demand is still not met, the GBs are fired.
At the same time, the controller keeps track of all operational constraints (matching of generation
and demand, production thresholds, network constraints, etc.). This guarantees the optimal operation
for a given system configuration.
6.1.3. Design Optimization Strategy
For optimizing the system design, the heating capacities of the two heat pumps are the degrees of
freedom. However, only a limited number of realistic sizing options has been identified beforehand
by the owner, based on experience and expertise from domain experts as well as spatial and budget
constraints. For instance, since WWHPs are more efficient than GWHPs, operation of the WWHP is
prioritized, whereas the GWHP is only turned on if even more electricity from PV is available and
heat is needed. Therefore, all selected configurations foresee a bigger WWHP in combination with
a smaller GWHP. Furthermore, given the operational strategy explained above, which also aims at
a minimization of the electricity consumption from the external grid, the maximal practical size of
the heat pumps is limited by the maximal PV production. These considerations led to three potential
system configurations (see Table 3), which differ in the sizing of the heat pumps.
Table 3. Considered system configurations.
Configuration Name

WWHP Size (kWel )

GWHP Size (kWel )

A
B
C

100
150
200

50
50
50

With the limited number of system configurations and the possibility to translate the operational
strategy into an optimal controller scheme, the OCS is the natural choice of optimization approach for
this application (see Figure 6).
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Figure 6. Schematic overview of the OCS workflow applied to the system design of the suburban
industrial area.

6.1.4. Results
As expected, the operational strategy is affected by the seasonal variations (temperature, solar
irradiance), effectively resulting in seasonal operational modes that prefer different sources at different
times of the year. These significant differences necessitate the evaluation of the system performance on
a yearly basis, in order to provide a good basis for the choice of the optimal design.
Figure 7 summarizes the performance of the three considered system configurations in terms of
HP ), the biomass boiler (Ebio ) and the CHP (ECHP ).
yearly total energy production for the heat pumps (Etot
tot
tot
In all three cases, the thermal energy production of the gas boilers is around 230 MWhth /a. The figure
shows that Configuration C—which has the largest WWHP—fails to exploit the full potential of the
PV generation, resulting in the smallest total energy production of all configurations. This is due to
the fact that the heat pump must not be operated below 80% of its maximum capacity, which in turn
leads to a high threshold for turning it on in Configuration C. Configuration A—with the smallest
WWHP—slightly falls behind Configuration B, which provides in this regard the best compromise
as it exhibits the largest total generation from the heat pumps. Furthermore, in Configuration C,
the WWHP’s high operational threshold causes not only an increase of biomass-based generation,
but actually leads to an overcompensation at the cost of the CHP-based thermal generation compared
to the other configurations.
Analysis of the detailed results from the co-simulation shows that Configuration B has the most
favorable impact on the electrical system in view of integrating the on-site PV production. For instance,
it shows the most significant improvement of the voltage band usage compared to non-hybrid system
layouts by reducing the time and amount the maximum voltage band exceeds the 10% threshold.
In conclusion, even though the improvements from the system level point of view are limited
due to the actual available PV generation and other practical constraints (e.g., economical aspects of
increasing the CHP capacity), Configuration B shows overall the best thermal and electrical system
HP = 225 MWh /a)
performance. It optimally exploits the on-site PV generation via the heat pumps (Etot
th
while at the same time providing a modest reduction of fuel-based generation from the CHP and the
fuel = −211 MWh /a). Furthermore, the design goal of minimizing on-site CO is
biomass boiler (∆Etot
2
th
successfully met through the preference for the heat pumps, the biomass boiler and the CHP over the
gas boiler (see Figure 8).
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Figure 7. Comparison of the yearly thermal energy production of heat pumps, biomass boiler and CHP
for the three considered system configurations (Configuration A, Configuration B and Configuration C).

Figure 8. Yearly load duration curve.

6.2. HPS Example Application: Rural Residential Area
6.2.1. Technical System Layout
The system comprises a rural low-voltage electric grid with a total cable length of about 6.5 km.
This network connects residential, commercial and agricultural customers, summing up to a total
number of around 110 customers with a total annual power demand of around 775 MWhel and PV
systems that are feeding a total of 384 MWhel per year.
The district heating network structure is typical for rural areas with low heat demand
density (linear density of about 520 kWhth /a/m and peak load demand of about 2.0 MWth ).
An outdoor-temperature dependent heating curve is used to set the supply temperature between 90
(winter) and 70 ◦ C (summer). Return and supply pipes connect around 60% of the buildings in the
area with a base heat generation plant responsible to keep the differential pressures at the consumer
substations above a minimum.
Additionally, three electric boilers, i.e., electric heaters combined with thermal storage tanks, are
installed as coupling points between the networks. Adequate locations for the boilers were identified
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using a simulation-based sensitivity analysis in an early planning phase. These locations are especially
prone to over voltage problems resulting from PV generation, an issue that might be eased by the active
conversion of excess power generation. The volume of the thermal storage tanks and the capacities
of the electric heaters are chosen as degrees of freedom of this system. The system layout is illustrated
in Figure 9.
EH

EH

PV

TES

PV

PV

PV

PV

PV

PV

PV

TES

TES

PV

PV
thermal
plant

th. flow pipe
th. return pipe
el. cable / line

PV

EH
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Figure 9. Schematic overview of the hybrid system layout for the rural residential area, depicting the
electrical distribution network and the district heating network (EH, electric heater; TES, thermal energy
storage). The components targeted by the design optimization process are highlighted in orange.

6.2.2. Operational Strategy
Decentralized electricity generation from PV systems of local prosumers pose challenges to the
electrical distribution grid. Especially in times when PV production is high and electrical consumption
is low, the upper voltage limit in the network can be exceeded and lines or transformers can be
overloaded. To mitigate some of these problems, the operational strategy foresees to utilize excess
power from PV overproduction. The local power grid is regarded as virtual power plant (VPP) and a
supervisory controller tries to use as much of the excess power, i.e., negative residual load, locally via
the installed electric heaters. Based on these ideas, a suitable operational strategy was implemented in
Python using the following rule-based scheme (compare with Section 4.4.1):
1. In case the VPP generates excess power, the electric heaters are set to utilize this power and store it
in the respective storage tanks as long as their temperatures are below 95 ◦ C.
2. The thermal storage tanks are discharged as long as the temperatures in their top layers are above
the current district heating supply temperature and only if there is enough district heating demand.
6.2.3. Design Optimization Strategy
The high number of possible system configurations and the use of a rule-based operational
strategy makes HPS the most appropriate optimization approach for this application. Figure 10 illustrates
the overall simulation-based optimization procedure.
The design optimization of the coupling units, i.e., finding optimal sizes for the defined degrees of
freedom, rests upon the following optimization targets:
•
•
•

Reducing heat generation from the main supply unit in the district heating network is rewarded.
Costs for storage tanks and electric heater capacities linearly increase depending on size.
Potentially increased power imports into the electric network introduced by the electric heaters
are penalized.

These targets are combined into a single objective function using appropriate weighting factors.
The six-dimensional solution space is reduced by introducing bound constraints for the degrees of
freedom, avoiding extremely high and low tank volumes and electric heater capacities.
The implementation relies on the use of a dedicated open-source tool for simulation-based
optimization [46], which allows parallelization on multiple machines and the use of optimization
algorithms specialized for efficient black-box optimization. In this case, the freely available PSwarm
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solver [45] is used that combines particle swarm optimization and pattern search for efficient global
optimization. The pattern search relies on a coordinate search method that is responsible for local
convergence, whereas the population-based particle swarm algorithm performs a global search
enabling the exploration of the whole design space. The stopping criterion is based on a maximum
number of co-simulation runs, i.e., objective function calls.
start with ini�al popula�on of system conﬁgura�ons

for each system conﬁgura�on of current popula�on

start co-simula�ons
for next popula�on

dynamic thermohydraulic simula�on

receive measurements
feedback

execute rule-based
control model
steady state power
ﬂow calcula�on

analyze objec�ve
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update control setpoints

of all system conﬁgura�ons of current popula�on
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not fulﬁlled

create new popula�on

setpoints

rule-based control model
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physical models
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for each Δtqs

stopping criteria
fulﬁlled

with PSwarm solver

select op�mal system conﬁgura�on

Figure 10. Schematic overview of the HPS workflow applied to the system design of the rural residential area.

6.2.4. Results
The convergence of the objective function value over the number of co-simulation runs,
i.e., assessed system configurations, is shown in Figure 11. The objective function values are shown
relative to a reference solution reflecting the current status quo, i.e., without any active coupling
between the networks using the electric heaters. The optimization algorithm is able to outperform the
reference scenario within only a few simulation runs. After around 450 runs, the algorithm converges to
a minimum and stops after it exceeds the maximum number of objective function calls. Although this
might only be a local minimum, the found minimum objective function is around 5.7% lower compared
to the uncoupled case. The corresponding optimal system configuration exhibits electric heaters with
a total capacity of 260 kWel and thermal storage tanks with a total volume of 20 m2 .
The impact on the two networks for the uncoupled case and the optimal design case in terms
of load duration curves is shown in Figure 12. A total of around 220 MWh electricity is converted
in the optimal design case using electric boilers, illustrated by the colored areas. It can be seen that
electric heaters in combination with thermal storage tanks are able to use a significant share of the
excess power generation from PV by converting it into heat that is fed to the district heating network.
Due to the seasonality of PV generation, district heating is mainly affected in low heat demand times,
i.e., summer.
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Figure 11. Convergence of objective function shown relative to the reference scenario without coupling
between the networks, i.e., no electric boilers.

(a) Electric network

(b) District heating

Figure 12. Load duration curves for the electric network (a) and the district heating network (b) for the
uncoupled and the optimal design system configurations.

7. Conclusions
This work presents a simulation-based design approach for hybrid thermal-electrical distribution
grids. The approach addresses the technical challenges of both domains while at the same time
emphasizing their mutual control and operation, in order to exploit hitherto unused synergies in
production, storage and consumption. As such, this approach is a significant extension of established
tools for the design optimization of multi-energy systems.
Co-simulation is recommended for the technical assessment as a means to bridge the gap between
single-domain simulation tools and the multi-domain target of investigation, providing a viable and
practical approach to involve experts from different domains. A novel methodology is presented that
links complementary design approaches to suitable operational strategies and optimization methods
according to the state of the art. This enables the exploitation of synergies in the control and operation
of hybrid thermal-electrical distribution systems in an optimal way. Furthermore, an implementation
of the proposed approach based on state-of-the-art tools is presented. Finally, the applicability of the
presented approach is demonstrated in two real-world applications.
Future work could apply this approach to other network-related multi-energy applications,
such as design of short-term and long-term storage, peak shaving and others. A method for
representative days selection for coupled heat and power networks could avoid the need for full-year
simulations and, thus, reduce computational time. The use of computationally efficient model-based
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optimal control models or faster models for the physical system could enable the combination with
meta-heuristic design optimization in a tolerable run time.
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The following abbreviations are used in this manuscript:
API
BB
CHP
DH
FMI
FMU
GB
GWHP
MPC
PV
RES
VPP
WWHP

application programming interface
biomass boiler
combined heat and power
district heating
Functional Mock-up Interface
Functional Mock-up Unit
gas boiler
ground water heat pump
model predictive control
photovoltaic
renewable energy sources
virtual power plant
waste water heat pump
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Abstract—There is significant interest in exploiting the hitherto
unused synergies by coupling different energy-carrier networks,
such as district heating and electrical distribution networks. This
paper addresses the ongoing effort in modeling and simulation
of the physical and cyber-physical domains of these so-called
hybrid thermal-electric networks. The focus thereby is to use
tools and semantics that are natural to each of the involved
domains. A hierarchical control approach for power-to-heat
appliances, taking into account the different involved actors in
such a multi-energy network, is presented. At the application level
we show how this approach enables the control of electrically
heated storage tanks to couple an electrical distribution network
with a district heating network. Co-simulation based on the
Functional Mock-up Interface is used as it provides a flexible
industry-grade standard for coupling simulators and tools and
facilitates implementation of advanced control designs. This
work contributes in establishing a framework to derive and test
complex control strategies for power-to-heat appliances used to
couple the different domains and the inherent time scales of
hybrid thermal-electrical networks.

I. I NTRODUCTION
The policy framework for climate and energy from the
European Commission is leading to an increase of volatile
renewable energy supply. This change in energy generation
poses a big challenge to the power grid and end users
and will increase the need for flexibility. At the same time,
studies, including Heat Roadmap Europe [1], come to the
conclusion that district heating plays an important role in
the implementation of future sustainable energy systems. The
transition of district heating and electrical distribution networks
from passively coupled to actively linked and operated networks
is seen as an important step on the way to smart energy
networks [2]. As district heating networks are responsible
for around 10% of the heat demand in the European Union
there is a significant potential for energy savings but also for
hitherto unused synergies with the electric network.
Power-to-heat systems like heat pumps or electric heaters
can contribute substantially to integrate renewable energy
sources into the power network [3]. They are able utilize the
operational flexibility given by the thermal inertia of district
heating networks, possibly increased through a combination
with thermal storages. Moreover, flexibility of heat demand in
district heating networks has the inherent advantage to make the

aggregated flexibility of multiple connected buildings accessible
and therefore more predictable and reliable compared to single
buildings.
Existing literature on system integration of power-to-heat is
mainly focused on energy flow analyses between the different
energy carriers [4]. The energy hub formulation introduced by
Geidl et al. [5], for example, gained considerable attention
in multi-energy research. Energy hubs are therein treated
as input-output models for energy generation, consumption,
transformation and/or storage. Related literature, however,
provides little insight into the control aspects involved at the
network level.
In this paper we will elaborate on the main challenges
when modeling and controlling a thermal-electrical network
and discuss the different control layers inherent in such a
system-of-systems. We will demonstrate how co-simulation
utilizing domain-specific tools can be used to study coupled
low-voltage distribution grids and district heating networks. The
methodology is then applied to control electric boilers combined
with stratified storages and main results are presented. The
tool chain used in this paper comprises the open source power
flow simulator pandapower, the physical modeling tool Dymola
based on the Modelica standard and Python to implement the
control domain of the system.
II. P ROBLEM FORMULATION
Coupling electrical and thermal distribution networks increases the modeling and control complexity due to additional
physical and cyber-physical interactions. The wide range of
different temporal and spatial constraints together with a high
need for information exchange between involved actors imposes
a big challenge for the operation of such systems [6]. We
will therefore start by outlining the most relevant physical
components and suitable modeling approaches for district
heating and electrical distribution networks before describing
the requirements to operate these networks together.
A. District heating networks
District heating systems are used to distribute heat commonly
from a centralized location to residential and commercial
buildings where it is used for domestic hot water preparation
978-1-5386-4105-7/18/$31.00 ©2018 IEEE

and space heating. District heating systems typically consist
of pipes, pump stations, heat producing stations and buildings
connected via substations, where heat is transferred to the
building through heat exchangers.
Simulating district heating networks tends to be computationally intensive, especially for large district heating systems
composed of numerous such components. The primary interests
when modeling district heating networks are the simulation of
the rate of energy transport through the network and losses due
to heat dissipation. They not only depend on the mass flow
rate of the water flowing through the pipes, but also on the
temperature level in the district heating network. The mass flow
is driven by pressure differences within the network, which
leads to an important difference between flow and temperature
dynamics. Changes in pressure are quickly transferred to
the whole network through pressure waves, typically within
seconds, while temperature changes are related to the mass
of water in the system and are therefore transferred relatively
slowly, i.e., minutes to hours.
B. Electrical distribution networks
The topologies of electrical distribution networks, consisting
of transformers, lines, buses, infeeds and loads, etc., are
typically more complex in comparison to district heating
networks, due to their interconnection over wide geographical
areas. However, from a temporal perspective electric network
states are to some degree independent from previous states and
depend mainly on current values for load and generation, in
contrast to district heating systems.
Simulations of electrical distribution networks are based on
solving power flow equations for a defined network connecting
various loads and generators. These simulations provide a
snapshot assessment of the steady state powerflow on the
distribution system and give the magnitude of an impact at one
instant in time. Sequential steady state power flow simulations,
so-called quasi-static time series (QSTS) simulation, can be
employed to study the impact of varying loads and generation,
of control systems and of systems with different dynamics,
such as district heating networks. Thus, the main advantage of
using QSTS simulation is its capability to properly assess and
capture the time-dependent aspects of power flow, e.g. state of
charge of storages.
C. Requirements for control domain of coupled networks
Control and energy management at different system levels are
critical for the efficient operation of coupled thermal-electrical
energy systems. We identified different requirements (RQ)
for successful control of power-to-heat appliances to couple
thermal-electrical distribution grids:
RQ1 (Networks): Monitoring and predicting essential grid
parameters is required to operate power-to-heat appliances
within network constraints. To this end, distribution
network operators (both thermal and electrical) must
provide measurements and information about relevant
constraints due to anticipated capacity utilization.

Fig. 1. Schematic view of involved domains.

RQ2 (Planning): Inherently different time scales in the coupled networks makes planning of operational schedules
essential for reliable control of power-to-heat appliances,
especially when combined with storage devices. These
control schedules for the power-to-heat appliances must
take into account information about network capabilities,
as required by RQ1.
RQ3 (ICT): Automated information exchange between involved actors is crucial for successful control. Thus ICT
infrastructure is required to send and receive network
status reports, to remotely operate power-to-heat units, to
exchange flexibility bids, etc.
RQ4 (Aggregation): Collecting information and taking into
account the restrictions of the various systems and powerto-heat units involved will be needed to ensure coordinated
operation. Thus an intermediate actor responsible for the
control according to network constraints and able to follow
a higher level objective, e.g. cost minimization, is required.
RQ5 (Local control): Based on measurements and external
input, local controllers must be able to reconfigure the
control setpoints of power-to-heat appliances to ensure
operation within technical boundaries and to react on
sudden disturbances. Thus, all power-to-heat units need to
have local controllers as well as communication interfaces
for information exchange.
III. C ONTROL APPROACH
This section presents a hierarchical control approach that
fulfills the requirements formulated in Sec. II-C at different
control levels. Fulfillment of RQ3 is an important prerequisite
to enable an automated data exchange between the different
control levels. An illustration of involved actors and domains as
well as their connections is presented in Fig. 1. These different
levels are described in the following.
A. Utility level
Control at this level is responsible for assessing the current
and predicting future states of the respective network. This
information is used to communicate an allowable bandwidth

Fig. 2. Overview of the co-simulation setup.

for the different flexibility options to the next control level,
e.g. maximum active power consumption or maximum heat
output for each power-to-heat appliance, and thereby fulfilling
RQ1 and enabling the fulfillment of RQ2 at the next level.

Fig. 3. Schematic view of an electrically heated stratified storage tank.

2) Electrical network: The electrical distribution grid is
modeled
with the Python-based network calculation program
An aggregator aims at operating the power-to-heat applipandapower
[9], using the power flow solver PYPOWER.
ances within these bandwidths while pursuing an higher-level
The
simulation
interface provided by pandapower has been
objective, e.g. maximal profit. This level is responsible for
extended
to
work
with
models that simulate electrical networks
fulfilling RQ2 and RQ4. However, narrow bandwidths together
using
a
series
of
consecutive
power flow calculations (QSTS
with additional constraints for some power-to-heat appliances
simulation).
Thus,
the
simulation
captures the long term
might lead to a conflict of interest, and thus, an infeasible
variability
of
load
and
also
the
short
term
variability effects of
control problem, which has to be considered at both the utility
photovoltaic
(PV)
generation.
and aggregator level.
3) Control: Python is highly suitable to implement control
C. Component level
algorithms as it offers hundreds of open-source software
This control level is responsible for the fulfillment of RQ5 packages with contributions of experts from various fields. The
to ensure operation in compliance with technical limitations of Python-based package Pyomo [10] for optimization modeling
components and to account for rapidly varying system states. together with IPOPT [11] as solver for nonlinear programming
This control level is thereby responsible to continuously monitor were used extensively in this work.
selected parameters and prevent component failures in case of
A. Setup
imperfect control at a higher level due to possibly unpredicted
The FMU for co-simulation exported via Dymola is indisturbances.
terfaced with Python through FMI++ [12] that supports the
IV. C O - SIMULATION
features offered by the FMI specification. The electrical network
Although specific multi-domain modeling approaches exist simulator and the control algorithm are implemented directly
that can be used for studies of coupled electrical and thermal in Python. Information between Python and the Dymola FMU
networks [4], they are typically not suitable for a detailed is exchanged using a fixed synchronization time step. The
technical assessment of all involved domains including their simulation setup is illustrated in Fig. 2.
This approach was chosen due to the reduced effort in setting
respective controls. We therefore aimed at using state-of-the
art simulators for each domain and coupling them via co- up the simulation compared to using dedicated co-simulation
simulation based on the Functional Mock-up Interface (FMI) platforms such as BCVTB [13] or FUMOLA [14].
specification. The domain-specific simulators are presented in
V. E XAMPLE APPLICATION : ELECTRIC BOILERS IN A
the following.
HYBRID NETWORK
1) District heating: The thermal network is modeled in detail
in Modelica as described in this section. The implementation
In this section we present an example application of a
is based on the Modelica Standard Fluid library and its coupled electrical and thermal distribution system. Electric
extensions that resulted in the Modelica libraries Buildings [7] boilers are used as coupling points between the networks and
and DisHeatLib [8].
are operated according to the presented control approach in
Grid models include the implementation of the grid topology Sec. III. The resulting hybrid network is illustrated in Fig. 4.
including pipe models, substations, pumps etc. The models
can be used for simulating the operation of district networks A. Network description
including storages and offer a suitable degree of accuracy to
1) Electrical network: The electrical network chosen for
assist in deriving smart control decisions. Dymola was chosen this work is a 0.4 kV radial low voltage network with 57 loads,
as simulation environment since it supports the export of self- an equal number of roof-top PV plants and 3.4 kilometers of
contained FMI-compliant co-simulation units, so-called FMUs. lines. The system data is given in Ref. [15]. Realistic singleB. Aggregator level

Fig. 4. Schematic view of the electrical and thermal network coupled with
electric boilers as used in this work.

and multi-family household loads and PV generation profiles
for the time period under study were used. Installed capacity
of PV was chosen to be high, leading to a peak generation to
peak load ratio of approximately three.
2) District heating network: The district heating network
used here consists of an ideal heat generation model, maintaining an outside temperature dependent supply temperature
ranging from 75 to 90 ◦ C and a constant pressure drop in
the network. The design of the network aims at representing Fig. 5. Schematic view of the information flows between and processes within
similar features as the used electrical network, e.g., number and each control level in the example application.
type of households. It consists of 23 pipes with a total length
of 1.28 kilometers and 46 consumers, assuming that roughly
heating network. Absolute values for the mass flow in and
80% of the buildings are connected to both the electrical as
out of the tank are the same due to the closed volume of the
well as the thermal network. The network is designed for
tank. Heat is supplied with a temperature corresponding to the
a maximum heat load of around 0.5 MW. Consumers were
top layer of the storage tank Tn whereas the temperature of
aggregated to 12 substations to decrease simulation run times.
the inlet at the lowest layer corresponds to the time-varying
Consumer heat demand is modeled as combination of domestic
return line temperature Trl at the location of connection. Fig. 3
hot water and space heating demand. The corresponding load
shows an illustration of such a power-to-heat component. The
profiles were retrieved from monitoring data and building
implementation in Dymola is based on the stratified storage
models, respectively. District heating substation models are
model from the Buildings library.
characterized by their respective heat load profile and the return
B. Control description
temperature to the distribution grid.
3) Electric boilers: Three electric boilers i ǫ [1, 2, 3] are
The implemented control is based on the hierarchical control
used to couple the electrical distribution network and the approach presented in Sec. III and is described in detail in the
district heating network. The heated water volume in the following. An illustration of the control at each level and their
electric boilers is set to be V = 10 m3 to buffer energy in interactions is shown in Fig. 5.
the form of heat for a short time period and thus increase the
1) Utility level:
flexibility for coordination between the electrical and thermal
a) Electrical distribution network operator: Forecasts for
domain. They are modeled as stratified storage tanks with electric loads, PV generation and heat demand are derived for
n = 6 layers to recognize the importance of incorporating a horizon of N = 96 time steps with ∆t = 15 min, resulting
temperature stratification in vertical water storage tanks [16]. in predictions for the next 24 hours. Using these forecasts, an
A maximum electrical power P of 100 kW can be used to AC optimal power flow is run to derive values for maximum
heat the different layers, each with the same heat input Pn . active power consumption P+i,j for each electric boiler i for
The lowest, and presumably the coldest, layer is connected to time step j ǫ [0, N − 1].
the return line of the district heating network whereas the top,
b) District heating utility: Similarly, heat demand foreand respectively the hottest, layer is connected to the supply casts for the district heating network are derived and an upper
line. Pumps are used to set the mass flow ṁ from the top limit for the total heat output Q̇i,j
+ of each electric boiler i
of the boiler into the connected supply line of the district is computed for the next 96 time steps. This is crucial to
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Fig. 6. Temperature evolution of the six layers in one stratified boiler tank.
Temperature increases from bottom to top layer. The maximum temperature
constraint in the tank and the minimum supply temperature constraint of the
boiler MPC are shown as dashed lines.
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avoid power-to-heat appliances from feeding more heat than
consumed which, in consequence, can lead to flow reversals
in the supply line. A minimum temperature for the infeed into
the district heating network T−i is set to be 55 ◦ C for each
electric boiler to avoid heat supply shortages. A maximum
dischargeable mass flow ṁi+ for each electric boiler is set in
order to respect pipe constraints.
These operational bandwidths from both utilities are then
passed to the aggregator level.
2) Aggregator level: Day-ahead bandwidths for active power
consumption are received from the electrical distribution
system operator together with maximum allowable heat output,
maximum mass flow and minimum temperature of infeed from
the district heating utility.
Current values of temperatures Tli of each tank layer l ǫ [1, n]
and water temperature in the return line at the respective
i
connection point Trl
are received by the component level
control of each electric boiler i.
The objective function is to decrease negative residual loads
in the electrical network which is equivalent to an improved
self-consumption of PV generation. Additionally, heat output
into the district heating network should be maximized over
the control horizon. Here, the aggregator is assumed to have
full knowledge about excess power generation in the electric
network for the next 24 hours. More realistic objectives like heat
peak shaving or cost minimization could also be implemented.
Based on this information all electric boilers are controlled.
The classic approach to controlling storage tanks would be
rule based control. While it is simple and easy to apply, it
typically lacks the ability for advanced storage management.
Furthermore, the electrically heated thermal storage tank model
used here is stratified. Thus, mass flows and temperatures within
the storage as well as of inputs from the return line and outputs
to the supply line have to be taken into account appropriately in
the control model [16]. To this end, non-linear model predictive
control (MPC) is applied to control the electric boilers.
The state equations of the electric boiler, i.e., the temperature
evolution in the different layers, represent the differential equations used in Modelica discretized over the control time step ∆t.
Discretization transformation of the differential equations was
automatically done with Pyomo using a backward difference
scheme. Parameters, such as storage diameter and insulation
thickness, are mapped one-to-one between physical model and
control model. Constraining bandwidths received from the
utility level are implemented as strict constraints.
Derived control setpoints for the current time step for active
i
power consumption Pset
and discharging mass flow ṁiset are
sent to the component level control of electric boiler i.
3) Component level: The setpoints received from the aggregator level are applied. Temperatures within the storage tank
are continuously monitored and sent to the aggregator level
every time step ∆t. In case of overheating above 97 ◦ C or
discharging below 53 ◦ C due to possibly imperfect control from
the aggregator, a component level controller is implemented in
Dymola. It thereby overrules any higher level control and sets
active power consumption or discharging mass flow to zero.
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Fig. 7. Maximum active power consumption derived by the utility control
level is shown as dashed black line and actually realized consumption of one
boiler is shown as red line.

C. Results
Results of the example application for one week are
presented in the following. Perfect predictions at the utility
level and of negative residual load in the electrical network
are assumed here.
Fig. 6 shows the temperature levels of the six layers in
one of the three stratified storage tanks. It can be seen that
the temperature in the uppermost layer never exceeds the
threshold of the continuous controller. This is a result of
the perfect predictions used in this work. Imperfect forecasts
could, however, lead to overheating which would trigger the
component level control of the respective boiler to turn off
electric heating.
The active power bandwidths of the electrical distribution
network for one of the three power-to-heat appliances are shown
in Fig. 7 together with the realized active power consumption
of the boiler. The electric boiler is operated within these bounds
at all times.
Fig. 8 shows the residual load in the electrical network before
and after electric boilers are added. Times and amplitude of
negative residual loads are reduced significantly. However, at
certain times the electric boilers are not able to consume the

the network constraints as provided by both distribution network
utilities while considering the individual component dynamics
in detail.
An example application of this control approach for thermal
storage tanks heated by electric boilers to couple a low-voltage
network with a district heating network was presented. The
interaction between the different control levels enabled a
detailed scheduling of the operation of these power-to-heat
appliances. Results show that advanced control approaches are
needed for the operation of power-to-heat units in coupled
district heating and electrical distribution networks.
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Fig. 8. Residual load in the electric network for the base case without coupling
(green) and with coupling to the district heating network (red) for one week.
The rated maximum power of the transformer is shown as a dashed black line.

144

Fig. 9. Heat output of the electric boilers (red) and of the generic heat
source (purple) for one week. The heat output without boilers and the outside
temperature are shown as dashed and dotted black lines, respectively.

total available excess power. This is due to them being already
fully charged, the lack of a high enough heat demand in the
district heating network or limiting bandwidths imposed by
one of the utilities. An increase of positive residual load shows
that the boiler is also heated in times without excess energy on
order to maximize heat output into the district heating network.
This could be easily avoided by imposing further constraints
in the MPC formulation.
The heat output of all electric boilers and of the primary heat
source are shown in Fig. 9. At certain times the electric boilers
are able to cover nearly the total heat demand in the network.
This is due to the assumed high PV penetration resulting in
times with high negative residual loads.
VI. C ONCLUSION
In this paper a control approach for power-to-heat appliances
to couple district heating and electrical distribution networks
has been presented. The interactions between the two utilities,
an aggregator controlling the power-to-heat units and a lowlevel component control have been approached from a cyberphysical system perspective. In this scheme the aggregator tries
to control the power-to-heat appliances in a way that respects

This work has been done as part of the SmILES project and
has received funding from the European Unions Horizon 2020
research and innovation programme under the Grant Agreement
No. 730936.
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Abstract—There is significant interest in exploiting hitherto
unused synergies by coupling different energy-carrier networks,
such as district heating and electrical distribution networks. This
paper addresses the ongoing effort in modeling and simulation of these so-called hybrid thermal-electric networks using
tools and semantics that are natural to each of the involved
domains, including their controls. Co-simulation based on the
Functional Mock-up Interface is used to couple domain-specific
simulators to enable a detailed technical assessment of such a
multi-energy network. At the application level we show how
this approach enables the study of a medium-voltage (MV)
electrical distribution network and a district heating network
coupled through a combined heat and power (CHP) unit and an
electric heater (EH). Different control schemes are implemented
to operate these thermal-electric units to integrate the fluctuating
renewable energy resources present in the electrical network. This
work contributes in demonstrating the use of co-simulation to
analyze such integrated thermal-electric energy networks and
their respective control domains in detail.

I. I NTRODUCTION
The policy framework for climate and energy from the
European Commission [1] is leading to an increase of volatile
renewable energy supply. This change in energy generation
poses a big challenge to the power grid and end users and
will increase the need for flexibility. At the same time, studies,
including Heat Roadmap Europe [2], come to the conclusion
that district heating plays an important role in the implementation of future sustainable energy systems. The transition of
district heating (DH) and electrical distribution networks from
passively coupled to actively linked and operated networks
is seen as an important step on the way to smart energy
networks [3]. As district heating networks are responsible
for around 10% of the heat demand in the European Union
there is a significant potential for energy savings but also for
hitherto unused synergies with the electric network.
Thermal-electric systems like heat pumps, electric heaters or
combined heat and power plants can contribute substantially to
integrate renewable energy sources into the power network [4],
[5]. They can exploit the operational flexibility given by the
heat demand of district heating networks. Moreover, coupling
electric networks to DH grid’s large storage capacities can help
to provide additional capacities and corresponding balancing
energy in the future.

Existing literature on integration of thermal-electric appliances in mutli-energy networks is mainly focused on energy
flow analyses between the different energy carriers [6]. The
energy hub concept introduced by Geidl et al. [7] thereby
gained considerable attention in multi-energy research. Related
literature, however, provides limited insight into the control
aspects involved when coupling multi-energy networks.
To this end, co-simulation presents a promising approach as it
enables the analysis of control algorithms at a network level. It
is especially common in the area of building simulation where
it enables rapid controller prototyping for building energy
systems [8]. Multiple co-simulation platforms focusing on
different purposes in energy system analysis were proposed
in the last decade. Relevant examples are BCVTB [9] which
focuses on testing building control systems, MOSAIK [10] that
aims at large-scale smart grid scenario analysis, MESCOS [11]
that can be used to couple different simulators for multi-domain
city district simulation and FUMOLA [12] which enables simulations of multi-domain energy systems based on the Functional
Mock-up Interface (FMI) specification. On the application side,
various studies exist often with a focus on the interface between
buildings’ control and electrical distribution grid [13], [14].
Moreover, a recent study proposes a methodology combining
detailed technical co-simulation together with economic and
regulatory conditions to systematically assess multi-carrier
energy grids [15].
In this paper we will elaborate on the main challenges when
modeling and controlling thermal-electric units in coupled
district heating and electrical distribution networks. More
specifically, we will demonstrate how co-simulation utilizing
domain-specific tools can be used to study the impact of
EHs, CHP plants and thermal energy storages (TESs) on
network performance. These thermal-electric units are operated
using a hierarchical control approach with the objective to
accommodate renewable energy sources (RESs) present in the
electric network. The tool chain used in this paper comprises
the power system simulation tool DIgSILENT PowerFactory,
the physical modeling tool Dymola based on the Modelica
standard and Python to implement parts of the control domain
of the system.
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II. C ONCEPT OF ACTIVE NETWORK COUPLING
This section motivates possible use cases for the coupling
of electric distribution grids and district heating networks from
the viewpoint of a distribution system operator (DSO) and
a DH utility. It concludes by highlighting the synergies that
could be exploited with the help of active network coupling
from an operational perspective.
A. Electric distribution network operator
DSOs are challenged by the integration of high shares of
distributed renewable energy sources. Preserving the status
quo, i.e., passive grid operation, might be bound to lead to
significant cost increases for network reinforcement in the face
of significant RES deployment. They are, thus, expected to
require additional flexibility in the power distribution system
as generation patterns of wind and solar power are only partly
correlated with electricity demand [16]. Flexibility from CHP
and power-to-heat units can be an attractive option, especially
when combined with thermal storages and used to supply the
aggregated heat load of larger DH networks. They are able
to provide upwards flexibility to compensate in times of low
renewable energy generation and on the other hand are able
to absorb excess power from RES that would, in the case of
violating network constraints, be curtailed.
B. District heating utility
District heating utilities, at the same time, face the challenge
to de-carbonize their heat supply. Utilizing power-to-heat
to accommodate more renewable generation in the electric
network can thereby help to reduce carbon emissions by
decreasing operation of fossil fuel powered boilers. While
generating heat from electricity might not be preferable in
power systems based on conventional generators, the flexible
use of surplus electricity from RES for heating purposes can
be particularly promising. This can, potentially, give rise to
novel business models, e.g., by providing services to DSOs in
times of high renewable in-feed.
C. Active network coupling

III. M ODELING AND SIMULATION OF INTEGRATED
DISTRIBUTION NETWORKS

In this section a simulation setup is introduced that allows the
testing of such control algorithms and the assessment of their
impact on the respective networks. Domain-specific modeling
tools are used to represent the different networks and coupling
points (CPs) between those networks, including their controls.
We thereby aimed to represent both networks in a suitable
degree of detail to allow for further studies, e.g., on the impact
of distributed thermal-electric coupling.
A. District heating network
The thermal network is modeled in Modelica. The implementation is based on the Modelica Standard Fluid library
and its extensions that resulted in the Modelica libraries
IBPSA [17], Buildings [18] and DisHeatLib [19]. District
heating network models, thereby, include the implementation
of the grid topology composed of physics-based component
models for pipes, substations, pumps, valves, etc. The models
can be used for simulating the operation of district heating
networks including storages and offer a suitable degree of
accuracy to assist in deriving smart control decisions.
B. Electrical distribution network
The electrical distribution grid is modeled with DIgSILENT
PowerFactory, a power system simulation and analysis tool.
PowerFactory is run in the so-called “RMS mode”, where the
electric network parameters are represented as phasors [20].
RMS simulation can be preferable over an analysis based on
consecutive power flows as it allows for the evaluation of
control systems, accounts for various types of events, enables
studies of the transient behavior of large distribution networks
and can potentially decrease computational time [21].
C. Coupling points
The CPs, i.e., conversion units that interface both energy
domains are of utmost importance to the model of an integrated
distribution network. The dynamics of these units are to be
represent with a suitable degree of detail, e.g, mass flows,
supply temperatures or active and reactive power. The ability
to model multi-physics models in the Modelica language makes
it a powerful choice to represent the respective dynamics.

Commonly, thermal-electric units are operated either in a
heat driven mode, where heat generation follows demand and D. Control
electricity is of secondary interest, or in an electricity driven
Multiple different layers of control are present in both
mode, where electric power generation or demand is varied distribution networks and at the CPs. Representing these control
according to electricity prices and heat is seen as a side product. functions is therefore important to assess the mutual impact
Heat generation and electricity demand and generation can, of different controllers. In this paper, we concentrate on the
to some degree, be decoupled by adding additional thermal control and operation of the coupling points as they are key in
energy storages to the process.
an integrated energy system. A hierarchical control approach
However, new operational modes are necessary to allow the is used to control the thermal-electric units starting from a
automated flexibility activation and planning when operating local level, i.e., PID controllers of pumps and valves, to an
such thermal-electric units as the need for flexibility by the operational level responsible for optimal scheduling of the
DSO might not be reflected in electricity prices. Thus, a direct different generators and storages. The Python-based package
interface and information exchange between DSOs and DH Pyomo [22] for optimization modeling is thereby highly suitable
utilities is needed to enable a coordinated operation.
to implement the operational level of this control approach.

Fig. 1. Overview of the co-simulation setup.

Fig. 3. Schematic view of the energy system under study.

Fig. 2. Sequence diagram of a co-simulation run.

On the other hand, when it comes to low level control of
different appliances, the modeling tools used for the respective
distribution networks are found to be more suitable as they are
able to represent, e.g., PID controllers for pumps or valves or
controllers for tap-changing transformers.
E. Co-simulation setup
In principle, specific multi-domain modeling approaches
exist that can be used for studies of coupled electrical and
thermal networks, however, they are typically not suitable
for a detailed technical assessment of all involved domains,
including their respective controls [6]. We therefore aimed at
using state-of-the art simulators for each domain and coupling
them via co-simulation. Thus, the FUMOLA environment [12],
developed on top of Ptolemy II [23], is used as a co-simulation
framework. Modelica models are compiled and simulated
with Dymola as it supports the export of self-contained FMIcompliant co-simulation components, so-called FMUs. The
FMI++ PowerFactory FMU Export Utility [24] is used to export
PowerFactory models as FMUs for co-simulation. Controllers
written in Python are exported as FMUs via the FMI++ Python
interface [25]. The simulation setup in Ptolemy II is illustrated
in Fig. 1.

1) Simulation flow: Data between the co-simulation FMUs
is exchanged using fixed synchronization time steps without any
iteration. Each client uses its own time integration algorithm
to advance in time from one synchronization time to the next.
At these synchronization points, the master algorithm, i.e.,
FUMOLA and Ptolemy II, retrieves output variables of FMUs
and distributes them to other FMUs that use these outputs
as inputs. Once the inputs have been updated, the master
requests each FMU to integrate to their next synchronization
point, respectively. Different synchronization time steps for
the control FMU, ∆tctrl , and the Dymola and PowerFactory
FMUs, ∆tsim , are used. This allows a more frequent update
between the district heating network and the electric distribution
network which might be needed depending on the length
of synchronization time steps, the dynamics of low level
controllers, e.g., a PID control, or possible ramp times of
generators. A sequence diagram is shown in Fig. 2 to illustrate
the described simulation flow.
IV. E XAMPLE APPLICATION
The modeling and simulation setup as presented in the
previous section allows the assessment of different control
strategies and their impact on the respective networks. In this
section, we present three possible control strategies for an
example of a DH and MV electric network coupled via one
CP.
A. Simulation models
The energy system chosen to conduct the simulations
consists of the CIGRE European MV network [26] and a third
generation DH network [27] coupled via a CHP and an EH. A
synchronization time step of ∆tsim = 60 s is used to update
the behavior of the CP in the electric network simulation.

are compensated by an additional gas boiler that corrects
temperature deviations from the supply temperature set-point.
The speed of the net pump is adjusted in a way to maintain
the differential pressure at the consumer that is hydraulically the
furthest from the delivery point. The supply temperature varies
between 75 and 95 ◦ C dependent on the outside temperature.
A mixing valve is used to adjust the supply temperature
accordingly.
The CP is illustrated in Fig. 4.
Fig. 4. Overview of the coupling point.

B. Control model of coupling point
A model predictive control (MPC) approach enables the
operational planning of the CP. Thus, the optimization is
carried out as a receding horizon control strategy to find
an optimal solution for all controllable variables u, i.e., the
on/off status δg and heat output Q̇g of the different generators
g = {CHP, EH, GB} as well as the mass flow ṁ through the
TES. The TES charges and discharges when ṁ is positive and
negative, respectively. A constant temperature difference ∆T
between supply and return of the TES is assumed to calculate
the heat discharged or charged Q̇T ES by the TES. The mixed
integer (MI)-MPC formulation consists of an objective function
and a set of constraints. The optimization procedure is carried
out at each control synchronization time ti . An optimal solution
for the manipulated variables is, thereby, calculated for the
times {ti , ..., ti+Np −1 }. However, only the optimal solution for
time ti is actually applied, i.e, sent to the coupling point model
in Dymola as set-points, and at the next control synchronization
time, i.e., after ∆tctrl , the optimization problem is repeated
with updated states received from the co-simulation, see Fig. 2.
The number of control steps and the control time step are set
to Np = 96 and ∆tctrl which equates to a control horizon of
24 hours.
1) Constraints: The mixed integer quadratic program
(MIQP) has to cope with several constraints on control inputs
and states:

1) Networks: Time-series data based on a mix of synthesized
data and aggregated measured data for electric loads and data
based on sanitized measured data for renewable generation
are used with a 15-minutes resolution. Installed capacity of
photovoltaic (PV) and wind were chosen to be high, leading
to a total peak PV power of 4.2 MW and a rated wind turbine
power of 7 MW.
The DH network consists of 19 pipes with a total length
of 5.5 kilometers supplying around 300 buildings, single- and
multi-family homes, that were aggregated to 12 substations
to decrease simulation run times. The network is designed
for a maximum heat load of around 2.5 MW. Consumer heat
demand is modeled as combination of domestic hot water and
space heating demand. The corresponding load profiles were
retrieved from monitoring data and physical building models,
respectively. DH substation models are characterized by their
respective heat load profile and the return temperature to the
distribution grid.
The resulting hybrid network is illustrated in Fig. 3.
2) Coupling point: The DH plant, here used as a CP between
the networks, consists of a CHP unit, an EH, a TES, a gas
boiler (GB) and various valves and pumps.
The gas-powered CHP unit is modeled as a heater with a
prescribed outlet temperature of 95 ◦ C and efficiency curves
characterized by a look-up table to keep the simulation nuX
merically stable and efficient. Thermal and electric efficiencies
Q̇g (t) + Q̇T ES (t) = Q̇dem (t)
(1a)
vary in the range of ηth ∈ [0.45, 0.49] and ηel ∈ [0.37, 0.41]
g
depending on the load. The modeled CHP can start within
δg (t) · Q̇min
(t) ≤ Q̇g (t) ≤ δg (t) · Q̇max
(t)
(1b)
g
g
around five minutes and go from part to full load in considerably
Vhot (t) = Vhot (t − ∆tctrl ) + ṁ(t) · ∆tctrl
(1c)
less than a minute. The maximum heat and electric power
outputs are 1315 kW and 1200 kW, respectively. A minimum
0 ≤ Vhot (t) ≤ VT ES
(1d)
heat output of 15 % of the maximum is considered. The EH
−ṁmax ≤ ṁ(t) ≤ ṁmax
(1e)
has a constant power-to-heat efficiency of ηEB = 0.97 and
Here, Q̇dem denotes the heat demand of the district heating
is modeled as a heater with a prescribed outlet temperature
of 95 ◦ C. The maximum electric power consumption of the network and Vhot the hot water in the TES above the thermoEH is 1000 kW. The respective connection to the electric cline. Moreover, a piecewise linear constraint is introduced
network is modeled with a constant power factor. Pumps to represent the efficiency curve of the CHP to be able to
are controlled to maintain a heat flow of Q̇CHP and Q̇EB , calculate the respective generated electric power.
respectively, according to set-points Q̇∗CHP and Q̇∗EB received
2) Objective: The different operation modes presented vary
from a higher level controller, as described in the next section. with respect to the objective function obj which is to be
The TES is modeled as a stratified storage tank with a constant minimized. A heat driven mode is presented as a base case
water volume of 50 m3 . The water volume is discretized into and results are compared to two other operation modes. One
100 vertical layers. The model takes into account buoyancy, with the objective to minimize peaks of residual electric load
mixing between layers and heat losses. Heat deficiencies Pres and the other with the objective to minimize negative

g

The CHP is assumed to be the cheapest generator, followed
by the gas-boiler and the electric heater pCHP ≤ pGB ≤ pEB .
b) Negative residual load: This mode aims at reducing
negative residual load in the network area of interest. In order
to model the resulting negative part of residual load, additional
binary variables were implemented. The objective function
for this case is then defined as the weighted sum of negative
residual load, costs for generators and fluctuations of controlled
variables:
"
#
X
X
−
2
obj =
α Pres (t) + β
pg Qg (t) + γ ∆u(t)
(3)

X

α Pres (t)2 + β pGB QGB (t) + γ ∆u(t)2
t
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Fig. 5. Results for heat driven mode.
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−750
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storage level

c) Peak shaving: The peak shaving mode aims at reducing
peaks of residual load in the electric network. To this end, the
objective function is defined as the weighted sum of squared
residual load, costs for the GB and fluctuations of controlled
variables:
obj =

Q̇EH

time [d]

heat flow
[kW ]

t

Q̇GB

Q̇CHP

0
750
0
−750

0

voltage residual load
[p.u.]
[M W ]

t

Q̇dem

1000

voltage residual load
[p.u.]
[M W ]

−
residual load Pres
, both referring to the specified network area
indicated in Fig. 3.
a) Heat driven: In the heat driven mode the objective
function consists of a weighted sum of costs for heat generation,
first term, and fluctuations in the controlled variables, second
term:
"
#
X
X
2
obj =
β
pg Qg (t) + γ ∆u(t)
(2)

0
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Results of the example application for one week are
0
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3
4
5
6
7
time [d]
presented in the following. All results shown here are based
on direct output of Dymola and PowerFactory.
Fig. 6. Results for negative residual load mode.
1) Heat driven: Fig. 5 shows the simulation results for
the heat driven mode. They show a clear daily pattern in the
operation of the TES in order to cover peaks in heat demand, leads to a reduction of the negative residual load in the network
with SOCT ES = Vhot /VT ES . The GB is operated only in as can be seen by the green shaded area in the respective plot.
case the TES is empty and the CHP is already running with The operation of the EB in times of high RES generation is also
full capacity. Since the CHP is the preferred heat generator in able to decrease times of voltage band violations significantly.
this case, as it is the cheapest option, the residual load in the
3) Peak shaving: Fig. 7 shows the simulation results for the
electric network is increased by the power output of the CHP, peak shaving mode. They resemble the results of the case of
indicated by the shaded red area in the respective plot. This minimizing negative residual load. However, certain differences
additional power injection into the electric network, without can be noted. The CHP in this case is actively used to reduce
regard to its current loading or RES generation, results in times peaks of positive residual load, whereas, the EH is used to
where the voltage band at the CP, indicated by dotted lines, is reduce peaks of negative residual load, resulting from high
violated. The respective voltage at the CP is thereby denoted RES in-feed. Thus, the CHP is preferably used in peak load
as uCP .
times and the EB in times with peak generation from RES. As
2) Negative residual load: Fig. 6 shows the simulation a direct result, the voltage at the coupling point is closer to
results for the negative residual load mode. It can be seen that unity compared to the former cases.
in times without negative residual load operation is the same
V. C ONCLUSION & OUTLOOK
as in the heat driven mode, i.e., the CHP is the cheapest option.
However, the residual load is negative for a considerable amount
A dynamic simulation model of a district heating network
of time where the EH is preferred and aims at maximizing the together with models for generators, thermal storages and
usage of excess power from RES in the electric network. This low-level control systems including all relevant actuators
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Fig. 7. Results for peak shaving mode.

such as pumps, valves and sensors was implemented using
Modelica. Model predictive control was implemented in Pyomo
representing the corresponding high-level control system and
to derive optimal schedules for the different generators and
thermal storage. The thermal model was coupled to a transient
simulation model of a medium-voltage distribution network
implemented in PowerFactory. This enables the testing of
different control strategies and the assessment of their respective
impact on both networks. Results for three different strategies
are presented for one week. The interactions between the two
networks through actively controlled thermal-electric units are
analyzed in detail. Results show that both networks benefit by
actively controlling the thermal-electric units to integrate the
fluctuating renewable energy sources. Stress in the electrical
network in the form of voltage deviations can be mitigated
and at the same time fossil fuel usage in the district heating
network can be reduced.
Future work could concentrate on coordination schemes
for distributed coupling points, frequency control provision
and integration of cooling demand in integrated multi-energy
networks.
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