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Abstract

Smart thermal grids offer the potential to enhance heat supply efficiency and sustainability through
distributed renewable generation, as well as synergies among network participants and energy sectors.
However, there’s a noted gap between theoretical smart management and practical field-level control.
Additionally, the effect of distributed actuator operations on the technical network state has not yet
been extensively studied. To gain insights into the technical implementation and operation of smart
thermal grids, this dissertation investigates a specific sub-type of them: fully distributed, prosumer-
based district heating (PBDH) networks, consisting exclusively of peer prosumers, without central
plants. A reference network concept is developed, and its component dimensioning is addressed. Based
on the reference network concept, the thermohydraulic network behavior in relation to actuator con-
trol is modeled and characterized by simulations and experiments. Findings show the sensitivity and
nonlinearity of the overall network state to the actuator operating points. These are interdependent,
causing systemic effects like pump blocking. A two-layer control framework is developed to address
these complexities: A top-layer smart energy management system optimizes the bidirectional network
power flows. At the bottom layer, an advanced field-level controller for prosumer substations can pro-
cess the optimized power setpoints and anticipate systemic effects without direct communication links
between participants. In conclusion, this dissertation significantly advances the technical understand-
ing of smart thermal grids and bridges the gap between high-level management and technical execution.
Consequently, it contributes to making the potential benefits of smart thermal grids practically usable,
thereby paving the way for a more sustainable future energy system.

Kurzzusammenfassung

Intelligente thermische Netze konnen die Effizienz und Nachhaltigkeit der Warmeversorgung verbes-
sern durch die Nutzung verteilter erneuerbarer Energiequellen und von Synergien zwischen den Netz-
teilnehmern und Energiesektoren. Allerdigs gibt es eine Diskrepanz zwischen dem abstrakten intelli-
genten Management und der praktischen Regelung auf Feldebene. Dariiber hinaus waren die Zusam-
menhéinge zwischen dem Betrieb der verteilten Aktuatoren und dem technischen Zustand des gesam-
ten Netzes bisher nicht ausreichend erforscht. Um Erkenntnisse zur technischen Umsetzung und dem
Betrieb intelligenter Warmenetze zu gewinnen, untersucht diese Dissertation einen speziellen Subtyp
dieser Netze: prosumer-basierte Warmenetze, welche ohne zentrale Anlagen im Netz auskommen und
ausschlieflich aus Prosumern bestehen. Ein Referenzkonzept fiir solche Netze wird entwickelt und die
Dimensionierung der Komponenten hierfiir betrachtet. Auf dieser Grundlage wird das thermohydrauli-
sche Netzverhalten in Bezug auf die Steuerung der Aktuatoren modelliert und durch Simulationen und
Experimente charakterisiert. Die Ergebnisse zeigen die Sensitivitdt und Nichtlinearitit des Gesamt-
zustands des Netzes gegeniiber Verdnderungen in den Betriebspunkten der Aktuatoren. Diese wie-
derum beeinflussen sich wechselseitig, was systemische Effekte wie das gegenseitige Blockiereng von
Pumpen im Netz verursachen kann. Um derartige Komplexititen zu handhaben, wird eine zweistufi-
ge Regelungsstruktur entwickelt: Ein intelligentes Energiemanagementsystem auf der obersten Ebene
optimiert die bidirektionalen Energiefliisse im Netz. Auf der unteren Ebene ist ein fortschrittlicher Feld-
regler fiir die Warmeiibergabestationen der Prosumer in der Lage, die optimierten Leistungsvorgaben
direkt zu verarbeiten und systemische Effekte zu antizipieren, ohne direkte Kommunikationsverbin-
dungen zwischen den Teilnehmern. Zusammenfassend leistet diese Dissertation einen bedeutenden
Beitrag zum technischen Verstidndnis intelligenter Warmenetze und tiberbriickt die Liicke zwischen
ibergeordnetem Management und technischer Umsetzung. Folglich trigt sie dazu bei, die potenziel-
len Vorteile intelligenter Warmenetze praktisch nutzbar zu machen und ebnet damit den Weg fiir ein
nachhaltigeres Energiesystem der Zukuntft.
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Chapter 1

Context

“Heating is the world’s largest energy end use, accounting for almost half of global final energy con-
sumption. Industrial processes are responsible for 53% of the final energy consumed for heat, while
another 44% is used in buildings for space and water heating and, to a lesser extent, cooking. [...]
The heating sector is largely dominated by fossil fuels, with renewable energy sources meeting less
than one-quarter of global heat demand in 2021 (and the traditional use of biomass makes up half this
amount).” (IEA 2022, [1]) This makes heat supply a significant lever for energy savings and the decar-
bonization of the energy system.

Heat supply: local vs. network-based

In the past, two main supply options were distinguished for covering heat demands in buildings - Local
supply and network-based supply (compare Figure 1.1a and Figure 1.1b).
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(b) Network-based heat supply by a traditional dis-
(a) Local heat supply on-site, without network. trict heating (TDH) network with a central plant.

Figure 1.1: Local vs. network-based heat supply: network power flows.

Local heat supply is based on systems that perform the final energy conversion on site, such as boilers
(gas, oil, biomass, etc.), electric heaters, heat pumps (HPs), or solar thermal panels. The local supply
systems can be tailored to individual needs of specific demand types, such as industrial processes.

Network-based heat supply, in turn, relies on a district heating (DH) system. A DH system is a network
that efficiently distributes heat from one or several sources to residential, commercial, and industrial
buildings within a specific area or district. The network consists of pipelines with several sensors and
actuators installed to operate the system according to the consumers’ demands and technical require-
ments.
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Traditional district heating

The first DH networks were introduced in the early 1880s in the USA [2]. Since then, DH has evolved
into a diverse range of network concepts - as will be discussed in more detail in Section 3.3. In order to
terminologically capture the current state of the technology, this dissertation uses the term ’traditional
district heating (TDH)’. This non-standardized term encapsulates several fundamental aspects of the
network architecture and functionality that are widely employed in contemporary DH networks. In
this sense, the term "TDH’ is also used in contrast to innovative network concepts from research and
development (R&D) that are being investigated or recently implemented in the field.

Traditional district heating (TDH) networks follow a centralized perspective, using only one or a few
sources to supply a multitude of consumers. They are usually located in urban areas with high demand
density and short transportation distances with low thermal losses. The centrally generated heat is dis-
tributed unidirectionally to passive consumers, using circulating water as a carrier medium to transport
the heat. The networks commonly exhibit a radial topology. Technical details of TDH networks are
discussed in Section 3.2.

The main argument for centralized heat supply by TDH is the economies of scale. Larger plants can
be employed by supplying the aggregated demand of the whole area with few central units. They are
generally more efficient and can be operated in the optimal range for longer periods. This increases
the system efficiency and reduces operational and maintenance costs. Further, the central supply sim-
plifies the installation of redundancies and backups, enhancing system reliability. Circumventing the
installation of individual heating systems in every building saves valuable residential space and lowers
the upfront investment costs for new buildings.

In 2017, 12% of Europe’s space and water heating demand for households, service, and industry sectors
were supplied by DH systems [3]. The main technologies for heat production were boilers with approx.
59% of the installed DH capacity, followed by combined heat and power plants (CHPs) with approx. 39%
[4]. This is reflected by only 25% of district heat in Europe being produced from renewable sources,
with exceptionally high rates in certain northern countries, where more than 50% of DH is fuelled by
renewables [5]. In Germany, the share of renewables in DH is about 19% [6], mainly from renewable
biomass. So far, the main fuels for DH are gas, oil, and coal.

However, the plans for the development of DH are ambitious: In the 'Net Zero by 2050’[7] scenario
of the International Energy Agency (IEA), DH is expected to cover 20% of global space heating needs
by 2030, up from 15% in 2020, while more than doubling the share of renewable sources. For Europe,
a European Parliament and Council directive formulates clear criteria for shares of renewable sources
for sustainable DH in the future decades [8]. For Germany, this is about to be implemented by a law
that urges municipalities to make strategic plans for the development of their heating supply and its
decarbonization [6], [9]. The draft contains minimum targets for the share of heat from renewable
sources and unavoidable waste heat. It sets the framework for Germany’s gradual decarbonization and
expansion of DH. By 2030, DH networks must be fed to 30 percent and by 2040 to 80 percent with heat
from renewable energies or unavoidable waste heat. By 2045, all heat networks in Germany are meant
to be climate-neutral. As of 2024, for all new DH networks in Germany, at least 65 percent of the heat
fed into the networks must be renewable.

Distributed generation and synergy exploitation

As the transition towards a more sustainable energy supply gains momentum, features other than
economies of scale become driving forces for the development of network-based heat supply [10]-[12]:

a) Distributed generation: The ability to integrate distributed energy resources (DERs) and make
them accessible for all network participants. In contrast to local on-site supply, network-based




supply makes it possible for all network participants to potentially benefit from any connected
source.

b) Synergies: The potential to harness synergies of two kinds. Firstly, synergies can be used between
network participants with different load profiles, generation capabilities, and storage capacities.
Secondly, synergies between the electricity and heat sectors can be exploited, facilitated through
coupling technologies such as CHP units and HPs.

The ability to integrate DERs is of particular interest for the decarbonization by using renewable op-
tions, such as geothermal, solar, biomass, and waste heat recovery, e.g., from industrial processes or
cooling applications as in data centers [13] or supermarkets [14]. An exemplary benefit of using cross-
participant synergies is that efficient and cost-effective distributed heat generators can be optimally
utilized by supplying other network participants beyond covering the varying self-consumption, thus
replacing less efficient systems. This is especially prominent in mixed-use areas, where various dis-
tributed energy sources and sinks are available. Sector coupling additionally allows for more efficient
use of the available energy resources and can improve overall energy efficiency by optimizing the en-
ergy flows across sectors. The energy conversion between sectors increases the flexibility in the energy
system to handle volatile renewable energy sources. For the electricity sector, sector coupling may re-
alize peak shaving, may reduce curtailment and grid congestion and thus improve grid stability and
resilience.

Prosumers and smart grids

The focus on distributed generation and synergy exploitation in the field of DH was induced and in-
spired by the coupling to the field of electric grids, where these topics have been investigated already
for decades [15]-[17]. In this context, the concepts of prosumers and smart grids were also transferred
to the field of thermal networks.

The term *prosumer’ is a compound word of producer’ and ’consumer’. Prosumers are entities that can
extract energy from an overarching energy system (consumption) or feed power into it (production)
and (can) switch between these two modes over time. That means there are two prosumer modes:
production and consumption. Typically, prosumers are sites (like buildings) that combine different
units for local generation, local demand, and storage options. Usually, the local generation is used for
self-consumption, preferably, while excess energy is fed into the network. In turn, possible deficits,
especially in the case of fluctuating renewable generation, can be compensated by extraction from the
network. Moreover, controllable generators might benefit the overall network operation by feeding in
or extracting energy in a coordinated manner at specific periods and storing it locally at other periods.
Figure 1.2 illustrates the concept of prosumers.

From the network perspective, the term ’prosumer’ can also be seen as a supercategory of producers
and consumers: Prosumers that only feed in energy are producers, while prosumers that only extract
energy are consumers.

The concept of smart grids embodies the transition to distributed generation, exploitation of synergies,
and integration of the prosumer concept. Adopting the concept of smart grids for thermal networks,
an influential paper in the field defines the concept of ’smart thermal grids’ as follows: “a network of
pipes connecting the buildings in a neighbourhood [...], so that they can be served from centralised
plants as well as from a number of distributed heating and cooling producing units including individ-
ual contributions from the connected buildings. The concept of smart thermal grids can be regarded
as being parallel to smart electric grids. Both concepts focus on the integration and efficient use of
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Figure 1.2: Tllustration of the prosumer concept: Possible power flows within a prosumer entity and in
interaction of the prosumer with an energy network.

potential future [renewable energy sources] RES as well as the operation of a grid structure allowing
for distributed generation which may involve interaction with consumers.” (Lund et al. 2014, [2])

This definition of smart thermal grids by Lund et al. clarifies that the term ’smart thermal grid’ refers
more to an abstract construct than specifying a functional network operating principle or distinct
hydraulic infrastructure. The concept of smart thermal grids combines the pure forms of local and
network-based heat supply (as shown in Figure 1.1) and integrates the prosumer concept. Figure 1.3
illustrates the smart thermal grid concept.

However, the term ’smart grid’ originates from power engineering, whereas in DH literature, the term
‘network’ is traditionally employed. This divergence in terminology leads to a lack of consensus within
the scientific community regarding the appropriate usage of ’grid’ or ‘network’ in the context of innova-
tive thermal supply infrastructures. In this dissertation, ’grid’ is used to refer to ’smart’ infrastructures
and electrical grids. Conversely, ‘network’ is applied to describe thermal systems more generally.

As illustrated by Figure 1.3, in smart thermal grids, the pipelines no longer function as an infrastructure
to transport heat from a central power plant to traditional consumers. Instead, it serves as a connecting
infrastructure between an expanded set of different network participant types:

+ Central power plant(s): feed-in only, significant share in supply

+ Traditional consumers: extraction only

« Distributed energy resource (DER): feed-in only, supplementary supply
« Prosumers: can switch between feed-in and extraction

Smart thermal grids aim to facilitate the exploitation of the benefits mentioned above, including the
integration of distributed generation and leveraging synergies via network-based supply systems. With
this role, smart thermal grids are a puzzle piece of the comprehensive smart energy system concept,
complementing electric grids and other supply infrastructure, like gas networks [18], [19]. As a part of
smart energy systems, these innovative DH concepts can facilitate an optimized and sustainable energy
supply for the future.




Figure 1.3: lllustration of the smart thermal grid concept, merging local and network-based supply and
integrating the prosumer concept: Shown are the possible energy flows in a district heating network
with a central power plant (left), three traditional consumers, a DER (on the right), and an active pro-
sumer (bottom left). The network topology can be radial, meshed, or a mixture.




CHAPTER 1. CONTEXT




Chapter 2

Research Focus

Based on the preceding context, this chapter formulates the research directions (RDs) of this disserta-
tion. To facilitate focused and meaningful investigations, the scope is narrowed and outlined. Within
this scope, specific research questions (RQs) are derived and addressed in this dissertation.

Introducing the RDs and RQs in this chapter offers readers an early insight into the dissertation’s ob-
jectives. Detailed rationales for the RQs introduced in this chapter are given by a later literature review
that identifies current research gaps. The literature review is strategically positioned at Chapter 4, fol-
lowing the introduction of technical fundamentals. This intentional placement ensures that, with the
technical fundamentals at hand, readers can fully grasp the specificities of the contextual background
and the relevance of the RQs within the broader academic discourse.

2.1 Research Direction and Scope

This dissertation aims to contribute to implementing the concept of smart thermal grids, thereby fa-
cilitating the exploitation of their associated benefits. Given that smart thermal grids embody a broad,
abstract construct (see Chapter 1), their practical realization in concrete network concepts through
technical implementation and operation is crucial for making the anticipated benefits usable. While
smart electric grids have undergone extensive study, smart thermal grids are a relatively new con-
cept. So far, several technical and operational aspects relevant to their practical implementation remain
under-explored. Against this backdrop, the primary motivation of this dissertation lies in exploring and
advancing the technical feasibility of smart thermal grids.

TDH is characterized by a centralized, hierarchical, and unidirectional nature. This promotes a "pull’-
oriented operation, originating from the demand side: Consumers extract the necessary heat from the
network to meet their demands, using unidirectional substations. The central plant compensates for
the extracted energy. A network pumping station maintains the unidirectional water circulation to dis-
tribute the heat. This means that the central plant and pumping station dominate the overall network
state, while the consumers "take what they need’.

In contrast, in smart thermal grids, distributed feed-in and dynamic modes of prosumers disrupt the
traditional hierarchy and change the interaction within the network. The overall thermohydraulic sys-
tem state emerges from the interference of the operation of all distributed network participants and the
characteristics of the pipe network itself. Prosumers exchange heat bidirectionally with the network
while multiple distributed generators feed in. This induces bidirectionality also within the network
in the form of potentially reversing volume and power flows. The flow trajectories and hydraulic cir-
cuits in the network are no longer predetermined and can change dynamically. It is reasonable that,
thereby, the technical network operation is significantly more complicated compared to TDH networks.
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On the other hand, incorporating DERs and prosumers in the evolution path of DH offers the poten-
tial to optimize the usage of sustainable energy sources and to increase the overall system efficiency
by exploiting synergies between network participants and energy sectors. However, to leverage these
potentials, the diverse network participants must be coordinated to steer the overall network opera-
tion. There are potentially multiple sources available for supplying the demand of diverse network
participants, introducing new degrees of freedom. Each of the network participants has its own char-
acteristics and features. To make use of potential synergies, the additional degrees of freedom have to
be handled by determining a desired optimal network operation that maximizes the system efficiency.
Therefore, unlike the 'pull’-oriented operation on a technical level in TDH, smart thermal grids require
overarching smart management. This embodies one facet of the ’smart’ in ’smart thermal grids’.

To implement coordinative and smart management, enhanced and seamless communication is needed
between different layers of automation and between different entities in the network eventually. Estab-
lishing this comes along with digitalization on a broad scale. Further, advanced automation and control
are required for the conversion of setpoints and the implementation on the field level [20]. These as-
pects embody another facet of the term ’smart’ in *smart thermal grids’.

Condensing the preceding elaborations, from the altered nature of smart thermal grids compared to
TDH networks, two aspects can be derived that are crucial for advancing the practical implementation
of smart thermal grids. These two aspects shape the research directions of this dissertation:

Research Direction (RD): Technical Feasibility of smart thermal grids

a RD1 Technical Implementation: Understanding the intricacies of the interaction between
distributed active network participants and the impact of this interaction on the overall
network behavior to be able to steer it in a controlled manner.

RD2 Operation: Designing an operational framework that a) enables the leveraging of syn-
ergistic potential within smart thermal grids by strategically identifying the most ef-
fective operational trajectories using smart management and b) ensures the practical
execution of these trajectories while addressing technical intricacies associated with
smart thermal grids.

Given that smart thermal grids represent an abstract construct, it is reasonable to narrow the scope of
investigation to a specific network type. Choosing a type of network in which the RDs above are par-
ticularly significant allows to draw conclusions about the investigated aspects that can be generalized
for smart thermal grids. Concerning the introduced RDs, networks consisting only of heat prosumers
interconnected via the network infrastructure are particularly suitable for this purpose. In the context
of this dissertation, such systems are termed *prosumer-based district heating (PBDH)’ networks.
Prosumers represent the most general form of a network participant, as they can be understood as a
supercategory of producers and consumers. PBDH networks potentially show the most interaction
and mutual influence amongst the network participants and the most distributed network operation.
At the same time, they offer maximum degrees of freedom and flexibility, which can be utilized to ex-
ploit synergies. We define prosumer-based networks to have no central units, in order to maximize
decentralization and to ensure that all prosumers are on an equal hierarchical level (peer prosumers).
Consequently, in contrast to traditional networks, there’s no central plant, pumping station, or balanc-
ing units, as depicted in Figure 2.1.

PBDH networks allow participants to flexibly exchange heat via the network. Meshed, radial, or
mixed topologies are allowed [21]. The setup can be perceived as an entirely distributed and network-
based heat supply, combining the completely local and completely centralized network-based supply,
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Figure 2.1: Hllustration of thermal power flows in prosumer-based networks. Participants can flexibly
exchange energy via the network.

as shown in Figure 1.1. While real-world implementations may mix these concepts, PBDH networks
epitomize the most distributed smart thermal grids. Addressing challenges in such networks provides
insights that are also applicable to less prosumer-centric networks.

The system boundary for investigations in this dissertation are the connection points of the substations
to the secondary prosumer side, where idealized prosumer system behavior is assumed. Consequently,
the focus is on the primary network side. For investigations on the secondary prosumer side, it is
recommended to consult the complementary dissertation of Daniel Zinsmeister and his further work.

The scope of this dissertation are prosumer-based district heating networks, but findings can be ex-
trapolated to cooling and combined networks due to analogous physical principles.

Scope

This dissertation investigates prosumer-based district heating (PBDH) networks, character-
O ized by the exclusive participation of prosumers without central or dominant entities in the
network. PBDH networks are a particular type of smart thermal grids, especially well-suited
for studying the impacts and interactions of prosumers on network operations. The system
boundary for investigations in this dissertation are the connection points of the substations to
the secondary prosumer side, where idealized prosumer systems are assumed. Consequently,
the focus is on the primary network side.

2.2 Research Questions

To address the identified RDs within the defined scope, a reference network concept is needed that
enables the bidirectional heat exchange in PBDH networks. This opens the first RQ.

Research Question 1

7 RQ1 Design: What is a suitable network concept for prosumer-based district heating
) (PBDH) networks and how can it be technically implemented?

11



CHAPTER 2. RESEARCH FOCUS

Such a network concept includes the hydraulic infrastructure and an underlying functional principle.
It provides a blueprint for designing specific network infrastructures. In the context of planning PBDH
networks, suitable dimensioning methods for the components in the proposed network concept are a
follow-up question.

To ensure a stable and resilient network operation on the technical level, understanding the interplay
between prosumer operations and the technical state of the network is crucial. This leads to the second

RQ.

Research Question 2

7 RQ2 Analysis: How do prosumer-based district heating networks behave on a technical
) level, i.e., concerning the thermohydraulic system behavior depending on the operation
of the distributed actuators?

The technical network state and behavior cover the thermohydraulic behavior, represented by tem-
peratures, pressures, and volume flows. Further, the characteristic operational behavior is of interest,
especially concerning prosumer interactions and transient states.

As introduced, PBDH networks require smart management due to the increased degrees of freedom.
Moreover, they shall be operated as an interconnected and integrated part of an overarching energy
system. Therefore, setpoints from high-level management must be effectively translated to and imple-
mented at the field level. This raises the third RQ.

Research Question 3

? RQ3 Operation: How can prosumer-based networks be operated and controlled, seamlessly
o integrated from the management level down to the field level?

An important aspect here is considering the identified system behavior from RQ2 to preemptively tai-
lor the control design at the field level. Furthermore, the integration and compatibility between the
overarching management and the control at the field level is essential so that the synergy potentials
anticipated at the management level can effectively be harnessed in the implementation.

2.3 Cumulative Structure

After the preceding introduction in Part I, the remainder of this thesis is structured as follows:

Part II provides background information as a basis for the investigations within this dissertation. This
covers information on the evolution of DH incl. the current state of technology in the field (Chapter 3).
Further, a tailored literature review (Chapter 4) is presented to identify and underline the research gaps,
which motivated the RQs, addressed by the dissertation at hand.

Part III is the main part of this document, comprising the conducted investigations of this disserta-
tion. To answer the introduced research questions, seven publications (Pub) form the foundation of the
cumulative dissertation at hand.

Figure 2.2 illustrates the structure of Part IIl, showing the relation between the different chapters, the
introduced research questions and the publications, which are listed in detail below. The publications
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are numbered according to their integration into the narrative of this dissertation, not according to the
order of their creation or publication.

Advanced Field
Control

District Energy
Management

‘CtrlFrame‘ ‘ Pub1l ‘

Network
Concept

| RefCncpt | | Pub2 ‘ ‘ Pub3 ‘

Thermohydraulic
System Behavior
[Pub4] [Pub5] [Pub6]

Figure 2.2: Structure of main part of this dissertation.

Structure of main part of this dissertation:

o Chapter 5 discusses a suitable control framework for smart thermal grids and addresses
an according district energy management system (EMS) (Pub1).
Chapter 6 derives a reference network concept for PBDH networks and describes its im-
plementation in a laboratory environment at the Technical University of Munich (TUM)
(Pub2). Further, the dimensioning of components for PBDH networks is addressed
(Pub3). Chapter 7 investigates the thermohydraulic behavior of PBDH networks. A
mathematical model (Pub4) and a simulation library (Pub5) are developed to replicate
the technical system behavior. Based on this, characteristics and challenges (Pub6) of
PBDH are derived. Chapter 8 focuses on an advanced field level control approach for
bidirectional prosumer substations to implementation abstract power setpoints techni-
cally at the field level. Alltogether, Chapter 6 is associated with RQ1 (design), Chapter 7
is associated with RQ2 (analysis), while Chapter 5 and Chapter 8 are associated with
RQ3 (operation).

All publications that are part of this cumulative dissertation are included directly in the respected chap-
ter. Before each publication, context on the individual paper within the narrative of this dissertation is
given. Specific introductions, literature reviews and conclusions can be found in the individual papers.
At the end of each chapter, a chapter conclusion is presented, serving to contextualize the insights
gained within the broader narrative of this dissertation.

Part IV gives an overall conclusion within the framework of the research questions, and an outlook
completes this dissertation.

The appendix presents comprehensive lists of all figures, acronyms, and bibliographic references. Ad-
ditionally, it contains information about the doctoral candidate’s journey, offering context on the de-
velopment process of this dissertation.
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Chapter 3

Evolution of District Heating

As a basis for the investigations in this dissertations, some background is given on the evolution of
district heating. This comprises an introduction to thermohydraulics for understanding the technical
aspects of DH. Consecutively, the most relevant technical aspects of TDH networks are presented as
a starting point and benchmark for the investigations to be conducted. Finally in this chapter, widely
used classifications for DH network concepts incl. innovative approaches are presented, covering also
the established vocabulary in this context.

3.1 Basic Thermohydraulics

As a knowledge base for the technical understanding of thermal networks in general, a brief introduc-
tion to the relevant aspects of thermohydraulics is given in this section.

The underlying physics of thermal networks is principally governed by the interplay between ther-
modynamics and hydraulics, succinctly termed as thermohydraulics. This is attributed to the intrinsic
purpose of thermal networks, which is the controlled and efficient transmission of heat (thermodynam-
ics) using a carrier fluid (hydraulics), namely water. The integration of these two fields for practical
application amplifies the complexity of the system’s operation in various dimensions. This stands in
contrast to electrical supply systems where electrodynamics is the sole governing physical domain.
The fundamental governing laws of thermohydraulics are the Navier-Stokes equations [22] in con-
junction with the Laws of Thermodynamics [23]. For practical application within the context of the
technical implementation of thermal networks, these can be viewed substantially simplified through
the perspective of applied thermodynamics [24] and hydraulic engineering. The central mathemati-
cally connecting quantity between the two fields is the volume flow rate.

Technical key components of thermal networks include pipes, pumps, valves, and heat exchangers.
As a foundation for understanding the operation of thermal networks and for further investigations, a
brief introduction to the relevant fundamental principles will be provided subsequently in the context
of these key components.

3.1.1 Hydraulics

In thermal networks, pumps are used to set the carrier medium water in controlled motion and induce
a volume flow rate V. Common re-occuring simplifications in the field are:

« the flow (e.g. through pipes) is a ’plug flow’, which means the flow is homogeneous in direc-
tion and velocity across the entire cross-section. This allows for a simplified one-dimensional
representation with variations of flow quantities only along the flow direction.

o the fluid (water) is incompressible, i.e. constant density .

17



CHAPTER 3. EVOLUTION OF DISTRICT HEATING

The constant density directly relates volume and mass flow 772 to each other

m=o-V (3.1)
Driver for the volume flow is the pressure difference Ap, caused by a pump (forced convection) - the
local pressure downstream after the pump is higher than the pressure before the pump. The water flows
in closed hydraulic circuits in the network. When flowing through components (such as pipes, valves,
heat exchangers, and others), friction causes a pressure drop along the flow direction. Analogous to
the first Kirchhoff circuit law (KCLI) in electrical engineering, the the directed sum of the pressure
differences around any closed hydraulic circuit is zero in steady-state. This means pumps as pressure
sources compensate for the pressure drop through all other components to maintain the flow. Assuming
constant fluid density, the principle of mass conservation can be used to derive an analogy to the second
Kirchhoff circuit law (KCL II) from electrical engineering: The algebraic sum of volume flows in a pipe

network meeting at a node is zero.
The hydraulic Kirchhoff circuit laws (KCLs) are illustrated in Figure 3.1a.

k

(KCL ) Z Ap; = 0 (3.2)
=1

KCLI) Y iy = (gj : Vj) - 0 (3.3)
=1 j

k is the total number of pressure differences in the circuit and n is the total number of pipes with

volume flows towards or away from a node.

operating
ORI S point
Vi
v 1% N
node
< (KCL 11) ?)o \
\

& control valve O variable-speed pump  [_R_| ?gdgra;ill'fe;es'Sta"ce .

(b) Hydraulic operating point as intersection
of sink and source curves in pressure-flow-

diagram [25].

(a) Mustration of Kirchhoff circuit laws in hydraulic circuits.

In the context of thermal networks, a hydraulic system state is determined by the combination of a
volume flow V' and a pressure p or pressure difference Ap respectively. The pressure difference over
an element is coupled to the volume flow through this element by a quadratic relation, usually modelled

as follows ' '
Ap=ua;-V?+ay-V +as (3.4)

18



3.1. BASIC THERMOHYDRAULICS

a1, az and a3 are parameters, with as often being set to zero. For resistive elements (pressure sinks), like
valves and pipes, the paramater as is also zero and a; has a positive value. For pressure sources, like
pumps, the parameter a; has a negative value, while a3 is greater than zero. This is illustrated in the
Ap — V-diagram in Figure 3.1b. By opening or closing the valves, the resistance in form of parameter
a1 (and a) can be manipulated, changing the characteristic curve. Variable-speed pumps allow to
manipulate the parameter a3 by speeding up or slowing down, thereby also changing the characteristic
curve. The hydraulic operating point in a closed hydraulic circuit with pumps and resistances emerges
from the intersection of the characteristic curves of the elements in the circuit (see Figure 3.1b). Thus,
by operating the control valves and variable speed pumps, the volume flow (and pressure differences)
in closed hydraulic circuits can be manipulated.

3.1.2 Thermodynamics

The central thermodynamic quantity in the context of heat networks is the temperature 7. When using
warm water for energy transfer, it is important to note that a reference temperature level 77¢/ is always
required to calculate a usable energy content.

E:g-v-c-(T—TTef)Q :g-V-cp-(T—T’"ef> (3.5)

Here F is the energy content of the volume V' with specific heat capacity ¢ and temperature 7', with
respect to reference temperature 77¢/. () is a thermal power flow associated with the volume flow V. A
re-occuring simplification on the thermal fluid properties is that the specific heat capacity c is constant
at the value of one isobaric specific heat capacity c,, although the specific heat capacity of a fluid in
general is a function of the pressure and the temperature.

For understanding the operation of thermal networks, understanding the functionality of heat exchang-
ers is essential. In the context of this dissertation we focus on plate heat exchangers (see Figure 3.2)
as the most common option in the context of DH systems. In these devices two fluids stream on two

Figure 3.2: Countercurrent flow (top) and co-current flow (bottom) through a plate heat exchanger [26].

sides of thin metal plates through which the heat is transferred by convection and conduction from the
warmer to the colder fluid without mixing [24]. Like this, the fluids are hydraulically decoupled, but
thermally coupled. The corrugated design of the plates promotes turbulence, enhancing heat transfer,
while the compact stacked arrangement allows for a large heat transfer area in a small space. With plate
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CHAPTER 3. EVOLUTION OF DISTRICT HEATING

heat exchangers there are two main flow patterns for heat exchange: countercurrent and co-current
flow (see Figure 3.3). Countercurrent flow heat exchange is the more efficient one, as the driving tem-
perature difference for heat exchange is higher along the length of heat exchange. Quantitatively this
is reflected by a higher logarithmic mean temperature difference (LMTD), as illustrated in Figure 3.3.

100°C| 100°C
An A
---- §70°C
60°CjY Ag I
- %( —————— occ
o°cl —
LMTD = 53,6°C LMTD = 39,1°C

Figure 3.3: Comparison between countercurrent (left) and co-current (right) flow pattern for heat ex-
change. Resulting logarithmic mean temperature difference (LMTD) for the same inlet temperatures.
[26]

Using the equations for ideal countercurrent flows, e.g. from the VDI Heat Atlas [24], the outlet temper-
atures can be calculated. Let the warmer fluid be denoted with subscript 1 and the colder with subscript
2, while properties of incoming streams are denoted by ’ and those of outgoing streams are denoted by
”’. Assuming constant density p and constant specific heat capacity ¢, for both fluids, as well as the heat
transfer surface A and a constant heat transfer coefficient k, the equations for the outlet temperatures
are:

1 @)

=T — (T1 - T) - o - 1}4 for 1y # Mg A cp1 = cp2 = ¢ (3.6)
| [

T =Ty + (11 — T3) - 1_6[( m2) - kl for 1y # 12 A cpr = cp2 = ¢, (3.7)
=53 1) 5]

These equations have a definition gap for the special case of same heat capacity flows on both sides,
therefore the equations for this special case are:

k-A . .
T//:Tll— (T{ —TQI) . Wfor mq 'Cp1 :m2'0p2 (38)
T":Tg'—i—(T{—Té)-Lforml-clzmg-CQ (3.9)
mo-cpp+k-A P P

The warmer stream gets cooled down, while the colder stream gets heated up, as expected by the
first law of thermodynamics. The outlet temperatures are linear in the inlet temperatures and highly
nonlinear in the volume flows of both sides. Evaluating the equations for some exemplary boundary
conditions, this can be illustrated as in Figure 3.4.
The transferred heat is a function of the volume flows and the difference between inlet and outlet
temperature of one side.

Qi=0V-e (T{ —T}) (3.10)

This means that by manipulating the volume flows, the outlet temperatures can be controlled according
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varying inlet temperatures varying volume flows
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Figure 3.4: Ideal countercurrent flow heat exchanger: Dependency of outlet temperature on the inlet
temperatures and the volume flows. 'PSM’ stands for prosumer, ' HTNW’ stands for heat network.

to Equation 3.6 - Equation 3.9, which then might be inlet temperatures for another heat exchange pro-
cess in the network. At the same time, by manipulating the volume flows, also the transferred thermal
power can be controlled according to Equation 3.10.

Another relevant thermal effect in the networks are heat losses (to the environment). The heat losses
are proportional to the temperature difference between the water in the pipes and the ambient temper-
ature. The losses can thus be decreased by decreasing the network temperatures, or by reducing the
heat exchange area or increasing the insulation. Hydraulic friction adds thermal energy into the flow.
However, this is usually negligible in common models.

3.2 Traditional District Heating

In a previous chapter, ’traditional district heating (TDH)’ was introduced to encapsulate in one term
the state of the technology in the field from the viewpoint of the 2020s. Understanding TDH systems
helps to grasp the main principles and nature of current DH systems, therefore builds a benchmark for
consecutive research. To enhance this understanding, in this chapter, the technical key aspects of TDH
networks are outlined.

In practice, there is not a single network design for TDH systems, but numerous implementation vari-
ants exist. For clarity, a basic version is described, which will be used as a common ground for bench-
marking. Not all technical details will be delved into; only those relevant for subsequent discussions in
this dissertation will be highlighted. The goal is to create an understanding of the basic functioning of
TDH networks. The described state of technology is manifested in standard literature on heat networks,
such as the Handbook on Planning of District Heating Networks by Nussbaumer [27] or District Heating
and Cooling by Frederiksen and Werner [28]. For more details, readers may consult this established
literature, which also serves as the main source for the compiled facts and numbers presented in the
following.

TDH networks follow a centralized perspective: A central power plant generates heat and a central
pumping station drives the network flow. Substations transfer the heat unidirectionally from the net-
work to the consumers.
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3.2.1 Infrastructure

The main parts of the infrastructure are illustrated in Figure 3.5.
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Figure 3.5: Simplified exemplary scheme of typical infrastructure in TDH networks, as a reference in
the context of this dissertation: (1) central plant; (2) pumping station; (3) pipe network, warm supply
line in red, cold return line in blue; (4) consumer substations; (5) consumer systems.
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There are various options for the central plant and in principle any heat supply technology can be used.
Most commonly, gas-fired CHP plants are used, as they simultaneously supply heat and electricity, have
a high overall efficiency, are well controllable and are able to provide the necessary temperatures also
for industrial processes. However, there is a trend towards using deep geothermal plants as a more
sustainable alternative.

For the pumping station, speed-controlled circulating pumps driven by an electric motor are used for
water circulation in the district heating network. Since pumping is a fundamental functionality for the
overall operation, it is common to have two identical pumps in parallel for redundancy.

For the pipe network, pre-insulated steel pipes are most frequently used. The pipe network can have
various topologies, with radial networks being the most common, and line networks being a special
form of them. In the pipes, warm pressurized water is used as a carrier medium. Modern TDH networks
are almost exclusively designed as closed two-pipe systems with a warm supply line and a colder return
line. At the end of each network branch, the supply and return line are interconnected via a valve to
shortcut them in case of low or no demand. The temperature levels strongly depend on the specific
network design, covering 65 °C to 110 °C'. We consider 80 °C for the supply line as a reference, with a
temperature spread to the return line of 30 K. The nominal pressure level in the network also depends
on the specific network design. In bigger networks with steel pipes it lies between 10 bar and 25 bar,
in smaller networks and networks with plastic media pipes also pressure levels around 6 bar are usual.
We take 12 bar as a reference.

For the consumer side, there are various options of systems that can be connected to the DH network,
with several substation architectures being tailored for these systems (see Ref. [29]). The substations
transfer the heat unidirectionally from the network (primary side) to the consumer (secondary side).
The technical connection requirements and guidelines for the substation design are usually given by
the utility that operates the network, e.g. for Munich these can be found in Ref. [30]. This dissertation
focuses on the most common and most generalizable application: the indirect connection of a consumer
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system for (space) heating. Indirect connection in this context means, that network side and consumer
side are hydraulically separated by a heat exchanger. Here the conventional solution is a plate heat
exchanger operated in counter-current flow mode. Figure 3.6 illustrates a typical substation configura-
tion in TDH networks. Apart from the heat exchanger, the control valve (CV) on the network side and
the circulating pump of the consumer’s heating circuit are the main installations in the substation.

generation

controller

plant

(‘P supply
_&_ 7\ return
N/

(network) <>__ _@_

primary side

secondary side
(consumer)

return
supply l.

& control valve (-P temperature sensor
plate heat exchanger

(counter current)
O (variable-speed) pump

Figure 3.6: Simplified reference configuration of typical substations in TDH networks, as a reference in
this dissertation. Indirect connection for space heating application.

Of course, there are several other installations in the network and the substations to guarantee a safe
and reliable network operation. For example, due to the thermal expansion of the water in the pipes,
expansion vessels are needed. As eleborated before, these elements are not mentioned here for the sake
of conciseness.

3.2.2 Control

The operation of TDH systems is distributed amongst different actuators, involving many intricacies.
In the following we will only address the essential aspects, which serve as a reference for investigations
in the context of this dissertation.

The control of TDH networks consists of three main pillars: Temperature control, pressure control,
heat demand and flow control [31], [32]. The overall operation is shared between network elements
and elements in the substations.

Network The central plant feeds in heat to satisfy the heat demand of the whole network, compensat-
ing for the thermal power extracted by the consumer substations and for losses. The plant is controlled
to provide the necessary primary side supply temperature, which is usually determined by a heating
curve depending on the ambient temperature. The central pumping station in the network pressurizes
the supply line and is controlled to keep a minimum differential pressure at the critical substation. The
targeted minimum differential pressure is usually around 0.7 bar. The location in the network, where
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the differential pressure between supply and return line is minimal, is the so called 'network critical
point’ (german: ’Schlechtpunkt’). The critical substation lies close to this critical point and is the one,
where the pressure drop from the pumping station to the substation is highest. The closed loop be-
tween the pumping station and the critical substation forms the critical hydraulic circuit. The critical
substation in TDH usually is the one furthest away from the pumping station, as the pressure drop is
significantly caused by the hydraulic resistance of the pipes and installations in the pipes. The hydraulic
resistances of all closed hydraulic circuits in the networks are further influenced by the opening status
of the individual primary side valves in the substations. The network volume flows thus can be ma-
nipulated according to the pressure-flow-relation (see Section 3.1) by operating the pumping station in
interference with the primary side control valves of the substations. As the plant aims to keep the sup-
ply temperature constant, the thermal power fed into the network can be controlled by manipulating
the network flows.

Substation On the primary side of the substations, the supply line is pressurized by the central pump-
ing station in the network. By opening and closing the CV on the primary substation side, the hydraulic
resistance in the according hydraulic circuit is changed and the flow through this specific substation
can be regulated. The valve is controlled to reach the setpoint for the secondary side outlet temperature.
Mostly a proportional-integral-derivative (PID) controller is used for this purpose [33]. The secondary
side supply temperature setpoint is normally given by the consumer heating system and adapted ac-
cording to a heating curve depending on the ambient temperature.

On the secondary side of the substations, the flow is driven by the circulating pump in the consumer
system. In older settings, this consumption pump (CP) is operating at constant speed. In more modern
and efficient settings, the speed of the CP is controlled according to the differential pressure of the
secondary side hydraulic circuit. When there is higher heat demand - i.e. the thermostat on a radiator
is opened - the differential pressure decreases and the pump increases its speed to keep the differential
pressure. Thus, the volume flow rate increases. As the supply temperature is kept constant by the
primary side valve, the transferred power in this setting is indirectly controlled via the secondary side

pump.

3.2.3 Component Dimensioning

Planning, constructing and operating DH networks is a demanding endeavor, necessitating extensive
expertise, significant intervention in the built environment, and substantial long-term financial invest-
ments, spanning 40+ years. Usually, only established, experienced and resilient companies or consortia
can handle this.

The planning covers several phases (e.g. according to HOAI [34]), that include amongst others econom-
ical, technical, administrative and political aspects. From the technical perspective, the dimensioning of
components is a crucial step within the planning process of DH systems, which is closely intertwined
with the subsequent network operation. Therefore, as a reference for consecutive investigations, the
main steps for dimensioning the key components of TDH networks will be briefly outlined in the fol-
lowing. For more details, it can be referred to Ref. [27].

1. Determine boundary conditions:
Initial planning steps involve identifying connection points and identifying expected loads, incl.
their technical requirements.

2. Network architecture decisions:
Based on the identified boundary conditions, decisions are made on the network type, topology,
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substation design, temperature and pressure levels. For the further dimensioning usually the
network temperatures are assumed to be fixed at the design temperature levels.

3. Determine design volume flows:

Knowing the max. thermal power to be transported trough each network segment and the in-
tended temperature levels for supply and return lines, the necessary design volume flows can be
determined using Equation 3.10. Due to the unidirectionality of TDH networks, the hydraulic
circuits therein remain static over time. That means the network critical point remains at the
same location in the network. Each specific network segment belongs to a fixed hydraulic cir-
cuit. Each hydraulic circuit comprises the central pumping station and a consumer substation.
Due to the static hydraulic circuits in TDH networks, the heat transfer capacity for each network
segment can be easily ascertained by summing the peak loads of the consumers.

4. Determine pipe diameters:
Knowing the design volume flows for each network segment, the pipe diameters of each segment
can be determined. Therefore, a maximal flow velocity and a maximal pressure gradient along
the pipes is assumed. Depending on the specific case, one factor or the other is limiting, the
assumed values vary depending on the type of pipe and fluid. It is typical, that in radial networks,
pipelines taper as they extend further from the central power plant, reflecting a diminishing need
to transport power and, consequently, a reduced volume flow for assumed constant temperatures.

5. Dimension CVs in the substation:
Knowing the pipe diameters, the pressure drops in all hydraulic circuits without installations
can be calculated for the design volume flows. Assuming a certain valve authority, the necessary
pressure drop across the CVs in the substations can be determined and suitable CVs can be chosen
from manufacturers’ catalogues. Advanced systems utilize pressure-independent control valves
or combination valves, where the concept of valve authority becomes less significant since it
consistently remain at a value of 1.

6. Dimension the heat exchangers:
The heat exchangers in the substations can be dimensioned knowing the peak heat transfer of
each substation as well as the temperature and pressure levels of the chosen network concept.

7. Dimension the network pump(s):
Knowing the design network flows and the dimensions of all installations (i.e. in the criticial
hydraulic circuit), the pump(s) in the central pumping station can be dimensioned. The pump(s)
must be able to overcome the pressure difference in the critrical hydraulic circuit, keeping a
minimal pressure of 0.7 bar across this substation for all operating points of the network. Further
it must be able to provide at minimum the design volume flows in all network branches.

3.3 District Heating Classifications and Vocabulary

As mentioned in Chapter 1, DH has undergone an evolution that branched into a wide range of net-
work concepts. In the following, an overview of typical classification approaches for thermal networks
and the associated vocabulary is provided. In this context also the terms ’traditional district heating
networks’, ’smart thermal grids’ and ’prosumer-based district heating networks’ are allocated within
the landscape of thermal network vocabulary.

3.3.1 Four Generations of District Heating

Trying to capture the evolution of DH, Lund et al. suggest a classification into generations that is widely
recognized and established in the field [2]. Figure 3.7 illustrates the four generations of DH networks,
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as proposed.
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Figure 3.7: Generations of district heating, based on Lund et al. [2]. ’5th generation’ not included, as
term is disputed within the scientific community to be seen in this row of generations.

The development goes from steam-based systems in the first generation district heating (1GDH) tran-
sitioning to pressurized water systems above 100 °C' in the second generation district heating (2GDH)
and to more sophisticated prefabricated systems in the third generation district heating (3GDH), which
are the majority of currently operated systems [35], [36]. Traditional district heating (TDH) systems
as described in Section 3.2 can also be counted to 3GDH. Networks of the fourth generation district
heating (4GDH) are currently being implemented in the field, with a focus on energy efficiency, smart
integrated energy systems, and the utilization of locally available renewable energy sources. General
trends across the generations are the decrease of system temperatures from above 200°C' to below 50°C’
and the accompanying increase in energy efficiency of the systems. The driving factors contributing
to the reduction in system temperatures include the aim to utilize low-temperature heat sources, min-
imize heat losses to the environment, and decrease the need for insulation materials, thereby reducing
overall costs. Ref [37] gives an overview on the current landscape of existing DH systems in Germany.

3.3.2 District Heating and Cooling and the Fifth Generation

Analogous to DH networks, there are also district cooling (DC) networks, although they are signif-
icantly less common. The physical principles and functionalities of DH and DC networks are very
similar. In line with the categorization of DH, network-based cooling supply is also classified into
generations, as proposed by Ostergaard et al. [38]. Cooling constitutes a significant portion of the
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final energy consumption. It is expected that this share will increase drastically, driven by increasing
personal comfort requirements and not least by climate warming [39], [40].

The development of DH and DC generations proceeded largely independently of each other, despite
potential parallels. Only in the most recent generations, there are overlaps in the form of thermal net-
works that are utilized for both heating and cooling purposes, forming the branch of ’district heating
and cooling (DHC)’ (or less common ’combined heating and cooling (CHC)).

In this context, building on the categories for DH by Lund et al., the "fifth generation district heating
(5GDH)’ or often also ’fifth generation district heating and cooling (5GDHC)’ is widely addressed in
literature [41]-[50]. The distinctive feature that is named in literature as a defining characteristic of
5GDHC systems is the simultaneous supply of heating and cooling by the same network, using power-
to-heat technologies. To enable this, the network temperatures are very low, typically around —5 °C
to 20 °C' [45]. So called booster heat pumps (BHPs) that are distributed in the substations are able to
use these temperature levels as a source or sink. For heat consumers (= cold producers), the network
is warm enough to drive the evaporation process of the BHP operating in heating mode to satisfy the
consumer’s heat demand. For cold consumers (= heat producers), the network is cold enough to satisfy
their cold demand via a direct heat exchanger or the network can be used to re-cool the condenser of
a HP in the substation, that operates in cooling mode.

The survey in Ref. [45] covers 53 networks of the latest 5GDHC category in germany and notes that
these are primarily planned for small, newly built districts with fewer than 100 buildings. This may
be attributed to the fact that older buildings in existing neighborhoods cannot consistently cope with
the lower temperature levels, and retrofitting BHPs is cost-intensive. Further, several reviews note that
the co-occurrence of heating and cooling demand is crucial for a cost-efficient operation of 5GDHC
networks [41], [47], [49].

Lund et al. argue that the term '5GDHC’ is “misleading as it renders the intuitive perception that a
transition towards 5GDHC systems is a progression. However, improved system energy efficiency is
not given for a transition from 4GDH to 5GDHC, which is generally the case for a transition towards
4GDH from a previous generation.” (Lund et al., [51]) Also, the authors fear an "inflation of gener-
ations". Therefore, the authors promote to see 4GDH and 5GDHC as parallel development paths or
"sibling([s] in the larger 4GDH family".

3.3.3 Smart Thermal Grids and Prosumer-based Networks

As can be seen, the terminologies in the growing field of heating and cooling networks are not yet
firmly established and standardized. For both, 4GDH and 5GDHC, a common overarching aim is the
decarbonization through smart energy usage within a thermal network with distributed sources and
sinks. Within the context of this dissertation, 4GDH and 5GDHC are seen as manifestations of the
abstract construct of smart thermal grids, as introduced in Chapter 1. Allocating the presented PBDH
networks in this terminology landscape, they can be categorized as a special case of 4GDH systems,
thereby being also a subcategory of smart thermal grids. The network behavior can be assumed to be
similar in 4GDH and 5GDH with regard to the feed-in and extraction of bidirectional heat flows. Even
without BHPs, heat producers in PBDH networks are at the same time cold consumers, but at a higher
temperature level than in 5GDHC. This again demonstrates the closeness of the concepts of 4GDH and
5GDHC.

Just like the term ’prosumer-based district heating networks’, there are other terms for specific thermal
network types in the literature, which emphasize a certain network feature. Most often, this refers to
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the temperature levels. This is the case, for example, with low temperature district heating (LTDH)’,
‘ultra low temperature district heating (ULTDH)’ or so-called ’ambient networks (AN). All these terms
and network types can be summarized under the collective term *smart thermal grids’” and assigned to
generations depending on their specific characteristics. Ref. [36] investigates network configurations
for implemented low-temperature DH systems and finds that by far the most low-temperature net-
works still follow the classic network configuration with a central heat source and passive consumer
substations.

The absence of a uniform international vocabulary for DHC is not limited to network types but also
affects technical terms in this field, as highlighted by Sulzer et al. [52]. One example for this are energy
and mass flows whose direction of flow can or cannot reverse over time. For these phenomena, terms
such as 'unidirectional’ vs. ’bidirectional’ as well as ’directed’ vs. 'undirected’ are used. Some authors
include both mass and energy flows when referring to bidirectionality, while others only refer to one
or do not provide a precise definition. In the context of this dissertation, 'bidirectional’ pertains to both
energy and mass flows, encompassing interactions within the network as well as between prosumers
and the network.

Similarly, the term "prosumer’ is used in different meanings. In some publications, it refers to network
participants which necessarily switch between feeding-in and extracting power over time. In other
instances, 'prosumer’ is used as a synonym for decentralized producers, while elsewhere, it serves as
an umbrella term for any type of network participant. For the purposes of this dissertation and in the
context of PBDH, 'prosumer’ is understood as a participant capable of switching between production
and consumption modes, as this represents the most general perspective.
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Chapter 4

Related Methods and Research Fields

This dissertation is situated within an ecosystem of interrelated methods and research fields. To de-
lineate the scope and significance of the dissertation, this chapter dives into relevant related methods
and areas of research. Thereby, in this chapter specific research gaps in existing literature are under-
lined that motivated the RQs introduced in Section 2.2 and will be addressed by this dissertation. More
context and in-depth literature reviews will be given in the respective publications of this cumulative
dissertation.

4.1 Coordinated Network Operation for Systemic Synergy Exploita-
tion

As discussed in Section 2.1, some kind of coordinating management of the diverse network participants
is necessary in order to leverage the potential systemic synergies in smart thermal grids. Some DERs
can be controlled, while the availability of others is subject to fluctuations and uncertainties, being par-
ticularly true for renewables and waste heat. Storage allows for the temporal decoupling of demand and
supply, thereby enabling more flexible timing in generation. At the same time, each source has unique
features, such as production costs, efficiency and CO; emissions. Therefore, some supply options might
be prioritized over others, however this can change dynamically based on changing conditions such as
availability or prices. Using these degrees of freedom, an optimal trajectory for the collective operation
of the available sources has to be determined to maximize the efficiency of overall network operation
with respect to objectives and under the consideration of diverse constraints.

4.1.1 Methods from Power Engineering

This problem has a long history in the field of power engineering in the context of plant operation
planning [53]. As the idea of smart thermal grids itself, according methods for handling the degrees of
freedom are adopted and adapted by the DH community. Mathematical optimization is the prevalent
tool to automatically identify the optimal operation trajectory. The economic dispatch is focused on the
short-term operational decision of how to allocate power generation among online units to meet the
current demand at the lowest cost, given their operational constraints. It assumes that certain power
generation units are already running and seeks to optimize their output levels. Unit commitment (UC)
problems are a step before economic dispatch, dealing with the longer-term decision of which power
generation units to turn on or off over a future time horizon, typically spanning from a few hours
to several days. It considers factors such as start-up costs, shut-down costs, and minimum up/down
times of units. Once the units to be run are determined, economic dispatch then optimizes their output.
Optimal power flow (OPF) goes a step further by optimizing the power flow in the transmission net-
work to meet the demand at the lowest possible generation cost while ensuring network constraints
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(like voltage limits and line capacities) are not violated. It integrates the decisions made in UC and
economic dispatch with the physical realities of the power grid, ensuring that the electricity is not only
generated economically but also transmitted efficiently and safely.

A more distributed approach is the concept of local energy markets (LEMs), where each network par-
ticipant is an agent in the market. Through supply and demand offers combined by a market-clearing
algorithm, it is determined how much power each participant exchanges over the network during the
planning horizon [54], [55]. This kind of planning replaces the need for solving a centralized, omni-
scient UC problem or economic dispatch. LEMs often include considerable community involvement,
making them closely related to the context of energy communities [56], which are citizen-driven col-
lectives promoting clean energy actions while optimizing community welfare. To steer the market
actions of the agents and increase granularity, in the electricity sector the concept of distribution loca-
tional marginal prices (DLMPs) emerged (e.g. [57]). Essentially, DLMPs represent the value or cost of
electricity at specific locations within a power system, taking into account the operational constraints
and conditions of that system.

4.1.2 Optimal Operation with Model Predictive Control

Model predictive control (MPC) is the basis for optimal network operation using mathematical op-
timization [58]. Therefore, an appropriate system model is needed, that predicts the future system
outputs, depending on the inputs and boundary conditions (disturbances). Such a model can be based
on physical laws, empirical data, or a combination of both. With an appropriate system model, MPC
allows to anticipate forecasts for uncertain conditions, such as prices, consumption, or renewable gen-
eration, in the calculation of optimal power flows. Concerning the integration of the system model into
MPC, two variants can be distinguished: internal and external system models. Figure 4.1 compares the
control loops for both variants.

MPC-Controller \ MPC-Controller \

Optimizer system / Optimizer system /

objective function v I process objective function process

external

prediction constraints
model A incl. internal

prediction

j model J

(a) MPC control loop with external system model for (b) MPC control loop with internal system model for
prediction. prediction in the constraints of the optimizer.

h

constraints

le

A

A

Figure 4.1: Comparison of internal and external system models for prediction in the context of an MPC
control loop.

Internal prediction models are embedded in the constraints and thereby part of the optimization prob-
lem itself. This allows to exploit the known mathematical structure of the model (linear, mixed integer
linear, mixed integer quadratic etc.) using dedicated solvers for the specific type of problems. On the
other hand, the internal models are mostly simplified by assumptions to a mathematical optimization
problem with a structure that can be solved analytically. The analytical solution has the advantage
of some guaranteed properties, such as algorithm convergence or global optimality, which cannot be
guaranteed with heuristics or without knowing the mathematical structure of the model. External
prediction models are treated as blackboxes and iteratively evaluated by the optimizer. Therefore, the
external models can by arbitrarily complex, as only the in- and outputs are relevant for the optimizer.
Here often co-simulations are used. For optimizing, either assumptions on state space properties of the

30



4.2. THERMAL NETWORK MODELING

modelled system (e.g. convexity) or heuristic solvers are needed due to the unknown structure of the
external prediction model.

A widespread language to create external system models or ’digital twins’ of technical systems is Model-
ical. Distinguishing features of Modelica are, that it supports multi-domain modeling (electric, mechan-
ical, hydraulic, thermal elements etc.), it is object-oriented, it follows an acasual modeling paradigm
(therefore featuring bidirectional relationships), it is able to model dynamic system behavior, relies
on an open standard and comes with a free standard library including basic component models. Dy-
mola? and SimulationX® are common modeling and simulation environments that utilize the Modelica
modeling language and provide user-friendly graphical modeling interfaces. Alternative software en-
vironments to Modelica are IDA ICE*, TRNSYS® and Simulink® with Simscape’. Each of them having
their distinct advantages and disadvantages, which are not elaborated here for the sake of brevity.

4.2 Thermal Network Modeling

In the field of thermal network modeling, four main purposes of modeling can be distinguished:

« investigations on benefits of innovative network concepts, shown with case studies,e.g. [59]-
[61],

« network design optimization, e.g. [42], [62]-[64],
« simulation models used as external models for MPC, e.g. [65], [66],
» mathematical models as internal system models for MPC, e.g. [67], [68].

Since PBDH networks are an archetypal form of smart thermal grids, primarily serving research pur-
poses, there are no dedicated models for this type of networks so far. Existing thermohydraulic network
models mostly assume traditional networks as context, including central units, such as pumping sta-
tions. Decentral feed-in is only seen as support. These networks show a completely different behavior
due to the centralized nature. Most available modelling approaches simplify their model by using one
or several of the following assumptions:

+ no switching between prosumer modes considered: no real prosumer behavior, only distributed
generation

« no actuator behavior considered: no direct relation between control inputs and network states,
coupling between volume flows V' and pressure differences Ap over pumps and valves ignored

« heat transfer to/from secondary side not considered: product of variable V and AT is relaxed

— constant network temperatures, variable network flows: ignores the behavior of heat ex-
changers and the influence of the secondary prosumer side on the network state

— variable network temperatures, constant network flows: unrealistic, as flows are the con-
trolled variables in the networks

'https://modelica.org/ (visited on 2023/10/08)
*https://www.3ds.com/de/produkte-und-services/catia/produkte/dymola/ (visited on 2023/10/08)
*https://www.esi-group.com/products/simulationx (visited on 2023/10/08)
*https://www.equa.se/de/ida-ice (visited on 2023/12/13)

*https://www.trnsys.com/ (visited on 2023/12/13)
Shttps://de.mathworks.com/products/simulink.html (visited on 2023/12/13)
"https://de.mathworks.com/products/simscape.html (visited on 2023/12/13)
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+ no meshed grid topologies considered: increased complexities due to multiple possible flow paths
and resulting hydraulic circuits is ignored

« assuming quasi steady-state: for short discretized time-steps the system is considered to be in
steady-state, as the variables change so slowly. This ignores transient system behavior.

This makes the current models not suitable for exploring the RQs outlined in Section 2.2. The main rea-
son is that the use of the aformentioned simplifications in these models does not allow for an in-depth
investigation into the relationship between decentralized actuator operation and the overall thermo-
hydraulic network behavior, thus failing to address the identified RQs.

4.3 Integration of Distributed Sources

Traditional heating networks cater to central generation and unidirectional heat distribution. Bidirec-
tional power flows demand new hydraulic infrastructures. For the integration of distributed generation,
substations must be designed to decentrally feed into the network. For prosumers, bidirectional substa-
tions are required that allow to reverse the power flow between network and prosumer side depending
on the prosumer mode. Decentralized feed-in and bidirectional substations for thermal networks come
along with distributed actuators in the substations for network operation. Unlike in centralized TDH,
multiple sources and distributed actuators in smart thermal grids are on the same hierarchical level and
may mutually influence each other.

Most literature on decentralized feed-in to thermal networks focuses on solar thermal systems [69]-
[80]. The investigated solutions are specific to this application context and not universally suitable for
prosumers. However, a common feature are distributed actuators, like primary side substation pumps.
The scope of this research area is mostly limited to the substations. As a context this research area
typically assumes a TDH network, which provides constant boundary conditions for the substation
operation in the form of constant primary side inlet temperatures. The effects of decentralized feed-
in on the network state and interactions between prosumers through the network remain outside the
scope. Nevertheless, several studies point out expected impacts of distributed actuators on the network
and expect increased complexities, particularly concerning pressures and temperatures in the context
of operation [71], [81]-[83].

In particular, hydraulic challenges are predicted in literature, although the systemic relations have
not yet been studied in depth and effects on the thermal behavior have not been focused so far. Ref.
[81] states that prosumers influence the pressure state of the whole network and concludes that it is
important to investigate the whole DH system not only the local area where prosumers are integrated.
Further, Ref. [71] finds that the critical substation changes its location depending on the feed-in point
and the demand of other substations, predicting a strong interdependency between the prosumers.
Ref. [82] finds that several feed-in points and resulting undirected network flows can lead to locations
in the network with zero flow velocity, called supply frontier. Also, Ref. [82] highlights that further
investigations on the pressure conditions in the network are necessary for networks with several feed-
in points and consumers. Ref. [79] notes that the performance of the system under investigation was
significantly lower than expected, because the employed controller for feed-in was not able to handle
the variation of the differential pressure between the supply and the return pipe in the DH network
under investigation. Ref. [84], [85] suggest that pump interaction via the network together with the
fast pressure propagation can lead to unstable pump control.
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4.4 Research Gaps

There is a substantial amount of research regarding the potential benefits of smartly and comprehen-
sively operating heating networks with DERs and prosumers. Through the use of models, the optimal
operation is investigated in particular at the power level. However, when it comes to implementation
on the technical level and its practical operation, there are currently no established and universally
recognized solutions.

Currently, the operation of smart thermal grids is explored either from the management perspective or
from the technical perspective, with minimal intersection between these two fields of study. A smart
management calculates abstracted power flows, using methods like UC or OPF. However, due to techni-
cal constraints and the system’s nonlinear behavior, the underlying models often oversimplify, omitting
details that lead to computational challenges incompatible with real-time operation.

Conversely, practical network operation occurs at the field level, utilizing actuators like pumps and
valves controlled by local controllers. Traditional local controllers typically target temperatures, flow
rates, or pressures, and account for the dynamic behaviors of technical devices. However, they cannot
process power setpoints from overarching systems directly. Further, they lack holistic network infor-
mation, limiting their capacity to anticipate systemic behavior.

The technical integration of distributed sources into thermal networks is mainly tailored to the context
of solar thermal plants, without established generalized solutions. The systemic impact of decentral-
ized feed-in and prosumers on the overall technical network state and operation is so far not adressed
in literature.

Research Gaps

od b Alltogether, two research gaps can be identified that motivate the RQs introduced in
Tr Section 2.2 and drive the investigations of this dissertation.

Gap1 In the research on the operation of smart thermal grids, a discrepancy exists between
abstract smart management and technical field-level control. While the smart man-
agement optimizes power flows by considering systemic synergies, it often omits in-
tricate technical details. Conversely, field-level controls, not designed for derived set-
points like power flows, overlook systemic interplays among participants.

Gap2 Current research lacks a thorough understanding of how distributed actuators in smart
thermal grids impact the technical network state. Furthermore, the thermohydraulic
interactions among multiple active participants, especially in the context of overall
network operation, remain unexplored.
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Chapter 5

District Energy Management

With the goal to automatically exploit network synergies in smart thermal grids between diverse par-
ticipants and across energy sectors, this chapter discusses in Section 5.1 a suitable control framework
for the network operation and addresses an according district EMS in Section 5.2 (Pub1). Thereby, this
chapter tackles especially RQ3 from Section 2.2.

This Chapter 5

!

District Energy Network Thermohydraulic Advanced Field
Management |[EB Concept P Ssystem Behavior [EB Control
[RefCncpt | [Pub2] [Pub3] [Pub4]| [Pub5] [Pubé ]

Figure 5.1: Position of this chapter within the overall structure of the main part of this dissertation.

O Chapter 5: District Energy Management

] Two hierarchical control frameworks are proposed for the integrated operation of smart
thermal grids: a two-layer approach and a three-layer approach, each featuring a dis-
trict energy management system (EMS) at the top layer. Therefore, a software tool is
developed for optimizing district power flows in interaction with real hardware during
live operation. Experimental investigation with the software prototype uncover the lim-
itation of an abstracted view focusing only on power flows. This emphasizes the need
for either a more detailed technical model or the consideration of technical details and
local dynamics at different control layers. Additionally, the presumption of existing in-
frastructure for the flexible exchange of thermal energy within districts underscores the
need for a hydraulic concept for PBDH networks.

5.1 Control Framework

As described in Section 3.2, TDH networks are operated following a ’pull’-oriented philosophy, origi-
nating from the demand side. The passive consumers extract heat from the network according to their
demand, while the central plant compensates for that. The technical control of the network operation
is shared between the consumer substations and centralized units, such as the pumping station and the
central plant. The consumers with their substations and the centralized network units are physically
coupled via the network, but there is no distinct coordination between them. For smart thermal grids
as distributed systems in turn, some kind of overarching management is necessary that coordinates the
distributed sources and sinks in order to exploit the network synergies (see Section 2.1).
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This raises the question what a suitable control framework for smart thermal grids looks like, that al-
lows to exploit high-level network effects on the one hand, while implementing a technical control on
the other hand. Therefore, in the following at first key tasks are identified, which are then merged into
a proposed control framework.

Based on the insights from Chapter 1 and Chapter 4 and in light of the RQs, the following key tasks for
operating smart thermal grids have been identified:

1. Abstract Network Operation Optimization: High-level, smart coordination of network partici-
pants to automatically identify and exploit synergies with the thermal network and in interaction
with other sectors.

2. Integration: Ensuring seamless integration into overarching structures, such as billing systems,
markets, etc.

3. Prosumer Management: Determination of the demands to be satisfied along with the available
capacities and flexibilities of the different prosumers.

4. Technical Constraints: Verification and guarantee of the technical feasibility of abstract network
states, considering limitations and anticipating systemic interactions at the technical level (e.g.,
mutual influences of participants).

5. Dynamic System Behavior: Anticipating the intrinsic and dynamic behaviors of individual com-
ponents, but also of the overall system for effective control.

6. Implementation: Suitable control of actuators at the field level to technically realize the desired
system states.

It shows that the tasks are spread across different levels of abstraction. Therefore, a hierarchical ap-
proach is typically used in the operation of technical systems. A common structure is an automation
pyramid with the actual hardware at the basis, as illustrated in Figure 5.2.

Management
setpoint conversion, Automation
automation controllers
sensors, actuators, Field Level

field level controllers

Figure 5.2: Classical automation pyramid, adapted from the field of building automation [86], [87].

Within this automation pyramid, the identified tasks can be allocated to the different layers and orga-
nized in task-specific modules. Depending on the chosen framework, each module requires a distinct
design and specific interfaces between them. Intuitively, tasks 1 and 2 can be allocated to a smart dis-
trict EMS or a market-based approach. Task 3 necessitates a dedicated prosumer EMS, which is aware
of the internal situation of its specific prosumer system and only transmits the information essential
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for abstract optimization to the district EMS. The prosumer EMS component is excluded in this disser-
tation, as the focus is on the network side. Intuitively, task 4 can be associated with a more detailed
network model, which replicates the technical level, thereby permitting the consideration of its restric-
tions. Task 6 can be assigned to the field level, where controllers interact directly with the hardware. In
the context of PBDH networks, the overall system state is exclusively determined by the superposition
of the substation operations. Therefore, on the field level the substation controller is the mainly relevant
component. Task 5 cannot be assigned intuitively and unambiguously: The dynamic behavior can be
considered both, at a decentralized field level and within an overall network model. Based on the de-
scribed modularization of the identified tasks, various operating schemes were considered. Ultimately,
two schemes were examined in more detail within the framework of this dissertation (see Figure 5.3).

—p district EMS —p district EMS
power setpoints
" network model " power setpoints
1= =
() Q
= ) £
o techn. setpoints o
a (optimal control inputs) a
3 0]
£ _ € .
substation substation
controller controller
control inputs > control inputs
— hardware — hardware
(a) Control framework A with 3 layers: a network (b) Control framework B with 2 layers and a di-
model at the middle layer forms the automation rect connection between high-level management
layer. and field control.

Figure 5.3: Considered control frameworks for smart thermal grids within this dissertation.

In the initial phase of this dissertation, framework A was envisioned, as it follows the three layer
structure from the classical automation pyramid (see Figure 5.2). The district EMS, situated at the man-
agement layer, is responsible for tasks 1 and 2. A network controller at the automation layer takes over
task 4. Meanwhile, the substation controllers at the field layer address tasks 5 and 6.

During the progression of the dissertation, a shift to framework B was made for various reasons, which
will be unveiled in the continuation of this dissertation (i.e. in Section 7.4, Section 8.1 and Section 8.2).
Framework B is comprised of only two layers: the district EMS remains responsible for tasks 1 and 2.
Compared with framework A, framework B is modified, since task 4 is shared between the management
and field levels. Tasks 5 and 6 are still managed by the substation controllers at the field level, leaving
the automation level unoccupied.

Framework A can be seen as the more centralized version, wherein a central network controller fa-
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cilitates the conversion of abstract power setpoints to technical setpoints, while the field level solely
implements these setpoints, accounting for local dynamics. In contrast, framework B represents a
more distributed version, where the distributed substation controllers on the field level take over also
the conversion from abstract to technical setpoints.

The interfaces between the individual levels and modules are highly dependent on the specific charac-
teristics of the modules and how they function internally.

Both structures A and B feature a district EMS, optimizing the overall network operation to leverage
synergies amongst participants and across sectors. A digital platform for this purpose is developed in
the following Section 5.2.

5.2 Pub1: A Digital Platform for Smart Multi-Energy Management in
Districts

5.2.1 Context

To handle the increased complexity in smart energy systems, higher-level energy management is neces-
sary, as derived in Section 2.1. Traditionally, residential energy management was focused on individual
buildings, treating different sectors independently and using rule-based control approaches. Because of
this isolated approach, potential synergies are not utilized, plants are often overdimensioned, operate
at partial load, resulting in inefficient and uneconomical perfomance.

To leverage synergies across buildings and sectors, both research and industry began to shift towards
a more holistic perspective of districts as multi-energy system (MES). There are various specialized
tools available for modelling and simulating MES at different levels of detail. These tools can be used
to analyse the systems and benchmark the possible benefits. To automatically identify the best opera-
tional strategies that leverage systemic synergies, the field of mathematical optimization is dominant,
as described in Chapter 4. With the methods and concepts being available, the foundation for optimally
operating smart thermal grid is established.

However, for practical application, an interface and compatibility between the theoretical calculations
and the real technical system must be guaranteed in order to be able to implement the identified opti-
mal operation strategy. When the work on this dissertation project began, there were only few tools
available for this purpose, with no widely-adopted solutions or standards.

Therefore, in the research project "Multi-Energy Management and Aggregation Platform (MEMAP)’!,
seven partners from industry and research collaborated to develop a digital platform for smart dis-
trict energy management. The final report of the project consortium can be accessed under https:
//doi.org/https://doi.org/10.2314/KXP:1839282886 [88].

As application context for the platform to be developed, a neighborhood consisting of diverse buildings
with various energy generation devices and different demand profiles is assumed. The neighborhood
is assumed to be equipped with the technical infrastructure for flexible electricity and heat exchange
between the buildings. Each building is assumed to be equipped with a local EMS and can potentially
be a prosumer. The basic idea is to connect the top layers of these local EMS via the digital platform to
be developed, in order to smartly manage the energy flows in the district during live operation. Such a

'https://www.enargus.de/pub/bscw.cgi/?op=enargus.eps2&q=memap&v=10&id=371648
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multi-layer or hybrid approach is proposed or used also in other publications, such as Ref. [32], [89].

Various publications have emerged from the project, which focus on interim stages and individual as-
pects of the platform development. Ref. [90] focuses on the interconnection of multiple local EMSs
to a unified district-level system, employing the Open Platform Communications Unified Architecture
Standard (OPC UA)?, and underscores benefits of the optimization across various buildings and sectors.
Further, Ref. [91] augments this framework by including the heat network topology to the problem for-
mulation. A generic hierarchical architecture, pivotal for EMS coordination, is unveiled in Ref. [90],
providing a foundational basis for the subsequent software implementation. Along with the district
management platform, in the project a user-centric simulation tool was developed to simplify plan-
ning neighborhood energy infrastructures, using the same mathematical core. Utilizing this tool, an
economic case study for a small village is presented in Ref. [92].

The subsequent Pub1 encapsulates the comprehensive development process of the Digital Platform for
Smart District Energy Management. This encompasses the identification of research gaps, conceptual-
ization, modeling, implementation, and validation within a lab environment. The main contribution is
that the developed platform prototype is designed for the optimal control of a multi-energy district in
real-time operation, while interacting with actual hardware. Thus, the developed platform is suitable
as a variant of the district EMS for operating smart thermal grids, as described in Section 5.1.

“Standard IEC62541
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ABSTRACT

Traditionally, energy management in the building sector takes place at the device or at the building
level, different forms of energy are treated separately and rule-based methods are used for automation.
However, this isolated approach leaves many synergies between buildings and sectors unexploited.
Therefore, in the paper at hand a digital platform solution is developed for smart multi-energy
management in districts during live operation. The platform interconnects local building energy
management systems (EMS) and performs a sectorcoupled optimization of electrical and thermal
power flows with respect to the economical or ecological performance of the overall district. The
core is a model predictive controller (MPC) reading the charging states of storages and sending
optimized power setpoints to all devices. The MPC approach allows to proactively consider forecasts
of time-varying boundary conditions and to exploit storage flexibilities. Generic models allow to
represent the most relevant device classes of districts with low parametrization effort. The mixed-
integer linear optimization problems (MILP) are automatically formulated and solved in a Java-
based actor framework. For communication, the OPC UA standard is combined with a customized
information model and specific communication sequence. Experiments with real hardware devices in
a realistic laboratory environment validate the functionalities of the open-access platform prototype.
The proposed concepts for district energy management systems serve as a reference and foundation

for related projects, promoting more sustainable district operation in the future.

1. Introduction

For the decarbonization of the energy system, the energy
supply of buildings plays an important role, as buildings are
responsible for 40% of the energy consumption and 36% of
greenhouse gas emissions in the EU [1]. Existing energy
management systems mostly operate at the building level,
treating different energy sectors separately and often relying
on simple rule-based control structures [2, 3]. Due to this
isolated approach, possible synergy effects are often unused,
plants are oversized, operate at partial load, are inefficient
and uneconomical.

In future, buildings are expected to satisfy the local
demands for electricity, heating and cooling in an econom-
ically and ecologically efficient manner, while being an
active part of an integrated and sustainable energy system
[4,5, 6, 7]. Achieving this requires a holistic view of districts
as interconnected multi-energy systems (MES) [8]. Such an
approach enables the exploitation of two types of synergies.
Firstly, synergies can be harnessed among buildings with
different load profiles, generation capabilities, and storage
potentials [9]. Secondly, synergies can be used between the

*The paper content was developed within the research project "Ag-
gregation Platform for Cross-Building Optimization of Energy Efficiency",
funded by the German Federal Ministry for Economic Affairs and Energy
(FKZ:03ET1413)

*Corresponding author

54 thomas. licklederer@tum. de (T. Licklederer)
ORCID(S): 0000-0002-9525-418X (T. Licklederer)

electricity and heat sectors, facilitated through technologies
such as combined heat and power units (CHP) or heat pumps
(HP) [10]. Advanced control algorithms can unlock addi-
tional efficiency potential by proactively considering fore-
casts for time-variable boundary conditions and leveraging
flexibilities [11]. Therefore, various modeling approaches
and tools have been developed to investigate districts as
integrated multi-energy systems [12, 13, 14, 15, 8].

However, transferring the advantages of holistic dis-
trict operation from simulations to practical application
necessitates a suitable district energy management solution
(EMS). Our research project "Aggregation Platform for
Cross-Building Optimization of Energy Efficiency" was one
of the first to address this gap with the idea to interconnect
and coordinate local building energy management systems
by a central software platform (see Fig. 1). The primary ob-
jective is to achieve economic and ecological improvements
in the overall energetic operation of a district compound
compared to the individual operation of its constituent
buildings. To fulfill this objective, we have identified several
requirements for a suitable district EMS:

e overarching management: optimize power flows across
buildings and sectors

e predictive optimization: automatically exploit time-
varying boundary conditions, such as variable prices
and volatile renewable generation

Licklederer, T.: Preprint submitted to Elsevier
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Figure 1: Concept of the MEMAP platform as central dis-
trict energy management system, interconnecting local EMSs.
Adapted from [16].

e live operation capability: adaptive and automated op-
timization process during live operation of the district

e interoperability: communicate with common hard-
ware in the field

o universality, transferability and scalability: ready for
diverse settings, from a few connected devices to
complex district structures with a variety of device

types

e interfaces and usability: connection to third-party ser-
vices, easy to set up and operate for users

Adressing these requirements, we developed the "Multi-
Energy Management and Aggregation Platform" (MEMAP
platform). This paper provides a comprehensive description
of the platform’s complete development path, combining
state-of-the-art research from various areas and bringing
it into practical application. The insights, concepts, and
conclusions derived from this process can serve as a valu-
able reference for similar or subsequent projects. Addition-
ally, the source code of the MEMAP platform’s software
framework is openly accessible at https://git.fortiss.org/
ASCI-public/memap.

The remainder of the paper is structured as follows:
Section 2 outlines the state of the art in thematically relevant
areas, forming the basis for this work. Section 3 explains
underlying assumptions and concepts of the platform de-
velopment, thereby also defining the scope of this paper.
Section 4 details the system modeling as foundation of the
platform. Section 5 presents the software implementation of
the provided prototype. Section 6 describes the validation of
the prototype and its underlying concepts through laboratory
experiments with real hardware. Finally, Section 7 summa-
rizes the findings and contributions, providing a conclusion
to the paper.

2. Background

This section reviews references from literature to provide
background information on various aspects that are relevant
to the development of the platform solution in this paper.

Building Management Systems

Traditional control of the energy infrastructure in build-
ings involved decentralized manufacturer-specific software
or integration into a higher-level building automation and
control system for larger complexes [17]. Building automa-
tion systems vary widely, often being specific to manufac-
turers and lacking compatibility [3]. These systems typi-
cally follow a three-layer architecture: management layer,
automation layer, and field layer [18]. This architecture
allows in principle to connect at the management layer and
send setpointsfrom the central district energy management
system that replace the on-site decision-making. In the tra-
ditional approach, different aspects such as heating, venti-
lation, lighting, and alarms are treated separately, resulting
in separate management of energy sectors [2]. The control
logic at the automation level is usually rule-based and im-
plemented by embedded controllers at the field level, defin-
ing setpoints for temperature limits, valve openings, and
switch-on/off processes [2, 3]. Reactive logic links setpoints
with internal system states and external conditions, like
ambient temperature. While schedule-based control is com-
mon, proactive behavior is not yet widespread in existing
buildings. However, modern systems incorporate proactive
measures by utilizing weather forecasts or occupancy predic-
tions to efficiently prepare inert systems such as thermally
activated components [19, 2]. Further, there is a shift of
operating buildings as an integrated part of neighborhoods
[20].

Multi-Energy Systems

In the transition towards sustainable energy systems,
buildings are now seen as part of a smart multi-energy
system (MES) instead of standalone entities [4, 11]. MES
involve the integration of various energy forms (electricity,
heat, cooling, fuels, and transportation) at different levels
(neighborhoods, districts, cities, or regions) [6, 7, 21]. The
concept of multi-energy prosumers, that can both consume
and provide different forms of energy, is gaining attention.
Buildings equipped with generation and storage devices can
act as prosumers within a district, contributing to the overall
energy system when needed. The holistic approach of smart
MES enables optimization by considering multiple sectors
and buildings simultaneously, leading to synergy effects.

In optimization theory, the optimized performance of a
combined system is a best-case benchmark for the total of the
optimized performances of its individual parts. Case studies
have shown that cooperative optimization and operation of
districts as MES can lead to energy cost reductions. Ref.
[9] achieved up to a 15% reduction in energy demand costs
through district optimization compared to selfish optimiza-
tion. Ref. [11] reports a 3-6% cost reduction by using a dis-
trict energy management system based on Model Predictive
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Control (MPC) instead of conventional strategies. However,
the quantitative benefits of a district-level approach largely
depend on specific conditions such as device configuration,
demand structure, and pricing.

Therefore, mathematical models are used to explore
different scenarios and improve existing settings. The energy
hub approach is a commonly used modeling technique for
MES, representing energy conversion in devices using linear
relationships between power flows [14]. This allows for sim-
ulation, optimal power flow calculations, and incorporating
device connections. Several software frameworks specialize
in modeling and simulating MES at different levels of detail.
Examples include commercial tools like TOP-Energy [22,
23] or nPro [24] specialized for district heating systems, as
well as open-source tools like MESMO [25, 26], MESCOS
[27], and urbs [28] - each with their specific features and
focuses.

The assumption that appropriate hardware and infras-
tructure is installed for bidirectional power flows of heat
and electricity, is widespread in the field of MES model-
ing. However, in particular for the thermal sector, networks
enabling flexible and dynamic bidirectional heat exchange
between prosumers are not yet widely implemented and still
under research [29, 30].

District Energy Management

Modeling and simulation tools facilitate the exploration
and benchmarking of the maximum benefits of a holistic
multi-energy system operation. Yet, to leverage these bene-
fits, it’s crucial to have suitable district energy management
solutions. In general it can be thought of different approaches
for a coordinating management in districts: from an om-
niscient central controller with perfect information on all
levels to distributed optimization where only reduced and
abstracted information needs to be exchanged [31, 32]. The
later covers also market-based approaches, as discussed in
Ref. [33]. There are few application-ready district energy
management solutions available, most of them commercially
sold and operated (e.g. [34]). In parallel to our work, Ref.
[35] recently presented the Multi Energy Semantic Platform
(MESP) as an open source solution. Another initiative is the
openEMS consortium that follows a modular approach, so
far focusing on electrical devices and individual buildings
mainly. However, to the best of our knowledge, no prevalent
district energy management solution (EMS) exists as of
now. The lack of established solutions can be attributed to
the considerable diversity of energy systems at the district
level, which poses a significant challenge in developing a
standardized district energy management solution. A major
hurdle is the lack of universal communication standards that
fit the needs of all local EMS and equipment. This absence
hinders the smooth integration and management of different
energy assets, limiting the potential gains from a cohesive
district energy management strategy.

Communication and Information models
Communication is essential for the practical applica-
tion of district energy management, focusing on what, how,

and when information is communicated. To ensure that the
handled data is unambiguously understood, an information
model is the mean of choice. An information models is
a conceptual representation that outlines the relationships
between data within a specific context, defining its structure,
organization, and semantics. The main advantage of such a
unified architecture is that stakeholders achieve a common
understanding of the data, enhancing consistency, integrity,
interoperability, and supporting decision-making processes
[36].

Based on that common understanding, communication
must occur via a standardized protocol. In the context of
Industry 4.0, the IEC62541 standard OPC Unified Archi-
tecture (OPC UA) is a robust and secure choice for data
exchange [37]. It offers advantages like being open-source,
cross-platform compatible, and supporting multiple com-
munication protocols including TCP/IP, UDP/IP, WebSock-
ets, AMQP, and MQTT. It also emphasizes high security
and supports object-oriented information models, facilitat-
ing domain-specific standardization. Its compatibility with
protocols like BACnet extends its use to building automation
[38].

Model Predictive Control

In the scientific community, model predictive control
(MPC) and optimization-based methods are gaining traction
in building automation [39, 40, 41]. MPC plans the operation
of a system (e.g. a building) over a rolling time horizon using
mathematical optimization of a cost function. Its popularity
arises from its capability to incorporate state and input
constraints along with a suitable performance criterion. To
meet the different requirements of short- and medium-term
control, co-optimization approaches with different horizons
can be chosen [42].

Two types of MPC can be distinguished: approaches
with external and internal plant models. External plant mod-
els involve iterative interaction of the optimizer with detailed
simulation models, and solutions often require heuristic
algorithms as no structural information can be exploited.
In contrast, internal plant models are integrated into the
optimization problem as constraints, allowing exploitation
of the mathematical structure (e.g. linear formulation) for
efficient solutions to linear, mixed-integer linear, or convex
problems. This approach offers convergence, optimality, and
traceability guarantees, but often requires major simplifi-
cations in the models and lacks modularity. A common
challenge with MPC is the modeling effort, which can be
mitigated using generic, parametrized models.

Preceding publications

Preceding publications detail interim stages of the re-
search leading to the platform described in this paper. Ref.
[43] integrates multiple EMS into a district-level system
using OPC UA architecture and showing optimization ben-
efits across buildings and sectors. Ref. [44] extends this
by adding a heat network topology with percentage losses.
A generic hierarchic architecture for EMS coordination is
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Figure 2: The MEMAP platform as model predictive controller (MPC) of a district. In black the general terms of the MPC control
loop, in green the respective counterparts in the chosen control approach.

presented in [45], which formed the basis for the software
implementation.

As shown in Fig. 1, a user-friendly simulation tool was
developed alongside the MEMAP platform, using the same
mathematical core to facilitate planning in neighborhood
energy infrastructure. An economic case study for a small
village using this tool is described in [46]. The platform also
allows third-party energy service interactions for forecast-
ing.

This paper provides a comprehensive overview of the
full platform development, including underlying concepts,
models, software, and validation with real hardware, extend-
ing beyond the work in preceding publications.

3. Conceptualization

As a basis for the platform development, we define un-
derlying assumptions and our scope of considerations. This
defines at the same time limitations of the paper at hand. On
this basis, central concepts for the further development are
presented: the general control approach and the abstraction
to generic device classes.

3.1. Assumptions and Scope

As application context of our targeted energy manage-
ment solution, neighborhoods or districts, organized in en-
ergy communities are considered [47]. The buildings in the
district have diverse load characteristics and are equipped
with different energy generation and storage units. The tech-
nical infrastructure facilitating flexible energy exchange be-
tween the buildings is assumed to be existing and ready to
operate. In particular a suitable thermal network for the bidi-
rectional exchange of heat is required. The thermal network
is assumed to be an island grid without a central genera-
tion or balancing unit. Further, there is a suitable electric

microgrid assumed for the share of electricity between the
buildings, including a connection to the public grid. Heat
losses in the thermal network are taken into account, while
the electrical network is assumed to be lossless. It follows
that the topology of the thermal network is relevant in the
further considerations, while the topology can be neglected
for the electrical grid, where only the cumulative exchange
point with the public grid is considered. All participating
buildings are assumed to be equipped with local energy man-
agement systems (local EMS) that encompass the following
functionalities:

e providing a communication interface for district coor-
dination,

e ensuring software compatibility,

e providing information on boundary conditions (i.e.
demand and volatile generation) using own algorithms
or by acquisition from third parties,

e implementing management setpoints through control
of individual devices on the field level,

e measuring technical system states (i.e. in form of
storage charging states).

The platform shall be seen as a central district energy man-
agement system for the optimization and coordination of
the energy flows in a district during live operation. The
objective is to optimize the welfare (economic or ecologic)
for the district as a whole. Therefore it is assumed that there
is no (local) energy market, nor strategic behavior of the
participants. Also it is assumed that the legal regulations
allow for the flexible exchange of energy between prosumers
in the district. For the sake of universality, transferability
and scalability, the optimization of the energetic district
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Figure 3: Entity-relationship-model of local EMSs and their subclasses.

operation shall be performed at the abstraction level of power
quantities and neglect technical quantities, such as voltage
or temperatures. Suitable forecasts for boundary conditions
(i.e. demand and volatile generation forecasts) are assumed
to be available and are not in the scope of this paper.

3.2. Control Approach

A model predictive control approach was chosen for the
core of the platform, as it intrinsically allows to satisfy the
predictive optimization requirement and the live operation
capability, as well as the possibility to optimize for economic
or ecological objectives. Fig. 2 illustrates the control loop
including the platform as controller of the district. The
district with its devices and local EMSs forms the controlled
system, whose control inputs are power setpoints for the
individual devices. The system state is represented by the
states of charge (SOCs) of the storages in the district, which
are measured in the field and fed back to the platform. From
a control perspective, the deviations between the forecasts
and the actual values are disturbances to the control system.
This refers to demands, volatile generation capacities, time-
varying prices, as well as the behavior of the real plants. The
platform is an MPC controller with an internal system model
(see Section 4.2) embedded in the constraints. The decision
variables of the optimization are the power setpoints for the
individual devices, as well as their on/off status.

3.3. Generic Device Classes

To represent the typical energetic infrastructure of dis-
tricts and its behavior in a simplified manner, the generic
classes are established. They build the lowest level of the
tree illustrated in Fig. 3. The two energy sectors heat (Ar)
and electricity (el) are considered. Devices and demands
(DD) can either be associated with the heat sector or with the
electricity sector. The power output of controllable produc-
ers (CP) can be set within a certain range using an external
input signal. CP can be e.g. gas boilers or electric generators.
Volatile producers (VP) can effectively not be controlled,

but have production potential that fluctuates over time and
may be curtailed. This refers mainly to technologies that use
renewable resources, such as photovoltaic panels or solar
thermal collector systems. Typical storage systems (ST) on
the thermal side are water filled storage tanks as sensible heat
storage systems. The equivalent on the electrical side are
battery storage systems. Devices of the coupler class (CO)
interconnect thermal and electrical power flows. Examples
are combined heat and power generation units (CHPs) or
heat pumps (HPs). Demands (DD) are forecasts for the
expected thermal and electrical demand associated with the
respective local EMS. There is a class for the heat connection
of the local EMSs. There is one connection instance (CN)
per EMS for each connection between two EMSs in the
network. The electric grid connection class (EG) represents
the connection of the district as a whole to the public grid.

4. Modeling

The modeling builds up on the conceptual basis de-
scribed in the last section. In the following an information
model is presented and mathematical models for the relevant
technical behavior of the devices as well as their interaction
in the multi-energy system of a district are derived. Using
them, the optimization problem for the model predictive
controller is formulated. In the context of modeling, also the
main nomenclature is introduced.

4.1. Information Model

An information model as common reference builds the
basis for a standardization of the interfaces between the var-
ious entities in the district. As the required information for
the optimization strongly depends on the used assumptions,
models and algorithms, a customized information model was
developed for the MEMAP platform. In our definition the
information model consists of two parts:

a) entity-relationship-model of local EMSs and their sub-
classes, see Fig. 3
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Nomenclature
Abbreviations

CN heat network connection
co coupler

CP controllable producer
DD demand

EG electric grid connection
el electricity (sector)

ht heat (sector)

ST storage

Ve volatile producer
Symbols

At discrete time step size
n efficiency

d demand

E energy

F forecast

h number of time steps in horizon;

last time step of horizon
i discrete time step in horizon

Jj discrete time step

P power

SOC  state of charge of storage

t continuous time

u device setpoint (power)

v losses

X continuous decision variable (power)
y binary decision variable (on[1] / off[0])
Sets

B buildings

C device classes

D time steps in horizon

M devices

Mbs devices in district belonging to building b, sector s
and device class ¢

S sectors

Matrices and Vectors

A cost vector

X vector with decision variables
Sub- / Superscripts

fm from device

to to device

b) data model specifying and structuring the relevant data
points, see Table 1 to Table 4

The generic classes introduced in Section 3.3 build the
lowest level of subclasses of the entity-relationship-model
for local EMSs.

The information model additionally comprises different
data points associated with these classes. The data model
associates a minimum required set of data points with each

Table 1
Information model - parameters (time-invariant, scalars)
deviceparameter Symbol Unit Range
DD  sector Spp / {ht;el}
CP  sector Scp / {ht;el}
CP efficiency fep -] >0
CP  min. power Peppin kW] >0
CP  max. power Peppax W] >0
VP  sector Syp -] {ht;el}
VP max. power Pyppax [KW] >0
. € sco
VP  production costs Ayp [m] [%]2 0
CO  prim. sector (S1) Scost [/ {ht;el}
CO  sec. sector (S2) Scosy [/ {ht;el}
CO efficiency for S1 neo [-] ]—o00; o0
CO efficiency for S2 nog -] ]—o0; 0]
CO  min. power for S1 PCS(')’W." (kW] >0
CO max. power for S1 PCS&W (kW] >0
ST  sector Sgr / {ht;el}
ST  charging efficiency NsTs0 [-] [0;1]
ST discharging efficiency 757,  [-] [0;1]
ST  max. charging power  Pgp ..., [kW] >0
ST  max. discharging powerPg; . - kW] >0
ST  max. capacity Ecypsr KW h] >0
ST  stand-by losses NsT.5b %] >0
ST min.SOCath S0C,,;,, [-] [0;1]
CN  losses Uen [@] [0;1]
CN pipe length len [m] >0
CN  max. power Pen e [KW] >0
Table 2
Information model - forecasts (time-variant, arrays)
device input Symbol  Unit Range
DD demand forecast  d(i) [kW] >0
. ] € .
CcpP production costs  Acp(i) [m] [%] >0
forecast .
VP max. production Fyp@) kW] 20
) ] € ]
co production costs Ao (i) kW—h] [i;}—";] >0
EG grid sell revenue  Apq,,(i) kf/—h AL

€ | Jee] 59

EG grid buy costs Arg,rm(D) il Lawrl 2

generic class. Further it groups the data points according to
their type (time-dependency and format). The data points
can be divided into four categories:

e parameters (Table 1): time-invariant, scalars, often
nominal technical specifications of the devices

e forecasts (Table 2): time-variant, arrays, represent the
dynamic constraints for the iterative optimization in
live operation
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Table 3

Information model - setpoints (time-variant, scalars)

device parameter Symbol Unit  Range
CcP power setpoint Ucp (kW] >0
VP power setpoint Uy p (kW] >0
CcO power setpoint heat ult kW] >0
cO power setpoint electricity ”eclo (kW] >0
ST charging power UsT 1 (kW] >0
ST discharging power UST fm (kW] >0
CN heat feed-in Uen 10 (kW] =0
CN heat extraction Ucn m kW] 20
EG electricity buy community  ugg,, (kW] >0
EG electricity sell community  wup; ., [kKW] 20
Table 4

Information model - measurements (time-variant, scalars)
device input Symbol Unit Range
ST current SOC SOC(i = 0) (-] [0;1]

e setpoints (Table 3): time-variant, scalars, targeted
power values for the next time step for each device,
result of optimization

e measurements (Table 4): time-variant, scalars, feed-
back of the real energy system to the platform

By linking the individual data points to the communica-
tion infrastructure (see Section 5.1), they can be automat-
ically identified and assigned by machines and programs
using the internally stored information model. As a first
step towards this automation, a naming convention was
derived from the information model and implemented for the
different data points.

4.2. Internal System Model

In this subsection the mathematical models are derived
that are used as internal system models for the MPC (see
Section 3.2). Fig. 4 illustrates the system model used for
formulating the optimization problem in the platform.

For the modelling, all devices are uniquely identified
with the index m € M. The set M of all devices in the
district can be further segmented by building b, sector s and
device class c. The according sets with the two energy sec-
tors, all device classes and all buildings in the neighborhood
are S, C and B. For the integration with the MPC approach,
the continuous time ¢ is discretized using constant time step
size At. This results in the general discrete time steps j. The
rolling horizon of the MPC comprises & of these general
time steps, denoted by i € H = {1,...,h}. It is assumed
that all power quantities are constant over the discrete time
length At, in particular this is assumed for the electrical and
thermal demands d®¢/(i) and d®"(i). The setpoints u that
were introduced in Table 3 with the information model refer
to the output power of the respective devices. To consider

the behavior of the devices and the thermal network in form
of conversion and transport efficiencies, variables x for the
power before conversion / transport are introduced. These
are the continuous decision variables of the optimization
problem to be formulated for the MPC framework. The de-
cision variables are complemented by discrete optimization
variables y for devices that can be off or operate between a
minimum and a maximum power.

There are three main aspects of the overall system to be
modelled: energy balances, power conversion by the devices
and the network behavior. In order to obtain a problem
formulation that is computationally easy to handle, a mixed-
integer linear (MILP) model formulation is used. The device
models and in particular the model for the coupler class are
inspired by the energy hub approach (see Section 2) and
follow a quasi-stationary approach, therefore do not cover
dynamics.

4.2.1. Energy balances

Due to the constant time step size At, the energy balances
can be formulated using power quantities. The balances for
the heat and the electricity sector are linked by the device
model of the coupler class.

As the electrical grid is assumed to be ideal, all gen-
eration and demand is aggregated. The buying / selling is
performed as one district from / to the public electricity grid.
Electricity balances for the overall district for each time step
i € H in the horizon are formulated:

X1 Y w0+ Y —u,m+ Y -l

beB beel beel b
meMls meMyp memMy,,

+ Y (o =ty D) |+ (456G 10D = ugGpm()

b,el
meMg,

=- > d"@ W

beB

The thermal network connections are modelled as an in-
complete graph. Individual thermal energy balances for each
building b € B and each time step i € H in the horizon are
formulated:

A R S ) B S )

b.h boh b
memMpy meMy, memM/,
+ Z (”m,to(i) - um,fm(i))+ Z (um,to(i) - um,fm(i))
b,ht b,ht
meMST meMCN

=—d""() ()

4.2.2. Device models

The device models describe the energy conversion pro-
cesses for the device classes CP, VP, CO and ST. In
particular they relate the decision variables x with the set-
points u and thereby represent the lossy conversion from
primary energy to secondary energy. Constant conversion
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Top l l(,nvp ST star:dby
losses
Ycpr SOC
CP VP TST to TST,fm
1
Ncp - Top Ty p Ter.. LST.to NST,fm * TST,fm
P v v 1ST,to b.a
DD |« S s .
o A CN " TCN,fm CN,fm
d Nco " Tco CN @
> heat only » o
v a 78 [
yco TON to TCNyto |
Tco =
-— CO o
3
A 5 TEG,fm
Q@ le
) G EG
Nco " *co > > -
DD < - vy CO > E.} TiG.1 lectricity only|
A
d nep - Top Tvp r]q% TS ko NST,fm * TST, fm
CP VP TST to TST, fm
Ycp S0C standby
T.T,(,‘p T rvp ST
ildin ;
building a community

[CP: controllable prod.; VP: volatile prod.; CO: coupler; ST: storage; d: demand; MK: el. grid; CN: heat netw. conngect.

— power flow

Figure 4: lllustration of the considered internal system model in terms of the decision variables x, y. Heat (top, red) and electricity

(bottom, blue) sector are interlinked by the coupler class.

efficiencies are assumed.

CP, VP and CO
For the classes CP, V' P, CO device specific conversion
equations can be formulated for each time step i € H in
the horizon: For :

Uy (D) = xp(0) - 1y

ul(@) '\ _ o
(26 )= = (3)

Couplers interlink the electricity and heat sector. For cou-
plers, the continuous decision variable x is the primary
energy of one sector (usually A7). In the example of a gas-
fired CHP unit, the decision variable would be the gas input
(primary energy). However, the setpoint for the EMS to
control the CHP is usually the thermal or electrical output
power, which differs from the gas power decision variable
by the respective efficiency. The situation is analogous with
heat pumps, where the coefficient of performance (COP)
replaces the thermal efficiency ngfo, while the electrical
efficiency r]eclo is negative as electricity is consumed.

For more realistic models, the producers’ outputs have
to be constrained. Volatile producers are constrained by the
forecast F'(i) for their time-dependent maximum production
potential as an upper bound. Zero is set as the lower bound.
For each time step i € H in the horizon it has to be valid
that

Vm (S MCP’MVP (3)

Vm € MCO (4)

(i) < F,,(0) Vme Myp  (52)

—u,, (i) < 0 Vm € My p (5b)

It is assumed that the forecasts already refer to secondary
power, the efficiency of conversion being included. E.g. we
assume the maximum thermal power injection from solar
collectors to the heating system to be given, not the incident
radiant power on the collectors. Due to this assumption the
efficiency 7y, p (see Eq. 3) is set to 1. In order to model
on/off behavior for production devices in combination with
minimum and maximum power bounds, binary variables
y € 051 are introduced. For each time step i € H in the
horizon the following equations must be valid:

Fi (D) = Ppypax - Y < 0
=t (D) + Py i - Y@ < 0

VYm e Mcp, Mco (62)
Vm e MCP’ MCO (6b)

Storage model

Storage systems are essential for the usage of flexibilities in
multi-energy system as they enable the temporal decoupling
of energy demand and generation. Therefore, the storage
model is a key element. It is the only inter-temporal model
that is considered. The energy content of a storage nor-
malized with its maximum storage capacity is called the
state of charge (SOC). We use a capacity model for storage
units, neglecting further technical details like temperatures
or voltages. The energy content is modelled to be influ-
enced by its initial state, the charging and discharging power
flows and standby losses. Accordingly the SOC of a storage
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m € Mgr at a certain discrete point in time j + 1 can
be calculated iteratively depending on the quantities of the
previous discrete point in time j:

SOC,,(j +1) = SOC,,(j)+

+ (X0 = Xy () - (

= SOC,,(j) - Ny 5p - AF

At ) o

ECap,m

The time step length Ar is part of the formula for the
transition from (constant) power flows to energy content.
The efficiency 7, ,, includes standby losses proportional to
the previous SOC. This is especially realistic for thermal
storages, where a higher SOC is associated with higher
temperatures and therefore higher heat losses to the envi-
ronment. The relations between the setpoints # and decision
variables x comprise charging and discharging losses. For
each time step i € H in the horizon:

ust 10(0) = X g7 10(0) - (8a)

ST, to

ust fm() = Xg7 rm() ST 1 (8b)

The charging and discharging power flows of storage sys-
tems are bounded for each time step i € H in the horizon:

um,to(i) < +Pm,max,to Vm € MST (93')
—Up 1o(0) < 0 Vm e Mgr (9b)
um,fm(i) < +Pm,max,fm Vm € MST (90)
_um’fm(l.) S 0 Vm S MST (gd)

Based on Eq. 7, composite parameters can be defined:

a, =1-n, At (10)
At
Pmgo = Fw—— 1 (1D
m,to ECap,m m,to
At 1
ﬂm,fm = (12)

ECap,m nm,fm

This leads to a simpler formulation of Eq. 7:

SOC,(j+1)=S8S0C,(j) - a,+
+ um,to(j) : ﬂm,m - um,fm(j) : ﬂm,fm

Vme Mgr (13)
The iterative form (Eq. 13) can be brought into a closed inter-
temporal form. Based on the optimization variables x,, ,, (i)
and x,, r,(i) for i € {0,..., h}, the values for the resulting

storage charging states SOC,,(i) fori € {1,...,h+ 1} can
be calculated for each storage m € M gp:

SOC,,(i) = SOC,,(0) - (a,,)" +

i—1
+ Bio X [ (@) TV 10 (14)
k=0

1=0 =1 i=2 i=h
plarf by ptipmization]
.5‘()'('[()) S0C(2) SOC(h) SOC(h+1)
T

J

time

apply solution

i=1 =2 - e iz
(1) I ,,-(2)| I I"'(") |

50C(0) 50C(2) SOC(h) SOC(h+1)
L

i=0

time

J+1 L /

Figure 5: lllustration of the rolling horizon optimization in the
MPC process. Explanation of which values are optimized and
which are executed.

i—1
~ Pm,fm Z [ (am)(l_l)_k ! um,fm(k)]
k=0

Notice that Eq. 14 contains sums with an iterator k counting
up from O to (i — 1). That means the respective SOC of time
step i is calculated based on the initial state SOC,,(0) and
power flows of all preceding time steps k €= {0, ..., (i — 1)}.
Like that Eq. 14 is highly correlated to the MPC process and
the communication between platform and devices, where
values are read and written from / to the real system (see
Section 5.2) . Fig. 5 illustrates the connection between op-
timization variables x and the resulting SOC values within
the MPC horizon. SOC,,(0) is read from the real system as
initial state. x,,,,(0) and x,, r,,(0) are known as results of
previous optimization iterations, while x,,, ,,(1) - x,, ,,(h) and
X, m(1) - X p,(h) are variables of the optimization. Within
the optimization, SOC,,(1)-SOC,,(h + 1) are implicitly
calculated.

Ithas to be highlighted that the parameter #,, ;, describes
the proportion of SOC lost per hour and has the unit [S oc/ h] .
Using this proportional loss parameter, the exponential self-
discharge behavior of storage systems can be replicated with
a linear formulation.

The SOC value should by definition be between 0 and
1. However, the SOC could theoretically reach values below
0 or above 1 under the influence of discharging and charging
power flows. To avoid this, the constraints (Eq. 15 and
Eq. 16) are added for the storage model. Despite these
constraints, the SOC of the real system could theoretically
drop below zero. This can happen for inaccurate forecasts
or abruptly increasing discharge requirements that were not
anticipated by the forecasts and the system model. An SOC
drop below O is in particular likely when the planned tra-
jectory already discharged the storage to a low SOC. Fur-
ther, as we use a capacity model, the discharging to low
SOC values means for sensible thermal storages that the
average temperature is very low. This can lead to problems
in real systems, as usually the demand (heating system) has
minimum temperature requirements. To avoid the described
problems, a minimum SOC can additionally be specified for
the end of the observation horizon (Eq. 17). This keeps the
flexibility of using the full SOC range from O to 1 within
the horizon, as long as the system model predicts that it is
possible to recharge the storage unit to a minimum SOC
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until the end of the observation horizon. Like this a deep
discharging and negative SOC drops become very unlikely.

—S0C, (i) < 0 vieH (15
S0C,,(i) < 1 VieH  (16)
—SOC,(i=h)<  —SOCp (17)

4.2.3. Network models

Thermal network model

The thermal network model consists of the thermal energy
balance per building in Eq. 2 and a model for the transport
of heat between the buildings. For a connection of two
buildings a, b € B in the network, there are two connection
instances C N which each belong to one of the buildings.
For each of the connection instances there are two decision
variables for the two possible directions of power flow.

Xgo(D) = Xy D (18a)
X0 () = xP (@) (18b)

In the final problem formulation, for each connection be-
tween two buildings, one pair of the equivalent decision vari-
ables can be chosen. For further explanations it is assumed
that x,‘;’m(z’) and xfn’ fm(i) were chosen. Transportation losses
due to heat losses to the environment are taken into account
by constant transport efficiencies, which are considered at
the receiving building. The net power contribution to the

thermal energy balance (Eq. 2) can then be expressed as:
u::CN,to(i) - u%‘N,fm(i) —
Uen o ~tey @

b,a a :
=( e e ) (e D) o)
oy 1 Xen,rm

The transport efficiencies are calculated with an exponential
equation using the length /-, of the network connection
between the buildings and the percentage losses v-p per
100m.

la,ﬁ
CN
et = <1 - Uz;f;{) 100m (20)

The power fed into the thermal network has upper and lower
bounds.

um,ta(i) < +Pm,max,to Vm € MCN (213.)
U o) < 0 Vm € Mcy (21b)
umafm(i) < +Pm,max,fm Vm € Mcy (21c)

As the feed-in to the thermal network is bounded, indirectly
the extraction of heat is also limited by the transportation
model in the Equations (19) - (20).

Electric grid model

A fully connected grid is assumed that allows to share
electricity lossless in the district. The energy balance in Eq. 1
accumulates the electricity generation and demands of all
buildings and devices for each time step. Central selling
or buying of the overall district to/from the public grid
balances residual surpluses or deficits. For the whole district,
there is only one decision variable for selling (ugg,,(i)) and
one for buying (ugg, f,(i)) of electric energy to / from the
public grid, as this is assumed to be done centrally by the
district as a whole. The buying and selling variables to/from
the electricity grid only have zero as a lower bound and
are unbounded apart from that. Thereby, from a modeling
perspective the public electricity grid can be seen as a slack
bus. For each time step i € H in the horizon:

UpG (i) = XEG 10(0) (22a)
ugG,rm(i) = XgG, fm(D) (22b)
—UEpG (i) < 0 (23a)

4.3. Optimization Problem

The MEMAP platform is designed as an MPC for the
district (see Section 3.2). Based on the system model pre-
sented beforehands, mathematical optimization problems
are automatically generated at each discrete time step.

The objective is to minimize the overall costs of the
district for satisfying their electricity and heat demands in
the respective rolling horizon, while considering the behav-
ior and restrictions of the devices and networks. The cost
minimization is reflected by a linear objective function that
multiplies the power decision variables with the according
operation costs. In line with the information model, the costs
can be economical or ecological operation costs (€ or CO,-
Emissions per kW h). To obtain absolute cost values, the
objective function must be scaled with the constant time step
size At. Adding the proposed system model (see Section 4.2)
as constraints, a MILP can be formulated for the core of the
platform:

minimize (A" x) At (24a)
X

subject to Ayp X < kyp . (24b)

_ALB X S _kLB N (24C)

Gx = d (244d)

The vector x contains all continuous decision variables x
together with all discrete decision variables y. Using the
equations of the system model in Section 4.2, the control
inputs u can be determined in a post-processing from the
decision variables in x. The equality constraints (Eq. 24d)
comprise the thermal energy balances for each house and
the electrical energy balance for the whole district. The
inequality constraints (Eq. 24c and Eq. 24b) comprise the
device models and the thermal network & electric grid
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model. The number of variables and constraints depends
on the involved devices and network configuration in the
system under consideration. The obtained MILP can be
solved with conventional solving algorithm implementa-
tions. In particular we use the MILP solver Ip_solve (Version
Ip_solve_5.5.2.11_java.zip) [48]. It is freely distributed by
the Massachusetts Institute of Technology (MIT) and is
based on the revised simplex method and the branch-and-
bound method for integers [49].

S. Software Implementation

The modeling described in the previous section builds
the core for an implemented software prototype. Its source
code is freely available via a public git on https://git.
fortiss.org/ASCI-public/memap/-/tree/main. In the follow-
ing, different aspects of the software implementation are
presented.

5.1. Platform with Internal Actor Framework

For the software implementation it was decided to use
a platform design, as this enables the easy integration of
other important functionalities around the core, e.g. real-
time communication to the local EMS, interfaces to a plan-
ning tool, user portal, third-party applications, etc. The
platform was programmed in Java', a widespread general-
purpose programming language. An actor system” was used
to reflect the hierarchical real-life structure of districts and
the associated information flow (see also [45, 50]). Our
hierarchical actor representation is composed of three layers
(bottom up):

i) device level actors: all actors, that have a direct connec-
tion to field devices (sensoring and control signals)
ii) building level actors: local EMS and building-like enti-
ties without sub-actors, like heat connections (CNs)
iii) district level coordinator

In contrast to composite actors, actors without sub-actor
are called ’leafs’. Actors encapsulate state and behavior
of an entity and communicate exclusively by exchanging
messages which are placed into the recipient’s mailbox. For
the internal communication within the actor system, each
actor extends an abstract BehaviorModel class. It defines an
information flow, which is inherited according to Fig. 3. For
every actor in the hierarchy, it persists of four stages:

e handle a request from a hierarchically higher level

e send request to a hierarchically lower level and await
answer

e make some decision

e return the answer content to the higher hierarchy

lhttps://www.oracle.com/java/
2akka. io

Platform
i Optimizer (MILP) i
> L |
9 , ! 1 ,
% I District Coordinator I
X
X — 1t A1
S~
g ! EMS l ! EMS l
:- T I
5 lcpy |sT Lvp|
—+ 13 17
LOPC u'A'cne'nt'J L'obc UA CIientJ

portal.memap
-projekt.de

4(OPC UA Serveq

(OPC UA Serveq
EMS

EMS
Figure 6: Internal and external communication of the MEMAP
platform.

However, the internal structure of an actor’s payload is de-
pendent to the device classes and implements the respective
data points from the information model or its superclass
(Section 4.1). With this platform design approach, every
composite can decide either to optimize with the collected
information at its level or to forward the information to a
higher hierarchy for optimization on a higher level. Multiple
district coordinators - or district EMS - can thus be integrated
under one inter-district coordinator, by that presenting a self-
similar structure according to the composite pattern of [51].
This also enables easy comparison of optimization at EMS
level versus optimization at district or inter-district level. The
chosen approach provides high extensibility and allows to
form arbitrary hierarchies from the same actors, similar to
holonic systems. More information on holonic architectures
for IoT-enabled energy management can be found in Ref.
[52].

5.2. Communication

For the external communication, the industrial commu-
nication standard OPC Unified Architecture (OPC UA) was
chosen (see Section 2). By supporting companion specifi-
cations, OPC UA allows to easily implement the developed
MEMAP information model from Section 4.1. This pro-
motes the extensibility of the concept through standardiza-
tion. At the same time, ready-to-use security features are
provided in OPC UA so that secure communication can be
ensured.

To communicate with several local EMSs in the district,
each building-level actor instance in the platform that rep-
resents a local EMS in the district is associated with an
own OPC UA Client (see Fig. 6). On the other side it is
assumed that each real local EMS in the district is equipped
with an OPC UA server unit providing all information for
devices under its control. To establish the connections and
configurations of the clients in the platform, a user portal
was developed and can be used. At first the OPC UA servers
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at the local EMSs are set-up, reflecting the real-life device
configuration of the respective building. For the onboarding
of a local EMS, the .xml-configuration file is uploaded to
the portal. Due to the unified naming convention for data
points (see Section 4.1), the data points can be automatically
detected. In this way, the matching OPC UA Clients for the
platform can be automatically generated as counterparts to
the servers of the local EMSs.

Following the basic idea of the platform concept, differ-
ent types of third-party applications can interact flexibly and
modularly with the platform via an OPC UA server-client
connection.

Along the established client-server connections of plat-
form and EMSs, data is sent / received from / by the platform
during the live operation. As potentially a lot of different data
sources and sinks are involved in form of the local EMS
systems with their individual devices, the communication
has to be coordinated. On top of that, the communication
has to be synchronized with the iterative MPC procedure
(see Section 3.2). To satisfy both requirements, a specific
communication sequence between platform and local EMSs
was developed and implemented. The iterative loop of the
communication sequence can be summarized by write - read
- optimize - wait:

1. write As soon as TIME == TRIGGERTIME, the next
timestep is reached (horizon shift, see Fig. 5). The platform
writes setpoints from last optimization to EMSs. Setpoints
are valid for next timestep (x(0)). Update the TRIGGERTIME by
adding the timestep duration: TRIGGERTIME = TRIGGERTIME +
At.

2. read The platform reads system states (.SOC(0)) and
forecasts from EMSs. The reading is centrally initiated from
the platform by sending a TRIGGER to all devices. This ensures
simultaneous reading.

3. optimize The platform optimizes. The optimization
horizon is H = {1,..,h} with the foresight being de-
fined by h. In each iteration the variables of interest are
[x(1),...,x(h)] and [y(1), ..., y(h)] for the different devices
and [SOC(i =2),..SOC(i = h + 1)] for all storages. See
also Fig. 5 and the storage model in Eq. 4.2.2.

4. wait The platform buffers the optimization results.
It waits until the fixed time step duration is over. This is
reached, when the TIME is equal to the updated TRIGGERTIME.

The presented communication sequence ensures that all
relevant data for a particular iteration step is available at the
platform at the same time and refer to the same horizon.
Like this, all involved entities are synchronized and the com-
patibility of the communication with the MPC optimization
procedure is facilitated.

6. Validation

The functionality of the presented concepts and the de-
veloped software platform was validated by simulations and
experiments with real hardware in a laboratory environment.
The paper at hand will address in particular the validation of
the following aspects

o validation of the functionality of the optimization core

e proof of the interoperability of the software with real
devices (hardware)

e validation of the

— generic device models
— information model

— communication concept

Explicitly not in the focus of this paper is the verification
of the postulated benefits, savings and synergistic effects of
the collaborative operation with MEMAP. This was shown
already in previous work and literature (see also Section 2).

For the validation, we investigate a case study scenario
comprising a certain district setting and given disturbance
forecasts (e.g. demand & price profiles). The developed
MEMAP platform is used to optimally operate the technical
equipment in the district. A simulative case study assumes
perfect predictions, models and perfect implementation of
the setpoints by the devices. This builds the benchmark for
an experimental case study under the same scenario, involv-
ing the platform in interaction with real device hardware and
imperfect implementation. The experiments are performed
in the laboratory environment for Combined Smart Energy
Systems (CoSES) at the Technical University of Munich
(TUM) [53, 54, 55].

The relevant outcomes of the case studies include simu-
lated and measured time series data on equipment operation
in the district, as well as more detailed measurements on
the technical device behavior. The developed platform is
validated by demonstrating its successful integration into the
laboratory environment and interaction with real-time oper-
ational systems. Furthermore, the operation of the systems
managed by the developed platform is analyzed to assess
plausibility in light of the expected optimized behavior.
This includes a comparison of simulated and experimental
results.

In Section 6.1 we present the case study scenario. In
Section 6.2 the integration of the platform into the laboratory
environment for the experiments is described. Section 6.3 we
present the results of the simulative and experimental case
studies. Finally, in Section 6.3 we evaluate the success of the
validation.

6.1. Case Study Scenario

For the validation of the platform functionalities a case
study scenario was designed and investigated. An energy
compound is considered and the developed platform is used
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Figure 7: Case study scenario for validating the platform functionalities in the CoSES laboratory environment.

Table 5
Equipment of buildings in case study scenario.
Building 1 Building 2
(B1) (B2)

demand profile demand profile
DD (hr)

29—-4.0 kW 109 - 13.9 kW

demand profile demand profile
DD (el)

02-0.7 kW 0.7-24 kW

condensing boiler
cp -
21 kW (nom.)
CHP
Cco el : 2 kW (nom.) -
ht : 5 kW (nom.)

hot water tank hot water tank
ST (ht)

800 / (nom.) 800 / (nom.)
EG district grid with public grid connection

to optimize its operation on the run, considering only eco-
nomical operation costs. A small scenario is sufficient, as the
purpose of the case study was just to validate the functional-
ities and not to show the benefits of collaborative operation
in districts. Therefore we investigate a neighborhood of two
buildings without thermal grid connection, but an electrical
microgrid that balances residua by buying / selling power
from/to the public grid. The selected scenario is illustrated
in Fig. 7. The technical equipment of both buildings is
summarized in Table 5. More detailed parameters that
are passed to the MEMAP platform according to the the
information model are listed in Table 6 in the Appendix A.

Perfect forecasts for the demands and prices are assumed
in form of predetermined profiles. The effects of imperfect
implementation of setpoints on the forecasts are not ac-
counted for. To provide forecasts for the horizon at the end

of the experiment, the forecast profiles are looped. Fig. 11a
in the Appendix A illustrates the demand profiles over
time. These were derived from detailed simulations with
the Modelica-based environment Simulation X> using the
GreenCity library [56]. Fig. 11b in the Appendix A shows
the price profiles over time. These are manually specified
and chosen to demonstrate various effects in the analysis. As
general MPC-parameters, a time step size of At = 15 min
is used with a rolling horizon length of A = 12 steps (3
hours). The investigation period are 12 & in real time. The
measurement results were recorded with a resolution of 10 s.

The simulation and the experiment are both conducted
with this identical scenario. For the simulations a perfect
match between the internal system model and reality, as well
as perfect implementation of setpoints by the devices is as-
sumed. Therefore, the SOC values predicted by the platform
are used as emulated measurements in the simulative case
study. A custom Python server routine facilitates this pro-
cess. The laboratory experiments use specialized heat sink
modules which emulate the desired demand profile. This is
achieved by cooling the water in the heating circuit through a
controlled heat exchange process [54]. The electrical power
flow setpoints are not physically implemented in the lab,
as no insights are expected due to the high discrepency
in time scales between electrical characteristics and energy
management.

6.2. Laboratory Integration

The CoSES laboratory replicates the field and automa-
tion level of multiple interconnected buildings in a neigh-
borhood, encompassing both hardware and software aspects,
including actuators, sensors, and basic component controls
[53, 54, 55]. The computation and communication layer
is based on National Instruments* (NI) products, i.e. Lab-
VIEW (LV) and VeriStand (VS). The interface between

3https ://www.esi-group.com/products/system-simulation
4https ://www.ni.com/de-de.html
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Figure 8: Integration of the MEMAP Platform into the laboratory environment - Custom Energy Management System and its

software chain.

external software and NI software is established using Lab-
VIEW with the VeriStand Application Programming Inter-
face (VS API). To perform experiments with real devices,
the MEMAP platform was integrated into the software and
communication framework of the CoSES laboratory. The in-
tegration process served as a practical test for the developed
platform and communication concept.

The software chain used for the integration is illustrated
in Figure 8. Custom local EMSs with identical structures are
set up for each building, acting as intermediaries between the
platform and the real energy equipment in the laboratory. On
one end of the software chain, each custom local EMS has an
OPC UA Server implemented in Python, acting as the coun-
terpart to the platform’s client. Python routines in the local
EMSs handle the loading of profiles and forecasts from .csv
files for ongoing experiments. They synchronize with the
platform’s communication sequence and provide setpoints to
consumption emulators for emulating the specified demand
profiles. To transition from Python to the NI environment, a
LabVIEW virtual instrument with OPC UA clients tunnels
data from the Python server through the VeriStand API
to models running on the industrial controllers (ICs) in
VeriStand. The EMS logic on the ICs performes the actual
conversion of power setpoints, which are then passed on to
field level controllers, converted again, and checked for safe
operation before being transmitted to the real devices via
cables. In the opposite direction, sensor data reading and
conversion to composite values, such as energy quantities,
is carried out. For technical investigations beyond the level
of power flows, the local EMSs are connected to detailed
scientific data logging.

6.3. Results

Overviews of the full results of the simulative and exper-
imental case studies can be found in Appendix A in Fig. 13
and Fig. 14. Detailed figures are used in this subsection to
illustrate specific aspects.

Simulative Results
The simulative results, depicted in Figure 13, provide
insights into the optimized behavior of the energy compound

and serve as a benchmark for the experiment. The observa-
tions from the simulation are as follows:

In building 1, intermittent operation of the CHP is ob-
served due to its narrow operating limits. Building 2 initially
covers its heat demand with the thermal storage, and when
the storage discharges, the gas boiler takes over the heat
production, modulating according to the thermal demand.
Here, the minimum SOC constraint for the storage at the end
of the optimization horizon comes into play.

In contrast, building 1 operates the CHP despite a suffi-
ciently charged storage to supply both buildings with elec-
tricity via the microgrid. This CHP serves as a coupling
element between the electricity and heat sectors, facilitat-
ing synergy utilization across energy sectors and building
boundaries. The district energy management platform au-
tomatically exploits these synergies. Additionally, the op-
timization in the platform considers trade-offs, such as the
decision to use electricity from the public grid instead of
the CHP when it becomes unprofitable due to increased gas
prices (att =5 h).

The simulative results also demonstrate the advantages
of the predictive optimizer. The proactive charging and
discharging of the thermal storage allows for leveraging
future changes in gas prices. The gas boiler is used between
t = 2.25h and t = 9.25h to pre-charge the thermal storage,
taking advantage of cheaper gas prices while considering the
influence of possible storage losses on economic efficiency.

Experimental Results

Figure 14 presents the measurements from the experi-
mental case study conducted in the CoSES laboratory en-
vironment. A comparison between the experimental results
and the simulation reveals deviations in the emulated heat
demand, particularly in building 2. These deviations can be
attributed to technical factors related to the thermal storage
system. Unlike the stratified storage in building 1, the ther-
mal storage in building 2 is mixed, resulting in a decreased
supply water temperature below the design temperature. To
maintain a minimum temperature spread, the heating circuit
pump operates at a higher volume flow. However, when the
pump reaches its maximum viable volume flow, the required
heat demand cannot be met, leading to deviations in the
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Figure 9: Comparison of results for building 1 from the experimental case study (left: measurements, middle: setpoints) and the
simulative case study (right). The impact of the interaction with real device hardware can be investigated.

emulated heat demand compared to the given profile. This
cascade of mixed storage, minimum supply temperature, and
unreachable power output emphasizes the strong coupling
between the technical and management levels. Considering
the technical details (like temperatures) is essential for ex-
plaining such effects.

The comparison between the experimental and simula-
tive results for building 1 is illustrated in Figure 9. A good
match is observed between the setpoints in the experiment
and the simulation. Minor deviations between can be at-
tributed to implementation differences, resulting in changes
in the overall system state. For example, around ¢ = 6 h,
the experiment calls for a stronger operation of the CHP
compared to the simulation.

Despite these deviations, the devices in the experiment
accurately implement the setpoints. The measured thermal
output of the CHP exhibits oscillations around the setpoint
(see detail in Figure 12), which can be attributed to device-
specific control characteristics [57]. However, on average,
the energy demand for each time step is met. From¢ =9 A

onwards, the CHP is not started despite a request from the
platform due to a technical problem in the experiment. The
condensing boiler in building 2 closely follows the given
power setpoints over the whole experimental time, with short
power peaks during start-ups and shut-downs.

Figure 10 provides details on the SOC of the thermal
storages in building 1 and 2. Within the timestep length
of 15 minutes, the SOC is mainly influenced by charging
and discharging. The measured SOC aligns closely with the
predicted SOC calculated by the models in the MEMAP
platform, demonstrating the accuracy of the model predic-
tive control (MPC) approach and the successful setpoint
implementation.

Evaluation

The simulative case study confirms the effectiveness
of the optimization core and abstracted device models in
achieving the desired functionalities. The optimization pro-
cess successfully leverages synergies across energy sectors
and building boundaries to optimize district operation. By
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Figure 10: Detail of measured SOC vs. the SOC predicted by the MEMAP platform (setpoint) for the thermal storages in building

1 and 2 of the case study.

considering trade-offs and utilizing predictive optimization,
the model-based approach effectively exploits forecasted
boundary conditions, such as prices, enabling automated
proactive charging and discharging of storage units.

The integration of the developed information and com-
munication model into the CoSES laboratory environment
validates its compatibility and practicability for realistic
settings. The successful 12-hour automated experiment run
confirms the interoperability of the MEMAP platform with
real devices. The internal storage model of the platform
demonstrates excellent predictive capabilities for estimating
the state of charge (SOC) of the two storage tanks for future
time steps during the experiments.

Some limitations of the optimization on the power flow
level were demonstrated in the technical-level experiments.
The platform was unable to adequately anticipate insufficient
supply temperatures from a fully mixed thermal storage with
a high SOC, and the oscillating thermal output behavior of
a combined heat and power (CHP) system. These effects fall
outside the scope of conventional power flow optimization.
Further, it became evident that, in addition to optimal oper-
ation, routines for handling technical failures are necessary
to ensure the resilience of the district energy management
concept. Self-supply fallback options with isolated device
operation may be considered in such cases. However, despite
the described limitations, the hardware devices implemented
the setpoints provided by the platform reasonably well.

In summary, the experiments confirm the suitability of
the developed platform for real-time optimization during
live operation in the field. Through the simulative and ex-
perimental case study conducted in a realistic environment,
all key functionalities of the platform were successfully
validated.

7. Conclusion

This paper presents the development and validation of
a smart multi-energy management system for districts, con-
necting local building energy management systems (EMS)

through a digital platform that predictively optimizes district
energy flows during live-operation. The paper’s contribution
builds on four pillars:

Development process Comprehensive description of the
platform’s development path demonstrates how various as-
pects from different fields are combined to meet the identi-
fied requirements for a suitable district EMS. This provides
valuable guidance for similar projects in the future.

e Model predictive control (MPC) for central district
EMS

e Generic device classes for fast modeling of diverse
settings

e Automatically adaptable MILP multi-energy system
model

e Capacity storage model with linear formulation for
exponential self-discharge

o Custom information model as data exchange standard
e OPC-UA as communication standard

e Custom communication sequence for synchronizing
multiple devices with MPC

e Implementation in actor framework for automated
adaptation and optimization in live operation

Validation and insights Through simulative and ex-
perimental case studies, the suitability of the system for
real-time district optimization is confirmed, while technical
limitations of power flow optimization are identified.

e Optimization core automatically exploits synergies
e Interoperability with real hardware proven

e Information model and communication concept vali-
dated
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e Suitability of generic device models shown

e Temperature behavior can’t be anticipated by ab-
stracted models

e Need for fallback routines in case of technical failures

Software An openly accessible software prototype is pro-
vided, which can serve as a blueprint for the further de-
velopement of products. Prototype available at https://git.
fortiss.org/ASCI-public/memap.

Broader findings Insights on framework conditions for
overarching district energy management are gained as start-
ing points for consecutive studies, paving the way for
widespread practical implementation.

o Existing local building EMS don’t provide all required
functionalities

e Bidirectional heat exchange via district networks is
still under research

e Sensitivity analysis on imperfect forecasts and imper-
fect setpoint implementation necessary

e Requirement for billing concept to distribute savings
or additional expenditures fairly among participants

e Central district EMS as benchmark for distributed and
market-based approaches

e Challenge of balancing model abstraction vs. repre-
sentativeness of the models

With these concepts, findings and software artefacts our
paper paves the way for the practical implementation of
more holistic, efficient, and sustainable energy management
systems for districts in the future!

CRediT authorship contribution statement

Thomas Licklederer: Conceptualization, Methodol-
ogy, Software, Validation, Investigation, Writing - Original
Draft, Visualization, Project administration. Jan Mayer:
Conceptualization, Methodology, Software, Validation, In-
vestigation, Writing - Review & Editing, Visualization,
Project administration. Denis Bytschkow: Conceptualiza-
tion, Methodology, Software, Investigation, Writing - Re-
view & Editing, Funding acquisition. Michael Kramer:
Conceptualization, Methodology, Investigation, Project ad-

ministration, Funding acquisition. Alexandre Capone: Method-

ology, Investigation. Johannes Burger: Software, Investi-
gation, Writing - Review & Editing. Markus Duchon: Writ-
ing - Review & Editing, Supervision, Project administration,
Funding acquisition.

Declaration of generative Al and Al-assisted
technologies in the writing process

During the preparation of this work the author(s) used
ChatGPT by OpenAl and DeepL Translator by DeepL SE in
order to improve language and readability. After using this
tool/service, the author(s) reviewed and edited the content as
needed and take(s) full responsibility for the content of the
publication.

A. Appendix

Licklederer, T.: Preprint submitted to Elsevier

Page 17 of 22



Table 6

A Digital Platform for Smart District Energy Management

Device parameters of the case study scenario for the experimental validation according to the information model from Table 1.

CHP - Building 1

Condensing Boiler - Building 2

Thermal Storage - Building 1 & 2

Type RMB/ENERGIE Type Wolf Type Wolf
neoTower 2.0 [57] CGB-2-20 SPU-2-800 [58]

Sco.s1 ht Scp ht Sgr ht

Sco,s2 el Ncp 0.88 Nst.100 NST, fm 0.97

neo 0.65 Pepomin 8 kW Pt maxior PST.max.fm 22 kW

nie 0.25 Pep pnax 19 kW Eeopsr 62.94 kWh )

cS(l),m,-n 4 KW - (773.6 1, 20 —90°C)

P | SHW (~ 066 69)
SOC,,;.1 0.5
SOC(t =0) 0.641 (B1), 0.592 (B2)
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(a) Demand profiles for the case study scenario, resulting from
a detailed building simulation.
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(b) Time series of prices for the case study scenario.

Figure 11: Forecast time series for the case study.
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Figure 12: Detail of setpoints vs. measurements of thermal left and electrical right power for the CHP in building 1 of the case

study.
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Figure 14: Measurements from the experimental case study in the CoSES laboratory environment.
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5.3 Chapter Conclusion

For the narrative of this dissertation, several conclusions from this chapter shall be highlighted:

The main tasks to be covered by an control framework for smart thermal grids were identified. Two
different control frameworks were proposed and are considered in the context of this dissertation. As
a common element of both, a tool for sector-coupled smart district energy management was developed
and validated. One unique feature is the live operation capability, faciliated by an OPC UA communica-
tion infrastructure in combination with a customized information model and tailored synchronization
for the usage within an MPC context. In this approach, from the district management level, optimized
power flow setpoints are send to local EMSs.

Thereby, for harnessing networking synergies, it was assumed that the necessary technical infrastruc-
ture is in place to facilitate a flexible energy exchange within the district. Regarding the thermal sector,
PBDH as outlined in Section 2.1 are the type of network infrastructure that enables this flexible heat
exchange. Therefore, the logical next step is a concrete concept for technically realizing PBDH net-
works - as stated in RQ1 (see Section 2.2). This will be addressed in the subsequent Chapter 6.

Further, the investigations in Pub1 revealed that an abstracted view focusing solely on power flows
cannot sufficiently represent and anticipate technical details. Thus, there is a need for either integrat-
ing a more detailed technical model at the automation level (control framework A from Figure 5.3), or
the consideration of technical details and local dynamics at the field level (control framework B from
Figure 5.3). This will be addressed in Chapter 7 and Chapter 8.
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Chapter 6

Network Concept

For being able to investigate the intricacies of PBDH networks as a representative type of smart thermal
grids, this chapter discusses in Section 6.1 their technical implementation in the form of a reference
network concept for the infrastructure. The implementation of the proposed reference network concept
into the laboratory environment at TUM is discussed in Section 6.2 (Pub2). In Section 6.3 (Pub3), the
dimensioning of components tailored for PBDH networks is addressed. Thereby, this chapter tackles
especially RQ1 from Section 2.2.

This Chapter 6

!

District Energy Network Thermohydraulic Advanced Field
Management S Concept B System Behavior [EB Contiol
[RefCncpt | [Pub2] [Pub3] [Pub4]| [Pub5] [Pubé ]

Figure 6.1: Position of this chapter within the overall structure of the main part of this dissertation.

O Chapter 6: Network Concept

] A reference network concept for PBDH networks is derived. It uses decentralized pumps
on the network side of prosumer substations and adopts the return-to-supply (RS) prin-
ciple for the feed-in. This reference network concept is practically implemented into a
sector-coupled microgrid laboratory at TUM, enabling experimental testing of advanced
control strategies in an emulated real-world environment. First laboratory experiments
reveal special pump requirements due to high hydraulic resistances at low volume flows.
Further, a new dimensioning method is developed to determine the decisive operating
point for component dimensioning in PBDH networks, as in these systems, the hydraulic
circuits and critical points can change dynamically. The proposed reference network
concept provides a foundation for further technical and operational investigations of
PBDH networks.

6.1 Reference Network Concept

To technically implement the concept of PBDH networks, a reference network concept is required.
This comprises an hydraulic infrastructure and associated operational principles. In Section 2.1, PBDH
networks are oulined as a specific form of smart thermal grids consisting only of prosumers that can
flexibly exchange heat across the network infrastructure.

To the best of the author’s knowledge, at the time this dissertation was conducted there was no specific
reference network concept for PBDH networks existing in literature, as these kind of networks are not
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yet broadly investigated. However, there are suggestions for infrastructure concepts of networks that
incoporate certain aspects of PBDH networks. Therefore, in this section, through literature review on
related concepts and comprehensive reasoning, a conceptual common ground is derived and condensed
to a reference network concept for PBDH networks. This forms the basis for further investigations in
the context of this thesis.

6.1.1 Literature Review

As introduced in Section 3.3, we categorize PBDH under 4GDH, making it a successor of TDH systems.
A literature review and reference network concept for traditional DH systems is described in Section 3.2.
To keep PBDH networks in line with the evolution of generations, several aspects can be adopted from
TDH systems, while others have to be added and adapted.

Network Configuration

A two-pipe system with a hot supply line and a cold return line can be considered for PBDH. Follow-
ing the underlying idea described in Section 2.1, PBDH networks are meant to operate without central
elements. That means on the network side, only pipes connect the prosumers as network participants.
In order to facilitate short transport paths between the distributed prosumers that change their modes
dynamically, additional to the traditional radial topologies also meshed topologies, as well as combina-
tions of both are reasonable to be considered.

Substation Connection Principles

Without central units, the distributed prosumer substations are core components, responsible for im-
plementing and controlling the bidirectional heat exchange between the primary and secondary sides
as well as within the network. For the connection of the substations to the network, there are four
principles explored in literature (see Figure 6.2): supply-to-return (SR), supply-to-supply (SS), return-
to-return (RR), RS.
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Figure 6.2: Schematic representation of volume flow interaction principles between substations and
network: supply-to-return (A), supply-to-supply (B), return-to-return (C), return-to-supply (D). [80]

For the heat extraction from the network of prosumers in consumption mode, the SR principle can be
adopted from TDH networks: warm water is drawn from the supply line, heat is transferred to the
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secondary side by the substation and the cooled water is released to the return line. Together with the
SR principle, the actuators introduced in Section 3.2 for extraction can also be adopted. This includes
the CV on the primary side and the CP on the secondary side.

The CV on the primary side for the extraction implies that the supply line must be pressurized in or-
der for water to flow along the pressure gradient through the valve and the substation into the return
line. In TDH networks, this pressure gradient is created by the central pumping station. To create the
pressure gradient in a network consisting solely of prosumers without central units, the prosumers
themselves must create the pressure difference. To do so, the SR principle is the only feasible option
for feed-in. A feed-in pump (FP) on the primary substation side is employed to create the differential
pressure between supply and return line. Cold water is drawn from the return line, heat is transferred
from the secondary to the primary side to heat up the water in the substation and the warm water is
injected to the supply line.

Concepts with two pumps on the primary side, including an extraction pump instead of the CV, are
considered in some sources in the context of 5GDHC networks [94]. In this case there is no fixed pres-
surized line needed. However, also here a primary side FP is required for the production mode.

Initial studies on the feed-in to DH networks come from the context of distributed solar thermal plants
and mostly assume TDH networks as context, where the solar plants serve as supplementary supply
[69]-[80]. With TDH networks having central pumping stations that pressurize the supply line, various
feed-in principles can be considered side by side, as done in the early solar thermal literature. It was only
lately that the upcoming thermal prosumer principle integrated well with the research on decentralized
feed-in to heat networks [95], [96]. In PBDH networks without central units, the RS principle is the
only option to assure a pressurized supply line so that the SR extraction principle including its control
can be adopted from TDH networks.

Nevertheless, also in the solar thermal research area, the RS principle has become established as preva-
lent choice. Options that feed into the return line are sub-optimal, as the return-line temperature in-
creases, which decreases the operating efficiency of generation devices, like boilers [72]. Drawing from
the supply line requires high temperature levels provided by the heat source to be able to feed in energy.
Also, the RS principle represents the natural reversal of the SR extraction principle. Ref. [74] finds that
for a high solar fraction, meaning a high penetration of decentral generation in the network, the RS
feed-in is beneficial.

Heat Exchanger Setup

As decentralized solar thermal generation is often seen as an retrofitted additional system, separate
heat exchangers are usually planned for extraction and feed-in. However, shared hydraulic circuits for
extraction and feed-in, allow to reduce the number of components and can increase economic efficiency
[97].

Adopted from TDH networks with unidirectional substations, counter-current flow plate heat exchang-
ers are the established solution, also for bidirectional substations. In the case of using a common heat
exchanger for feed-in and extraction, the flow direction on the secondary side must be reversed. This
requires either an additional production pump (PP) on the secondary side or a suitable hydraulic switch,
using three-way valves. Some configurations additionally use a bypass between supply- and return-line
on the primary side to circulate and heat up the medium before feeding in, when switching between
modes [97].
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Prosumer-side configuration

For the prosumer side, various configurations are possible: Bidirectional heat transfer stations, heat
generators, the consumption system, and storages can be interconnected in numerous ways. In Ref.
[98], the author of this dissertation co-authored a paper that delves into and examines these distinct
configurations. In the publication, typical system components on the secondary side are abstracted
into classes and arranged in various ways relative to one another, thus deriving potential prosumer-
side configurations. In a preliminary selection, out of 14 configurations, 5 are excluded due to high
estimated exergy losses, limited flexibility, or their incompatibility with PBDH [99]. The performance
of the remaining 9 configurations is assessed using Modelica-based simulations, evaluating exportable
excess heat, network temperatures, and the overall efficiency of the heat supply. These configurations
are explored across different scenarios, varying in heat generation type (e.g., heat pump, solar ther-
mal collectors, or combustion device) and the required supply temperatures for both the prosumer and
network side. The study reveals that different configurations offer distinct benefits depending on spe-
cific boundary conditions. Thereby, Ref. [98] serves as a guide, assisting in the selection of the most
suitable prosumer-side configuration given the desired district heating network and consumption tem-
peratures. One learning from this paper is, that the technical arrangement of the secondary side can
have significant impact on the prosumer behavior and performance. To exclude this impact from the
network-oriented focus of this dissertation, the prosumer side beyond the substation is abstracted as an
ideal heat source (production modes) or sink (consumption mode), having constant inflow temperatures
from the prosumer system to the substation.

6.1.2 Reference Concept

A reference network concept for PBDH networks is derived by condensing the conclusions of the pre-
ceding literature review to a minimal configuration. In the following the features of the proposed ref-
erence network concept for PBDH are listed. Additionally, Figure 6.3 illustrates this reference network
concept, while Figure 6.4 details the according reference configuration for bidirectional substations in
PBDH networks.

« district heating network with warm water as carrier medium

 two-pipe system with warm supply and cold return line, supply line has higher pressure than
return line

« radial, meshed or mixed network topologies allowed

« no central units in the pipe network, i.e. no network pumps, no central plant or storages, no
hydraulic or thermal balancing unit

« all network participants are prosumers in the sense that they can switch over time between pro-
duction and consumption mode w.r.t. the network; no dominant participant, but peer prosumers

« substations indirectly connect the prosumer side via a heat exchanger

« the same heat exchanger is used in production and consumption mode: plate heat exchanger,
always operated in counter-current flow mode, reversal of flow directions on both sides when
operation mode changes

« heat feed-in in production mode via volume flows from return to supply line (RS), extraction in
consumption mode via volume flows from supply to return line (SR)

« production mode: feed-in pump (FP) on the primary side and production pump production pump
(PP) on the secondary side drive the volume flows; FP pressurizes the supply line
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« consumption mode: control valve (CV) on the primary side regulates volume flow, consumption
pump (CP) on the secondary side drives the volume flow

« control valves and variable-speed pumps are used, controlled by an external signal to modulate
the opening or speed respectively

« no shortcut between supply and return line for low / no demands, this implies: for any prosumer
to interact with the network, at least one other prosumer in opposite mode must be active to have
a closed hydraulic circuit, no buffering function of the network itself, network infrastructure is
meant just for transmission

« secondary side prosumer system is not specified (system agnostic investigations), the prosumer
is an idealized heat source (production mode) or sink (consumption mode), providing specific
constant inflow temperatures to the substation from the secondary side

This proposed reference network concept still allows different variations for specific network imple-
mentations, but fixes some basic architecture and functional principles.

In principle rhe reference network concept can be used for DH and DC networks, also an implemen-
tation for DHC is possible, as heat consumers are cold producers and vice versa. In the context of this
dissertation the focus is on DH.

Further, the presented concept is open to be used at different temperature levels. Here no specifica-
tions on the temperature levels are made on purpose: the functional principles relevant for the further
investigations remain basically the same independent from the temperature level. As a small note, it
should nevertheless be pointed out again that in the context of this dissertation, PBDH networks are
assigned to 4GDH, which already delineates the range of temperatures (see Section 3.3). This applies
similarly to other technical specifications, like the type of pipelines etc. Moreover, installations for a
safe and reliable operation, like pressure relief valves or expansion vessels are not mentioned or shown
here for the sake of conciseness.
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Figure 6.3: Simplified exemplary scheme of the proposed reference network concept for PBDH: (3) pipe
network, warm supply line in red, cold return line in blue; (4) bidirectional prosumer substations, see
Figure 6.4; (5) prosumer systems.
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Figure 6.4: Proposed reference concept of bidirectional substations for thermal prosumers.

6.2 Pub2: A prosumer-based sector-coupled district heating and cool-
ing laboratory architecture

6.2.1 Context

The concept of PBDH networks is relatively new and not yet broadly investigated, although studies on
it have the potential to lead to valuable insights for smart thermal grids in general (as elaborated in
Section 2.1). In addition to theoretical and simulation-based studies, practical experimental investiga-
tions with real hardware are crucial to observe phenomena that simplified modeling cannot capture.
The construction of heat networks in the field is very complex and costly, and users (e.g., in buildings)
can experience significant comfort disruptions during the prototype operation of unexplored network
concepts. Therefore, prior to field tests, a laboratory setup is as an ideal environment for the practi-
cal examination of network concepts. Parallel to the considerations on reference network concepts for
PBDH within the scope of this dissertation, the laboratory for Combined Smart Energy Systems (CoSES)
was planned and commissioned at the TUM (see Figure 6.5). The reference network concept for PBDH
described in Section 6.1 is practically implemented in this laboratory environment.

The primary motivation for the CoSES laboratory is to explore and analyze smart operation and control
strategies for future small-scale thermal and electrical networks, also called 'microgrids’. Therefore it
is aimed to replicate a neighborhood of five buildings, focusing on their energy technology setups,
covering both layers, the electricity and thermal energy supply. To enhance the implementation of
smart operating strategies, computation and communication is the third essential layer. Apart from
testing operation and control strategies and investigating the system behavior (e.g. [100], [101]), the
laboratory environment is used for the characterization of components (e.g. [102]-[105]) and for the
parameterization, calibration and validation of simulation models (e.g. [106], [107]).

A detailed documentation of the laboratory implementation can be found on the public Wiki! of the
associated research group. A brief overview on the general architecture can be found in Ref. [108].

'https://collab.dvb.bayern/display/TUMcoseslab/CoSES+Laboratory+Documentation (work in progress, visited on
2023/11/11)
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6.2. PUB2: A PROSUMER-BASED SECTOR-COUPLED DISTRICT HEATING AND COOLING
LABORATORY ARCHITECTURE

Figure 6.5: Picture of the CoSES Laboratory, view from the top floor. Status: 2019. ©Stefan Hobmaier /
TUM

Information on the electrical side of the laboratory and on the attached internet of things (IoT) infras-
tructure can be found in Ref. [109]-[112]. More detailed information on the electrical side at its design
as an active distribution grid laboratory is given in the complementary dissertation of Anurag Mohap-
atra and his further work.

On the thermal side, the laboratory implements the proposed reference network concept for PBDH.
The unique selling point is that the laboratory environment is designed to practically study systemic
interactions in smart thermal grids with prosumers, covering all levels of operation and control (see
automation pyramid in Figure 5.2), as well as the interconnection to the electrical layer (sector cou-
pling). Various scenarios can be investigated independently of the real environment. By employing
commercial generation devices and utilizing actual hardware like heat exchangers, this approach, in
contrast to pure simulations, also considers the impact of real system dynamics.

In combination with simulation models and a sophisticated communication and control framework,
this complements to a thermal power hardware in the loop (PHiL) setup. Boundary conditions, such
as thermal demands, ambient conditions, pipe delays and losses are calculated and communicated in
real-time between the simulation and the emulating hardware.

The implementation of the proposed PBDH reference network concept from Section 6.1 in the CoSES
laboratory environment covers particularly two core modules: bidirectional substations and grid emu-
lator modules.

Figure 6.4 showed the abstract concept drawing of the proposed bidirectional prosumer substation con-
figuration. For comparison, a detailed technical drawing in Figure 6.6 illustrates exemplarily how the
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reference network concept is implemented in the CoSES laboratory. The commissioning and character-
ization of this bidirectional substation, is described in a bachelor thesis document, including the faced
challenges (see Ref. [113]). The substations in the laboratory environment are designed with three
temperature levels, to facilitate the investigation of 4GDH networks that are used for both heating and
cooling. The medium temperature level can be used as the colder return line of the warm supply line
for heating. At the same time, the medium temperature level can be used as warmer return line of the
cold supply line, used for cooling purposes. Therefor, the substations in the laboratory have two heat
exchanger with the medium temperature line as common return line.
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Figure 6.6: Technical drawing of a bidirectional substation as implemented in the CoSES laboratory at
TUM. To be seen complementing and in comparison to the abstract bidirectional substation concept in
Figure 6.4.

The thermal grid emulator modules allow to emulate the key physical behavior of the interconnecting
network pipes in a PBDH network. This covers i.e. heat losses and time delays for the transportation
of heat. By controlled extraction of water from the pipelines and injection of water with a specifically
warmer or cooler temperature, the delay and thermal losses to the surroundings of various pipe lengths
can be replicated, without modifying the actual lengths of the pipes in the laboratory.

The subsequent publication describes the architecture and setup of the thermal side of the CoSES lab-
oratory in detail and presents first experimental results. The setupt of this testbed allows to practically
investigate PBDH and smart thermal grids in general.
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New control strategies for thermal systems and innovative district heating and cooling grids can help to
decarbonize the thermal sector. Before implementing these new concepts, they should be validated, ideally with
commercial hardware but without influencing user comfort. For this reason, the laboratory at the research center
for Combined Smart Energy Systems (CoSES) at the Technical University of Munich (TUM) was designed. By
combining commercial hardware with Power Hardware in the Loop simulations, the laboratory enables research
in a controllable, but realistic setting without affecting real users. It consists of five prosumers equipped with heat
generators and thermal storages. All prosumers are linked with an adjustable district heating and cooling grid.
The modular hardware and control architecture presented in this paper covers management-, automation-, field-
level control and offers interfaces to external control. A case study shows that prosumer integration into flexible
district heating grids can reduce overall heating costs but requires intelligent control concepts for transfer stations
and heat generators. The conducted experiments emphasize the importance of validating control strategies in
laboratory environments. They allow the analysis of phenomena that are difficult and impractical to model
accurately with existing simulation tools. The structure and capabilities of the laboratory are presented in order
to foster collaboration with other researchers.

1. Introduction ing intermittent and volatile renewable energy sources and achieve
the optimal efficiency of the overall energy system [8-11].

Formerly unused energy sources are integrated into DHC grids, by

Around half of the global final energy consumption is caused by

heating and cooling [1]. 46% of the heating and cooling energy is used
in residential and commercial buildings, mainly for space heating and
domestic hot water (DHW) [1]. Currently, most of the energy used for
heating comes from fossil fuels or biomass [1] while space cooling is
typically provided by electrically powered fans or air conditioners [2].
To decarbonize this sector, district heating and cooling (DHC) grids can
be a key element [3-6]. In recent years, the development of DHC grids
has been focused on the following key aspects:

» Grid temperatures for district heating grids are reduced to mini-
mize transport losses and enable the integration of low temperature
heat sources [7].

» DHC, electric and gas grids are combined to exploit synergies.
Those synergies can increase energy flexibility needed for balanc-

* Corresponding author.
E-mail address: d.zinsmeister@tum.de (D. Zinsmeister).

https://doi.org/10.1016/j.segy.2023.100095

using booster heat pump transfer stations that feed excess cold into
the DHC grid during heating and vice versa [9,12,13] or by in-
tegrating decentralized heat sources and prosumers analog to the
electric grid [14-16].

Control strategies are improved to reduce grid return temperatures,
e.g. by motivation tariffs [17] or by integrating low temperature
district heating grids into an existing district heating grids [18].
In addition, energy sources can be integrated in a more intelligent
way, e.g. by introducing new market mechanisms to district heat-
ing systems [19,20] or by implementing Model Predictive Control
(MPC) to improve waste heat utilization [21].

When developing and evaluating new approaches in DHC research,
simulation models are often used. However, simulations do not always
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adequately represent realistic behavior, like the dynamic behavior or
the internal control of components. Laboratories are still useful to em-
ulate commercial products, map interactions of different control layers
(management, automation, field control) and to validate control strate-
gies without influencing user comfort. The requirements for a smart
energy laboratory with a focus on district heating systems are:

+ a detailed emulation of prosumer behavior in smart energy systems
including heat and cooling rates within the building must be possi-
ble,

commercial equipment for heat generators and storages shall be
used,

the boundary conditions and all components must be completely
controllable, independent from external influences and the envi-
ronment (climate, weather etc.),

sector coupling must be featured to enable investigations on the
interaction of the thermal sector with other sectors, such as elec-
tricity or mobility.

Several laboratories for heating or DHC systems test individual com-
ponents, like heat pumps [22], booster heat pump transfer stations [23]
or decentral feed-in stations [24,25]. In order to test the behavior of
DHC grids, other laboratories consider complete, small-scale DHC grids.
The Energy Exchange Lab at Eurag Research [26] in Bozen emulates the
behavior of a small low temperature district heating grid with different
generators (combined heat and power, condensing boiler and solar ther-
mal) and a configurable grid length. Heat pumps emulate prosumers
that extract heat or feed it into the grid. The District LAB of Fraun-
hofer IEE is being built and will feature a flexible heating grid, a pipe
test bench for mechanical tests and different control concepts [27]. The
NODES laboratory investigates the effects of thermal cross-linking, in
unidirectional, bidirectional, or meshed grid topologies. It consists of a
simplified district heating grid with three consumers, a seasonal storage
and a heat source [28].

Although these laboratories focus on the investigation of DHC grids,
prosumers and consumers are not emulated in detail, neglecting effects
within buildings. Moreover, the synergy between DHC grids and elec-
tric grids cannot be analyzed in detail in these laboratories. In order
to fill this gap, the research center for Combined Smart Energy Sys-
tems (CoSES) at Technical University of Munich (TUM) was developed
[29]. The CoSES laboratory enables research on innovative concepts of
DHC grids and smart energy systems. It emulates five houses, one multi-
family house (MF) and four single-family houses (SFs), equipped with
decentralized electricity and heat generators, electric vehicle charging
stations and controllable thermal and electricity loads. A configurable
electric and DHC grid connects the houses. The setup allows a holistic
investigation of sector coupling in the building domain and supplements
the existing laboratories with its detailed emulation of prosumers and
their impact on DHC and power grids.

This paper describes the architecture of the CoSES laboratory, with
focus on a detailed description of the thermal subsystem. The proposed
design of the laboratory can be used as an architecture template for
other DHC laboratories. The goal is to present the design, capabilities
and limitations of the laboratory, as well as the operation principles in
order to share the experience, help in designing similar laboratories and
foster collaboration and exchange with similar laboratories as well as
with other research institutions and companies in this field. The labora-
tory is designed to test control strategies for new generation DHC grids,
analyze new concepts for bidirectional heat and cold transfer, gener-
ate data to validate simulation models and quantify the sector coupling
potential of different setups.

The laboratory can be used for research on 3rd and 4th generation
and ambient temperature heat grids. Older generations cannot be tested
as they require temperatures above 100 °C. Moreover, research on 2nd,
3rd and 4th generation cooling grids is possible. The classification into
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i // thermal

electricity

Fig. 1. Different layers of the CoSES laboratory. Five prosumers are connected
by a district heating and cooling grid.

the different generations is based on Lund et al. [8] and @stergaard et
al. [30].

A case study is conducted with the target demonstrating how the
laboratory works. The case study shows that the laboratory provides
insights into DHC systems that are hard to simulate. This includes the
behavior of commercial equipment. Heat generators, for example, are
influenced by their internal control and external influences that can
hardly be captured, while pumps and valves behave non-linearly. In ad-
dition, we were able to gain first findings on the operation of prosumer-
based DHCs.

The paper is structured as follows: Chapter 2 describes the hard-
ware components of the laboratory. The communication and control
structure is presented in chapter 3. Chapter 4 shows a case study before
chapter 5 discusses the strength, limitations and research potential of
the laboratory. In chapter 6 the conclusions are drawn.

2. Thermal energy system

Fig. 1 shows the layout of the CoSES laboratory, which can be di-
vided into three layers:

+ The electricity layer consists of a flexible electric grid, battery stor-
ages, electric vehicle charging stations and emulates distributed
generators and consumption at household level. The electric side
is described in detail by Mohapatra et al. [31] and Christange [32].
The thermal layer consists of five thermal prosumers that are con-
nected with an adjustable DHC grid and is described in detail in
the following section.

The communication and control layer controls and monitors the
experiments and is described in detail in section 3.

The laboratory consists of five houses which are connected with a
DHC grid. The length of the grid between the houses can be adjusted
with a DHC grid emulator according to the experiment setting (see Sub-
section 2.1). This module is necessary since the houses in the CoSES
laboratory are located with a maximum distance of 10 meters. It em-
ulates heat losses and the time delay of temperature changes between
two houses over variable distances, as will be explained in the later
subsection. The modules can also be used to add additional emulated
houses into the system by mimicking the dynamics of a house through
cooling or heating the water in the pipe.

The laboratory components were selected with the aim of cover-
ing as wide a range of household technologies as possible. A catalog
of criteria was prepared for this purpose; among other things, all heat
generators had to be controllable by an energy management system. In
addition, heat generators were selected to cover a broad range of appli-
cations:

+ Heat generators with a low purchase price: condensing boiler

» Conventional technology for sector coupling: combined heat and
power units (CHPs)

» Renewable technology for sector coupling: Heat Pumps (HPs), with
different heat sources

+ Volatile renewable heat generators: solar thermal emulators
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Table 1
Overview of the heat modules of each house.
SF1 SF2 SF3 SF4 MF5
Heat Generator CHP (2 kW, 5.2 kW) Condensing boiler Ground source HP (10 Stirling engine (1 kW, CHP (5 kW, 11.9 kW)
Condensing boiler (20 kW) + 6 kWye,) 6 kWy,) CHP (18 kW,,, 34 kW)
(20 kW) Air source HP (10 + Solar thermal (9 kWy,) Integrated auxiliary Condensing boiler

Solar thermal (9 kW) 6 KWyear, 9 kWeg14)

Solar thermal (9 kW)

Thermal Storage 8001 7851

Domestic Hot Water Fresh water storage Fresh water station
(500 1)

Transfer Station Bidirectional HCTS Bidirectional HCTS
(30 kW) (30 kWy,)
bHPTS (19 kWi,
14 kW, g1q)

Thermal load emulator 30 kKWiears 9 kWeqiq 30 kWiears 9 kWeoiq

boiler (20 kWy,) (50 kWy,)
Integrated electric
heating rod (6 kWy,)

10001 10001 20001

Fresh water station Internal heat exchanger Fresh water station

Bidirectional HCTS
(60 kWy,)

Bidirectional HCTS
(30 kWy,)

Bidirectional HCTS
(30 kW)

30 kWhea, 9 kWi 30 KWieq 60 KWy ey

> Thermal

1
! 4
—— ; ; Load

‘ i i Heat and Emulator
} ! ! Cold Transfer PRt .
| i Station | !
; 1 . =h
: i : i [
! i ! | 1
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Thermal Grid : :
Emulator | !
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Fig. 2. General structure of the houses, the red line indicates the supply pipe,
blue the return pipe.

Furthermore, thermal storage systems are used to decouple generation
and demand. For this purpose, different sizes, designs and connections
were selected for the storage units. Fig. 2 and Table 1 show the general
structure of each house, which consist of the following elements:

« Heat and cold transfer stations (HCTS, see Subsection 2.2):

Each house is equipped with a bidirectional HCTS. SF1 has an ad-
ditional booster heat pump transfer station (bHPTS).

The bidirectional HCTS connects the house to the DHC grid. With
this module, heat or cold can be extracted from or fed into the grid.
It is designed for a return-to-supply feed-in, since this is the most
efficient feed-in setup [33]. Other setups, like supply-to-supply or
return-to-return feed-in as described by Lamaison et al. [33] could
be realized with minor modifications.

The bHPTS can be used for both, heating and cooling. It consists
of a standard heat exchanger and a booster heat pump (BHP), a
water-source heat pump, using the DHC grid as the heat source. If
grid temperatures are higher than the water in the heating system,
a heat exchanger is used to extract heat from the grid. If grid tem-
peratures are too low for direct usage, the BHP operates. The cold
extraction operates in a similar way.

Heat generators (see Subsection 2.3):

In order to have realistic behavior, the laboratory uses real heat
generators. Solar thermal heat generators are emulated with con-
trollable electric heaters, to run experiments independent of out-
door weather conditions. Table 1 provides an overview of the tech-
nical specifications of the different heat generators and in which
house they are installed.

» Thermal load emulators (see Subsection 2.4):

Since no real consumers are connected in the CoSES laboratory, the
heat and cold consumption is emulated. Setpoints can be provided
by PHIL or from predefined data, e.g. from field test measurements.
Thermal storages and domestic hot water (DHW) systems (see Sub-
section 2.5):

Thermal storages of different sizes from 500 1 to 2000 1 are used
in the laboratory. All storages have several inlet and outlet ports
at different heights. Three storages are connected to solar thermal
systems with an internal heat exchanger and the storage in SF4 is
equipped with an internal electric heating rod.

Since DHW has very high hygiene requirements as compared to the
heating system, the two circuits are separated. DHW is heated by
the thermal storage tank using heat exchangers.

The CoSES laboratory uses a modular system architecture, which al-
lows easy adaptations and expansions according to specific experiment
requirements.

2.1. District heating and cooling grid emulator

Fig. 3 shows the structure of one pipe of the DHC grid emulator,
which heats or cools the water in the DHC grid according to the desired
pipe temperature for supply or return. The pipe temperature is provided
by the user or a PHIL simulation model. Check valves are used to rectify
the flow in the active part of the emulator, allowing it to be used in both
flow directions (®). The DHC grid emulator has two operation modes:

« If the desired pipe temperature is higher than the inlet temperature,
the water is heated up by an electric heating rod (®).

If the desired pipe temperature is lower than the inlet temperature,
the 4-way-mixer is used to exchange hot water from the grid with
cooling water (@). A control valve on the cooling water inlet is
used to match the cooling water pressure to the grid pressure (®).
Another control valve at the cooling water pipe controls the water
flow, to ensure that the flow rates in the DHC grid, upstream and
downstream of the mixer, are identical (®). The electric heating
rod has a high thermal mass, which has a negative effect on the
dynamic response. For this reason, a bypass is included. A 3-way
mixing valve controls whether the flow goes through the bypass or
the heating rods (®).

2.2. Heat and cold transfer station

Two different types of HCTS are installed at the CoSES laboratory,
bidirectional HCTS and a bHPTS.
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Fig. 4. Bidirectional heat and cold transfer station: a) schematic drawing; b) setup at the CoSES laboratory.

2.2.1. Bidirectional heat and cold transfer station

Each bidirectional HCTS has two circuits that can be used in a dis-
trict heating grid with three different temperature levels or a DHC grid.
Fig. 4 shows one circuit of the bidirectional HCTS. A heat exchanger
separates the DHC grid and the house circuit (®). Due to the pressure
difference between the supply pipe (red) and return pipe (blue), the wa-
ter flow for heat or cold extraction from the grid can be controlled by a
control valve (®), while a grid pump is required for feed-in (@). On the
house side, the flow is controlled by two separate pumps (@ and ®).

2.2.2. Booster heat pump transfer station

In the laboratory, the bHPTS ‘WP Grid HiQ F14’ from Ratiotherm
[34] is installed and its schematic is shown in Fig. 5. The heat exchanger
(®) and the BHP (@) separate the grid from the house.

Inside the house, the flow can be channeled through the heat ex-
changer or the HP by the electric ball valves (®). The flow rate is
controlled by the pump (®) and an electric heating rod is installed as
an auxiliary heater (®).

On the grid side, the flow through the heat exchanger or BHP is
controlled by another set of control valves (®). In standard configura-
tion, water flows from the warm supply pipe to the cold return pipe for
both heat and cold extraction. The pressure in the supply pipe is higher
and therefore, no additional pump is needed to generate water flow for
cold extraction. More efficient options for cold extraction, where the
flow direction changes, can be investigated with the additional pump

that generates the volume flow from the return to the supply pipe (@).
Electric ball valves are used to include or bypass the pump (®).

2.3. Heat generators

The installed heat generators are connected to a higher-level en-
ergy or building management system which provides the generation
setpoints. The internal structure and control of these heat generators is
not modified to preserve the behavior of commercially available prod-
ucts.

Two different types of HPs are installed in the laboratory. An air
source heat pump (ASHP) with a nominal heating/cooling rate of 10
kW/9 kW and a ground source heat pump (GSHP) for heating only with
a nominal heat rate of 10 kW. Both HPs have a 6 kW electric heater as
an auxiliary heater that is activated when the heat output is too low.

The commercial HPs installed in our laboratory are operated with a
constant temperature difference between supply and return. This means
that the supply temperature can not be specified as a setpoint to the
HP, but depends on the return temperature from the thermal storage.
In order to efficiently provide DHW at a high temperature and heating
at a low temperature, the stratification within the thermal storage is
used.

Fig. 6 shows the schematic of the HP testbed in the laboratory. Two
3-way valves (@) allow the HP to change the connection to the thermal
storage and switch between the high temperature at the top and the
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Fig. 5. Booster heat pump transfer station: a) schematic drawing; b) setup at the CoSES laboratory.

%  Temperature sensor
& Humidity sensor
P Flow meter

(a)

Return

Fig. 6. Heat pump emulator: a) schematic drawing; b) setup of the air source heat pump at the CoSES laboratory.

low temperature at the bottom. The ambient heat source is provided
according to experiment specifications by heating up brine for the GSHP
or setting the air humidity and temperature in a heating, ventilation and
air conditioning (HVAC) system for the ASHP.

The laboratory is further equipped with gas powered CHPs and con-
densing boilers. Four different CHPs are used, three gas engine CHPs
and one Stirling CHP. Three different Wolf ‘CGB’ condensing boilers are
installed with a thermal output of 14, 20 and 50 kW [35].

Solar thermal heat generators are emulated in the laboratory, to
run experiments independent of outdoor weather conditions. The heat
source is a 9 kW electric heating rod, which corresponds to a solar ther-
mal system of up to 15 m?. The water flow is controlled by a pump.
Solar thermal systems are usually filled with brine to prevent freezing
and are therefore connected to a separate circuit. They are integrated
into the heating system through an internal heat exchanger in the ther-
mal storage tanks.

2.4. Thermal load emulator

For experiments, it is necessary to emulate heat and cold consump-
tion in detail. Therefore, thermal load emulators for heat and cold are
used and controlled according to setpoints defined by the PHIL setup
(see chapter 3.2) or field test data.

2.4.1. Heat consumption

The heat consumption module is constructed similar to the testbed
described by El Baz et al. [22] and is shown in Fig. 7.

A commercially available mixing module is installed, which consists
of a 3-way mixer (®) and a pump (@). The 3-way mixer is used to
reduce the supply temperature according to the setpoint of the heating
system, e.g. 40°C for space heating. In real houses, the pump generates
the pressure difference to enable the water flow in the heating system

and the flow rate is controlled by thermostatic radiator valves in each
room. Since those valves are not installed in the emulator, a controllable
pump is used to control the volume flow according to the target flow
rate. The consumed heat is extracted by a heat exchanger (®). A control
valve in the cooling circuit controls the cooling water flow, to reach the
target return temperature in the heating circuit (®).

The DHW circuit uses three solenoid valves to emulate the opening
and closing of different DHW consumers (®). The flow rate through the
solenoid valves is set corresponding to different consumers, e.g. taps or
showers, by three needle valves (®). The cold water flow is supplied
by the cooling circuit. As prevalent in houses these days, a circulation
pump is used to prevent the DHW pipe from cooling down (@). The
resulting losses are extracted by a heat exchanger (®) and a control
valve (®), the same way as in the heating circuit.

2.4.2. Cold consumption

The cold consumption is emulated with the solar thermal module.
As a pump is already installed in the cold generator, the pump in the
module is bypassed when used as a cold consumer. The electric heater
is controlled to match the cold consumption.

2.5. Thermal storage and domestic hot water system

The thermal storage is integrated differently for each house and is
equipped with 10 temperature sensors on its surface at different heights,
to measure the temperature profile in the thermal storage. Fig. 8 shows
the storage integration of SF2. Simulations showed that this is the most
efficient configuration [36]. The ASHP is connected to four ports at dif-
ferent heights and the solar thermal module is connected to an internal
heat exchanger. DHW is provided by a fresh water station. Ball valves
(not illustrated in the figure) are connected at each port of the thermal
storage, allowing a simple reconfiguration.
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Fig. 7. Heat consumption emulator: a) schematic drawing adapted from [22]; b) setup at the CoSES laboratory.
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Fig. 9. Schematics of different domestic hot water installations: a) fresh water station, b) combined thermal storage and c) a separate domestic hot water storage.

At the CoSES laboratory, the DHW preparation is always connected
to the thermal storage. Fig. 9 shows the three implemented options to
provide DHW:

« Fig. 9.a: Fresh water station — The two circuits are separated by
an external heat exchanger (®). An additional pump is necessary to
pump hot water through the heat exchanger on the thermal storage
side (@).

Fig. 9.b: Combined thermal storage — An internal heat exchanger
separates the heating and DHW circuit (®). In this case, no addi-
tional pump is necessary.

Fig. 9.c: DHW storage tank — DHW is heated by one or more in-
ternal heat exchangers (@), which can be connected to the heating
side or solar thermal collectors with an additional pump. An inter-
nal electrical heating rod can also be used to provide heat (®).

3. Monitoring and control system

The monitoring and control of the laboratory meets various require-
ments, such as processing more than 600 sensors and 300 actuators, a

high operation frequency and real-time control. This is realized with
the NI VeriStand software environment that enables easy management
of real time experiments. NI VeriStand can configure input/output (I0)
channels, log data, and communicate in real time with hardware [37].
It also offers the possibility to include external simulation models as dy-
namic link libraries (dll). These simulation models can be used for PHIL
applications.

Table 2 gives an overview of the sensors for the equipment of the
thermal side of the CoSES laboratory.

3.1. General control structure

In order to manage the high number of IO signals and the vari-
ous hardware modules, a modular control software is developed. This
allows intuitive understanding, modification and expansion of the con-
trol software. Necessary software modules are then combined for each
house according to hardware specifications.

Each house is controlled by two controllers of National Instruments,
an Industrial Controller (IC) for the thermal subsystem and a PXI for the
electric subsystem. A compactRIO (cRIO), connected to the IC, acquires
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Table 2
Overview of sensors used in the CoSES laboratory.
Parameter Sensor type Accuracy Source
Temperature 4-wire PT100 resistance +(0.15+0.002 - |T'|) [38]
sensors of quality class A
Humidity Combined air and humidity +2% [39]1
sensor
Water flow Magnetic flow meter ‘Proline +0.5% + 1 mm/s [401[41]
Promag E / H 100’ with
different diameters
Gas flow Calibrated bellows gas meter [42]
GR 2.5 from WDV Molliné
Air flow Hot film anemometer +0.04 m/s +2% [43]
Voltage LEM CV 3-1000 +0.2% [44]
Current LEM LF210-S/SP3 +0.2% [45]

temperatures, counter signals (e.g. from the gas flow meter) and digital
inputs, while the Remote I/0 (REM IO) system measures analog input
signals. Analog and digital output signals are sent from the REM IO
system to the components. The execution rate of the controller of the
thermal subsystem is 100 Hz. Fig. 10 shows the control structure of the
thermal subsystem.

The control structure can be divided into 5 parts, ‘Conversion’, ‘Log-
ic’, ‘Control’ and ‘Safety’ are deployed directly on the IC while the
‘VeriStand Interface’ runs in LabVIEW on the host PC and uses an API
to interact with NI VeriStand [46]:

1. The ‘Conversion’ block converts raw measurement data such as 0-
10 V signals, counter signals, and resistance measurements into the
corresponding standard unit values. Additional values such as heat
rate or state of charge can be calculated.

2. The ‘Logic’ block generates setpoints for the laboratory. The set-
points can come from PHIL simulation models, an energy manage-
ment system, external inputs, or direct inputs from the operator.

3. The ‘Control’ block converts setpoints into the respective analog
or digital output signals, typically using PID and bang-bang con-
trollers.

4. The ‘Safety’ block checks whether signals can be implemented
safely and if the communication between the host PC and the labo-
ratory is active. If thresholds are violated or the connection is lost,
a safe value, usually ‘0’ or ‘off’ is passed. All safety interventions
are recorded with error codes.

5. The ‘VeriStand Interface’ in LabVIEW is used for data logging, the
integration of energy management systems and external commu-
nication. Common communication protocols enable the communi-
cation to other software or applications such as internet-of-things
(IoT) as implemented by Mayer et al. [47].

3.2. Power hardware in the loop

The PHIL approach is a key concept for the design of the CoSES Lab-
oratory. PHIL simulation systems are designed based on the hybrid con-
figuration of simulation tools and real hardware and interface through
digital and analog input/output signals [48]. This allows to simulate
parts of real systems without losing critical information, which simpli-
fies the laboratory setup. At the same time, the coupling of software and
hardware can ensure that deviations from setpoints in the experiment
are taken into account in the simulation through the feedback loop and
thus influence the future reaction of the experiment. Furthermore by
combining physical and simulated systems, environmental conditions
and user behavior can be integrated into experiments. Compared to
field tests, this allows PHIL experiments to be more easily adapted and
better reproducible, while not compromising user comfort.

PHIL models can be easily integrated or replaced in the monitoring
and control concept of the CoSES laboratory. First, a model for NI Veri-
Stand must be created in dll format. The model must run at a constant
step size that is a multiple of the execution rate of the controller or
host computer. As shown in Fig. 10, the PHIL model is integrated into
the NI VeriStand project, where it is connected to ‘Measurements’ and
‘Setpoints’.

PHIL and simulation models are used for several modules that are
otherwise hard to emulate in the laboratory:

Heating and DHW system: A detailed description of the PHIL ap-
proach for this system is described below.

Cooling system: Set values for supply temperature and volume flow
are generated to keep the room temperature at its set value. The
measured supply temperatures and volume flow are used to calcu-
late the set return temperature of the cooling system. This setpoint
is sent to the cold consumption emulator described in 2.4

DHC pipes: The outlet temperature setpoint of the pipe is calculated
in a simulation model based on the measured inlet temperature and
flow rate. The simulation model considers losses and gains caused
by the environment. The emulator described in subsection 2.1 is
controlled so that the set outlet temperature is met.

ASHP: The setpoints for air temperature and humidity are deter-
mined based on the environment conditions of the PHIL simulation.
An HVAC system with an electric heating rod and steam humidifier
is controlled to emulate the setpoints accordingly.

GSHP: The set value for supply temperature of the brine is calcu-
lated in a simulation model based on the measured return temper-
ature and flow rate. The simulation model calculates heat gains for
different types of ground collectors depending on the environment.
The brine is then heated up to reach the set temperature. A more
detailed description of the PHIL system can be found in [22].
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Fig. 11. PHIL setup of the CoSES laboratory. The simulation models generate setpoints for the laboratory considering inputs from laboratory measurements.

+ Solar thermal modules: An electric heater emulates the behavior of
solar thermal modules as described in subsection 2.3. The electric
heater setpoint is calculated based on the measured return tem-
perature and flow rate, solar thermal panel type, irradiance and
ambient temperature.

As an example, Fig. 11 shows the application of the PHIL concept in
the CoSES laboratory for the heat consumption emulator similar to [49].
The simulation model of the building is implemented in the Modelica-
based program SimulationX. It simulates the heating controller and the
heating and DHW consumption.

The heating controller defines the set water flow through the heating
system (V,,,) and the supply temperature (T,,, ;) based on the current
room and outdoor temperature. The setpoints are sent to the 3-way
mixer and pump (® and @ in Fig. 7).

The actual flow rate (V;,) and supply temperature (T, ;) are mea-
sured in the testbed and then sent to the simulation model, where the
set return temperature from the heating system (7, ,,) is calculated.
The water of the heating system is cooled by a heat exchanger. The
cooling water flow is controlled by a control valve (® in Fig. 7) to fol-
low the return temperature setpoint.

If setpoints cannot be met, e.g. because the thermal storage is too
cold or the pumping power is too low, this will be considered in the
simulation model and lead to a reduction of the room temperature. This
reduction of the room temperature has to be compensated at a later
point. Due to this feed-back loop, results are more realistic when using
PHIL.

The DHW consumption model works in a similar way. The simula-
tion model defines the set heat demand of the DHW system (Ep gy s.r)
based on load profiles. If the DHW supply temperature (Tp gy yupis) 1S
below a chosen minimum temperature, the DHW consumption cannot
be fulfilled and has to be either fulfilled at a later point and/or the re-
sults highlight those times.

4. Results

In the previous sections, we showed a detailed description of the
laboratory infrastructure and the control setup. In this section, we vali-
date the PHIL system for some selected cases to show the functionality
of the laboratory. We further present a case study with three houses to
demonstrate capabilities of the laboratory and provide insights into pro-
sumers behavior in DHC systems that are difficult to accurately model
in existing simulation tools.
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Fig. 12. Validation of the PHIL system of the heating system.

4.1. Validation of the power hardware in the loop system

The goal of this section is to demonstrate that the PHIL emulators
can follow the provided setpoints similar to [49]. All controllers used for
the PHIL emulators were tuned and validated by step test experiments.
The results of these experiments are not included in this paper as they
are trivial. We will not validate the underlying models, as they can be
replaced and are ideally already validated in the simulation library.

Fig. 12 shows the validation of the PHIL emulator of the heating
system as described in subsection 3.2. As can be seen, the setpoints can
be followed well. The 3-way mixer (@ in Fig. 7) mixes cold water from
the return (T7},,) with the inlet water (T, ;,) and follows the setpoint
for the supply temperature (7,,) well. The pump (@ in Fig. 7) and the
control valve (@ in Fig. 7 also follow the setpoints for the flow rate
(V) and return temperature (7,,,) accurately.

The heat consumption for DHW is specified as an energy setpoint
(Eppw) instead of a setpoint of the water flow. This allows minor devi-
ations in the water flow to be neglected as long as the drawn heat is the
same after a short time period. Therefore, Fig. 13 shows the drawn heat
for DHW over time. We can see that there is a small delay during strong
consumption rates, but the total consumption stays the same. We can
further see that the supply temperature is above the minimum domes-
tic hot water temperature during consumption. It cools down slightly
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when no water is drawn. This effect can be prevented if the circulation
pump is activate.
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4.2. Case study with three houses

A case study analyzes the integration of prosumers in a DHC system.
For this purpose, 3 houses are used, equipped according to Table 1 and
as specified in Fig. 14:

+ SF1 uses a radiator heating system. Heat is generated by a CHP and
can be stored in an 800 | thermal storage. DHW is provided by a
500 1 DHW storage, which is connected to the thermal storage and
CHP.

SF2 uses a space heating system. Heat is generated by an ASHP and
solar thermal panels and can be stored in a 785 | thermal storage.
DHW is provided by a fresh water station. It is further equipped
with PV panels.

SF4 uses a radiator heating system. Heat is drawn from the grid
or generated with a back-up electric heating rod and can be stored
in a 1000 1 combined thermal storage for heating and DHW. It is
equipped with PV panels that can be used to directly generate heat
with the heating rod.

SF1 and SF2 are heat prosumers, meaning that they can feed-in or
extract heat from the grid, while SF4 is a pure consumer.

In the first step, setpoints are generated with a MPC. A cost optimiza-
tion is conducted for the 3 houses over 24 hours in 15-minute steps with
the optimization tool urbs [50]. The optimization goal was to minimize
the total costs for heating and electricity. The costs consist of expenses
for gas (0.14 EUR/kWh) and electricity (0.32 EUR/kWh) and revenues
from the sale of electricity produced by PV (0.06 EUR/kWh) and the
CHP (0.16 EUR/kWh). Electricity and heat demand as well as solar ra-
diation are provided as time series to the model. The same optimization
is conducted as a benchmark without a heat grid.

The optimization results are shown in Fig. 15. The top graph shows
the generated and consumed heat. The CHP operates mostly during the
night, when there is no heat from solar thermal and electricity from
PV. After the sun rises, heat from renewable sources becomes cheaper
and dominates the production mix. At this time the thermal storage is
recharged. Looking at the feed-in and extraction rates, we can see that
at night, SF1 exports heat to SF4 and during the day to SF4.

The optimization showed cost savings of 30% compared to individ-
ual heating systems, mainly due to better usage of the equipment and
the high individual heating costs of SF4.

In the morning and evening hours, when the PV production picks
up or declines, heat is transferred to SF4 both from SF1 and SF2 in
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Fig. 15. Optimal heat flow between buildings.
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Fig. 17. Mixing of hot and cold water in district heating pipes: Pipe 1 between
SF1 and SF2 cooled during the down time. When SF1 starts to feed in, the water
in pipe 2 cools down at the beginning until pipe 1 is warm.

a short time period. This means that we have 2 sources at the same
time. With multiple feed-in pumps, the pumps might block each other
as mentioned by Licklederer et al. [51]. Fig. 16 shows this effect, when
SF1 and SF2 should feed in and SF4 extracts heat. Since SF1 is further
away from SF4, its pump has to overcome a higher hydraulic resistance.
This results in SF2 being able to provide the required heat while SF1
provides only a small volume flow and is almost blocked. At 2250 s, the
power of the pump in SF2 was manually reduced to show that a better
control strategy could prevent this and result in a better distribution of
the volume flow.

Another challenge arises due to the fact that there was no flow be-
tween SF1 and SF2 before SF1 starts feeding in. This means that the
temperature in the pipe is at ambient temperature. Fig. 17 shows prob-
lems that can occur in this situation. When SF1 starts feeding in, cold
water from pipe 1 mixes with hot water from SF2, which results in a re-
duction of the temperature in pipe 2. This destroys exergy and means
that SF4 cannot extract heat from the grid in that time period due to too
low temperatures. The delay and oscillation of the feed-in temperature
of SF1 are caused by its controller, which could be further improved.
One option to prevent the grid cooling would be to flush pipe 1 with hot
water from SF2, before SF1 feeds in. However this has to be considered
in the resource scheduling.

The case study also showed that the chosen MPC is inaccurate. It
simplifies the thermohydraulic system to heat only and neglects tem-
perature and pressure constraints. This results in two problems: The
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thermal storage in SF2 is fed by a HP with high volume flow and low
temperature difference between supply and return, which resulted in
strong mixing. Although the state of charge of the thermal storage is ac-
cording to the optimization results, the outlet temperature and thus the
feed-in temperature of SF2 are too low (see Fig. 17). Hou et al. [21] in-
troduced a detailed MPC for prosumers in a DHC system with a thermal
storage and waste heat from a data center. They achieved more robust
results than rule-based control. They show that MPCs can be suitable to
provide good control for prosumer-based DHC systems when the models
are detailed enough.

Furthermore, neglecting pressure and temperature in the heat net-
work model can lead to setpoints for the volume flow, which cannot
be reached and might result in feed-in pumps blocking each other. A
more accurate model of the heat network can reduce the impact of this
problem.

The findings of the case study show that the laboratory is able to
reproduce the behavior of district heating systems. The results further
show that the laboratory is a good complement to simulation models,
as it allows validation of control algorithms on real hardware and high-
lights phenomena that may have been neglected in simulation models. It
allows researchers to test their algorithms in a real-world environment,
providing another step toward implementing innovative approaches
from research in practice.

5. Discussion

The focus of the thermal side of the CoSES laboratory is on a detailed
study of thermal prosumer systems in DHCs as well as heating solutions
for individual homes. Because of this focus, the laboratory has different
strengths, limitations, and use cases, which are discussed in this chapter.

5.1. Strength

The strengths of the laboratory lie in the very detailed replication of
the five prosumers by using commercial devices. In combination with
PHIL, a close to reality operation of the thermal system can be emulated.
The modular design allows a simple exchange of components depending
on the research purpose, e.g. experimental heat transfer stations can be
replaced by commercial ones to analyze and replicate the behavior of
field experiments. Since most pumps and valves can be controlled by
the user, novel control strategies can be tested at field level.

Another strength is the integration of the thermal and electric energy
system. This allows to analyze and optimize sector coupling of thermal
and electric systems, including real electrical components such as PV,
batteries or electric vehicles. By measuring the experimental electric
grid of the CoSES laboratory, effects of different control strategies on
the electric grid can be determined.

The use of PHIL allows to emulate environmental conditions in a
controlled laboratory environment without affecting user comfort, as
would be the case in field tests. In addition, experiment results are in-
dependent of environmental conditions and thus reproducible.

5.2. Limitations

Several limitations of the laboratory come from its design. Due to the
short distance between the buildings, a PHIL emulator for the thermal
grid is used to replicate temperature losses and dynamic temperature
changes. However, this setup cannot reproduce the pressure behavior in
the pipes of the thermal network. The design with standard pipes lim-
its research to 3rd and 4th generation and ambient temperature heat
grids as well as 2nd, 3rd and 4th generation cooling grids. Older gen-
erations for heat grids cannot be tested as they require temperatures
above 100 °C.

The PHIL approach also has drawbacks, as it is only as good as the
simulation models used for it. Ideally, these simulation models should
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be validated against real data. This was the motivation of using com-
mercial hardware as much as possible in the initial laboratory design.

Furthermore, the components of the SFs are designed for typical
household size. This means that they can only feed a small amount
of excess heat into the grid when the buildings are integrated as pro-
sumers. As a result, the flow rates during feed in are low. At the same
time, feeding heat into the DHC grid requires a high differential pres-
sure. Since there are no commercially available pumps that have their
ideal operating point at low flow rates and high pressure, this results in
poor efficiency of the pumps used in the laboratory. However, the same
problem occurs with prosumers in practice at similar small heat rates.
The size of the components leads to a further limitation, as heat pumps
and CHPs have little influence on the experimental electric grid.

5.3. Research potential

Since the entire system is simulated in detail and all components
can be controlled, the laboratory is well suited for validating new con-
trol strategies. These include control strategies at field level, e.g. the
control of pumps and control valves of bidirectional heat transfer sta-
tions as well as EMS. EMS can be tested under real conditions and in a
reproducible way to identify unforeseen influences.

By characterizing components installed in the CoSES laboratory (as
done for a CHP [52] and a thermal storage [53]), simulation models
can be validated. This has already been done for the Modelica-based
simulation library CoSES ProHMo [49] and a hybrid one dimensional
multi-node model of a thermal storage [54].

The impact of sector coupling on the electric grid can be analyzed
and optimized with workarounds, even though the heat generators in
the CoSES laboratory are too small:

» The voltage and current profile of the heat pump or CHP is mea-
sured in detail, scaled and emulated in real time by the Egston load
emulator.

» The Egston load emulator artificially creates further burdens on the
grid.

+ In a joint experiment with other laboratories, the voltage and cur-
rent profile can be measured externally and emulated by the Egston
load emulator. This can be done in real time or sequentially.

In addition, the CoSES laboratory can be used to prequalify control
strategies and components prior to a field test. The laboratory includes
commercial heat generators that are affected by their internal control
and external influences, as well as pumps and valves that behave non-
linearly. Prequalification of control strategies can help to detect errors
in advance, reducing the time required for the field tests while increas-
ing the significance of the results. Similarly, problems that occur in
reality can be reproduced and addressed in a controlled laboratory en-
vironment.

The open communication interface allows the laboratory to be com-
bined with other facilities. The CoSES laboratory can be used by other
facilities, for instance, to provide detailed information about the behav-
ior in the building or in the electricity grid. Likewise, other facilities
can provide information for experiments in the CoSES laboratory, for
example about the hydraulics in the DHC grid as setpoints for the DHC
grid emulator.

6. Conclusion and outlook

This paper presents the CoSES laboratory at TUM that bridges be-
tween simulation models and field tests in the evaluation and analysis
of innovative DHC and smart energy systems. The detailed description
of the architecture can serve as an example for the design of other DHC
laboratories. It consists of five thermal and electric prosumer houses
that are connected with a thermal and electric grid. The laboratory
replicates dynamics and efficiencies of commercial components and
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their internal control, of which generic simulation models are some-
times lacking. In contrast to field tests, weather conditions and user
behavior are emulated, improving reproducibility and allowing it to
run independently from external influences without affecting user com-
fort. Due to its modular design, the configuration can be adapted to
individual experiment requirements, thus enabling a wide range of ex-
periments. The CoSES laboratory is therefore well suited for a broad
spectrum of research areas:

Commercial equipment can be characterized to generate data for
the validation of simulation models. So far, data for a thermal stor-
age [53] and a CHP [52] are published.

Control strategies for HCTS and a bHPTS can be improved and val-
idated with a focus the interaction of multiple sources, their pump
control and effects from flexibly operating DHC grids.

Energy management systems for individual houses or whole dis-
tricts can be tested under the influence of commercial components
and their internal control.

The interaction between different control structures from high level
control to field level control can be analyzed.

The influence of the thermal side on smart energy systems and vice
versa through sector coupling can be analyzed.

A case study demonstrates the functionality of the laboratory and
the advantage of the PHIL approach. The case study showed that pro-
sumer integration into flexible district heating grids can reduce overall
heating costs but requires intelligent control concepts for transfer sta-
tions. Simple control concepts might lead to problems, when multiple
houses feed in at the same time. It further showed that a simple MPC
that neglect temperatures and pressure constraints might be too inaccu-
rate for flexible operation of prosumer based DHC systems.

Experimental case studies are a good complement to simulation
models as they replicate phenomena that are difficult to capture in
generic simulation models, such as internal control strategies of com-
mercial components, delayed and inaccurate implementation of set-
points, and the behavior of the thermohydraulic system.

The presented laboratory can contribute to further improve DHC
grids, to decarbonize the heating and cooling sector and to further
develop smart energy systems. Its modular structure allows the ex-
pansion of the setup for new research questions. Currently planned
expansions include equipment for cooling concepts of houses and the
analysis of electrolyzer/fuel cell systems for long-term storage of sur-
plus electricity. The CoSES laboratory welcomes collaborations with
other researchers and companies optimizing the thermal and electric
system at the house or district level.
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6.2. PUB2: A PROSUMER-BASED SECTOR-COUPLED DISTRICT HEATING AND COOLING
LABORATORY ARCHITECTURE

6.2.3 Learnings from Laboratory Integration

In the following, some general challenges and key learnings from the integration of the PBDH concept
into the laboratory environment are described.

Implementation Principles

Guiding principles for the planning and implementation of the CoSES laboratory were:
« Creating a realistic emulation of a MES across a five-building neighborhood.
« Ensuring independence from ambient conditions to facilitate diverse scenario testing.

 Enabling safe and secure testing of prototype algorithms and critical operating points without
impacting users or their comfort.

+ Ensuring modularity to allow for interchangeable hardware and software components and to
support diverse testing approaches.

+ Using as generic interfaces as possible, thereby enhancing extendability and cooperations.

More information on the conceptualization of the CoSES lab can be found in [114].

In addition to its potential for scientific contributions, the laboratory environment proofs high value in
the practical training of students through guided tours, internships, student assistant jobs or theses.
Implementation Challenges

Setting up and commissioning the thermal side of the laboratory came along with various challenges.
A selection of them is summarized in the following.

Very specific requirements for the setup made outsourcing the construction of the thermal laboratory
infrastructure to external companies impossible. The hardware- and software-setup was implemented
by doctoral students, facing a steep learning curve. To facilitate the operation of the heat side, a com-
prehensive peripheral setup must be installed and managed, necessitating both, specialized knowledge
and a high level of commitment. This pertains to several aspects, including amongst others:

« handcrafting for heating system installations

» managing the water supply and maintaining water quality amidst the challenges of various metal
combinations

- operating a re-cooling system (e.g. for water in the heat sinks)

« operating gas supply and exhaust systems

« dealing with space limitations while ensuring the flexibility of the setup

« upholding operational and workplace safety within the laboratory environment

The laboratory is not a single testbed for individual devices, but is intended to test the interaction of
multiple devices across sectors. This leads to a very extensive and large facility. The complexity is man-
ageable only through a modular setup - both hardware and software-wise. Thermal components do not
have a standardized interface to external controls, as each manufacturer uses individual solutions. This
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makes the integration of diverse devices complex and necessitates a unifying software framework. Fur-
ther, the high inertia of the thermal system compared to the electrical system leads to very different
relevant time scales. While for the control of thermal systems sampling rates in the range of 0.01-1 Hz
are enough, the electrical system requires 10Hz - 10kHz. Both ranges must be covered simultaneously
to allow for a real sector-coupled smart grid laboratory behavior. The computation and communication
layer of the CoSES laboratory relies mostly on hardware and software by National Instruments (NI) 2.
Almost the complete range of the NI product sortiment is combined in order to fullfill the requirements.
A large number of analog and digital input/output (I/O) signals has to be managed - more than 1700
data points on the thermal side. NI VeriStand is a powerful tool for the realtime operation with indus-
trial controllers, but complex to handle with large scale systems. To make this manageable, strict rules
concerning the modular structure of the software were formulated to ensure similar structures for all
modules. This enhances interchangeability and compatability. Further, an Application Programming
Interface (API) between LabVIEW and VeriStand is used to compensate for weaknesses of VeriStand,
such as simple data logging, watchdog functionality, interfaces to external systems (e.g. via OPC UA),
etc.

Experimental Insights

The first experiments with the PBDH setup in the CoSES laboratory showed that the pumps in the lab-
oratory run at an unfavorable area on the characteristic curve due to high network resistances paired
with small volume flows. In the flow-pressure diagram this expresses in steep resistance curves, re-
sulting in operating points close to the pressure-axis (compare Figure 3.1b). This is problematic due to
several aspects, elaborated in the following:

First of all, operating points located on the boundaries of the characteristic pumping curve have low
pumping efficiency (see Figure 6.7). The efficiency is highest for a balanced ratio between pressure
difference and volume flow, around the design point of a pump.

Second, the controllability of the pumps is limited - operational states with low flow rates cannot be
reached, the range of reachable flow rates is considerably reduced overall and specific operating points
are difficult to approach due to an over-sensitivity in relation to control signals. The pumps in the bidi-
rectional substations are variable-speed circulating pumps, controlled by an external input signal that
modulates the speed and associated with that the corresponding pumping power, e.g., with a signal of
0 — 10V, reflecting 0 — 100%. In general, the pumps need to overcome a start-up resistance, which is
composed of the rotor’s inertia, the static pressure of the water, the hydraulic resistance of the circuit
and other factors. Consequently, a minimal pumping power is required, which typically restricts the
modulation of the pumps to a certain range, such as 20 — 100 %. This is associated with a minimal flow
rate and, according to the characteristic curve, a minimal pressure difference. In the CoSES laboratory
we observed that, the more valves wore closed and the steeper the characteristic curve became thereby,
the higher was the minimal necessary pumping power to overcome the start-up resistance. This was
measured in form of a reduced modulation range (e.g., only between 60 — 100 %) and an increased
minimum volume flow rate. This can lead to the FP of a prosumer not being able to overcome the resis-
tance at all, resulting in zero flow. A similar effect occurs when the pump speed is downregulated - at
some point far away from minimum speed the pump can’t overcome the hydraulic resistance anymore.
Moreover, a steeper resistance curve substantially limits the maximum attainable flow rate. In addition,
the emerging operating points are highly sensitive to changes in the control signals for high system
resistances.

Typical centrifugal circulating pumps, like those used in the heating sector, are usually not designed

*https://www.ni.com/de.html (visited on 2023/10/10)
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Figure 6.7: Typical performance curves for a centrifugal pump. Head H [m] (proportional to pres-
sure difference Ap), power consumption P [kW], efficiency n [%] and Net Positive Suction Head
NPSH [m] are shown as a function of the flow @ [m?3/h] [115].

for the operation with high pressure differences (due to high system resistances) at low volume flows.
In the laboratory, therefore, an upgrade to more powerful, oversized pumps was done to be able to op-
erate them in an efficient and well-controllable operating area and to achieve sufficient volume flows
for the desired power transfer, despite the high hydraulic system resistance. An alternative solution
would have been the installation of two pumps in series. Reasons for the extraordinary high hydraulic
resistances of the emulated PBDH network in the CoSES laboratory are: a high amount of installed
measuring equipment with high hydraulic resistances, numerous bends in the pipe routing within short
distances, installations such as check valves that have a minimum cracking pressure, small pipe diam-
eters (22 mm) due to the microgrid character associated with low heat transfer capacity.

Of course, the hydraulic network characteristics for real PBDH networks in the field will differ from
these in the laboratory environment. Nevertheless, it is anticipated that strong pumps will be needed.
For every prosumer to be able to exchange heat with each other prosumer in the network, every pro-
sumer’s FP must be capable of overcoming the total network length’s resistance and maintaining the
necessary minimum differential pressure. Thus, each FP would have to be dimensioned similiar to the
central network pumps in TDH networks in terms of the pumping pressure. In contrast to central net-
work pumps of TDH networks, the FPs of PBDH networks require significantly lower volume flows,
as each prosumer represents a distributed generation source, unlike the central power plants in TDH
networks that supply the entire network. For PBDH networks in the field, this implies that distributed
pumps would either operate at inefficient points or need substantial overdimensioning. The subsequent
Section 6.3 will delve deeper into component dimensioning for PBDH networks. This leads to substan-
tial economic implications in form of high overall investments for the FPs. To alleviate these issues,
minimizing the hydraulic resistance of the network is crucial. Alternatively, restricting network energy
exchange to neighboring prosumers could be considered, requiring pumps to be dimensioned only for
this scope. Further, this suggests that the PBDH concept may be more suited to smaller network sizes.
Another implication can be that low prosumer volume flow rates are problematic. As these are associ-
ated with low prosumer feed-in power, restricting the feed-in to producers with high power capacities
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can be a circumvention of the observed pump operation challenges.

A potential technical solution for these challenges might involve serially connecting smaller pumps,
operated uniformly by a common signal. Analogous to how voltage sources work, the pumping pres-
sures will add up, while a common volume flow will establish. This would enable each pump to handle a
smaller differential pressure, allowing the use of smaller, cost-efficient, standard pumps operating with
high efficiency. However, this proposed solution needs further detailed investigation for the specific
application case.

6.3 Pub3: Dimensioning radial prosumer-based thermal networks

6.3.1 Context

For an efficient practical implementation of PBDH networks, an appropriate dimensioning of the rele-
vant components is essential. This pertains in particular to the distributed actuators in form of pumps
and valves, as the laboratory implementation has shown (see subsection 6.2.3). The conventional di-
mensioning procedure as described in subsection 3.2.3 is not sufficient for PBDH networks anymore,
due to their highly flexible and dynamic operation, caused by changing prosumer modes and distributed
actuators in the substations. In sharp contrast to TDH networks, PBDH networks show bidirectional
volume flows and varying hydraulic circuits over time. Consequently, which hydraulic circuit a net-
work segment is part of, can change over time.

As explained in subsection 3.2.3, the max. volume flow (associated with the max. power flow) through
each network segment is the basis for the dimensioning the network components. Therefore, the vari-
ability introduces a significant challenge for component dimensioning, as it is not a priori evident which
hydraulic circuit should be considered when dimensioning the components of a distinct network seg-
ment. Additionally, for dimensioning the decentral pumps in the network, the network critical point is
relevant (see subsection 3.2.2). When several prosumers are in producer mode, more than one FP in the
network is active, each with its critical point at which a minimal hydraulic pressure must be guaranteed
at all time. That individual critical points of the different circuits can additionally migrate, depending
on the overall operation of the network. That behavior was also observed by Ref. [71] in the context
of solar-thermal feed-in. Ref. [71] states that the critical consumer changes its location dependant on
a) the feed-in point and b) the demand of all other consumers. Thus, the high flexibility of PBDH rises
the need for adapted methods to dimension the distributed components.

The subsequent paper presents a method to dimension linear PBDH networks, despite the a priori un-
known closed hydraulic circuits, which are relevant for dimensioning. Key aspect of the presented
method is the determination of the maximal power flows that have to be transported trough each net-
work segment, considering any reasonable operating condition of the network. These maximal power
flows depend on the prosumer modes, demand situations and the resulting hydraulic circuits in the net-
work. Having determined the max. power flows through each network section, the associated hydraulic
circuits are known and conventional methods from subsection 3.2.3 can be used for dimensioning the
components such as pipes, valves and pumps. The presented method follows a rule-based and iterative
approach and is limited to linear networks as a subcategory of radial networks. We provide a freely
accessible Excel-spreadsheet where the method is automated and allows to dimension the components
by specifying only some nominal and maximal values for the secondary prosumer sides. Thus, the tool
allows to dimension flexible and linear PBDH networks with limited information during early-stage
economic analyses and variant comparisons.
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Abstract:

The energy flows in prosumer-based based thermal networks are volatile, thus the problem of
dimensioning the network infrastructure is more challenging than in the case of conventional
unidirectional thermal networks. This paper introduces a rule-based method to determine the relevant
design parameters of network pipes, control valves, and circulation pumps in radial prosumer-based
networks. The dimensioning is performed based on the calculated maximal power flows through each
pipe section of the network. The required inputs for the method are secondary side prosumer
characteristics. The method is implemented in Excel and its application is demonstrated on a case study
with a network with five residential prosumers. The method's accuracy and the functionality of
dimensioned components were benchmarked under different energy exchange scenarios with a detailed
thermohydraulic grid model implemented in Modelica using Dymola. The validation criteria were (i) the
accuracy of the calculated maximal power flows in the network pipes, (ii) supply of consumers with the
designed power and supply temperature (iii) the actuator operating points. Criterium (i) was achieved
with a maximal error of 0.7 %. Criterium (ii) was met in all exchange scenarios with maximal deviations
of 3.3 % for delivered power and 0.58 K for supply temperature. In criterium (iii), control errors in the
primary temperature spread lead to deviations in the operating points. However, they remained in an
operable range and did not impair the network’s functionality. Thus, the introduced method allows to
dimension flexible prosumer-based networks with limited information during early-stage economic
analyses and variant comparisons.

Keywords: district heating, prosumer-based network, dimensioning method, planning tool, network
components

1 Introduction

1.1 Motivation

Conventional thermal networks (CNs) use a central generation unit to provide thermal energy. Central
circulation pump(s) in a network of supply and return pipes drive a unidirectional mass flow to distribute
the energy to consumers. Due to the unidirectional flows in CNs, each network section (pipe, substation)
is part of a fixed hydraulic circuit (see Figure 1, A and B). Various tools and guides exist to dimension
CNs with state of the art methods [1-6]. In those guides, the worst conditions for each network section
in its hydraulic circuit build the design state for dimensioning.

Including prosumers in CNs can be advantageous for energy efficiency and network flexibility [7, 8]. This
paper considers the most extreme form of prosumer integration: a prosumer-based thermal network
(PBN) comprised only of prosumers without any dominating central unit. Decentral actuators (pumps
and control valves) in the substations enable bidirectional mass and energy flow in the network for load-
balancing between prosumers [9]
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In PBNs, in contrast to CNs, each specific network section is part of varying hydraulic circuits. This
phenomenon is caused by bidirectional flows in the network and influenced by changing prosumer
modes and load scenarios (see Figure 1, C and D). Thus, the question arises of how to dimension such
networks.

Conventional Prosumer-based
Pressure A Pressure C

Network Type

Pressure Pressure Legend
B D /A\ Hydraulic worst point

@ Feed-in pump (production mode)

@Control valve (consumption mode)
@Circulation pump (generation unit)

Control valve (consumer)

Distance Distance OHyd raulic circuit

Operation State

Figure 1: Comparison of pressure curves and hydraulic circuits in different operation states of a thermal network
(A and B) with central generation unit vs. prosumer-based network (C and D).

Various models and simulations have been built to optimize the operation and design of components in
thermal networks with bidirectional mass flow [10—12]. However, to the best of the authors knowledge,
there is no tool for dimensioning such networks, while the number of planners with experience in pilot
projects is very limited [7, 13]. Thus, comparisons between CN and PBN for variant decisions in early
project stages require simulations and are prone to inconsistency [7, 14]

The basis for thermal dimensioning procedures is the design power flow. Due to the hydraulic flexibility
of PBNs described earlier, the design power in the network components depends on other prosumers.
Thus, determining the significant power flows is the necessary preliminary stage for component design
in radial PBNs.

In this paper we propose a method to identify the hydraulic circuit, power flows and prosumer load
situations relevant to the design of primary side network components in radial PBNs. It is structured as
follows: First the considered network structure is characterized. An algorithm to determine the relevant
power flows for dimensioning in this network structure is proposed. An Excel tool for dimensioning the
core network components, i.e. feed-in pumps (FIPs), control valves (CoVs), and network pipes is
introduced. In a case study a network with 5 prosumers is dimensioned with the tool and a simulation
with different exchange scenarios is used to validate the functionality of the dimensioned components.

1.2 Network concept

The structure and the main components of the considered PBN are depicted in Figure 2. The FIP and
CoV are the decentral actuators, which influence the pressure and mass flow on the primary network
side, while the production pump (ProP) and the consumption pump (ConP) control the mass flow on the
secondary side. When the prosumer is in production mode, FIP and ProP are active; CoV is closed, and
ConP is inactive. In consumption mode, FIP and ProP are inactive, while CoV is open and ConP is
active. In this paper, to prove the concept of the method, only a radial network configuration with a main
distribution line and direct connection lines is considered.
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1-9 (i) Route/Pipe 1D
P1-P5 (Pj) ProsumerlD
HotSN Hot Subnetwork
ColdSN Cold Subnetwork
FIP Feedin pump
CoV Control valve

Pri Primary side

Sec Secondary Side
HE Heat exchanger
ProP Production pump
ConP Consumption pump
HSo Heat source

HSi Heat sink

Figure 2: Structure of a radial prosumer-based network

2 Dimensioning Method

The dimensioning method was developed for two flexibility design premises to give upper and lower
boundaries for component dimensioning depending on the targeted operation flexibility:

e All-Neighbor-Exchange (ANE): Each prosumer can exchange energy with each of the other
prosumers in the network.

¢ One-Neighbor-Exchange (ONE): Each prosumer can only exchange energy with directly
neighboring prosumers.

Throughout this paper the design premise ANE is assumed.
Table 1 lists the necessary input parameters and the values used for the case study.

Table 1: User input parameters and values applied in the case study

Description Symbol Value Unit
Medium in the network pipes Medium Water -
Type of network pipes Piping type Plastic jacket pipes -
Length of the route sections Urarmie see Table 6 m
Maximum flow velocity in connection pipes ufifﬁ,‘j‘“t 1 m/s
Maximum flow velocity in distribution pipes uglig;'dis 1.5 m/s
Maximum pressure gradient in connection pipes Rﬂﬁ,‘?‘“t 250 Pa/m
Maximum pressure gradient in distribution pipes Rﬁfﬁ,‘j‘dis 250 Pa/m
Target temperature in the hot subnetwork ﬁﬁ;é?ar 65 °C
Target temperature in the cold subnetwork gf{;ﬁar 50 °C
Targeted valve authority aloy 0.5 -
Assumed pressure gradient in individual resistors (e.g. fittings) R;, 10 %
Maximal prosumer consumption power phroscon see Table 3 kw
Maximal prosumer production power phrosero see Table 3 kw
Target secondary supply temperature consumption mode Dot tar 60 °C
Set secondary return temperature in consumption mode Vool cor 45 °C
Pressure loss through heat exchangers in design conditions Angm 20 kPa
Design temperature difference in the heat exchangers ATyg 3 K
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Symbols Sub- and superscripts Abbreviations
| Length cct Connection PBN Prosumer-based network
u Velocity dis Distribution CN Conventional network
R Pressure gradient con Consumption FIP Feed-in pump
Ap Pressure loss pro Production CoV Control valve
H Pump head tar Target DHC Design hydraulic circuit
UJ Temperature °C prim Primary side Sc Exchange scenario
T Temperature K sec Secondary side ANE All-Neighbor-Exchange
a Valve authority pros Prosumer ONE One-Neighbor-Exchange
P Prosumer power HE Heat exchanger P1 Prosumer with ID 1
0] Transported power ir Individual resistors DHW Domestic hot water
D Diameter pipe Network pipe
K Flow coefficient max Maximal

set Set point

2.1 Determining the design power flows - algorithm

In Figure 3, an example application of the proposed algorithm to determine the maximal power flows
Q... in the network pipes as design conditions is depicted. The algorithm is built for radial PBN with a
network structure and nomenclature as shown in Figure 2.

2

4
1 3 5

1,con 1,pro p2.con 2,pro 3,con 3,pro
Step IZ Pmax /Pmax Pmax IPmax Pmax Ipmax,

Q max ' i

5 .;'i
PJ

4 5
P4 conl P ,pro PS conl P ,pro

"--‘

e S s s i g

max max max max |

Step II: e pEs P"”’
€p U left left right right
pro
Step III: MIN (Z Pfgﬁ'zpfir;ht> MIN (Z Ple/t'Z Pi?;ht>
\

: right pleft - G

Step IV MAX (Pleft ; Pright) = Qmax

Figure 3: Algorithm for determining the design power flows in an example distribution pipe

The algorithm describes four main steps to determine the maximum power flow through the network
pipes of a radial PBN. In Step I the network is split into two sides, relative to the considered pipe (i.e.
pipe 6). The maximal consumption power P.°" and the maximal production power P/*™° are set for each
prosumer. In Step II the available demand and supply power of both network sides are calculated by
adding up the consumption and production power of the prosumers. With this, the relevant demand and
supply from the left and the right side of the network are determined. The power flow in the pipe is
characterized by the energy exchange from one side to another. Thus, in Step Il the possible power
exchanges between the two sides is determined. This is done by comparing the maximum supply power
of one side to the maximum demand power from the other side. The smaller value between those
describes the possible power exchange. Finally, in Step IV the maximum of the two possible power
exchanges is calculated to result in the design power flow @%,., of pipe 6. A more detailed flow chart for
determining the power flow in all network pipes is included in the appendix (see Figure 10).
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2.2 Component dimensioning

The remaining dimensioning procedure follows established methods described in Ref. [3]. The flow chart
describing the main dimensioning steps and target values is depicted in Figure 4.

! ; ,
/ATy [—> {RPPe [y | Calculate 2 | —>
! 7i £ _Tmax J
A fommmees - Calculate Vinax R Choose Jpm— R Calculate
N > g > ’ l \l_’ i
v -> TN pipe ll' Pipe ] ‘sgm,des/l Riise
! ipe " S===-"
% - (‘Y.f’_’i/' { Ymax L -

' )
1 1
1 Ap 1 | i —— 1
I ir 1= i ,Cov [ y
[} : 1 Qg [ — V —
A — - t 1 CoV -
Calculate |{ "] Calculate - Choose
B --------- \ Kggv ’,
‘\ -
ADc des AP, ges Apcov Apcoy Valve | = S 250
—_—— —

H . )
fA DTN | gy
Aoy}

I User input
C _’ Calculate {Apc.d%/ | Calculate TS ~ [ ] calculated

J 7 ApC — A P P
] oV,des De,tot -— ~
R g APcov des {5 Result

Figure 4: Flow chart for the component dimensioning

221 Pipe Dimensioning

The procedure for pipe dimensioning is depicted in A (see Figure 4). The pipes are dimensioned, based
on the maximum transported power @i,,, determined in subsection 2.1. The user-defined values for the
maximum conditions in connection and distribution pipes (see Table 1) are considered.

The friction factor 4 is calculated using the approximation of the Colebrook's equation described in [15].

2.2.2 Control valve Dimensioning

The procedure for CoV dimensioning is depicted in B (see Figure 4). The hydraulic circuit with the
maximum pressure loss Ap.q.s between a consuming and a producing substation (CoV excluded) is the
design hydraulic circuit (DHC) for the CoV. The theoretical CoV pressure drop is calculated with Ap, 4.,
and af? setin Table 1 (eq. (1)). To limit the pressure losses, the next larger available CoV is chosen.

A
afg;/ — Pcov,th (1)
Ap(JoV,th + Apc,des

2.2.3 Pump Dimensioning

The Apcov aes is calculated with K$?Ydetermined in B [3]. The head for the FIP HE!Y (see C Figure 4) is
then specified by the resulting total pressure drop in the DHC Ap_,;. The volume flow V5P is determined
in A (see Figure 4) along with the volume flows in the network pipes.

3 Dimensioning Tool

An Excel tool was built to automate the dimensioning process. The parameters, algorithm and
dimensioning procedure from section 2, alongside the nomenclature from Figure 2 are implemented in
the tool.

It is published at: https://github.com/FabianSpeer/PBN Dimensioning Tool. It provides the structure to
dimension a PBN with a maximum of 20 prosumers (with limits to the available product sizes).

Example products are used for dimensioning, as shown in Table 2. The relevant values from the
manufacturer data sheets of the product lines are included in the tool.

Seite 5 von 15



13. Internationale Enerqgiewirtschaftstagung an der TU Wien IEWT 2023

Table 2: Product lines and manufacturers of primary network components used in the case study

Component Manufacturer Product line
Pipes ISOPlus [16] Plastic jacket pipes (standard)
Control valves Sauter [17] VUN
Circulation pumps Grundfos [18] CR - inline pumps

For each component, the calculated dimensioning results are considered the minimum requirements.

4 Case study

The dimensioning method is validated by implementing its results in a thermohydraulic simulation and
comparing the results.

The validation criteria are:

i.  Accuracy of the predicted design power flows in network pipes (Q%,4x)

ii. Sufficient consumer supply with power demand (Q’;on) and supply temperature (95,
ii.  Actuator states: valve opening (x52), pump speed (uf!P) and operating state Ap(V)

4.1 Setup

The introduced dimensioning tool is used to dimension the network components, as described in
sections 2 and 3. The dimensioned components are implemented into a thermohydraulic grid model.
The ProsNet [20] library was used to build the model in the Modelica-based software Dymola [19]. During
the simulation, the actuators are controlled by a specially modeled weighted PID controller [20] to
achieve the temperatures and power flows specified in Table 1.

411 Prosumer side

The prosumers are based on the five residential houses emulated in the CoSES-laboratory [21]. Due to
the proposed early-stage application of the dimensioning method, the houses are categorized into
TABULA building typologies [22] to determine their heat demands. Their properties and resulting
demands are listed in Table 3.

Ventilation and transmission losses of the houses were calculated according to the simplified procedure
of the DIN EN 12831-1 for the climate in Munich, using the respective heat transfer coefficients stated
in the TABULA typologies.

For the power demand for domestic hot water (DHW), the peak flows were determined according to the
DIN 1988-300. The required additional power was calculated for temperatures described in DIN 12831-
3 A100. A DHW storage with a discharge time of 10 min (DIN 4708-1) and a recharge time of 60 min
was assumed.

All prosumers are assumed to be equipped with heat sources capable of generating 100 % of their total
heat demand, as suggested in [23].

Table 3: Prosumer characteristics in the case study

P1 P2 P3 P4 P5
Living Area [m?] 300 400 300 750 300
No. of Apartments 1 3 2 4 2
Age Class 1995 - 2002 From 2016 2007 — 2009 1995 — 2002 2007 - 2009
TABULA Code SFH.09.Gen SFH.12.Gen SFH.10.Gen MFH.09.Gen SFH.10.Gen
TABULA Standard Improved Improved Improved Improved Improved
Heat loss transmission [kW] 13.0 9.9 8.9 16.7 8.9
Heat loss ventilation [kW] 5.2 1.1 4.3 13.0 4.3
Heat demand DHW [kW] 7.1 10.5 8.1 12.2 8.1
Total heat demand [kW] 25.3 21.5 21.2 41.8 21.2
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4.1.2 Network side

The parameters of primary side components are chosen according to the results from the dimensioning
tool with the conditions described in Table 1 and Table 2. The selected component sizes are
documented in the appendix (see Table 6-Table 8).

41.3 Scenarios

The exchange scenarios (Sc) were chosen to create a consumption design state and production design
state for each prosumer at least once. Two criteria must be fulfilled for a prosumer to be in its design
state. First, it must operate with its maximum production or consumption power (see Table 3). Second,
the transported power flow in their design hydraulic circuit (DHC) (see Figure 5) is maximal, as defined
by the algorithm in subsection 2.1.

In Figure 5 the qualitative pressure curves and set prosumer powers in two example scenarios are
shown. In scenario 1 the production design states for the FIPs 1 and 2, and the consumption design
state for the CoVs 4 and 5 are observed. Prosumer 3 is operating in part-load, since the prosumer
powers set in Table 3 do not allow all prosumers to be in a design state simultaneously. Consequently
a separate scenario is required to achieve the design states described above for prosumer 3. The
chosen design scenario for the FIP3 is also shown in Figure 5, where prosumers 1,2 and 3 operate
under maximum loads, while prosumers 4 and 5 operate in part-load.

Scenario 1 Scenario 3

A Hydraulic worst point @ FIP (production mode) CoV (consumption mode) O Design Hydraulic Circuit
Pressure Pressure

—
/
Distance Distance
HProsl ®Pros2 mPros3 mPros4 M Pros5

30 21,5 21,2

20 ‘ | 162 12,8 128
£ - I N
T 0 L —_
2 [ ‘
g -10 ‘\ ‘
£ -20 | |
5
8 30 21,5
&

-40

-50 -41,8

Scenario 1: prosumer power Scenario 3: prosumer power

Figure 5: Qualitative pressure curves and prosumer power in example exchange scenarios 1 and 3 with design
conditions for FIP1&2 and CoV4&5 in scenario 1 and for FIP3 in scenario 3

Since the consumption power is as high as the production power for all prosumers, the missing design
states can be achieved by inverting the power flow of all prosumers during scenarios 1 and 3. By doing
so the production design scenario for the FIP of a prosumer turns into the consumption design scenario
for the CoV of the prosumer.

The inverted Sc1 is named Sc2 and the inverted Sc3 describes Sc4. The relevant design scenarios for
all actuators are listed in Table 4.
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Table 4: Design scenarios for the actuators

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Design FIP 1&2 FIP 485 FIP 3 FIP -
scenario
for- CoV 4&5 CoV 1&2 CoV - CoV 3

Additionally, the observation of the network behavior in part-load situations is desired. Thus, 2 additional
scenarios (5 and 6) are created, which correspond to half the power flows of scenario 1 and 2
respectively.

The secondary supply temperature 935 ., = 0%’:;’” + ATy is set according to the inputs from Table 1
to 68 °C during production, and the return temperature 9355, ..., is set to 45 °C during consumption for

every prosumer to exclude the performance of the secondary heat source/sink from the analysis.

Each scenario is simulated for 1 hour with simulation steps of 10 seconds. Before and after each
scenario, transition states with half the power are set for 15 minutes.

4.2 Simulation results

For evaluating the proposed dimensioning method, only the steady-state operation is relevant. Thus,
the following values are read at the end of each 1-hour simulation section when the operation state has
stabilized.

The design values for the error analyses of pipes and actuators are documented in the appendix (see
Table 6 - Table 8). The design values for prosumers can be extracted from Table 3.

The absolute errors (&) for the maximum simulated power flows Q% sim and the maximum volume flow
vi

m

«.sim 1IN the 9 pipe sections are shown in Figure 6.

Absolute errors for the maximal power and volume flow in network pipes

[ o_dot_max [kw] [l V_dot_max [m¥h]

0,20
0,15

0,10
0,05
0,00

-0,05
-0,10
-0,15
-0,20
-0,25
-0,30
-0,35

Absolute error & [kW] / [m?/h]

Network pipes

Figure 6: Absolute errors for simulated Q' i, and Vi, ;. compared to design Qi,,, and Vi, in the network pipes

The maximal relative deviation for @i, is 0.7 % and occurs during Sc3. The small errors for Qi,qx
indicate, that the algorithm presented in 2.1 can accurately predict the design power flows in the network
pipes. Thus, the first (i) validation criterium is fulfilled. The maximal relative deviation for Vi, is 5.5 %
in pipe sections 8 and 9 during Sc1. This increases the pressure gradient in the pipe compared to the
design value. However, with the chosen pipe dimensions (see Table 6) the pressure gradient is still
below the set maximum of 250 pa/m.
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Figure 7 depicts the absolute errors for ¢/, and 95 that resulted from the simulation of the prosumers
during their design (des) scenario and during part load (p/) scenarios Sc5 and Sc6 as defined in
subsection 4.1.3.

Absolute errors for Consumption power and supply temperature in all prosumers

B q_dot_con(des) [kw] [ Q_dot_con(pl) [kw] Il 9 supply(des) [K] [ 8 _supply(pl) [K]

1

0,00 % X
-0,20 I

L

Absolute error £ [kW] / [K]

Prosumers

Figure 7: Simulated and design values for Qj and 9;%; during design and part load consumption scenarios

con

The maximal relative error for ¢/, is 1.5 % during design conditions in Sc2 and 3.3 % in the part-load
scenario 6. The maximal relative deviation of 95 is -0.58 K during design conditions in Sc4 and -0.53 K
in the part-load scenario 6. The recorded errors have no significant not impact on the operation of the
connected prosumers with a setpoint supply temperature of ;5 =60°C. Consequently, the
consumption demands of all prosumers are met during every scenario. Thus, the second (ii) validation
criterium can also be regarded as fulfilled.

In the third (iii) criterium, the actuator operating states are considered. The operating states are defined
by volume flow V through and the pressure difference Ap over the actuator. Since the differential
pressure and the volume flow depend on each other, a volume flow error also causes deviations from
the designed differential pressure of the actuator. Volume flow errors were already recorded in the
network pipes (see Figure 6). These deviations must result from an error in the temperature spread
ATE™ = b —9Prin ., since the power flows in the pipes matched the design nearly perfectly and

the two values are connected by eq. (2).
Qplpe = c* V " ATprlm (2)

des set

Where c is a combined constant of the density and heat capacity of the medium.
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With the described impact on the volume flow, the errors for AT?""™ shown in Figure 8, have direct impact
on the operating point deviations of the actuators.

Absolute delta T_prim Errors (dTset = 15 K)

6,0
5,0 [ 17
4,0 mP1_pro
<
- 3,0 OP1_con
s
I mP2_pro
S 20 _p
§ OP2_con
5 1.0
I mP3_pro
2 00
o OP3_con
[
§ -1,0 mP4_pro
T 20 QP4 _con
-3,0 mP5 pro
-4,0 OP5_con

Sc1 Sc2 Sc3 Sc4 Scb Scé

prim.

Figure 8: Absolute error £(AT;,, ) across all scenarios

It is noticeable, that the errors in Figure 8 are mostly positive and thus cause a reduced volume flow.
The errors are at their lowest, during the scenarios 1 and 2, when the energy exchange in the network
is the highest. The control objectives of the used weighted PID controller [20] are still undergoing
research. Thus, control errors are likely to be the cause of the deviations.

Table 6 shows the normalized control values for the FIP speed, and the CoV opening in a range from
0 to 1 during their respective design scenarios.

Table 5: Normalized speed of FIPs ufIP and opening of CoVs kt%) at their operating points

Normalized values P1 P2 P3 P4 P5
ufIP [0..1] 0.80 0.74 0.56 0.80 0.70
kY [0..1] 1.00 0.80 1.00 1.00 0.93

The maximum uf® value of 0.8 in Table 5 shows that the designed pumps allow for expansion of the
PBN at hand. The xt% is 1 for the prosumers at the critical point during their consumption design
scenario (see Figure 5), as intended to minimize pressure losses. For P2 and P5 k£%/ < 1 to adjust to
the pressure conditions created by the remaining prosumers in Sc7 and Sc2 (see Figure 5). Thus, the
actuator control in general works as intended, but the errors in Figure 8 suggest the built in prioritization

of the controller causes deviations from the set conditions during part-load situations.
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In Figure 9, the dimensioned operating point of each actuator is compared to the operating point
resulting from the simulation of their design scenario (see Table 4). Additionally, the pump curves of the

two FIP types (see Table 8) at maximum speed (ukF ) are displayed.

450
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CoV5_Dim
FIP1_Dim
FIP2_Dim
FIP3_Dim
FIP4_Dim
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FIP1_Sim
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Figure 9: Pump curves (ufn’lfx) and dimensioned and simulated operation states of FIPs and CoVs during design states

The operating point deviations of the actuators (FIP3, CoV3, FIP5, FIP4 and CoV1) can be explained

by the positive T?!™errors at the consuming P17 in Sc7 and Sc3 and the consuming P4 in Sc4. It is

notable that FIP1, despite a positive Tf:timerror during Sc1 features a higher pressure increase than

prim

expected. That is because in Sc? the T, error at the CoV4 in the DHC of FIP1 is negative due to the

large negative Tf:timerror at the part load F/IP3. The difference between the simulation and design for

CoV2 and CoV5 stems from a combination of T#"™errors and the partially closed state of the CoVs

set

k§%Y? = 0.8 during Sc2 and x£2/5 = 0.93 in Sc1 (see Table 5).

Due to the Tf:timerrors, the predicted network states are not recreated fully in the simulation. However,
since the deviations at the design load scenarios Sc7 and Sc2 are relatively small, the case study still
yields relevant results for the validating the dimensioning method under the third (iii) criterium.
Furthermore, the positive outcomes in the second (ii) validation criterium showed, that the different
operating points did not impair the network’s functionality.

A pump blocking effect, described in previous work [24] on PBNs could not be observed in the simulated
exchange scenarios. Pump blocking is likely mitigated by the used design method for the pump, which
considers the pressure conditions created by other prosumers at the feed-in location.
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5 Conclusion and outlook

The simulation results showed that the dimensioning tool is well suited to dimension PBN components
with limited information. Thus, the proposed method can be used in early-stage dimensioning, to
dimension components capable of a functional network operation during different load scenarios.

The proposed method in its current state has a few limitations: It is restricted to a radial heat network.
More complex networks with interconnections are not implemented yet. Additionally, the demand and
temperatures of the secondary heat sources and sinks were assumed as static inputs. Furthermore, the
provided tool is currently limited to two exchange premises.

Additional research regarding PBN dimensioning should aim to advance the dimensioning method
towards more complex network typologies and conduct tests for different distributions of source and sink
powers at the prosumers. The combination of the PBN structure with principles of 5" generation district
heating and cooling networks could provide additional benefits for flexibility and efficient energy
exchange. The coupling with secondary load and production models for a dynamic simulation with
included environmental influences on the prosumer side should be targeted to represent the networks'
robustness precisely.

The provided dimensioning tool in its current state offers a quick way to dimension the core network
components of small-scale radial PBNs. Thus, our developed method allows to include this innovative
network type for neighborhood solutions in early-stage variant comparisons and provides realistic
component sizes for planners to use in economic analyses.
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Figure 10: Detailed flow chart for the power determination algorithm: In la — Ic the maximum power exchange in
distribution pipes is determined; in lia - lic the maximum transported power in the connection pipe is determined under
consideration of the maximum power flows in the distribution pipes

Table 6 Pipe dimensions and designed power and volume flows

Pipe ID DN DY Imm] | ub e s Lroute Iml | REPE [Paim] Qhnax W] | Vigy Im¥/h]

1 25 27.3 0.70 10 215.51 25.27 1.47

2 25 27.3 0.70 40 215.51 25.27 1.47

3 25 27.3 0.59 10 160.58 21.51 1.25

4 32 36 0.74 40 171.35 46.78 2.72

5 25 27.3 0.59 10 157.03 21.24 1.24

6 40 41.9 0.74 49.5 140.80 63.07 3.67

7 32 36 0.66 10 139.58 41.83 244

8 25 27.3 0.59 46.5 157.03 21.24 1.24

9 25 27.3 0.59 10 157.03 21.24 1.24

Table 7 Control valve dimensions and designed operating points
ProsID | Type VSOV [meih] Apcov,des [kPa] K53V [mein] alo’ 11

1 VUNO015F320 1.47 83.36 1.6 0.42

2 VUNO015F320 1.25 60.37 1.6 0.39

3 VUNO015F320 1.24 58.91 1.6 0.41

4 VUNO015F310 244 93.53 25 0.48

5 VUNO015F320 1.24 58.91 1.6 0.34

Table 8 Pump dimensions and designed operating points
Pros.ID | Type VIIP [mein) HEIP [mH.0] HEIP [epa)

1 CR 1-7 A-A-A-E-HQQE 1.47 19.45 190.72

2 CR 1-7 A-A-A-E-HQQE 1.25 17.39 170.54

3 CR 1-7 A-A-A-E-HQQE 1.24 16.89 165.60

4 CR 3-5 A-A-A-E-HQQE 2.44 18.41 180.55

5 CR 1-7 A-A-A-E-HQQE 1.24 20.09 197.00
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6.4. CHAPTER CONCLUSION

6.4 Chapter Conclusion

For the narrative of this dissertation, several conclusions from this chapter shall be highlighted:

Based on literature review and comprehensive reasoning, a reference network concept for PBDH net-
works was proposed, building the basis for further technical investigations of these archtypical smart
thermal grids. This reference network concept was implemented in a laboratory environment at the
TUM, allowing for the safe and flexible testing of advanced control strategies for smart thermal grids as
a part of a smart energy system and in interaction with real hardware under close-to reality conditions.
To dimension pipes, pumps, valves and heat exchangers as the most relevant components of PBDH
networks, a method for linear topologies was presented and implemented in an open source Excel tool.

Adopting from TDH the SR extraction principle with a pressurized supply line, the RS principle is found
to be the only grid-forming feed-in principle for PBDH networks without central pumping station. To
facilitate the decentralized feed-in, decentralized pumps in the substations are necessary. The proposed
reference network concept for PBDH will be used as the foundation for investigating the systemic im-
pacts of the prosumer interaction in smart thermal grids.

Essential key learnings from the first experiments with the PBDH setup in the CoSES laboratory were:
The pumps in the laboratory run in an inefficient operating area on the characteristic curve, due to high
hydraulic resistances in combination with low required volume flows. This limits also the controlla-
bility of the pumps. For real PBDH networks in the field, similiar challenges can be anticipated: The
decentralized pumps must drive only small volume flows through the individual substations, compared
to the central pumping stations in TDH networks. At the same time each pump must have enough
power to overcome the pressure difference of the whole network in order to potentially be able to ex-
change heat with each other participant in the network (all-neighbor-exchange). Restricting the energy
exchange to closely located prosumers, considering only small PBDH networks, restricting the feed-in
to big producers or using serially installed pumps might be appropriate solution approaches.

The dimensioning of network components is further complicated by the variability in the emerging
hydraulic circuits of PBDH networks. It is a priori not evident which overall network state is the deter-
mining one for dimensioning purposes. The proposed approach determines for each network segment
the maximal volume flow, considering all possible hydraulic circuits each segment can be a part of
during the dynamic network operation and all possible exchange scenarios. Although a solution for
linear PBDH was presented, the challenge of appropriate and efficient dimensioning remains for gen-
eral topologies.
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Chapter 7

Thermohydraulic System Behavior

With the proposed reference network concept at hand, this chapter investigates the thermohydraulic
system behavior of PBDH. A particular focus is on the relation between distributed actuator operation
and the emerging overall system state, having RQ2 (see Section 2.2) in mind. Therefore, in Section 7.1
(Pub4), a mathematical model is formulated that interlinks the control inputs of the distributed actua-
tors in the prosumer substations and the thermohydraulic network state of PBDH networks. Section 7.2
(Pub5) presents a specialized library in the established Modelica modeling language, developed to facil-
itate the thermohydraulic modeling of PBDH networks. Based on these available models, in Section 7.3
(Pubé), technical characteristics and challenges of PBDH are deduced and compiled. Altogether, this
chapter tackles especially RQ2 from Section 2.2.

This Chapter 7

!

District Energy Network Thermohydraulic Advanced Field
Management [ Concept P System Behavior [EB Control
[RefCncpt | [ Pub2]| [Pub3] [Pub4]| [Pub5| [Pubsé |

Figure 7.1: Position of this chapter within the overall structure of the main part of this dissertation.

Chapter 7: Thermohydraulic System Behavior

Based on the established reference network concept, a closed-form mathematical model
is formulated to investigate the thermohydraulics of PBDH networks. The model cap-
tures relationships between power flows, temperature, volume flows, pressures, and ac-
tuator behavior. An open-source Python tool implements this model for steady-state
simulation, complemented by a Modelica-based library that facilitates dynamic simula-
tion across diverse PBDH network configurations. An exponential increase in modeling
complexity is observed with growing network size. Using the developed models, the
nonlinear sensitivity of the overall network state to actuator control variations is un-
covered. Resulting systemic phenomena like *pump blocking’ and hydraulic network
splitting are highlighted. Challenges in inverting the mathematical model for control
purposes lead to a strategic shift towards an alternative control framework. This cir-
cumvents the need for a direct technical network model formulation and has several
other benefits.
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CHAPTER 7. THERMOHYDRAULIC SYSTEM BEHAVIOR

7.1 Pub4: Thermohydraulic model of Smart Thermal Grids with bidi-
rectional power flow between prosumers

7.1.1 Context

Complementing experimental investigations, model-based simulations can serve as a groundwork, al-
lowing to gain generalizable insights by studying various scenarios in a flexible, time efficiency, risk-
free and controlled manner. To address RQ2 (Section 2.2), a network model is needed that relates the
actuator control to the thermohydraulic network state and thereby to the overall network operation.
As outlined in Section 5.1, control framework A suggests utilizing a network model at the automation
layer. For this purpose, it is desirable that a suitable model for PBDH networks can not only be used
for simulations, but is invertible to be used as a control model. An equation-based model is particularly
suitable for use as an internal model for a MPC, as introduced in subsection 4.1.2. Such a control model
reflecting also the technical behavior can determine the necessary control input signals to the actuators
in order to enforce the desired power flows calculated by the management layer (see Section 6.2).

However, as concluded in Section 4.2, there are no suitable models of PBDH networks existing for
the application purposes outlined above. Therefore, the subsequent publication derives a thermohy-
draulic model for PBDH networks. The following aspects distinguish the derived model from existing
ones: The model considers the individual component behavior and at the same time captures the sys-
temic network interactions by interlinked equation systems for the hydraulic and the thermal system
behavior (see Figure 7.2). It incorporates the hydraulic behavior of pumps and valves as distributed
actuators in prosumer substations, controlling the overall thermohydraulic network state. Further, the
derived model considers the thermal heat exchanger behavior and thereby the influence of the return
temperatures from the secondary side prosumer system. With its systematized mathematical descrip-
tion, the model can be used as basis for an open-loop network controller that determines the necessary
control inputs for desired thermal power flows. For simulation purposes the mathematical model is
implemented in a Python-based! open-access tool. The tool is named ProHeatNet_Sim and is publically
available on https://github.com/thomaslicklederer/ProHeatNet_Sim.

Kirchhoff's Circuit Laws Integer Variables

junction rule mesh rule participation: T nodal energy balance inlet temperatures sec. sides
14 Ap mode (prod, cons): 1 Richmann’s mixing Rule volume flows sec. sides

sign of flow direction: O

/ Equation Equation
/ system in systemin T,
A_P xV {fixed) Flow Directions Pipes transferred heat by prosumers
control variables: &, u ;/// Heat exchanger heat losses in pipes
Figure 7.2: Hydraulic (left) and thermal (right) modeling aspects of the mathematical model for PBDH
networks, as derived in Ref. [116] (Pub4).

'https://www.python.org/
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ABSTRACT

Part of Smart Energy Systems are Smart Thermal Grids, which enable bidirectional power flow between
prosumers. To facilitate this feature, the network architecture and intelligent control of the decentralized
actuators are a major challenge. Therefore, methods for the analysis of prosumer-dominated thermal
networks are needed, including the hydraulic actuators and the heat transfer to the prosumers. This
paper derives a holistic mathematical system representation that allows to investigate the relations
between the control variables of such networks and their thermohydraulic steady-state. At first a suitable
network architecture concept is introduced. Based on this, balance equations are combined with com-
mon physical models for the network components. Explicitly considered are the heat transfer to the
secondary side, flexible prosumer modes and the behavior of decentralized control pumps and valves
depending on their control inputs. The resulting system of equations is discussed in the context of two
use cases: a) simulation of the system state for given control inputs and b) determining the necessary
control inputs for target heat exchanges (optimal control). Exemplary simulation results are presented.
For the simulation use case a Python code is provided on Github under open source license, based on the

derived model.

© 2021 Elsevier Ltd. All rights reserved.

1. Background
1.1. Introduction

A paradigm shift in the last years brought Smart Thermal Grids
as integrated parts of Smart Energy Systems into focus [1,2]. This
holistic perspective is accompanied by new requirements for
thermal networks. They shall be more efficient, renewable, inte-
grated, decentralized and flexible. In this context also the concept
of prosumers became increasingly important. Prosumers are en-
tities that can act as power consumer or producer to the superor-
dinate energy system and over time switch between these modes.
Inspired by the electricity sector, the possibility of bidirectional

* While conducting the research for this document, the first and the third author
were in a position funded by the German Federal Ministry for Economic Affairs and
Energy (BMWi) [FKZ: 03ET1413B].

** While supporting the research for this document, the fourth authorwas in a
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(DFG) [project nr. 350746631].
* Corresponding author. (T. Licklederer).
E-mail address: thomas.licklederer@tum.de (T. Licklederer).

https://doi.org/10.1016/j.energy.2021.120825
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

energy exchange also between thermal prosumers via suitable in-
frastructures became a desired feature. In thermal networks the
bidirectional power flows go along with bidirectional volume flows,
which conventional district heating and cooling systems do not
feature. Distributed actuators are necessary, such as control pumps
and valves. These distributed actuators mutually influence their
operating points and define together the overall system state.

As an equivalent to Smart Electrical Grids, we propose thermal
networks without central units, where (almost) all participants are
prosumers (pro-sumer-dominated) and the bidirectional power
flows are controlled by distributed actuators only. Typical appli-
cation cases can be e.g. in dense and mixed urban and industrial
areas, neighbourhoods or local "energy communities”.

In order to draw generalizable conclusions on the behavior,
operation and control of such systems, various different setups and
scenarios must be studied. This includes e.g. varying numbers of
prosumers, network sizes, topologies, but also the flexible switch-
ing of prosumers between modes and control inputs of pumps and
valves. To the best of our knowledge no real systems matching our
proposed concept are in operation yet. Experimental setups repli-
cating whole neighborhoods are big, costly and inflexible. There-
fore a model is needed that describes this type of networks and
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Nomenclature

Symbols

a hydraulic parameter

b thermal parameter

Cp specific heat capacity of fluid

e edge

G.G (un)directed graph as network representation
m mass flow

Ap pressure difference

P Prosumer

Q heat flow

r aggregated hydraulic resistance

T,AT temperature, temperature difference

u control variable for pump speed

1% volume flow

A vertex, node

y aggregated offset for pressure difference

¥ aux. variable for altern. operation of pump or valve
K control variable for valve opening

u integer variable for prosumer mode

m integer variable for participation of prosumer
0 density of fluid

a integer variable for sign/direction of volume flow
indices

c cold (level)

h hot (level)

hc interconnecting hot and cold level

ij, k iterators

P Prosumer

Sets

E edges

P Prosumers

Vv vertices, nodes

Matrices and Vectros

incidence matrix

matrix for temperature differences

matrix representing thermal component models
matrix for ideal mixing in nodes

matrix for nodal energy balance

cycle basis matrix

matrix for secondary sides' inlet temperatures
matrix for secondary sides' volume flows

vector representing thermal component models

morrozrmaw
=

Sub-/Superscripts
h

X heat exchanger
hy hydraulic
pi pipe
prim primary (side), network (side)
pu pump
sec secondary (side), prosumer (side)
set setpoint, desired or given value
th thermal
trnsf transferred between prim. and sec. side
va valve

interlinks the energy management level (power flows), the tech-
nical level (temperatures, volumes flows, pressures) and the control
level (control inputs, actuator behavior). The aim of this paper is to
derive a suitable model fulfilling these criteria. The model has to be
flexible to adjust with low effort for different setups and must
explicitely incorporate the prosumer modes (producer or con-
sumer), control signals and behavior of pumps and valves.

This paper suggestes an architecture concept and functional
principle for prosumer-dominated Smart Thermal Grids. Based on
this, a system of mathematical equations is derived that maps the
control inputs to the thermohydraulic steady-state and thereby to
power flows of the network. To do so, validated component models
are combined with balance equations from network analysis. The
inlet conditions on the prosumers’ secondary sides are considered
as boundary conditions. The emerging model can be applied for
two use cases: a) simulation of the resulting system state and po-
wer flows for given control inputs and b) determining the neces-
sary control inputs for target heat exchanges (optimal control). Both
cases are discussed in this paper. A Python code using the derived
model for simulation purposes is provided on Github' under open
source license.

The rest of the paper is organized as follows: Section 1.2 dis-
cusses relevant literature and outlines the scope of this paper in
distinction to it. In section 2 the network concept in combination
with the suggested network architecture and functional principle is
explained. After that, in section 3.1 the modeling assumptions and
variables are introduced. In section 3.2 the used hydraulic and

! https://github.com/thomaslicklederer/ProHeatNet_Sim.

thermal component models are presented. In section 3.3 the gov-
erning hydraulic and thermal equation systems for the steady-state
in the network are derived. Subsequently the derived equation
system is discussed in section 4 in the context of the application for
simulation and for optimal control. Section 5 presents a short
simulation case study. In section 6 a conclusion on the contribution
and findings completes the paper.

1.2. Literature review

Under terms like "Smart Thermal Grids” [1,3] and "5th Gener-
ation District Heating and Cooling” [4,5] the research on thermal
energy systems wants to make use of synergies within and be-
tween sectors, integrate fluctuating renewable energy sources,
include distributed and low temperature heat sources, combine
heating and cooling in a single infrastructure, increase efficiency,
add flexibility and provide services to the overarching energy
system.

On the energy management level, the possibility of bidirectional
energy exchange between prosumers often is axiomatically
assumed. The energy hub approach and variations of it [6,7] take
place only at the level of power flows (e.g. Ref. [8]). However, for the
thermal sector it is mostly unconsidered and unclear how these
calculated power setpoints can be implemented in terms of tem-
peratures, volume flows and pressures by according control signals.

On the technical level, multiple substation configurations for the
feed-in have been investigated [9—13] and the feed-in from return
to supply line was found the most promising for a broad range of
operation. Expanding this local focus, studies were done on the
impact of decentral producers feeding into heat networks [14,15].
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However, most literature in this context assumes conventional,
unidirectional thermal networks and sees the decentral feed-in
only as support of central generation units.

For bidirectional networks, the main trends in literature are
towards combined heating and cooling networks with (ultra) low
temperature levels that exploit simultaneous heating and cooling
demands by using distributed heat pumps and chillers in the sub-
stations [16—18]. The literature investigates and proves benefits of
bidirectional thermal networks, like energy and cost savings by the
usage of synergies. The control and thermohydraulic behavior of
the thermal networks is not in the focus. In literature, control as-
pects are mostly discussed from the substation point of view
[19,20] or connected with market-related principles [21], but not
with a focus on the overall thermohydraulic network behavior.

To formulate equation systems describing the hydraulic and
thermal behavior of district heating systems, combining graph
theory and network analysis is a common approach, e.g. used in
Refs. [22—24]. Building up on this mathematical formulation of the
thermohydraulics, different frameworks are used for purposes like
model calibration by measurements and genetic algorithms [25] or
design optimization [26]. Literature with a more hydraulic focus
considers additionally the behavior of decentral actuators, like
variable speed pumps. Ref. [27] and [28] find that compared to
conventional central hydraulic approaches, decentral pumps can
save electricity in operation, but mutually influence each other.
Therefore in Ref. [29] it is stated, that the simultaneous adjustment
of the decentral actuators is necessary to avoid oscillations and
water hammers. In Ref. [30] it is found, that in optimal system
operation mode at least one substation edge always has its mini-
mum pressure head (max. pump speed or valve opening). Although
these existing approaches formulate the thermohydraulics in
mathematical equation systems, they do not consider the mode
switching of prosumers in their formulation, nore have models for
decentral actuators or the influence of their control inputs on the
thermohydraulics.

None of the reviewed approaches in literature formulate a
model that is compatible with our proposed network concept un-
der investigation and at the same time allows to study the relation
between the energy management level, the thermohydraulics and
the control level.

2. Network concept

We propose a type of thermal networks that differs from other
approaches and is characterized mainly by the following points:

e no central generation units

e no central actuators (e.g. no network pumps), instead decentral
actuators in substations

e only prosumers as participants (prosumer-dominated)

e prosumers can switch between producer and consumer mode
flexibly

o featuring bidirectional power flows between the prosumers

e allowing meshed, radial and mixed topologies

e a specific substation design

In the following paragraphs, a basic architecture concept and
functional principle for type of thermal networks is presented. All
following explanations are given for the usage of the thermal grid
as a heat network, but apply analogously for heating networks,
cooling networks and even mixed operation.

A hot and a cold temperature level form subnetworks, which are
connected by the prosumers with their substations (see Fig. 1). A
prosumer can in principle operate in three modes: consumption,
production, idle mode. For heating consumption of a prosumer the
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classic functional principle remains: water from the hot level flows
through the substation, where heat is extracted and the water is
injected to the cold level. For the feed-in, the return-to-supply
principle is chosen. That means water from the cold network
level flows trough the substation, heat input takes place and the
water is injected into the hot level. For a prosumer in idle mode,
there is no volume flow through its substation.

The described behavior for the consumption and production
(feed-in) mode of a prosumer can be implemented with different
hydraulic configurations for the substations. Fig. 1 shows a simple
hydraulic scheme to implement prosumer behavior for a substat-
ion. This is in principle also used in the laboratory for Combined
Smart Energy Systems (CoSES) at the Technical University of
Munich [31]. In producer mode a variable speed pump is used to
pump the water from the cold level to the hot level, while the
control valve is completely closed. The resulting overpressure in the
hot level forces hot water through the substation of neighboring
prosumers in consumption mode. In consumption mode the pump
in the substation is switched off and blocked (check-valve). For a
prosumer in idle state its control valve is closed and the pump is
blocked. The volume flows and pressure differences in the network
are controlled by adjusting the opening of the control valves in the
consumers and the speed of the variable speed pumps in producers.
These volume flows directly influence the heat flows between the
network and the prosumers, but also within the network. Addi-
tional influencing factors are the inlet temperatures and volume
flows on the secondary sides (prosumer sides). In substations of
heat networks, counter-current heat exchangers have proven to be
effective. To keep up the counter-current flow, the flow direction on
the secondary side of the heat exchanger has to be reversed as the
flow direction on the network side (primary side) changes with the
prosumer mode. For this, there are different hydraulic configura-
tions that allow to implement the flow reverse through the sec-
ondary side of the heat exchanger.

It must be stressed that by the presented functional principle
the direction of the volume flows in the interconnecting edges
including the substations are predescribed by the prosumer modes.
At the same time the flow directions within the subnetworks are
not predescribed, but emerge from the operation of the pumps and
valves. Another major difference to conventional heating networks
is that temperatures can vary over time and even spatially. Further,
conventional district heatings systems are usually radial networks
with (at most) a few loops. This results from the unidirectional heat
distribution between a central generation unit to the consumers.
With the step towards flexibly changing prosumer modes, meshed
topologies with few radial branches are more reasonable, as they
can provide shorter distances between the prosumers and more
flexibility for the emerging flow states and directions. Immanent to
the described architecture concept is the fact, that in order to run a
prosumer as producer or consumer, the hydraulic balance requires
at least one other prosumer to run in the opposite mode or a hy-
draulic shortcut without prosumer is needed between the hot and
the cold subnetworks. That means, the different substations and
prosumers are hydraulically and thereby also thermally coupled
and the manipulation of a control variable in a single substation
influences the operation mode of the other substations and the
whole network.

3. Modeling
3.1. Basics
It is assumed that the network is used as heating network. The

usage as cooling network or for mixed operation can be investi-
gated analogously. The fluid in the network is assumed to be
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Fig. 1. Scheme of an exemplary bidirectional prosumer heat network with the substations connecting the hot and cold subnetworks.

incompressible liquid water with constant density ¢ = const. and
constant specific heat capacity ¢, = const. This assumption de-
couples the hydraulic investigations from those on temperatures in
the network. The temperature of the soil surrounding the network
pipes is assumed to be constant. It is reasonable to assume, that the
hot and the cold subnetwork have the same topology. The inlet
temperatures and volume flows to the secondary side of the sub-
stations’ heat exchangers are assumed to be known (e.g. measured).
The hydraulic and the thermal dynamic behavior of heat networks
take place on different time scales. Hydraulic dynamics propagate
with the speed of sound (=1480%), while thermal dynamics
propagate with the velocity of the volume flow (= 12). Compared
to this, the timescales used in the context of energy management in
district heating networks are typically much bigger (15 min - 1 h)
and the resulting power flow setpoints can be seen as stationary.
Therefore dynamics are neglected and the investigations are
restricted to steady-states.

For modelling, the network is represented by a directed math-
ematical graph G. G consists of the ordered pair (V, E), compro-
mising the set V of vertices v; (also called nodes) together with the
set E of directed edges e;. Volume flows against an edge direction
are counted as negativ. The hot and cold subnetworks form sub-
graphs G, = (Vp, Ey) and G. = (V, E¢), where Vp, Ve V and Ep,
E.CE. The edges that connect these two subgraphs can be seen as a
third subgraph Gpc = (Vp, Epc), where V. CV, EpC E and Ep &
{Ep, Ec}. With each prosumer PEP exactly one edge ;€ [y is
associated. This edge includes the substation of the prosumer. By
convention, the direction for edges e e E,. shall be defined positive
from the hot to the cold subnetwork. The graph representation
allows to use several metrics associated with the graph, such as its
incidence matrix B or its cycle basis matrix O.

The relevant physical quantities in the heat networks under
investigation are temperatures, mass or volume flows and pressure
differences as their driving force. Mass and volume flows are
directly proportional by the (constant) density o. With each
network edge e connecting the nodes v and w the following vari-

ables are associated: mass flow 1,, volume flow Vo, pressure dif-
ference Ape, two temperatures T, , and T, w and the transferred heat

Q.. The temperatures T, and Te, refer to the temperatures at the
two ends of the edge. That means depending on the amount of
edges that intersect at a certain node, there can be multiple tem-
peratures at different sides of this node. This is relevant for the
modeling of the mixing of flows with different temperatures in the
nodes. Assuming the direction of edge e from node v to node w, the

according temperature difference is denoted as
ATe = T&W - Te,v (l)

In an analog manner the sign of pressure difference Ape is
defined. Additionally, for the secondary side of the prosumer sub-
stations, there are two temperatures Tp j, Tp ¢, the according tem-

perature difference ATp, one volume flow Vp and the transferred
heat Qp associated with each prosumer P€P. ATp is defined as

ATp= TP,h —Tp,c (2)

The volume flow at the secondary side is defined positive from
Tpj, to Tp.. Accordingly the transferred heat Qp is positive for the
prosumer in production mode.

Qp:Q'Vp'Cp'ATp (3)

The variables can be grouped into vectors v, Ap, T, AT, g The
variables for the secondary sides are included and appended at the
end of the vectors (apart from pressure differences).

3.2. Component models

Relevant components to be modelled are variable speed pumps,
control valves, pipes and heat exchangers.

Hydraulic component models

The hydraulic component models describe the relation between
the volume flow trough and the pressure head over a component,
including the influence of control variables (if applicable). The
general relation between volume flow and pressure head is
quadratic.

Variable speed pumps

The considered type of pumps are centrifugal circulator pumps
with variable speed drives. The controlled parameter is the speed
nPY, expressed by the unified control variable uP¥. From the hy-
draulic affinity laws [32], the following model equations can be
derived:

w0 4)
nl’lOlTl
. 2
Apr—afts (V)" abe (urt? (5)

By knowing at least two representative operating points in
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terms of the variables u‘r’;}, Ap‘r’;}., V’r’;c, the parameters a}" and ab"

can be calculated (see Appendix A.1).

Control valves

The considered type of control valves consists of two parts: The
actual valve and the valve drive. The drive is typically addressed by
a control signal, that is transformed and controls the stroke of the

valve. The stroke influences the volume flow V" through the valve
and the pressure head Ap*® at the same time. This is expressed by
the flow factor K, (see equation (6)) [33]. As the relation between
the control signal and the flow factor strongly depends on the used
configuration of the valve drive, the flow factor ratio x** is used to
describe the operation status of the control valves. k' describes the
ratio between the current flow factor K, and the nominal flow
factor K,s at nominal valve stroke. Neglecting leakage flows leads to
equation (7) as model equation.

. —~103
K,_p. |~10%hPa o i (&)
Ap 10008

. 2
A =afts () 2 (V') @)
K
va __ "
K =K. (8)
@t = — 10%hPa-— 2 .. 9)
1000.% Kis

Pipes

The Darcy-Weisbach equation is a widely-used empiric equa-
tion, that gives a relation between the pressure loss along a pipe
due to friction and the volume flow through this pipe [34,35]. The
involved Darcy-Weisbach friction factor fp can be calculated by
implicit semi-empirical equations, such as the Colebrook-White
equation [36] or explicit approximations of them [37] (see also
Appendix A.2). The friction factor depends on the flow velocity and
profile, therefore it is dependent on the volume flow trough the
pipe. Since the volume flow through a particular pipe in the
network is not known in advance, fp is calculated for a nominal
volume flow and assumed to be constant in order to avoid the need
for iterative calculations. This can lead to small inaccurancies. For
installations in pipes, such as junctions, bends, etc., empirically

derived pressure loss coefficients Cf”“ can be used. Elevation dif-
ferences between the two ends of a pipe do not have an effect in a
closed system. This leads to a simple model equation for pipes,
where the parameter aﬁ" summarizes the factors from the above
equations:

apri=a (v’ (10)

For a pipe with circular cross-section of inner diameter dP! and

length [P, the parameter a’l’i can be calculated in accordance with
Darcy-Weisbach as follows:

; 8 1 LPi ;
Pl 2 e |2 E:’."Sf 11
) - (dpi>4 Lﬂn Forx i K } a

Heat exchanger
The hydraulics of heat exchangers is modelled by a quadratic
regression to the nominal point. For the nominal volume flow rate
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“h . . . . .
Vn);m the according nominal pressure loss Ap/, is usually given in
the technical specifications. With these values a proportionality
constant can be calculated and the modelling equation results:

-hx

AP —d (v )2 (12)

Aphx
a}];x: o | pnom (13)

. 2
(V)

Thermal component models

The thermal component models describe the relation between
the volume or mass flows and the temperature differences. Rele-
vant thermal phenomena to model are heat losses in pipes, heat
transfer by the heat exchangers in the substations and mixing of
volume flows with different temperatures in nodes. Mixing has to
be taken into account during the network analysis.

Pipes

Heat losses in pipes occur across the overall thermal resistance
per unit length RP separating the temperature difference between
the fluid flowing trough the pipe and the soil surrounding the pipe.
It is a common assumption for the temperature T5°! of the sur-
rounding soil and the overall thermal resistance RP! to be constant.
In reality the overall thermal resistance RP! is highly depending on
the volume flow. With the presented assumptions the underlying
stationary differential equation for the temperature distribution
along the longitudinal pipe coordinate x is in accordance with
Ref. [38]:

. pi . ;
chi. dZ;t _ _Rlpi_ (sz _ Tso:l) (14)

CPi is the heat capacity of the water per unit length. The infinites-
imal time dt can be substituted by an infinitisimal length dx using
the flow velocity expressed by the volume flow and the pipe
geometry.

) N2
Cplzg'gwat'Cp°(dpl> (15)
N2
dr
dt:7—r-< .>~dx (16)
4 Vpl

with the inlet temperature Tlpni at x = 0 and the outlet temperature

TP, at x = LPi, the differential equation can be solved and refor-
mulated to

e ()

out

b — (") (18)
b= —1 (19)
bgi _ <e(spi) _ l) . soil (20)

The quantity s depends on the volume flow, the geometry of
the pipe and the thermal resistance per unit length RP'.
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. pi
sPi — I (21)

QWat cy«RPI VP!

The thermal resistance per unit length can either be calculated
with the geometry and material properties of the pipe and its
insulation or can directly be obtained from technical specification
sheets.

Heat exchanger

Plate heat exchangers operating with counter current flow are
the most common configuration for substations in heat networks.
The mathematical model is based on the equations for ideal pure
counter current flow, as they can be found in the VDI Heat Atlas
[39]. The heat transfer surface A" and the overall heat transfer
coefficient k* are assumed to be constant at the value of the design
state. This a common simplification. Nevertheless it leads to inac-
curancies, as the overall heat transfer coefficient in reality is highly
depending on the volume flow. To be able to derive a reduced set of
equations that combines the producer and the consumer mode, a
different notation is chosen (see Fig. 2). Index "1” represents the
heat source side, index ”2” the heat sink side. Quantities with one
dash are associated with inflowing streams, double-dashed quan-
tities are outflowing from the heat exchanger. The specific heat
capacities ¢p; and ¢, are assumed to be equal at both sides. In
general the following holds

T,Y/>T >T, >T) (22)

Depending on the operating mode of a prosumer, either the
network side or the prosumer side are the heat source (see Table 1).

With the assumptions, that ¢; = ¢y = const., ¢p1 = Cpo =
const., abbreviation variables can be defined:

Wi:Qf.Vi'Cp,i fori:1,2 (23)
Ry W0 -
Wy Vs
w, 1 V,
2 W] R] V] ( )
hx , Ahx
NTU, = KA for i =12 (26)
w;

Then according to the formulas for ideal pure counter current
flow, the following holds:

(1=Xp) Ty =T;" +X; - T,'=0 (27)
/ 1/

T T
—» >
.

Cp,1 1y khe . Ahz | mg Cp2
|
¢ T// T/

1 2

Fig. 2. Scheme with nomenclature for the heat exchanger model.

Energy 230 (2021) 120825

Table 1
Assignment of heat exchanger notation to the different modes of prosumers.

consumer mode producer mode

T, network hot prosumer hot
I network cold prosumer cold
T, prosumer cold network cold
i prosumer hot network hot
Xy T +(Xo—1) T,/ +T, =0 (28)
1 —exp[(R; — 1)-NTU;] R#1
1 —R;-exp[(R; — 1)-NTU;]
Xi= (29)
NTU; R 1
1+ NTUj; M

These relations between the temperatures can be brought into
the following form:

Ty
o ol ot o ) (1] (o) 0
b 0 pix bl % 0

Each of the parameters is highly nonlinear in the volume flows
of both heat exchanger sides. This arises from the nonlinearity of
the logarithmic mean temperature difference (LMTD). On top of
that, there is a definition gap in the formulas of the parameters for
Ri = Ry, =1, which can be closed with a different set of equations
for this specific case. So, a case distinction is necessary (see equa-
tion (29)).

3.3. System model

Hydraulic system model

To mathematically describe the hydraulic steady-state in a
bidirectional heat network that is built according to the concept
proposed in section 2, a network analysis similar to electric circuit
analysis can be used. Taking into account the presented models,
together with additional variables representing the prosumer
modes, this leads to the set of equations built by equation 31—49. In
the following these equations will be explained and derived step-
by-step.

Kirchhoff's circuit laws are the basis for the network analysis.
The junction rule in this case refers to the volume flows and equals
the volume balance and mass conservation for the closed system.
Using the incidence matrix of the network graph, equation (31)
describes Kirchhoff's junction rule. The mesh rule refers to the
pressure differences along a cycle of the network. Making use of
cycle basis matrix O, Kirchhoff's mesh rule applied to the heat
network can be expressed as seen in equation (32). Equation (31)
and equation (32) are coupled by the relations between the vol-
ume flows and the pressure differences that are expressed in the
hydraulic component models. All hydraulic component model
equations are axisymmetric to Ap. = 0 and thereby insensitive to
the sign of the volume flow. For equation (32) to hold, it's impor-
tant, that the pressure difference over a certain edge is sensitive to
the sign of the volume flow. That means the relation has to be
axisymmetric to Ape = — Ve. Therefore the integer variable o, is
introduced for each edge (see equation (47)). As expressed by
equation (39), e is positive for volume flows along the edge di-
rection and negative for volume flows in opposite direction. For
each edge, the relation between Ap, and V. can be broken down to
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a quadratic equation with the parameters r'v and y". In order to

make the relations axisymmetric to Ap, = — Ve, ge is added as a
factor (see equation (33)). For the calculation of the parameters in
equation (33), the parameters of the component equations are
used. 'V and y" depend on the components that are included and
active along the specific edge. Here two cases can be distinguished:
While in the hot and the cold subnetworks only the pipes play a
role, in the edges that are connecting the two subnetworks also the
heat exchanger, the pump and the valve have to be taken into ac-
count. In producer mode the valve is inactive and the pump is
active, while in consumer mode it's vice versa. Another integer
variable up for each prosumer PP is needed to cover this (see
Table 2 and equations (36), (37) and (48)). As the edge direction for
the interconnecting edges e € Ej, is predefined by convention from
the hot to the cold network, the correct volume flow direction
(sign) determined by the prosumer state must be ensured. This is
done by equation (38). Further, the idle state of a prosumer has to
be covered. Here another integer variable 7p per prosumer is used:
For a participating prosumer it's 1, otherwise O (see equation (49)).
In case a prosumer does not participate, the volume flow through
its interconnecting edge (substation) has to be fixed to 0, which is
done by the equations (40) and (41). In fact the equations (40) and
(41) convert the volume flow through the interconnecting edges to
a limited mixed-integer variable using the introduced integer var-
iables a., up and mp. The equations (34) and (35) describe how the
parameters for equation (33) are calculated. The equations (34) and
(35) result from the hydraulic component models. Again it has to be
destinguished between edges in the hot and cold subnetworks and
interconnecting edges e = . All together the decision variables are

Ve, Ape and g, for each edge e<E and mp, up, ki, ub" for each pro-
sumer PP in the network.

BV=0 (31)
OAp =0 (32)
)

Ape =0e- {rﬁ}y . (Ve> +y£'y} VesE (33)
abte Vee {Ey, Ec}
pie hx.e

R SR (34)
+yPHeal™ +

7t (k)2 VeEE,, PEP

hy 0 Vee{Ey, Ec} (35)
e = yp“-ag“‘e-(u,’i”‘e)2 Veck, PP
Table 2

Mathematical modelling of alternating operation of pump and valve depending on
prosumer mode.

valve (y") pump (yP)
consumption, up = — 1 0
1
production, up = + 1 0 1
0.5+(1 — pp) 0.5+(1 + pp)
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P =0.5+(1+pp) (36)
7" =0.5+(1— up) (37)
ge * up < 0Veeky,PeP (38)
—ge+Ve < 0OVeeE (39)
~0e+Ve—(1-7p) * Vein < — VeminVe € Epe, PEP (40)
e+ Vet+(1—7p) * Vemax < Vemax Ve € Epe, PEP (41)
APe min < Ape < ApemaxVeEE (42)
ul';f‘mm <ub' < uﬁf’maxVPe P (43)
Kpmin <Kp' < Kpmax VPEP (44)
0<VeminVeEEy (45)
0<VemaxVeeEy (46)
ges{-1,1}VecE (47)
up € {~1,1}VPeP (48)
7p € {0,1}VPEP (49)

Thermal system model

The first effect to be considered in the thermal network analysis
is mixing in nodes. Ideal mixing is assumed. For each node the
energy balance holds. Under consideration of constant densities
and specific heat capacities:

52 ([¥in] s ) =35(

! J

Vini

Vout.j

Tou) (50)

It is necessary to determine which volume flows enter a node
and which ones leave the node. For this two factors must be
considered: a) direction of the edge - is the considered node at the
head or at the tail of an edge, b) sign of the volume flow - is the
streaming direction along or against the edge direction. For a), the
incidence matrix B of the graph is helpful. Considering node v and
edge e, the matrix entry B, of B tells if e enters (+1) or leaves (—1)
node v. For b), the sign of the volume flows is directly included in
their values. So, a matrix M can be built, where each row of M
represents a node in the graph. For each edge connected to this
node, the nonzero column-entries of M give the volume flow
including its true sign with respect to the node (+ for inflowing, -
for outflowing). The entries of M can be calculated as:

M, j=BieVe-o¥veV, T, €T = (T); (51)

For the nodal energy balance, the temperatures of the flows
must be considered. For each edge e, there are two temperatures
T, and Ty ¢ associated with the two nodes v and w that border the
edge. By indexing these temperatures, a vector representation T =
(T); is possible. By using M and T, the abstract nodal energy balance
(see equation (50)) can be formulated as in equation (53).

Ideal mixing is assumed, so all outflowing volume fluxes of a
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node must have the same temperature.

Toutj = Tout‘k Vj, k (52)

This is only relevant for nodes with multiple (more than one)
truely outflowing volume flows. So for each row of M with I> 1
non-zero elements, a set of [ —1 equations can be formulated,
which states that all temperatures belonging to the nonzero ele-
ments in this row of M are equal. These equation sets for all nodes
can be formulated in matrix form depending on the vector T with
matrix L. Then the ideal mixing is represented by equation (54)
together with equation (53).

For edges within the subnetworks e< {E, Ec} heat losses in the
pipes towards the environment can be considered as formulated in
equation (17). For the edges including the substations and inter-
connection the subnetworks, heat losses in the pipes can be
neglected compared to the active heat transfer by the heat ex-
changers. The heat transfer by the heat exchangers can be consid-
ered as formulated in equation (30). A matrix E and a vector R can
be formed that summarize the matrix formulations of the
component models for the pipes and heat exchangers (see equation
(17)). Together with the temperature vector T this leads to equation
(55). To describe the relation between the temperature differences
and the temperature values at the two ends of each edge, a matrix C
is used. By using C, equation (1) is incorporated in matrix form for
all AT (see equation (56)).

As a boundary condition, the inlet temperatures and the mass
flow on the secondary side of the heat exchangers must be set.
Depending on the operation mode of the specific prosumer, either
Tp or Tp can be the inlet temperature at a prosumers secondary
side. A matrix Sr;, can be formed to choose only the secondary
sides' inlet temperatures from T and assign them pre-set values in
form of the vector T, ;, (see equation (57)). In the same manner
the secodary sides’ volume flows are set with a matrix Sy and the
vector V. (see equation (58)). The mass flows in the network are
known from the hydraulic model, while the inlet temperatures and
mass flows of the secondary sides emerge from the heating system
and can be measured. The resulting outlet temperatures Tgec oy Of
the secondary sides are also included in T. Finally, the heat trans-
ferred by the heat exchangers in the substations and the heat losses
to the environment can be calculated (see equations (59) and (60)).
All together, the decision variables are Te ,,, Te w and Qe for each edge
e< [ with adjacent nodes v,we V, while the network volume flows

Ve and the conditions on the secondary sides must be given by
Isec.in and Msec-

MT =0 (53)
LT=0 (54)
ET=R (55)
CT=AT (56)
StinI =Tsecin (57)
SvV =V (58)
Qptmsf =0+Ve+Cp-ATe  VeEEp, PEP (59)

Energy 230 (2021) 120825

Qeloss=0VeCp+ATe Ve {Ey, Ec} (60)

4. Discussion

The hydraulic and the thermodynamic equation systems
((53)—(60) and (31)—(49)) together with the presented component
models form a set of governing equations for bidirectional pro-
sumer heat networks. It represents the relations between the
prosumer modes (7p, up), the control variables of actuators (xj’,

uﬁ“), inlet temperatures and volume flows at the secondary pro-

sumer sides (Isec‘,-n,y'm). the thermohydraulic steady-state of the

network (Ve, Ape, Te,) and the outlet temperatures and heat flows
Tsec.out» Qptrmsf- Qe.w%) Two application cases for this equation

system shall be distinguished: a) simulation, b) control. For both
use cases first of all the setup has to be specified in order to build
the modelling equations. A setup consists of configuration and
parametrization. The configuration specifices e.g. the number of
prosumers and the topology of the subnetworks. The parametri-
zation specifies the properties of the devices. By a scenario the
specification of certain flexible parameters is meant, such as the
modes of the prosumers and the secondary sides inlet conditions.
The simulation use case and the control use case are kind of
inverted application cases. This is illustrated in Fig. 3. The inputs
and outputs for these two cases are named in Table 3 and explained
more detailed in the individual subsections for the use cases.

4.1. Simulation use case

The aim of the simulation use case is to simulate the emerging
thermohydraulic system state including the heat flows to the pro-
sumers for a given scenario and given specific control inputs for the
decentral actuators. Therefore «}’, u‘;” are specified as an input (see
Table 3). The thermohydraulic network state and the prosumer
outlet temperatures and heat flows are outputs.

In the simulation case, the hydraulic and the thermodynamic
equation systems can be solved separately in sequence: Solving the
hydraulic equations leads to the volume flows in the network,
which then determine the thermal state according to the thermo-
dynamic equation system (see Fig. 4). There may not be a unique
solution for the hydraulic equation system. The reason for that is,
that especially in highly meshed grids, multiple combinations of
volume flow directions in the subnetworks could fullfill the steady-
state equations. By adding a suitable objective function, the equa-
tion system becomes an optimization problem with either a unique

configuration
parametrization
SeEIEloL simulation thermo-
control = —> hydraulic
f model
inputs state
control control scenario &
i [+ desired heat
inputs model
transfer
configuration
parametrization

Fig. 3. Ilustration of application cases a) simulation (top) and b) control (bottom).
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Table 3
Inputs and outputs for application cases "simulation” and "control” of the derived
equation system.

inputs outputs
simulation Tp, Mp, Ve, Ape, Te, Ge
Tsecins Zsec' Tsec outr
Kf)a. Uzp’uy QP.trnsf ’ QAeloss
Ve.minv Ve.max
control p, ip, K%, ubt,
QP.tmszset- Ve, Ape, Tey, de,

Isec.inv (Zsec) ’

Ve,min ’ Ve.max,

ISEC.OU{' (L]SEC)

Qe.lossv QP.tmsf
Tsec out min.

Lec.out.max

simulation model
configuration network
graph
5 A
hydraulic »>2P
problem %
Y i
! Q
thermal »AT
problem > T
parametrization T
scenario incl. >
control signals

Fig. 4. Solving scheme of the governing equation systems for the simulation case.

or no solution. As water is taking the path of lowest resistance, it's
assumed that in real systems the solution with minimal pressure
heads will emerge as a system state. An according objective func-
tion creates a quadratic optimization problem:

rg;pgmpaz (61)

While the signs g, of the volume flows V. are fixed by the
prosumer modes u, for the edges e=Ep. that connect the two
subnetworks (see equation (38)), the signs of the volume flows
along the edges e {E, E-} within the subnetworks are free vari-
ables of the optimization. Therefore the multiplication of ¢, and

(\'/e)2 makes equation (33) a mixed-integer cubic constraint and the
limiting factor for solving the hydraulic problem. However, a way to
relax this is the reduction to a quadratically constrained problem by
branching for different combinations of . As g, is unspecified for
the subnetwork edges, several optimization problems for all com-
binations of flow directions have to be solved (if feasible) for V, and
Ape. The one with the best objective function is the final solution.
Making use of the symmetry between the hot and cold subnetwork,
for a network with E edges per subnetwork, there are 2E combi-
nations and the same amount of optimization problems to be
solved. This is quite inefficient. Here further research is necessary.
The optimizer Gurobi 9.0 is able to handle non-convex mixed-
integer quadratically constrained problems (MIQCP) by applying
the McCormick relaxation [40,41].

The thermal equation system is linear in the temperatures. For
known volume flows given by the hydraulic calculations also all
matrices of the thermal problem can be calculated. So the thermal
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problem can be solved quite easily for the simulation case.

The exponentially growing complexity of solving the equation
set for the simulation case arises from the undetermined flow di-
rections in the pipes of the subnetworks. Exactly this undirected
flow distinguishes the presented thermal network concept from
conventional district heating systems.

4.2. Control use case

The aim of the control use case is to determine the necessary
control inputs for a desired system state in terms of heat transfer to/
from the individual prosumers. This is the intersection point of this
paper with optimization approaches and investigations on smart
energy systems, sector coupling, demand side management, flexi-
bility services etc. Either the derived model can be directly inte-
grated into the optimization approaches or for example a
superordinate energy management application determines the
perfect heat exchange between the prosumers in the network in
terms of target heat flows that each prosumer has to feed into the
network or withdraw from it. So, additional to the scenario, target
heat flows (Q’p"trnsfse[) of each prosumer are inputs together with
constraints for the secondary sides’ outlet temperatures (see
Table 3). Outputs in this application case are the necessary control
variables for the pumps and valves, the emerging thermohydraulic
network state and the secondary side outlet conditions that result.

A reasonable objective function for the control use case is:

2
min Z <Qp‘trnsf - QP,trnsf,set) (62)

QP.tmsf P

At the same time the inlet temperatures T, ;, are assumed to be
determined by the prosumers’ internal heating systems and can be
measured. The secondary sides volume flows V. can either be
assumed to be also determined by the prosumer or to be free var-
iables of the optimization, if they can be controlled. For the outlet
temperatures at the secondary sides some constraints are given and
have to be satisfied. E.g. the different heating technologies such as
radiators are designed for specific (minimal) supply temperatures.
This can be formulated as additional equations.

STﬁ,outI < Isec,out,max (63)

_ST,OutI < _Isec‘out,min (64)

Of course also the derived hydraulic and thermal equations
(31)—(49) and (53)—(60) have to be fulfilled as constraints.

For the control use case, the hydraulic and the thermal equation
systems can not be solved subsequently. Instead, the equations
(31)—(49), (53)—(60) and (63)-(64) together form the constraints
for a joint optimization problem with the objective function in
equation (62). In difference to the simulation case, the control
variables (¥, ub") as well as the hydraulic variables (Ve, Ape, a¢) are
free variables of the optimization. This means that the hydraulic
system status is not determined and the volume flow including its
sign is free to vary also within the thermal equations. This leads to
the problem, that the matrices M and L representing the thermal
mixing as well as the matrices and vectors Sr;, Stour, Tseciin:
Tsec outmax> Lsecoutmin DeCOMe ambiguous. The entries (and for L
even the dimension) of these arrays depend on the values and the
signs of the volume flows (see section 3.3). Also the parameters of
the heat exchangers and the pipes that are represented in matrix E
depend on the volume flows (see equations (17)—(21) and (24))-
(30)). The volume flows are free to vary within the optimization.
So the matrices would have to be created dynamically for each
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evaluated set of (Lg). This means high computational effort, the

application of heuristics and no guarantee to find (if feasible at all)
the optimal solution of the problem. So further investigations on
the relaxation and simplification of the problem formulation have
to be done.

4.3. Limitations

In section 4.1 and section 4.2 the suitability of the derived model
for the simulation and control use cases was already discussed from
a mathematical and technical feasibility point of view. In this
subsection some remarks are made on limitations concerning the
model quality and its predictive power.

Limitations in this context are mainly set by the modeling as-
sumptions, that can be found in section 3.1 of the paper. The most
relevant is that it’s a steady-state model and therefore dynamics are
not described. Dynamics of the system can not be investigated. This
is argued also in the assumptions section by the fact, that the power
flow setpoints coming from district energy management systems
can be seen as stationary in relation to the thermohydraulic
timescales.

Further, in the component models several parameters that in
reality depend on the volume flow through a component are
assumed to be constant and calculated by using a nominal volume
flow. This is true e.g. for the friction factor of pipes, the heat transfer
coefficient of the heat exchangers or the heat transfer coefficient
between the inner of a pipe and the environment. However, this is a
common assumption, that is widely used. Without it, iterative
calculations would be necessary, as the volume flows are not
known apriori, but needed to calculate these parameters.

Also the specific representation of pumps and valves is a
simplification, as e.g. for pumps pure quadratic behavior is
assumed, while real pumps follow characteristic curves that
deviate from that. However, this is a widely used assumption based
on ideal pump behavior.

As discussed in the context of the network concept (see section
2), the prosumer mode has to determine the flow direction trough
the prosumers substation. In the hydraulic system model this is
guaranteed by equation (38) and is explained in section 3.3. For the
simulation case this hard mathematical constraint leads to a limi-
tation, such that e.g. an overpushing of a pump by another pump
can not be modelled and leads to a simulation error. However, for
the control case this behavior is wanted, as there the prosumer
mode shall force an according flow direction through the substat-
ion. If this flow direction is not possible, the controller gives the
feedback, that the desired system state can not be reached with any
control inputs under the given conditions. This will be referred to
also in the analysis of the case study in the next section.

5. Case study

For the simulation case the presented mathematical model was
implemented in Python. The implementation is kept flexible, so
that different setups and scenarios can be investigated quite easily.
The source code is provided under open source license on Github.?
The code was tested with Linux 5.4.0—54-generic on a AMD Ryzen
5PRO 3500U 8 x 2.1 GHz 16 GB RAM with Radeon Vega Mobile Gfx.
Scenarios with 5 prosumers took about 5 s to solve, whereas sce-
narios with 10 prosumers took about 5 min.

Fig. 5 illustrates a very small network configuration with three
participating prosumers and a radial network. In this specific

2 https://github.com/thomaslicklederer/ProHeatNet_Sim.
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Fig. 5. Setup for an example simulation with three prosumers: prosumer 1 in producer
mode and prosumer 2, 3 in consumer mode.

Table 4
Scenario inputs for example simulation and simulation results for two variations.
PSM1 PSM2 PSM3
It -1 1 1 [—]
Viec 8.0 - 5.0 -5.0 { 1 ]
min

Tsecin 40.0 65.0 65.0 €]
uPt 0.0 0.7 uh! [-]
ke 1.0 0.0 0.0 [—]
gt =07
Tsec,out 59.6 421 51.7 €]
Qﬁt}sf -11.0 8.0 4.7 kW)
b =08
Tsec,out 60.1 513 41.8 €]
thsf - 113 4.8 8.1 kw]

scenario, prosumer 1 acts as consumer, while prosumer 2 and 3 are
producers. All prosumers are assumed to have the same compo-
nents. The component parameterization is based on the laboratory
setup of the CoSES laboratory of the TU Munich. For the sake of
brevity the detailed parametrization is not presented. Table 4
shows the inputs of the scenario and an excerpt of the simulation
results for two variations of the scenario. At first, the control input
(nominalized speed) of the pump at prosumer 3 is set to 0.7.
Although prosumer 2 and 3 now have the exact same setting,
prosumer 3 contributes with 4.7 kW only half as much as prosumer
2 to the supply of prosumer 1. The reason is the higher hydraulic
resistance in the closed loop of prosumer 3 due to its greater dis-
tance from prosumer 1. After speeding up the pump at prosumer 3
from 70% to 80%, the power supply of prosumer 3 to the network
almost doubles. At the same time prosumer 2 only feeds in half as
much power as before, although its control values haven't changed.
The reason is, that prosumer 3 with the higher pump speed now
increases the pressure difference between the hot and the cold
level and therefore the operation point of the pump at prosumer 2
shifts to a lower volume flow obtaining the same pump speed. A
minimal change of the actuating variable of prosumer 3 changed
the feed-in ratio to the network completely. For even lower pump
speeds of prosumer 2 and higher pump speeds of prosumer 3, the
model would not be feasible any more at some point. The reason is,
that due to the pressure built by prosumer 3, the fluid would be
pushed also through prosumer 2 from the hot to the cold level. But
in the mathematical problem formulation prosumer 2 is defined as
producer (1, = 1) and therefore its volume flow direction is fixed
from the cold to the hot level. This is conflicting with the network
state that would fullfill the steady-state conditions for the given
control inputs and therefore the problem becomes infeasible.
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This example shows how a local change influences the whole
network and how sensitive the thermohydraulic steady-state is to
small changes in the control variables. Therefore smart control
based on models as the one that was presented is inevitable.

6. Summary, conclusion and Outlook

Subject of the investigations in this paper are decentralized and
flexible thermal networks. The considered network type has no
central units, is dominated by prosumers with flexible modes and
characterized by bidirectional power flows controlled by distrib-
uted actuators only. An architecture concept and functional prin-
ciple was presented for this type of networks. Based on that, a
model describing the thermohydraulic steady-state was derived in
form of a system of equations. The system of equations was ana-
lysed with regard to its applicability for simulation and optimal
control. For simulation purposes a fully functional open source
software framework was coded and is provided on Github.?

The main advantages of the derived model are:

e The model creates an interlink between the high-level energy
management (power flows) and the thermohydraulic system
state (temperatures, pressures, volume flows) of the considered
thermal networks. By incorporating a model for the heat
transfer to the secondary sides, also the thermohydraulic con-
ditions (temperatures, volume flows) at the prosumer sides are
part of the model.

o At the same time, the model creates an interlink between the
thermohydraulic system state and the control inputs for oper-
ation. In contrast to existing approaches, the nonlinear behavior
of the pumps and valves as well as the flexible prosumer
behavior are incorporated directly in the model formulation.
The flexible prosumer modes and control inputs for the
distributed actuators are model variables. This allows to eval-
uate different control strategies from a thermohydraulic point of
view.

e The presented model itself can be the basis for the formulation
of a model-based open-loop controller. The model provides a
comprehensive description of the thermal network including
the inputs and behavior of the actuators in the substations. Even
though such systems can be simulated in general modeling tools
like Modelica, our model provides a systematized mathematical
description that can be later used for the design of an open-loop
network controller where the goal is to determine the necessary
control inputs for given target heat flows. In this controller the
system model is intrinsically part of the controller in form of
constraints, whereas general modeling tools would require
iterative simulations within a MPC-framework for such a
problem.

e The presented model allows to flexibly investigate different
setups without much effort. The formulation is scalable and
changes in the settings can be done very easy and can even be
automated with simple scripts. This is the basis for consecutive
studies to gain insights in the general behavior of this network
type.

e The derived model and its underlying network concept is
compatible with recent trends in the research on thermal net-
works. E.g. for investigations with distributed heat pumps in
substations, the considered heat exchanger just has to be seen as
the corresponding evaporator of the heat pump.

The main findings of the paper are:

3 https://github.com/thomaslicklederer/ProHeatNet_Sim.
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e For thermal networks with bidirectional power and volume
flows, the complexity of modeling the hydraulic network state
increases exponentially with the number of network connec-
tions. This holds not only for our model, but for all models that
want to cover bidirectional thermal networks. The reason for
that are the apriori unknown flow directions in the network
pipes of prosumer-dominated thermal networks. In conven-
tional, unidirectional district heating systems this is not the case
and therefore modeling is less complex.

e The thermohydraulic network state shows high sensitivity and
nonlinear behavior towards small changes in the actuators
control inputs. A strong interdepency and mutual influence
between the decentralized actuators and prosumers in the
network was observed in the case study. This underlines the
necessity of a holistic control approach considering the whole
system on the technical level instead of decentral control ap-
proaches of individual substations.

e The apriori undetermined flow directions as well as the high
nonlinearities between the volume flows and the heat transfer
parameters are a big challenge for control approaches that
explicitely incorporate the thermohydraulic system model in
the controller. The volume flows including their directions are
variables of the optimization, but also needed in advance to
formulate the balance equations for the control-model. Here
further research has to be done.

For future work, a validation of the provided simulation tool
with simulation results from established environments like Mod-
elica will be done. Consecutive simulation studies are expected to
generate insights on general characteristics and challenges of this
type of prosumer-dominated Smart Thermal Grids. By using
reformulations and relaxations it is aspired to derive a model-based
controller from the presented system of equations. In the medium
term, the gained knowledge will be verified and applied in an
laboratory environment that replicates a prosumer-dominated
thermal network within a neighborhood of five buildings.
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A. Appendix

A.1l. Pump model

For given reference operation points (u”% erl}hA Y ) and

ref1’ ref1
(uf:fz, Vf;}z, Ap’r’(_f}z), the hydraulic pump parameters can be calcu-
lated by
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2
ApPL  _ Uy . ApPt
pref] u‘r’e”f2 ref2
at = 3 (A.65)
- pu 2 u‘r’;}l - pu 2
Vrefl - Ts}z ° Vref2
1)\ 2
pu _ u sbu pu
a, = P . [A ref2 (V,efz) - ] (A.66)
ref2
A.2. Pipe model
Approximation of the Colebrook-White relation
. . dpi
Repom — 2" nomd (A.67)

/Jﬂuid

for lsaminar flow (Repom < 2000) according to the equation of
Hagen-Poiseuille:

64
— A.68
fo Renom (A.68)
For turbulent flow (Repom > 4000) according to Ref. [42]:
0.25
fp= (A.69)

2

for transition regime (2000 < Repom <4000):

Linear interpolation between fp for laminar flow at Renpom =
2000 and turbulent flow at Repom = 4000 with the given pipe
properties ¢ and dP:.

Calculation of the thermal resistance per unit length with form
factors and material properties [43].

pi
J.or
pi

In

1 Jir 1
T ool - A.70
h,~r-7r-dp'+lz. 2.4 +h0r.ﬂ—.Dp1 ( )
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7.2. PUB5: PROSNET - A MODELICA LIBRARY FOR PROSUMER-BASED HEAT NETWORKS:
DESCRIPTION AND VALIDATION

7.2 Pub5: ProsNet — a Modelica library for prosumer-based heat net-
works: description and validation

7.2.1 Context

In order to enhance the dynamic modeling of PBDH networks and to improve the compatibility of
PBDH modeling with the existing MES modeling community, the Modelica library ProsNet is devel-
oped. Modelica is a widespread multi-purpose modeling language with some distinguishing features.
As outlined in subsection 4.1.2, Modelica models are often used as ’digital twins’ and external system
models in the MPC context.

Pub5 presents the ProsNet library which is specifically designed for PBDH networks and facilitates
the user-friendly setup of various network configurations. In this context, the library contains the
necessary component models, which are based on open-source libraries and have been adapted in ac-
cordance with Pub4 for use in PBDH networks. Included are, amongst others, a model for the ide-
alized system-agnostic secondary prosumer side and a bidirectional substation model that adheres to
the reference concept from Figure 6.4. The library incorporates built-in control logics that enable au-
tomatic switching between the respective pumps/valves, depending on the specified prosumer mode,
and allows for the control of these actuators by external input control signals. Several models, such
as those for liquid-to-liquid heat exchangers or pipes with heat losses, have been adapted to ensure
a user-friendly, but realistic representation of PBDH. While the models from Pub4 and the ProHeat-
Net_Sim tool in Python utilize quasi steady-state considerations, the ProsNet library, implemented
in Modelica, further permits the simulation of transient processes. To accomplish this, dynamic en-
ergy and mass balances must be chosen for the individual components, and time constants for the
filters in the component models must be specified. The ProsNet library is publically available under
https://github.com/thomaslicklederer/ProsNet. As a complement to the ProsNet library, the ProHMo®
library developed by Daniel Zinsmeister models several secondary prosumer side configurations in
SimulationX [117], [118].

*https://github.com/DZinsmeister/CoSES_thermal_ProHMo (visited on 2023/11/14)
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ProsNet — a Modelica library for prosumer-based heat
networks: description and validation

I Elizarov, T Licklederer

Munich School of Engineering, Technical University of Munich, Lichtenbergstr. 4a,
85748 Garching, Germany

E-mail: ilya.elizarov(@yahoo.com

Abstract. Prosumer-based heat networks are a new concept in district heating systems that uses
the ability of prosumers to operate as either producers or consumers. This type of network allows
for utilizing distributed heat generation, including renewable energy sources. A broad range of
individual operating modes, heat generation technologies, and topologies determine complex
thermo-hydraulic behavior of such networks. Simulations help gain insights into their properties.
In this paper, a Modelica library ProsNet is presented for such simulations. It is designed to set
up a prosumer-based heat network to investigate their dynamic and steady-state performance in
a user-friendly way. Important models of the library are described in more detail. Finally, a
successful validation of the developed components was performed by comparing results for
different scenarios with another software for modeling bidirectional heat networks in steady-
state.

1. Introduction

District heating could contribute to the decarbonization of energy production and improve supply
security by integrating renewable sources, storage, and energy coupling between different sectors. These
features are commonly found in the newer generation of district heating systems. Implementations of
such systems also includes an ability for bidirectional energy flow [1]. This means that the participants,
or in other words prosumers, can produce or consume heat with respect to the heat network depending
on a current operating mode. Prosumer-based heat networks promote distributed heat generation
including renewables. Furthermore, they exploit the synergy between users and increase flexibility of
the heat supply. Potentially, customers in such network could shift a market paradigm from a production-
centralized model to a decentralized one where substations can freely exchange energy for a price [1].
Considering the complexity mainly associated with operation strategy and pressure difference
limitations [2], there is a need for a toolbox that can effortlessly simulate this type of network. This will
allow users to focus on the thermohydraulic operation, investigating new control concepts and various
types of generation that are compatible with these heat network. The paper describes the Modelica
library ProsNet that was developed for this purpose.

The underlying scheme of a prosumer is shown in figure 1. It is based on an actual experimental setup
at the CoSES lab at the Technical University of Munich. The prosumer is in production mode when
the net heat flow rate on the secondary side Q,,o; [W] is positive and vice versa for consumption mode.
The net heat flow rate, in turn, is formed by heat supply Qsource [W] and demand Qg [W]:

Qnet = Qsource - Qsink [W] (1)



The plate heat exchanger hydraulically separates the secondary side from the primary side. The primary
side is connected to a two-pipe heat network. The direction of the flow in the network is defined by
control elements on the primary side: a control valve and a feed-in pump in parallel. They are active
depending on the operating mode: in production mode, the feed-in pump is active, and the control valve
is closed, for the consumption mode, the feed-in pump is shut down, but the control valve maintains the
flow. On the secondary side, the direction of the flow is established by a pair of circulation pumps
operating in opposite directions: production and consumption pump. At least one customer must be in
production mode to maintain a pressure difference in the network.
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Figure 1. The underlying scheme of a prosumer.

2. Arrangement of the ProsNet library

The models in the library inherit components from the /BPSA library (version 3.0.0) and the Modelica
Standard Library (version 3.2.3). Necessary components of the /BPSA library were copied to the library
so it can be used with the default workspace available for every simulation environment. All fluid
components are initialized with the incompressible water media model.

The overall structure of the library is given in figure 2. A prosumer model, as well as its base classes,
are included in the Prosumers package. The Controls package contains control-related elements. The
Fluid package consists of models for thermo-fluid flow. A liquid-to-liquid heat exchanger model
(LiquidToLiquid), a control volume with prescribed outlet temperature independent of the flow direction
(Heater Cooler T), and a pipe model with thermal losses (InsulatedPipe) were developed for the
library. Examples of prosumer-based heat networks are provided in the Examples package. Important

models of the library are described below.

| Conltrols| | Exarhples | | IBI;SA

Prosumers

[ | |
| Pipes | ‘ HeatExchangers ‘ | IBPSA | ProsumerSimplel Linearizer|
InsulatedPipe LiquidToLiquid | PrimarySides |—| FlowController|
Heater Cooler T | SecondarySides |—| FlowController|

Figure 2. The overall structure of the ProsNet library.

2.1. Heat exchanger model

The IBPSA library does not contain a model or a function for calculating the overall heat transfer
coefficient for liquid-to-liquid heat exchangers. This coefficient must be defined by the end-user. The
LiquidToLiquid heat exchanger model extends from the PartialEffectivenessNTU partial model and
provides the required value in ProsNet.



The derived expression for the overall heat transfer coefficient is based on the following assumptions.
First, thermal resistance through the wall L/A [(m?-°C)/W] is negligible compared to thermal resistance
of convection on primary 1/0; [(m?-°C)/W] and the secondary 1/a, [(m?-°C)/W] side:
1 1
AT T, el
a, A a, a ay

)

Second, flow conditions predominantly determine the heat transfer for nominal and actual values of the
convective coefficients:
N
a Nu m
=~ () 3)

anom Nunom mnom

where « is the actual convective heat transfer [W/(m?:°C)], omom is the nominal heat transfer coefficient
[W/(m?-°C)], Nu and Nuyem are the Nusselt numbers for actual and nominal conditions [-], 1 and i,
are actual and nominal mass flow rates [kg/s].

Combining formulas (2) and (3), the actual overall heat transfer coefficient can be computed for any
new value of mass flow rate other than the nominal one. The exponent » in formula (3) can be taken
from an appropriate correlation for the Nusselt number for plate heat exchangers [3]:

Nu = A - Re?Pr¢ [—] 4)
where Re is the Reynolds number [-], Pr is the Prandtl number [-].

2.2. Flow controller

This model generates control signals for pumps and actuators depending on the operating mode and
participation. The valve receives zero opening signal for production mode, while the production and
feed-in pumps are active and vice versa for consumption mode.

2.3. Linearizer
When only a small pressure drop is allowed by a control valve, the most used valve type has an equal
percentage inherent characteristic. The volumetric flow rate through such a valve can be expressed as:

. Ap\ 12

V=K fop)(ge)  m*/m] )
where K, is the flow factor [m3/ (h-barl/ 2)]; [ (op) is the inherent characteristic, which is a function of

the opening [-], op is the opening of the valve [-], Ap is pressure drop at the valve [bar], and SG is the
specific gravity of the fluid.

The inherent valve characteristic is non-linear. To linearize the flow rate with respect to the valve
characteristic, the opening is substituted with its inverse:

op = f7H(x) (6)

where x is the actual flow coefficient, which varies between zero and one [-].

The flow coefficient x serves as one of the inputs of the prosumer model. The function (6) is provided
by the block Linearizer of the ProsNet library and is calculated as an inverse of the equal percentage
valve characteristic from the /BPSA library.

2.4. Prosumer model

The prosumer model, shown in figure 3, is composed of primary and secondary side submodels. Seven
inputs control the prosumer: operating mode g, participation 7, the normalized velocity of the feed-in
pump u, valve flow coefficient x, mass flow rate on the secondary side m., and the outlet temperature
of the heat supply/demand block Tye.,. They can be individually set as parameters instead of accepting
input signals.



The secondary side submodel represents technology-dependent heat generation and demand
implementation. In the current release of the library, a prescribed outlet temperature control volume
model is available.

n n Mode p=1 ParticTitpation On n=1
et OF )0
ul-l B Flow controller N ] Flow controller
Linearizer (primary side) : (secondary side)
TooIKT 1 TParameters] [ ;
K] === [ Parameters| [} T & Parameters| |
wru k[ ’ b Wi |
N T
| ' i exchangerll ! supply/demand | 2
L , : Sec ) 3
| Valve [ Consumption | -&
| I —— i
| I - |
Feed-in Pri ] Production ! |
| pump | I pump ! |
I 1
I [ 0 e Lo
| e || — — et
|__Pr1mary side | [ Secondary 51d_!_ |

Figure 3. The prosumer model in the library.

3. Validation

To determine the accuracy of the developed models, validation was performed with the results acquired
from the ProHeatNet Sim, a Python framework for simulating bidirectional heat networks [4]. In
addition, the absolute and relative errors between the two were calculated. Three prosumer models were
put together to form a radial heat network (see figure 4). A corresponding model for validation is
provided in the library’s Examples package.

The following essential parameters are set for components of the library and the framework. For the
pipeline section, length is 10 m, diameter is 0.022 m, and local pressure loss factor { is 3.5. For
prosumers, the quadratic feed-in pump’s performance curve has a shut-off head at 402.21-10 Pa and
amaximum flow rate of 55.33 I/min. The valve’s nominal flow coefficient K, is 2.5 m*/h. The heat
exchanger’s nominal heat flow rate is 30 kW, inlet temperatures are 70 °C and 45 °C on the primary and
secondary side, respectively. For both sides, nominal flow rates are 21.48 kg/min with a pressure loss
of 155-10% Pa. The ambient temperature for simulating thermal losses in the pipes is 12 °C, the thermal
resistance of the insulation is 3.78 (K-m)/W.

To acquire comparative results from ProsNet and ProHeatNet Sim, two sets of operating modes are
given in table 1. For both cases, the flow rate on the secondary side 1itg,., was kept 10 kg/min, and two
values of the inlet temperatures on the secondary side 7s.c were applied: 65 °C for production mode and
45 °C for consumption mode.

The ProsNet library can perform both dynamic and steady-state simulations, while ProHeatNet Sim is
only capable of steady-state simulations. For this reason, the tested components were initialized in
steady-state. There are minor differences in flow models of pipes and heat exchangers as well: the
Darcy-Weisbach friction factor and the overall heat transfer coefficient in ProHeatNet Sim are defined
for nominal conditions and kept constant. For this reason, some discrepancies between the results were
expected.



Table 1. Operating modes and inputs
i ! i f for validation.
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Figure 4. The prosumer-based heat network for
validation.
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The compared pressure difference and flow rate for ProsNet and ProHeatNet _Sim is shown in figure 5.
The ProHeatNet Sim framework underestimates pressure losses due to the simplified flow model. The
pressure difference at the connecting ports is lower for ProsNet because of the actual Darcy-Weisbach
friction factor for internal hydraulic losses. For case A, maximal relative error for pressure difference
between the models was found for prosumers 1 and 3: 11.7% and 11.6%, respectively. For case B, the
relative error for prosumer 2 is 4.9%, and for prosumer 3 — 4.4%. Due to the quadratic law between the
flow rate and pressure drop, the relative error for the volumetric flow rate is lower: in case A, 6.4%,
7.1% for prosumers 1, 3. For the same prosumers in case B 3.2% and 3.7%.
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Figure 5. The plot of flow rate and pressure difference at prosumers.

The heat flow rate through the heat exchanger of each prosumer is shown in figure 6. The flow rate
through the heat exchanger for all the cases is significantly less than for the nominal value. A change in
the flow conditions is not considered for ProHeatNet Sim, as a result, the heat flow is overestimated.
On the contrary, ProsNet determines the change in the overall heat transfer coefficient. This, along with
the decreased flow rates, explains lower thermal power for ProsNet. The calculated relative error
between the results varies in the interval 10.4% - 9.9% for case A, and 9.45% - 8.16% for case B.
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Figure 6. The plot of heat flow rate transferred to the network from prosumers.



The temperatures on the primary side of the prosumers are shown in figure 7. Note that due to the
thermal losses in the pipelines, the temperature at the hot ports of the prosumers in consumption mode
is lower than that for production mode. The error estimation showed that the maximal absolute error
between the results for ProsNet and ProHeatNet _Sim is 0.27 K and 0.65 K for prosumer 1 in case A and
B for the cold port.
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Figure 7. The plot of temperature at hot ports (top of the bars) and cold ports (bottom of the bars) at
prosumers on the primary side.

4. Conclusion

For the validation of the library, the comparison between the results from the ProsNet library and the
ProHeatNet Sim framework was made. Although the results demonstrated a certain discrepancy in the
heat flow rate and pressure drop, the reasons for the differences were explained. In principle, the two
approaches align and can predict the outcome of one another, but the distinctive features of both must
be taken into consideration. The ProsNet library contains essential models to simulate prosumer-based
heat networks. It allows for a dynamic and steady-state simulation of such networks in a user-friendly
way. ProsNet is available at: https://github.com/ilyaelizarov/ProsNet.
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7.3. PUB6: CHARACTERISTICS AND CHALLENGES IN PROSUMER-DOMINATED THERMAL
NETWORKS

7.3 Pub6: Characteristics and Challenges in Prosumer-Dominated Ther-
mal Networks

7.3.1 Context

Employing the developed thermohydraulic models for PBDH networks, along with the corresponding
software artifacts, comprehensive tools are available to explore the interplay between actuator control
and network status in smart thermal grids. This facilitates the development and testing of dedicated
control strategies, which consider the peculiarities in network behavior and the associated challenges.
As described in Section 4.3, challenges are expected especially resulting from the distributed actuators
and the flexibility of the prosumers.

The subsequent publication presents a comprehensive compilation of characteristics and challenges in
PBDH networks, derived from studies on the relation between actuator inputs and thermohydraulic
behavior. Case studies are used and supported by literature references together with logical reason-
ing. Two types of case studies are conducted, steady-state scenarios using the tool ProHeatNet_Sim (see
Section 7.1) and dynamic simulations using the ProsNet library in Dymola (see Section 7.2). Although
some of the aspects have been anticipated in earlier publications, they have not been thoroughly exam-
ined within the overall network context, nor have they been compiled and contextualized in a broader
framework.

135



CHAPTER 7. THERMOHYDRAULIC SYSTEM BEHAVIOR

7.3.2 Paper

Title

Authors

Publication medium

Copyright

Identifier / URL
Author contributions

Thomas Licklederer

Daniel Zinsmeister
Ilya Elizarov
Vedran Peri¢

Peter Tzscheutschler

Characteristics and Challenges in Prosumer-Dominated Thermal
Networks

Thomas Licklederer, Daniel Zinsmeister, Ilya Elizarov, Vedran S. Peri¢, Pe-
ter Tzscheutschler

Journal of Physics: Conference Series, Volume 2042, 012039; CISBAT 2021
Carbon-neutral cities - energy efficiency and renewables in the digital era
8-10 September 2021, EPFL Lausanne, Switzerland

Published under licence by IOP Publishing Ltd with the permission to
reuse in accordance with the terms of the applicable Creative Commons
Attribution (CC BY) licence (see https://creativecommons.org/licenses/
by/4.0/).

https://doi.org/10.1088/1742-6596/2042/1/012031

according to the Contributor Roles Taxonomy (CRediT, see [93])

Conceptualization, Methodology, Software, Validation, Investigation,
Writing - Original Draft, Visualization

Conceptualization, Investigation, Writing - Review & Editing
Methodology, Software
Validation, Writing - Review & Editing, Supervision

Project administration, Funding acquisition

136


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1742-6596/2042/1/012031

Characteristics and Challenges in
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Abstract. Prosumer-dominated thermal networks interconnect distributed prosumers. These
networks form the infrastructure that allows to execute the trading of thermal energy as
desired in the context of local energy markets. However, the significantly different behavior
of such networks compared to conventional district heating and cooling networks has not
yet been comprehensively investigated. This paper provides a compilation of instrinsic
characteristics of prosumer-dominated thermal networks and discusses challenges that arise from
these characteristics. As a basis for the investigations an underlying reference concept for the
considered type of networks is described. Simulative case studies are combined with scientific
deduction and literature references to gain new insights on the design and operation of this type
of networks. It is found that due to the variability in these networks, the definition of a design
case is a challenge for the dimensioning of concrete network implementations. To anticipate the
strong coupling between prosumers and the nonlinear network behavior, it is concluded that
centralized control combined with a model of the physical network behavior is necessary. The
discussion of characteristics and challenges in prosumer-dominated thermal networks indicates
open points in this field and thus provides a starting point for consecutive studies.

1. Introduction

Prosumers are entities that can act as consumers or producers to the network and switch between
these modes over time. Inspired by microgrids and virtual power plants in the electricity sector,
the most exhaustive adaption to the thermal sector are thermal networks that consist only or
predominantly of prosumers. Linked to the idea of local multi-energy markets, a prosumer-
dominated network allows to physically execute the trade of thermal energy between prosumers.
The behavior of such networks however differs a lot from conventional district heating and
cooling systems, that were characterized by dominant central generation units. Even though
some papers compare different concepts for specific applications, to the best of our knowledge
there are no investigations on the general characteristics and challenges of prosumer-dominated
thermal networks.

Therefore, this paper aims to give a comprehensive compilation by combining scientific deduction
with simulative case studies and references to literature where applicable. For the sake of
simplicity, all discussions are performed subject to heating networks, but in principle they can
also be transferred to cooling networks as well as to combined heating and cooling networks.



Nomenclature

Symbols Indices

Q thermal power flow, transferred heat cold cold subnetwork, return line
1% volume flow hot  hot subnetwork, supply line
T temperature in inflowing (into substation)

u normalized pump speed as control (in- out  outflowing (out of substation)

put) variable of variable speed pumps prim primary side, network side

normalized flow coefficient as control sec  secondary side, prosumer side

(input) variable of control valves, pro- Abbreviations

portional to valve opening cons consumption mode (of prosumer)
prod production mode (of prosumer)
pros  prosumer

N

2. Reference Concept and Case Studies

2.1. Reference network concept

Since there is no unified standard network concept for prosumer-dominated networks, a reference
architecture is needed as a basis for the investigations and simulation studies. This paper focuses
on the network side while the internal prosumer side is considered only by a net heat flow in
form of an accordingly heated or cooled fluid flow. Further investigations on different prosumer
side configurations in the context of thermal networks are presented in [1]. Figure 1 illustrates a
setup with three prosumers using the reference network concept the paper at hand is based on.
The used reference concept is a 2-pipe-system with counter-flow plate heat exchangers in the
heat transfer stations. Prosumers feed-in from the cold subnetwork (return line) to the warm
subnetwork (supply line) and extract in consumption mode vice versa. The network is controlled
by distributed actuators in the substations: variable speed pump (production mode), control
valve (consumption mode). Radial, meshed and mixed topologies are allowed.

warm subnetwork

prosumer 1 prosumer 2 prosumer 3

______________________________________________________________________________

AN AN AN

cold subnetwork

Figure 1. Setup of three prosumers in a radial topology following the reference network concept

This reference network concept is quite generic and applicable for heating, cooling networks
or combined heating & cooling networks. It is compatible with recent trends in literature, like
decentral booster heat pumps in substations. For this application case the heat exchanger can be
substituted by a booster heat pump. The generality of the proposed reference network concept



allows the derivation of general statements regarding the operation of prosumer-dominated
thermal networks.

2.2. Case studies

In this section, the considered simulation scenarios are explained. The discussion of the results
takes place in the following sections. Four scenarios were simulated, all using the setup of figure
1 and parameters (e.g. pipe diameters, pump dimensioning etc.) from the CoSES laboratory
environment [2]. The scenarios I & II are steady-state scenarios that were simulated with the
tool ProHeatNet_Sim'. With the scenarios III & IV dynamic behavior is investigated using the
modelica-based simulation tool Dymola together with the library ProsNet?.

In scenario I, prosumer 1 consumes while the prosumers 2 and 3 produce. The pumps of prosumer
1 and 2, both run on 80% speed. Scenario II is the same as scenario 1, but the pump speed of
prosumer 2 is reduced to 60%. In scenario III, the thermal network is cold (30°C), as prosumers
1 and 2 start to exchange energy with prosumer 2 being the consumer. Scenario IV starts from
the steady-state of scenario 1. Then prosumer 2 switches from production to consumption mode
and after some time back to production mode.

Table 1 shows the steady-state simulation results of the scenarios I & II. Figure 2 shows for the
scenarios III and IV the dynamic simulation results over time.

Table 1. Simulation results of the scenarios I and II (described above). w is the control input
for pumps in producers, k the control input for valves in consumers (100% is max speed / open).

‘ ‘ parameters ‘ simulation results
sce- ) ) .
nario mode Vi, [ﬁ} Tsec,in [°C] control | Tsecout [°C]  Viprim [ﬁ} Q [kW]
prosl | cons 8 40 k= 100% 59.8 8.8 —11.1
1 | pros2 | prod -5 65 u = 80% 42.8 5.8 7.8
pros3 | prod -5 65 u=80% 50.7 -3.0 5.0
prosl | cons 8 40 k= 100% 54.2 6.9 -7.9
1I pros2 | prod -5 65 u=60% 63.5 —0.3 0.5
pros3 | prod -5 65 u = 80% 39.5 —6.6 8.9

3. Characteristics

3.1. Bidirectionality

A central characteristic for prosumer-dominated thermal networks is the bidirectionality of both,
energy and mass flows. This bidirectionality occurs within the network as well as between the
individual prosumers and the network.

3.2. Temporal and spatial fluctuations of temperatures

Conventional district heating system typically have fixed desired fluid temperatures for the
whole warm and cold subnetwork. Prosumer-based thermal networks can consist of different
prosumers with various generation technologies and demand profiles. They might exchange heat

! https://github.com/thomaslicklederer/ProHeatNet_Sim
2 https://github.com/ilyaelizarov/ProsNet
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Figure 2. Simulation results of scenario III (left) and scenario IV (right) in form of heat flows
(solid) between the network and prosumer 2, together with the corresponding primary side
temperatures (hot dashed, cold dash-dotted) and secondary side inlet temperatures (dotted).

on different temperature levels, best fitting to the current requirements and in order to minimize
losses. Additionally, the variable mass flow rates through the individual substations influence
the local temperature levels. If not inhibited by specific control concepts, the temperature levels
can fluctuate not only temporally, but also spatially within in the network.

3.8. Mutual influence of actuators

The distributed pumps and valves control the whole network. They are mutually coupled.
Each change on the operation of a pump or valve influences the overall network state including
temperatures and energy flows. This can be observed in the simulation results of table 1. When
reducing the speed of the pump of prosumer 2 from 80% in scenario I to 60% in scenario II, the
volume flow and thereby the heat transfer of prosumer 2 decreases. Without any other changes
in the system, prosumer 1 and 3 are also significantly influenced as it can be seen at the changes
in their temperatures, volume flows and transferred heat.

3.4. High sensitivity on control inputs

Comparing the simulation results of scenario I and IT in table 1 makes clear that the network state
shows a very high sensitivity on changes in the control inputs. While the pump of prosumer 2 is
only slowed down from 80% to 60% speed, the volume flow trough the substation of prosumer
3 more than doubled and its heat transfer raised from 5 kW to 8.9 kW. This is a nonlinear
behavior caused by the mutual influence of the distrubed actuators and the nonlinear relations
between pressure differences, volume flows and heat transfer coefficients.

3.5. Pump blocking

Another nonlinear effect is the pump blocking as described in [3]. In the simulation results of
scenario II (table 1) the volume flow through the substation of prosumer 2 is almost zero. The
pump of prosumer 3 runs on 80% speed and holds the pressure difference between hot and cold
subnetwork at a level at which the pump of prosumer 2 is not able to generate significant volume
flow. That means pump 2 is effectively blocked by pump 3 and prosumer 2 therefore can not
contribute to the network. How and when this effect occurs is depending on the dimensioning
of the pumps and the distances and hydraulic resistances in the network.



3.6. Supply frontier and hydraulic network splitting

In a thermal network with multiple feed-in points another effect, similar to pump blocking occurs:
the creation of a supply frontier. When there are prosumers in consumption mode topologically
between two or more prosumers in production mode, then the producers ”compete” for the
supply of the consumers. The colliding opposite flows annihilate at a certain point to no flow.
This is described as supply frontier by [4]. The supply frontier can shift over time, due to the
operation point of the individual pumps and valves. If it does not shift over a longer period
of time, the network can cool down locally at the supply frontier. From an hydraulic system
perspective, the network is effectively split into two or multiple hydraulic subsystems by the
supply frontier.

3.7. Energ flow reversal for network heat-up

In prosumer-dominated networks that are operated with flexible temperatures and a local energy
market, the network can (locally) cool out. This can happen e.g. when the network is not used
because prosumers operate self supplying over a longer period of time or because previous heat
exchange was at a lower supply temperature. The simulation results in figure 2 (left) show the
case of prosumer 2 that wants to consume from the cooled out network while prosumer 1 feeds in.
It can be seen that the inlet temperature on the prosumer side is higher than the temperature on
the network side. Therefore prosumer 2 feeds in heat to the network in the beginning, although
it wanted to consume. When the hot subnetwork is heated up to a temperature above the inlet
temperature on the prosumer side, prosumer 2 starts to consume, as intended.

3.8. Network behavior during prosumer mode switching

Figure 2 (right) shows the network behavior when prosumer 2 switches its mode. When
switching from production to consumption, the local temperature in the cold subnetwork rises
significantly. At the same time, the local temperature in the warm subnetwork rises slightly.
These observations are caused by the following effects: The mass flow directions are inverted
quite fast, while the inlet temperature on the secondary side sinks gradually. That means, in
the beginning the network side flow is not significantly cooled by the prosumer side. So the
temperature in the cold subnetwork rises. At the same time, warmer water from prosumer
3 (production) is now pushed trough substation 2 where the local temperature in the warm
subnetwork rises. After some time, the prosumer side inlet temperature is cold enough to
cool the network side flow and the steady-state begins to settle. When switching back from
production to consumption mode the opposite effects can be observed. The magnitude of these
effects depends on the volume of water in the substations, the rate of temperature change on
the secondary side and various other aspects.

4. Challenges

4.1. Challenges in network design

The planning of conventional district heating systems is based on representative design cases. It
affects aspects like the topology, design temperatures as well as the dimensioning of pipes and
pumps. In prosumer-dominated thermal networks there are no representative design cases due to
the high variability in operation. Therefore, new procedures for the network planning are needed.
Further, new challenges for the network design come up related to the characteristics discussed in
section 3 : mixed topologies (meshed and radial), temperature control, substation dimensioning,
pressure difference between the subnetworks etc. For the dimensioning of the pumps and
pipes the decisive question is over which distance the supply of other prosumers should be
possible. Oversizing the distributed pumps for the supply over long distances is uneconomical
and inefficient. Therefore either the whole network must be geographically compact or the
energy exchange must be restricted to local groups of prosumers within the network.



4.2. Challenges in network control

The type of networks under consideration is controlled only by distributed actuators in the
prosumers’ substations. As discussed in section 3 these actuators mutually influence each other
and the overall thermohydraulic network state behaves sensitive and nonlinear to changes in
the control variables. This is a big challenge for the network control, as prosumers with their
substations cannot be controlled independently. Ref. [5] warns that the mutual influence of
the actuators can lead to hydraulic oscillations and water hammers. In order to prevent this,
ref. [5] proposes to adjust all actuators simultaneously. Further, ref. [6] shows that in order
to minimize the pumping power, the control valve of at least one consuming point has to be
completely opened, while the other valves are adjusted relatively to it.

The previous points argue for a central network controller for prosumer-dominated thermal
networks. Such a central controller must consider power setpoints for the feed in or extraction
of each prosumer as well as temperature requirements and other specifications. Also, the central
controller must take into account and anticipate described phenomena like pump blocking, the
supply frontier or network heat-up. For this, the central control approach must rely on some
kind of model of the underlying physical network behavior. In ref. [7] a thermohydraulic model
is presented in form of a system of equations that can be the basis for such a central network
controller. Further, ref. [7] shows that the complexity of simulating and controlling a prosumer-
dominated thermal network increases exponentially with the number of interconnections, which
is usually proportional to the number of prosumers in the network.

4.83. Challenges for thermal markets

Related to the characteristics discussed in section 3, the following challenges must be faced by
heat markets in the context of prosumer-dominated thermal networks: How to allocate costs
for heating up or cooling down the network? How to integrate variable temperatures into the
market? How to reflect the restriction of energy exchange only within local groups by the
market? What is the general market design and market clearing process? It can be seen that
compared to local electricity markets, for the thermal sector the technical implementation &
control level strongly influences and limits possible local energy market concepts.

5. Conclusion

Prosumer-dominated thermal networks are the infrastructure that physically allows to exchange
thermal energy between prosumers, as this is desired in the context of local energy markets. This
paper shows, that the technical execution of the thermal energy trading has several challenges.
Previously used procedures for the design of district heating networks cannot be adopted directly.
Further research is necessary on how to determine reasonable design cases for such networks
with high variability. For the control of prosumer-dominated networks it was deduced that
a central controller with an underlying model of the relations and physical network behavior
is necessary. Based on the technical insights, challenges are named for heat markets in the
context of prosumer-dominated networks. It becomes clear that for the development of local
thermal energy market concepts the feedback between the market level and the technical level
is an important and limiting factor. As an overarching hypothesis, it is stated that energy
exchange between thermal prosumers is technically more reasonable over small distances and is
very complex to control with higher numbers of prosumers exchanging energy simultaneously.
Summarized, the higher flexibility of prosumer-dominated thermal networks and their
compatibility with the idea of local market is bought with higher complexity in design and
operation. The presented compilation of characteristics and challenges is to be extended and
provides a basis for consecutive studies in this innovative field of thermal networks.
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CHAPTER 7. THERMOHYDRAULIC SYSTEM BEHAVIOR

7.4 Chapter Conclusion

For the narrative of this dissertation, several conclusions from this chapter shall be highlighted:

A closed-form mathematical model of the thermohydraulics in PBDH networks was derived. It inter-
links the energy management level (power flows), the technical level (temperatures, volumes flows,
pressures) and the control level (control inputs, actuator behavior), considering also heat transfer from
/ to the secondary side. The mathematical model was implemented in an open-source python tool that
solves an optimization problem for steady-state simulation of the PBDH network under investigation.
Further, a Modelica-based modeling library has been developed, enabling rapid setup and dynamic sim-
ulation of various PBDH network configurations. Through the application of the developed models in
case studies, alongside a synthesis of literature review and logical reasoning, a comprehensive paper
describes eight key technical characteristics of PBDH networks from which challenges with respect to
the network design, network control and the integration with thermal energy markets are derived.

One key observation is the high sensitivity and nonlinear behavior of the overall thermohydraulic
network state in response to changes in control inputs from distributed actuators. Associated with that,
the interdependence of operation points of these actuators was predicted and confirmed by simulations.
A challenging phenomenom resulting from that is ’pump blocking’, where the FP of one prosumer rises
the differential pressure to a level that the FP of another prosumer is not able to overcome and therefore
is blocked from feeding in. This blocking can also lead to hydraulic network splitting, forming smaller
subnetworks. Pump blocking was examined in this chapter through simulations and has been validated
experimentally in the CoSES lab, described in Pub2 (subsection 6.2.2). This specific effect is addressed
also in the subsequent Chapter 8.

Pubé6 notes also minor characteristic aspects of PBDH networks: One of them is transient cooling of
the supply line and heating of the return line during prosumer mode switching. This is addressed in
the literature by a bypass on the primary substation side, circulating the water within the substation
until it reaches the appropriate temperature to be injected to the respective network line [77]. An-
other discussed aspect are the influence and limitation of local thermal energy market concepts, by the
technical network implementation and control. Some technical details, such as temperature have to be
considered in market (or other management) concepts to make meaningful and feasible decisions. This
was also one conclusion from Pub1 (subsection 5.2.2), leading to a necessity to reflect some technical
aspects within the control framework (see Section 5.1).

Another key obeservation are challenges associated with the a priori unknown flow directions in PBDH
networks, due to their bidirectional nature and the (potentially) meshed topologies.

It was shown that this causes the modeling complexity to grow exponentially with the network size
in terms of number of connections, which is usually proportional to the number of network partici-
pants. Further, it is stated that the beforehands unknown flow directions imply the need for adopted
component dimensioning methods, which was already addressed by Pub3 (Section 6.3).

The observed mutual influence of prosumers argues for a central network controller. However, the in-
version of the formulated mathematical simulation model to a control model was not accomplished, as
the formulated optimization problem could not be solved analytically. Reasons are high nonlinearities
in the heat transfer equations of the heat exchanger and the a priori unknown flow directions. For con-
trol purposes, the hydraulic and thermal subproblems cannot be the solved subsequently anymore, as
the volume flows become variables of the thermal problem. There are approaches to solve this problem
using simplifications, relaxations or heuristics. However, this leads to the flexibilties and intricacies of
PBDH networks not being reflectled accurately enough for control purposes.
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The inversion of the formulated mathematical simulation model for control purposes would have been
necessary to derive a network model as a part of the originally targeted control framework A (presented
in Section 5.1). Since this was not successful within the timeframe of the dissertation, the selection of
control framework A was re-evaluated, leading to a shift of focus on control framework B. A more de-
tailed argumentation with further aspects will be given in Section 8.1. The tasks of the network model
in control framework A must therefore be taken over by the remaining layers in control framework B
(see Section 5.1). For this purpose, advanced control algorithms at the field level are needed. This is
discussed in the subsequent Chapter 8.
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Chapter 8

Advanced Field Control

To leverage synergies within the network, the diverse participants in smart thermal grids, and specifi-
cally in PBDH networks, must be orchestrated by smart management. For this, substations are crucial,
acting as the connection between the network and prosumer sides. An advanced field control for bidi-
rectional prosumer substations is developed in Section 8.1 (Pub7) to facilitate compatibility with the
coordinative management while pragmatically anticipating systemic interactions in a bidirectional net-
work. Thus, in conjunction with Chapter 5, this chapter addresses the operational framework for smart
thermal grids and, in particular, PBDH networks. Thereby, it focuses mainly on RQ3 from Section 2.2.

This Chapter 8

District Energy Network Thermohydraulic Advanced Field
Management Concept System Behavior Control
[RefCncpt | [Pub2 ]| [Pub3 | [Pub4] [Pub5| [Pubs]

Figure 8.1: Position of this chapter within the overall structure of the main part of this dissertation.

O Chapter 8: Advanced Field Control

] The shift to a control framework without an explicit technical network model necessi-
tates advanced control methods on the field level. For this purpose, a new field-level
controller for bidirectional substations is developed and validated. This controller is en-
gineered to interpret and execute directives from a management system, while managing
the technical interactions among prosumers in the network. It combines weighted er-
ror functions with PID controllers, a strategy that balances multiple control objectives
efficiently. Crucially, the controller anticipates the mechanics and systemic behaviors
of the network. This allows for a seamless operation without relying on a technical
network model or establishing direct communication links between substations. This
pragmatic solution bridges the gap between high-level management and real-time oper-
ations on the field level. It ensures that PBDH networks can be operated cohesively and
efficiently, aligning with the overarching objectives of smart thermal grid management
while remaining flexible to the dynamic nature of network interactions.
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8.1 Pub7: Control of bidirectional prosumer substations in smart ther-
mal grids: A weighted proportional-integral control approach

8.1.1 Context

The preceding investigations revealed some disadvantages of the three-layer control framework A (see
Section 5.1) that includes a technical network model at the automation layer:

« Computational complexity: Considering the thermohydraulic behavior and systemic interaction
through a detailed network model leads to high computational complexity or the necessity of sim-
plifications, i.e. the mathematical simulation model from subsection 7.1.2 could not be inverted
analytically for control purposes.

+ Modeling dynamics: Network models with acceptable computational complexity for control pur-
poses do not capture dynamics. However, for the operation and control of real systems, especially
the transient behavior is critical, therefore system dynamics need to be modeled.

« Communication effort: If distributed actuators are controlled with a central network model, on-
going communication between the actuators and the model-based controller is required. The
more detailed the system dynamics are that the control anticipates, the higher the communica-
tion rate must be, which immensely increases the effort.

Due to the aforementioned reasons, control framework A was deemed impractical.

Control framework B, as introduced in Section 5.1, represents a bi-layer control approach [32], where
on the management layer for the global operation, multi-energy optimal power flow problems are
solved or market approaches are used. The resulting power setpoints for the feed-in or extraction
to/from the network are communicated to the thermal prosumers, which have to implement them on
the technical field layer. This offers the advantage of not requiring an explicit and computationally
demanding network model at the automation layer. This leads to reduced computational complexity
and communication efforts. As noted in Ref. [79], communication links are highly prone to errors and
are a common cause of poor system performance in practical applications. So, a reduction of required
communication is desirable. Furthermore, the dynamic behavior can be more effectively anticipated
by controllers at the field level, since these local controllers are anyways engaged in high-frequency,
iterative communication with the hardware.

However, with the elimination of the middle automation layer in the transition from control framework
A to framework B, the tasks of this layer need to be redistributed among the remaining layers. This
primarily involves considering technical requirements and limitations, as well as anticipating systemic
network interactions and dynamic system behavior at the technical level.

The consideration of technical temperature limitations can be simply addressed by universally setting
or assuming uniform temperature levels for both feed-in and consumption across the network. A cer-
tain temperature difference (e.g., 5 Kelvin) between these levels should be considered to account for
for losses in the network and the necessary driving temperature difference of heat exchangers. Only
producers who exceed the minimum feed-in temperature, or consumers who can operate with the
minimum desired consumption temperature, should be allowed to participate in the network and be
considered in the optimization of the district EMS. Similarly, requirements for achieving return tem-
peratures can be set for consumers to ensure efficient operation of the producers. This approach is a
simple and pragmatic solution, similar to that used in TDH networks. For various potential producers
and consumers with different temperature requirements or characteristics, selecting appropriate tem-
perature levels represents a distinct research question that requires further investigation. Objective
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GRIDS: A WEIGHTED PROPORTIONAL-INTEGRAL CONTROL APPROACH

functions could include enabling the largest possible energy exchange over the year or achieving the
highest possible coverage of consumer demands in the district through the network.

Integrating the thermohydraulic aspects of prosumer interaction in detail into the district EMS would
lead to similar effects as observed with the network model and the computational burden would rise
drastically. Therefore, systemic interactions of prosumers on the technical level must be anticipated
by the local controllers on the field level, when using control framework B. A key challenge is that
controllers at the field level only possess local information in form of measurements but are required
to anticipate network-wide interactions.

When using control framework B from Section 5.1, power setpoints from the district EMS must be pro-
cessed directly at the field level. Here, a challenge is that the power setpoints from the EMS are com-
posite quantities, affected by both, volume flows and temperatures (see Equation 3.10). These quantities
are related, e.g. by the heat exchanger equations (Equation 3.8 - Equation 3.7). Further, the power set-
points have to be considered additionally to the traditional technical setpoints (temperatures) for the
substation control, leading to the challenge that multiple quantities must be controlled with a limited
number of actuators.

The subsequent Pub7 derives an advanced control method for bidirectional prosumer substations, in
order to enhance the field-level controller for the main challenges introduced above: anticipates tech-
nical interactions of prosumers over the network and directly processing power setpoints from the
overarching management. As context for the controller development, the reference network concept
for PBDH from Section 6.1 is used, including the bidirectional substation configuration illustrated in
Figure 6.4.
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Dataset link: https://github.com/thomaslickled In future smart thermal grids, decentralized prosumers shall supply each other over the network, optimized

erer/ProsNet by an overarching management system. For this, the substation control must be able to directly process
Keywords: optimal power flow setpoints from the management, while considering the mutual influence of prosumers
District heating on the technical level. Addressing these requirements, this paper develops a control approach for bidirectional
Prosumer prosumer substations. Therefore, we identify the objectives and characteristics of the control problem, before
Bidirectional relaxing it by reformulation. This enables to keep proportional-integral-derivative controllers (PIDs) for
Substation operating the pumps and valves as decentral actuators in the substations. We propose a control approach,
Heat trlanSfer station exploring the combination of two key aspects: (1) The assignment of temperature objectives to actuators. (2)
Contro!

Weighted error functions that linearly combine temperature and power errors as input for the PIDs, allowing
to handle multiple objectives with limited actuators. Through case studies, we validate the suitability of our
proposed objective-actuator assignment and demonstrate the necessity and benefits of the weighted error
functions. Like this, we conclude with a control approach for bidirectional prosumer substations that aims
for the relevant temperature objectives, directly considers heat transfer setpoints, replicates and exploits the
coupling within the network, effectively manages conflicting objectives, copes with prosumer interference, and
is pragmatic for real-time operation. Our approach can be transferred to different network concepts, bridging
the gap between decentralized field-level operation and the management level.

1. Introduction in an optimized way as an integrated part of a smart energy system

(SES) [6]. These trends have significant impact on the operation of

Traditional district heating (DH) and district cooling (DC) systems
are based on a centralized perspective; their control is demand driven
with a focus on security of supply [1]. Central plants combined with a
pumping station feed-in enough heat to compensate for the extraction
and to keep the boundary conditions for the substation supply as
constant as possible [2,3]. Consumer substations extract heat from the
network by transferring it unidirectionally from the network (primary
side) to the consumer (secondary side).

New concepts under the terms “4th and 5th generation district
heating and cooling systems” (4&5GDHC) try to meet the upcoming
requirements for future smart thermal grids [1,4,5]. Apart from lower
network temperatures, two main trends can be observed: (1) A shift
towards a decentralized perspective with prosumers in focus [1]. (2) A
shift towards a holistic perspective with thermal grids being operated

thermal grids.

Prosumers are decentral entities that can act as power consumer
or producer to the network, evoking bidirectionality in thermal grids.
Therefore, in 4GDH and 5GDHC systems bidirectional substations are
equipped with decentral actuators (pumps and valves) [7,8]. With an
increasing penetration of prosumers in the network, no longer the
central plant and circulating pump determine the thermohydraulic
network behavior. Instead, the overall system state is significantly
influenced by the operation of the substations incl. their decentral-
ized actuators. The most extreme case are networks only based on
prosumers, with no central plant or pumping unit. The bidirectional
substations are thermohydraulically coupled over the network, causing
mutual influence on their operation states [9,10]. Therefore, substation
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Nomenclature

Symbols

a weighting parameter

A difference

0 heat (power) flow

vV volume flow

€ weighted error

p pressure

r aggregated hydraulic resistance of attached
circuit

T temperature

u system input (controller output) pump

speed, valve opening

Sub-/Superscripts

1 primary side (network)

2 secondary side (building)

con consumption mode

cp consumption pump (secondary side)
cv consumption control valve (primary side)
EP extraction pump (primary side)

FP feed-in pump (primary side)

norm normalization value

PP production pump (secondary side)
prim primary side (network side)

pro production mode

r return line (cold)

ref reference, setpoint

s supply line (warm)

sec secondary side (prosumer side)

coordination and control becomes an essential part of the network
operation.

In traditional DHC, this substation control was limited to the tech-
nical level. For the optimized operation within SESs, the interaction of
the substation control with the management level is essential to be com-
patible with hybrid control approaches [11]. On the management level
for the global operation multi-energy optimal power flow problems are
solved (e.g. [12,13]) or market approaches are used (e.g. [14-16]).
The resulting power setpoints for the feed-in or extraction to/from
the network are communicated to the thermal prosumers, which have
to implement them on the technical field level. Therefore, substation
controllers must be able to process and track optimal power flow
setpoints from overarching management systems.

The changed requirements for network operation impose new chal-
lenges for bidirectional prosumer substation control, which are not yet
adequately addressed in literature:

» The control needs to aim for multiple temperature objectives
to meet consumer requirements in consumption mode and ef-
ficiently operate decentral heat generators in production mode.
Despite the presence of multiple actuators in bidirectional sub-
stations, there is a lack of studies assessing the pros and cons of
different ways to assign the objectives to these actuators.

The substation control must anticipate dynamically changing and
strongly intercoupled boundary conditions resulting from the mu-
tual influence of prosumers. Undesired phenomena have to be
handled, such as mutual blocking of feed-in pumps [9,17], supply
frontiers with zero flow [18], and temporally as well as spatially
fluctuating substation inlet temperatures [9]. Although a holistic
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network consideration is necessary for that, the literature on
substation control mainly focuses on individual substations as
the system boundary of investigations [7,8,19-24]. Thereby, the
network states are assumed to be given as boundary conditions
that are independent of the substation operation. Like this, in
particular the hydraulic influence of prosumers over the network
is neglected in the controller design.

The substation control should be able to handle heat transfer
setpoints from the management level. As the power objective
and the temperature objectives are physically coupled, aiming for
both at the same time can cause conflicting objectives due to a
mismatch between them or due to unfavorable boundary condi-
tions resulting from mutual prosumer influence. We are not aware
of any studies that comprehensively address this aspect. Ref. [25]
develops approaches to control heat flow and outlet tempera-
ture simultaneously, however assuming that the secondary side
temperature difference is pre-known, thereby relaxing the control
problem.

The control approach should be versatile across various prosumer
systems and network configurations. Existing approaches in liter-
ature are tailored for specific setups, like solar-thermal generation
in traditionally operated networks [21,23,26], thus limiting their
transferability. Further, controlling for pressure differences makes
existing approaches dependent on the hydraulic characteristics
and operation of the attached system, limiting the universality of
the control behavior.

For real-time control in a practical setting, a simple and fast react-
ing closed-loop method with little communication is needed. This
argues for a decentralized and local control of the substations at
the field level. A central controller for all actuators in a prosumer-
network as attempted to derive in Ref. [27] can be seen more on
the automation level, and is not pragmatic for the field operation.

Altogether, to the best of our knowledge, there is currently no
comprehensive control approach for bidirectional prosumer substations
that addresses the combined challenges of considering the mutual
influence of prosumers in networks with high prosumer penetration and
directly processing optimal power flow setpoints from the management
level. Therefore, we aim to bridge this research gap by investigating
suitable actuator-objective-assignments in combination with a proposed
weighted error function approach for proportional-integral-derivative
(PID) controllers. We consider a basic substation configuration repre-
sentative for 4GDH systems and compliant with 5GDHC systems. We
limit our scope to heat networks, assuming analogous transferability to
cooling networks based on physical principles.

The remainder of the paper is structured as follows: In Section 2
we provide background on the substation thermohydraulics and intro-
duce the network type under consideration. In Section 3 we outline
the considered control system and identify the objectives as well as
characteristics of the control problem. In Section 4 we propose a con-
trol approach with weighted PIDs and explore the objective-actuator
assignment. In Section 5 we present case studies that evaluate the
proposed control approach. In Section 6 a summary and conclusion on
the findings & contribution completes the paper.

2. Background

This section introduces nomenclature, presents background on rele-
vant thermohydraulics, outlines the network & substation configuration
under consideration and provides related literature.
2.1. Thermohydraulics and nomenclature

Substations in DHC systems thermally couple and hydraulically

decouple the primary side (network side, Index 1) from the secondary
side (consumer/prosumer side, Index 2). The relevant quantities that
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determine the thermohydraulic state are (local) temperatures T, vol-
ume flows V and pressures p, as well as differences between these
values. This is illustrated together with the main nomenclature in Fig. 1.

supply Tl S T2 s supply
primary - seco_r(;dary
side Apy ATh| |substation| |AT, Aps side
(network) i (consumer /
i prosumer)
return Vl Tl - 7‘2 - V2 return

Fig. 1. Illustration of the main nomenclature.

We define the following sign convention:
V > 0 for return — supply (@)
The temperature differences we define as:
AT, =T ~T,,; AT,=Ty,,~T), )

The pressure differences are defined accordingly.

Three elements dominate the substation behavior: heat exchanger,
pumps and valves. Thus, the thermohydraulic substation behavior is
covered by the following relations:

0=0,=0-c,- V- AT, = -0, (3
[ Tiow Toow | =F (Tiis Trins V1: V2) (4)
V =G(4p) ®)
40 = H (£ yump®@: Fratie @ Fry—cire) 6)

The transferred heat results from the volume flows and temperature
differences (Eq. (3)). The outlet temperatures of the heat exchanger
are a function of the inlet temperatures of both sides and the volume
flow on both sides (Eq. (4)). The heat exchanger behavior is linear
in the inlet temperatures and highly nonlinear in the volume flow
ratio of both sides [27]. For the exact equations, see Ref. [28]. The
hydraulic operating state is described by the pressure differences and
the volume flow in the attached circuits (Eq. (5)). It is determined
by the intersection of the pressure source curve (i.e. pumps) and the
pressure sink curve (i.e. valves and resistances), as represented in
Eq. (6) and illustrated in Fig. 2.

operating
point

Fig. 2. Hydraulic operating point resulting from the intersection of the resistance curve
and the pump curve of the respective hydraulic circuit.

These characteristic curves can be influenced by control signals
u=[u uz]T, opening or closing the valves and increasing or decreasing
the pump speed. Like this, the hydraulic operating point in a circuit can
be manipulated. Only certain hydraulic operating points are reachable,
constrained by the characteristic behavior f of the hydraulic circuit, the
pumps and the valves (Eq. (6)). Through manipulation of the hydraulic
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operating point, volume flows can be controlled, thereby regulating
the outlet temperatures and heat transfer of a heat exchanger in the
circuit. Combining Eq. (4) with Eq. (3) relates the inlet temperatures
and volume flows to the transferred heat. Higher volume flows lead
to higher heat transfer, the same holds for a higher spread in the inlet
temperatures. Only a certain set of combinations of transferred thermal
power Q and outlet temperatures T} ,,; & T, are feasible, determined
by the given inlet temperatures, the reachable volume flows and the
heat exchanger physics.

2.2. Network and substation architecture

Network architecture. In prosumer-based networks, the effects of pro-
sumer integration on the network and substation operation are max-
imal. Thus, these networks are ideal for investigating general control
approaches for bidirectional prosumer substation operation that are
then applicable also in networks with lower prosumer penetration.
Prosumer-based networks can be seen as the thermal equivalent to
smart electrical microgrids. The most relevant features for the following
investigations are:

« all participants are prosumers (prosumer-dominated)

* no central units: no plant, no network pumps, no balancing units

+ overarching management determines power setpoints for substa-
tions

We presented and modeled an underlying thermal network concept in
Ref. [27].

Substation architecture. In the literature, various bidirectional substa-
tion designs [7,8,19] and associated variants for the feed-in to the
network [29] are examined. Ref. [30] finds that for high fractions
of decentral generation, specifically from solar panels, the return-to-
supply feed-in principle is beneficial to others. Consequently, most
studies covering bidirectional substations use similar functional prin-
ciples for heat extraction and feed-in [19-24]. Based on the literature,
we therefore consider in this paper a basic substation configuration (see
Fig. 3) that features the commonly used functional principle:

management

o_ | : .
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L@ w
52 o\ supply § _
ge \e4 a g
£= >E
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€9
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supply
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® volume flow sensor

& control valve
plate heat exchanger

(counter current)
O variable-speed pump

Fig. 3. Reference configuration for bidirectional substations of thermal prosumers.
Simplified schematic, only relevant components for considerations in this paper are
shown.

In consumption mode on the secondary side a consumption pump
(CP) moves a flow from return to supply line of the prosumer system,
while on the primary side the supply line is pressurized by producers
in the network and a control valve (CV) regulates the flow through the
substation from supply to return line. Some 5GDHC configurations use
an extraction pump (EP) instead of the CV [31]. In production mode on
the secondary side a production pump (PP) moves a flow from supply to
return line of the prosumer system, while on the primary side a feed-in
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pump (FP) overcomes the differential pressure and regulates the flow
through the substation from return to supply line.

In the following, prosumers that feed heat into the network at an
observed point in time are called producers (pro), while those who
extract heat from the network are called consumers (con), although
each prosumer can switch between these modes over time.

2.3. Literature on bidirectional substation control

In traditional DH systems, the consumer substation control com-
prises mainly a PID-controlled valve on the primary side to achieve
a secondary side outlet temperature Refs. [2,3]. On the secondary
side, the heating circuit pump is operated at a constant speed in older
systems or controlled according to the differential pressure in mod-
ern ones. Several papers aim to improve this conventional consumer
substation control [32-36].

Concerning bidirectional substation control, the work most related
to our paper is by Lottis et al. [25]. It develops two concepts to
control substation heat flow and outlet temperatures simultaneously.
Both use a feed-forward controller for the secondary side that converts
the heat transfer setpoint into a mass flow setpoint, assuming the
temperature difference on this side is known. However, usually both
outlet temperatures are unknown and depending on the substation
operation, as discussed in Sections 2.1 and 3.2.

In the context of decentral feed-in by solar thermal plants, several
works explore bidirectional substation control strategies [19,21,23],
with further applications seen in Refs. [20,22]. These strategies com-
prise traditional DH consumer substation control for consumption and
tailored controls for solar thermal feed-in. Specifically, the PP control
ensures that the temperature of the outflow is slightly above the desired
network feed-in temperature, while the FP aims to achieve the primary
side supply temperature.

Rosemann suggests [21] a cascaded closed-loop controller, with an
inner loop for overcoming the differential pressure, while the outer
loop controls the network supply temperature. Ref. [17] shows that the
cascaded controller cannot cope with the challenge of pump blocking,
when multiple prosumers interact in a network.

Ref. [37] proposes an agent-based control to track a constant supply
temperature setpoint, while satisfying heat demands. A broker matches
offers and demands from the agents centrally and gives a signal to the
substations where decentral proportional controllers adjust valves and
pumps. The controller behavior and the interaction of the controllers
on the technical level remain unexplored.

Overall, few studies address generic control strategies for bidirec-
tional substations and there is no established method. Most papers focus
on determining optimized setpoints for the field-level control without
detailing their technical implementation by actuator control. Further,
the network behavior impacted by controller interactions is largely
unexplored.

3. Problem statement

This section describes the targeted control problem for bidirectional
substations in prosumer-based networks. The used nomenclature is
illustrated in Fig. 1. The considered reference architecture for bidirec-
tional substations was introduced in Section 2 and illustrated in Fig. 3.
Due to the specific network concept, the entire network is operated by
controlling the decentral prosumer substations.

3.1. Control loop

With the considered bidirectional substations, we face a multiple-
input and multiple-output (MIMO) system (see Fig. 4). The principle
functional relations of the system were outlined in Section 2.1. The
exact transfer function is highly nonlinear, therefore considered as
black box.
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Fig. 4. Control loop with bidirectional substation as controlled system.

The manipulated variables of the system are the pump speed and
valve opening in the substations. In each prosumer mode (con, pro),
one actuator (pump or valve) is active on each substation side (1, 2),
see also Fig. 3. The corresponding variables are controlled by the
normalized control inputs u; and u,. Output measurements are taken of
the primary side volume flow and the four temperatures corresponding
to the in- and outgoing flows on both substation sides. With these
measurements, the temperature differences and the heat transfer can
be calculated using Egs. (2) and (3). The inflow temperatures to the
substation are disturbances d,, d, of the substation control system. For
consumers, the secondary side return temperature T is determined
by the consumer’s heating system, while for producers, the secondary
side supply temperature 7,"” is influenced by the generation unit. The
primary side inflow temperatures depend on the local thermohydraulic
network state.

3.2. Control objective

The control objectives are summarized in Table 1 according to their
priorities. There are three objectives for each prosumer mode: Tj; ., rio»
0O, Tyo prio Aligning with this, two temperature control errors ey ; and
er, for the primary and secondary side and a power control etror e,
can be defined in each mode. Ideally, the overall control objective is to
bring these three errors to zero simultaneously.

Table 1
Control objectives for prosumers in different modes.
Prio Consumption Production gen. name
1 T, =T @ 1,21 ® Tough o
P = . .
2 0=0% 9 0=0" (10$) Q
[ ! e
3 AT, = AT} an AT, = AT} a12) T prio

The individual control objectives can be understood most easily by
looking at the simplest case of one producer supplying one consumer
over the network. This is abstracted in Fig. 5 and will be explained in
the following. An overarching management system defines the setpoint
for heat transfer to/from the network as a reference that must be
tracked by the substations (Eqs. 9 and 10). The technical systems of
consumers (e.g. heating systems) usually require a certain minimum
temperature for regular operation. High priority control objective for
consumers is therefore to achieve a given secondary side supply temper-
ature setpoint Tzrif (Eq. (7)). The supplying producer must ensure that
the temperature provided to the network is high enough to meet the
consumer’s temperature requirements, accounting for potential losses
at heat exchangers and within the network. High priority control ob-
jective for producers is therefore to achieve a given primary side supply
temperature setpoint Tl’;f (Eq. (8)). The generation units of producers
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Fig. 5. Abstracted case of a producer supplying a consumer over the network:
Illustration the control objectives and (given) disturbances for the operation of
prosumer-dominated heat networks.

operate usually more efficiently at higher temperature differences. As
the secondary side supply temperature is determined by the generation
unit, the producer aims to achieve a certain secondary side temperature
spread setpoint ATzr“/ (Eq. (12)). To be able to do so, the network
return temperature needs to be low enough. This is influenced by the
consumer. As the network supply temperature for the consumer is
given, the consumer aims to achieve a certain primary side temperature
spread setpoint ATI’ ef (Eq. (11)).

3.3. Characteristics

We want to highlight some characteristics of the control problem
under investigation that a suitable control approach has to consider.

+ There are multiple combinations of assigning the control objec-
tives to the actuators on either the primary or secondary side. We
identified three simultaneous objectives for each mode (Table 1),
but there are only two actuators. Therefore, we cannot control
one actuator for one objective to satisfy all objectives.

There is a stiff coupling between the thermohydraulic states of
all substations. Control actions in one substation affect the distur-
bances for the control of the others. Deviations from objectives in
one substation are likely to cause deviations from objectives for
other substations.

The primary side inflow temperatures to the substations are dis-
turbances for the individual substation control, but not for the
closed producer-consumer system. The primary side temperature
objectives (Egs. 8 and 11) reflect this and interlink the different
prosumers over the network.

Achieving the different objectives of a single substation simulta-
neously can be conflicting, as the objectives are linked by Egs. (3)
and (4). In turn, deviations from one objective are likely to
cause deviations from other objectives due to the interlink. Only
certain combinations of transferred thermal power and outlet
temperatures are feasible states, constrained by the disturbances
and the thermohydraulic system properties (see Section 2.1).
Unattainable power setpoints contribute to competing objectives.
Heat losses and thermal inertia cause non-balancing heat transfer
in the network, leading to deviations from ideal power flow cal-
culations where often the determined heat transfer setpoints sum
up to zero. The real-world physics results in producers meeting
their setpoints while consumers cannot. If, on the other hand,
losses and inertia are overestimated on the management level,
the power setpoints for the producers are too high while the
consumers extract just based on their demands — the producers
cannot meet their setpoints.
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+ Individual pumps may be blocked from feeding in when multiple
producers are involved, due to insufficient power to overcome
the differential pressure caused by another producer and addi-
tional hydraulic losses caused by resistances. This phenomenon is
known as pump blocking (see [9,17]).

» The control approach has to reflect the priority order of the
temperature objectives (see Table 1).

4. Control approach

Heading for a suitable control approach, we start from the identified
ideal control objective to reduce all three identified control errors e,
ey and ey, to zero simultaneously. As we highlighted in the charac-
teristics before, this might not be achievable for a significant range of
operating conditions. Acknowledging that, we adopt a principle from
the field of optimal control in order to shift to a relaxed formulation
of the overall control objective: Minimizing an objective cost function
£,5,; that combines and weights multiple control errors:

muin €obj (eQ, er, eTvz) 13)

The transferred heat Q is a common objective of both substation
sides. We split the control for this common objective, resulting with
individual control problems for each substation side.

mﬂin e (eg.ery) A mﬂin & (eg.ery) (5]

Instead of solving an optimization problem with an underlying sys-
tem model, we combine the idea of weighted cost functions with
proportional-integral-derivative (PID) controllers [38] as an estab-
lished method for simple real-time control in the field. We propose to
use one PID controller for each actuator in the controlled system, with
a weighted error as input to each PID. This means there are four PIDs,
of which two are always active depending on the respective prosumer
mode. To account for the directional relation between control action
and targeted control variable in the context of PIDs, we have to use
weighted error functions that consider the signs of the incorporated
errors. For the sake of simplicity we decide to use linear weighting
using weights K, G. Thus, the weighted errors £ can be calculated for
the respective substation side j and prosumer mode i according to the
following the scheme:

£;=K;~eQ+G;-efrj 5 i € {con,pro}, j€ {1,2} (15)
Eo Er

Fig. 6 illustrates the controller concept within the associated control
loop.

The errors e are calculated as the difference of the setpoint reference
r and the measurement feedback f. For the same behavior in consump-
tion and production mode, despite negative heat transfer setpoints for
consumption mode, e, is defined as

10| -0l (16)

The weights K, G consist of two parts: a normalization part and a
relative weighting part.

e =ro—Jo=

i

i — ynor i

|K;| = Q"‘" 0" >0, a; €[0,1] a7
. 1- aj .
i) _ nor i

G| =~ T >0, o €[0,1] (18)

The signs of the weights K, G in Eq. (15) depends on the directional
relation between the controlled value and the control action — thereby
they are related to assignment of objectives to actuators.

We propose to assign in both prosumer modes the transferred
thermal power Q to the primary side actuators with higher priority,
to reflect also the hydraulic coupling of different substations across the
network. T, ., is assigned with lower priority to the primary side
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Fig. 6. Abstracted functional principle of the proposed controller within the according
control loop. r — references/setpoints, ¢ — weighted error, u — control input, d —
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Table 2
Proposed assignment of objectives to actuators for our control approach with weighted
PIDs. Distinguishing from other variants, this assignment is called ctrl D in the case
studies.

Mode Actuator side Proposed controller (D)
i ) AT,
con prim (0] |
sec T, 0
i ) AT,
pro prim o 5
sec T, 0

hi lo

actuator, while Ty, ., is assigned with higher priority and Q with
lower priority to the secondary side actuator (see Table 2).

This leads to the following equations for our proposed controller to
calculate the total weighted errors e; depending on the prosumer mode
i € {con, pro} and the substation side j € {1,2}:

con ai‘"’ yref o
e = <+Q.W> (1071~ 101) + 19)
———
. €Q
Kj
1 — qcon
() e
ATnor 1
ﬁf_/ A
G} e‘T,j
con aé‘m yref o
e = <+QW> (1071 - 101)+ 20)
1 = gcon
2 ref
+ (_ AT nor ) ' (T TZS)’
o
pro _ 1 . yref | _ 1)
e’ = (+Q.W> (101 -101)+ ©39)
1= g’
1 ref .
’ (+ AT ror ) .<AT2 _ATZ)’
pro
= (2 )+ (10 1-101) + (22)
2 Qnor
1

— P
2
+ <+ ATnor > ' (Tl':egf - Tl,x>;
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In order to satisfy the objective priorities according to Table 2, the
following must hold:

af"”, a‘l’m > 0.5; (23)

aé"”, agm <0.5; 24

We suggest a{”", a’l’”’ =0.75 and ", a;’"’ = 0.25. In total, for the overall
substation controller there are 6 parameters to be tuned additional to
the 4 sets of PID gains.

4.1. Weighted error PIDs

In the following we elaborate on the rationale behind the weighted
error functions. The basic idea behind the proposed weighted approach
is to consider all three control objectives despite only two possible
manipulated variables. By both substations aiming for the same trans-
ferred heat setpoint, the control approach mimics the physical thermal
coupling of primary and secondary side across the heat exchanger.
By taking into account the primary side temperature objectives, the
thermal coupling across the network is also reflected in the control
approach. The error weighting and summation is a relaxation of the
stiff control problem that introduces elasticity to potentially conflicting
objectives, one error can be compensated by others to reach an overall
minimized weighted error. By the a-parameters the relative importance
of the objectives can be adjusted.

a > 0.5 means that the according actuator is controlled with higher
priority for the heat transfer power objective. Using extreme weights
a € {0;1} leads to conventional PID-control with a single objective
per actuator. By tuning the a-values, also the relative weighting of
the temperature objectives of the two substation sides can be adjusted.
For this, the ratio of the a-values of both substation sides is relevant:
@1/a, < 1 means that the temperature objective of the primary side
actuator is weighted higher than the temperature objective that is
assigned to the secondary side actuator. The normalization of the power
and temperature errors with 0" and AT"" makes the two errors
dimensionless and defines the offset of how much a deviation of 1 K
in the temperature control should affect the controller compared to a
deviation of 1 kW in the heat transfer.

4.2. Objective—actuator assignment

Based on our research results, we proposed to assign in both pro-
sumer modes the transferred thermal power Q to the primary side
actuators with higher priority. However, there are in principle multiple
ways to assign the different control objectives (Table 1) to the substa-
tion actuators on the two substation sides in the different modes. In the
following we explore these possibilities, before in the next section we
will compare our proposed approach through case studies to different
controller variants in combination with the weighted error approach.

As a paradigm it is reasonable to set the substation side which
controls for Ty, i, as the dominating side for temperature control
(¢ < 0.5), while the other side takes over the heat transfer power
control with higher weighting (¢ > 0.5). For the assignment of the
Thigh prio-Objective to the two substation sides, two principles can be
distinguished:

(a) Same-side control: The actuators are controlled for the tempera-
ture objective of the same substation side.

(b) Cross-over control: The actuators are controlled for the tempera-
ture objective on the opposite side of the substation.

Combined with the two prosumer modes (con, pro), there are four
possibilities, resulting in four controller variants A — D — see Table 3.
Our proposed variant is D.

The signs of the weights K, G in Eq. (15) for the weighted error
depends on the directional relation between the controlled value and
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Table 3
Controller variants with different assignments of the objectives to the substation side
and thereby to the actuators. Variant D is highlighted as it is the proposed variant.
Mode Actuator A B C D
side (cross-over (same-side (cross-over (same-side

cross-over) same-side) same-side) Ccross-over)
con prim T,, O 0 4T, T,, O Q AT,
sec 0 41, T,, O 0 4T, T,, Q
pro prim 0 4T, T, 0O T, O Q AT,
sec T,, O 0 4T, 0 4T, T, Q
weight hi o hi lo hi o hi lo
Table 4
Signs of weights for calculating the weighted error e.
Mode Actuator A B C D
side (cross-over (same-side (cross-over (same-side
Cross-over) same-side) same-side) Cross-over)
prim + + + - + + + -
con
sec + + + - + + + -
prim + + + - + - + +
pro
sec + + + - + - + +

K (eQ) G (ET) K (EQ) G (97') K (9Q) G (er) K (EQ) G (eT)

the control action — for example, if an increase in the pump speed
increases or decreases the transferred heat. This relations result from
the heat exchanger physics (see Section 2.1). Combining the heat
exchanger physics with Table 3 leads to Table 4 which shows the signs
of G and K for the respective controller variants.

Looking at high-priority objectives, the controller variant A is com-
parable to the traditional control strategies of the district heating
system. Yet, instead of controlling for Q, the objective in the traditional
systems is to achieve a certain reference pressure head 4p, (con) and
Ap, (pro). The controller variant C is related to the decentral feed-in
control strategies for solar-thermal substations. However, traditionally
in consumption mode again the pressure head is controlled instead of
the transferred heat. In production mode, traditionally T; ; is controlled
to avoid stagnation of the solar thermal panels, which is tailored
to these specific systems. To the best of our knowledge, there are
no comparable equivalents to controller variants B and D in existing
thermal network control methods.

5. Case studies

In this section, we assess through case studies the performance
of our proposed approach. We use simulations to compare the per-
formance to the other possible controller variants (Table 3) and to
assess the benefits of the weighted error functions (Eq. (15)) compared
to a non-weighted approach. In the following, we present the case
study setup, show and discuss results and finally evaluate the proposed
approach.

For modeling and simulating we use the software tool Dymola in
combination with the open-source library ProsNet' [39] which was
adapted for this purpose. The performed simulations including setup
and scenarios are integrated into the repository and therefore easily
reproducible by the reader. The simulation results were analyzed with
a resolution of 1 s. to capture the dynamic behavior. The dynamics of
pumps and valves are considered by first-order filters in the models.

5.1. Setup

For the case studies we investigate a simple radial network with
3 prosumers, as illustrated in Fig. 7. This is the minimal setting to

1 https://github.com/thomaslicklederer/ProsNet
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Fig. 7. Illustration of the considered network concept for prosumer-based heat
networks. A simple exemplary network with 3 prosumers.

Table 5
Power setpoints and modes for case studies.
Time [h] Prosl Pros2 Pros3
[kW] [mode] [kW] [mode] [kwW] [mode]
— -10 (cons) +4 (prod) +6 (prod)
1-2 -6 (cons) +10 (prod) —4 (cons)
2-3 +6 (prod) -10 (cons) +4 (prod)
3-4 +10 (prod) -4 (cons) -6 (cons)

investigate the network behavior of multiple producers supplying one
consumer over the network and vice versa. The four possible combi-
nations in this setting are investigated by using the power setpoints
timeseries shown in Table 5.

The component dimensioning is according to the set-up in the CoSES
laboratory [24]. A methodology to dimension radial prosumer-based
thermal networks is proposed by Speer et al. [40]. For the secondary
side of all prosumers, we consider heating systems with design tem-
peratures 50 °C / 30 °C. The secondary side generators are assumed
to be designed for 55 °C / 35 °C. Assuming a temperature gradient
of 1.5 K across the heat exchanger, the objective primary side supply
temperature in production mode results in 53.5 °C.

In the simulations, the hydraulic behavior of the primary side
actuators (FP and CV) is replicated by detailed component models.
The secondary side pumps (PP and CP) are modeled as ideal volume
flow sources. This avoids detailed thermohydraulic simulation of a
complete heating system and keeps the universality, as there are diverse
options for secondary side configurations of prosumers (see [41]). To
eliminate the thermal influence of the secondary side heating system,
the secondary side inlet temperatures to the substation are artificially
fixed to 55 °C/30 °C (prod/cons) depending on the prosumer mode.
This means constant secondary side disturbances for the substation
control, while the primary side disturbances change due to the mutual
influence over the network.

Table 6 shows the default controller settings. The PID-tuning was
done manually by trial-error, starting with time constants from techni-
cal data sheets of the pumps and valves. Further, for pump speed and
valve openings we introduce lower boundary values that are greater
than zero. This is meant to maintain temperature observability and to
prevent the controllers from getting stuck. The controllers could get
stuck, when incoming stream temperatures set boundary conditions
that require decreasing volume flows to achieve desired outflow tem-
peratures. If volume flows become too low or zero, temperatures stop
changing as thermal energy is transported by the moving fluid and the
controller cannot observe and control the system anymore, but also has



T. Licklederer et al.

Table 6
Default controller settings for simulative case studies.

Parameter Value Unit Parameter Value Unit Parameter Value Unit

General Consumption Production
o 1 kW T/ 50  °C e 53.5 °C
AT™ 3 K ATy 20 K ATy 20 K
VZ"‘” 8.5 1/min PID prim cons PID prim prod
e 075 - ! 075 -
prod
Keons 15 - K 15 -
Tlf]om 35 s T’plrud 8 s
cons < prod
79 0 s T, 0 N
PID sec cons PID sec prod
s 025 - ! 025 -
cons rod
kS 15 - K? 15 -
prod
T8 s T 8 s
n prod
T;;S 0 s Td'2 0 s

no incentive to move out of this state. The lower boundaries for the
control signals avoid this.

For the case studies we vary different aspects:

+ system configuration (1-3)
« controller variant (ctrl A- ctrl D)
+ a-value tuning (a-c)

By combination, this leads in total to 36 scenarios that are named
accordingly, e.g. ‘2.D.c’.
The three different system configurations are:

1: without heat losses, properly dimensioned pumps
2: with heat losses, properly dimensioned pumps
3: without heat losses, smaller pumps

Configuration 1 is an idealized benchmark setting. Under configuration
2 the controller performance can be investigated under non-balancing
heat transfer in the network.

In configuration 3, the smaller pumps provoke the occurrence of
pump blocking in the network. Like this, the suitability of the con-
trollers for the identified characteristics of the control problem can be
tested.

As introduced in Section 4, there are four possible controller vari-
ations with different assignments of the substation actuators to the
temperature objectives (see Table 3). To compare their performance,
all four controllers A-D were investigated.

Further, a-values are varied, according to the following scheme to
analyze the influence of the error weighting.

a: ag = 1.000, ap =0.000

(no weighting, single objective PID control)
b: ag = 0.666, ay = 0.333
¢ ag =0.750, ap = 0.250

(proposed tuning)

5.2. Results & discussion

We assess the performance of the controllers focusing on two as-
pects: (I) Which controller variant (objective-actuator assignment) is
best? (II) What benefits or downsides does the error weighting have?

Controller variants

Analysis method. To analyze the simulation results, the deviations from
the control objectives are particularly relevant. These are assessed using
the Mean Absolute Errors (MAE) [42] for the power objective as well
as the high- and low-priority temperature objectives, averaging across

Applied Energy 354 (2024) 122239

all prosumers in the simulated network and over time. This results in
three metrics for each simulated scenario (see right graphs of Fig. 8).

To obtain a single key performance indicator (KPI) for the different
tested controllers and parameter tunings, we first combine the three
MAEs by building a Root Mean Square Error (RMSE) out of them (see
left graph of Fig. 8). Averaging over all simulation configurations for
one controller variant, including parameter tuning leads to the KPIs in
Table 7.

Table 7

RMSE of the simulated scenarios for the different investigated controller variants (A,
B, C, D) and parameter tunings (a, b, ¢) as key performance indicators (KPI) for the
controllers.

A B Cc D
a 2.36 2.99 2.50 3.26
b 2.49 2.90 3.38 2.06
c 2.54 2.74 3.44 1.92

Main result. Table 7 shows that summarized across all simulated sce-
narios our proposed controller D.c outperforms the other controllers, as
it achieves the lowest KPI. In the following, we analyze and explain the
performance of the different controller variants and parameter tunings,
based on the observed MAE illustrated in Fig. 8.

Controller A. (ctrl A) performs poorly under system configuration 2
with heat losses, showing high errors for Q and for T}, ., compared
to the other controllers. The main reason for that is the behavior of
the consumers in the network: Due to the heat losses, the heat transfer
setpoint Q"¢/ is unachievable for the consumers, therefore |Q"/|—|Q| <
0. Using cross-over control in consumption mode, ctrl A speeds up
the CP to raise |Q| by increasing V,. This decreases T,,, which is
controlled by the CV on the network side. In the simulated cases, the
max. achievable V; by opening the CV is not enough to satisfy T; Esf . Like
this, ctrl A can neither achieve the heat transfer objective, nor the high-
priority temperature objective with low errors. This is unexpected, as
ctrl A (i.e. ctrl A.a) is related to control strategies that are successfully
used in traditional DH. However, an essential difference between ctrl
A and traditional DH control is that ctrl A controls for O, whereas
in traditional DH the controlled variable in production mode is 4p.
The (central) producer in traditional DH aims for a certain minimum
differential pressure in the worst-point of the network, independently
from the feed-in power. Thereby it provides higher volume flows ¥,
and allows the substation control to reach T;i_f by opening the CV. Our
control approach uses power setpoints directly to be compliant with
high level district energy management. The FP operates at medium
level, as Q"¢/ is achieved for producers, leading to V] being too low
to reach T;if . In other words, due to the control logic, the ratio Vi/v,

is too low to achieve T’/

5, resulting in the observed high errors for

Thigh _prio*

Controller B. (ctrl B) performs poorly under system configuration 3
with small dimensioned pumps, showing high errors for all objectives,
compared to the other controllers. The main reason for that is the
behavior of the producers in the network: Ctrl B uses same-side control
in production mode. To raise T} ; for achieving the setpoint reference,
the FP is slowed down. One of the pumps is at the low speed not able to
overcome the local differential pressure anymore. The pump is blocked
from feeding in, as the volume flow V| reaches zero. T ; stays too low
and the blocked FP is trapped in this operating point as the control
logic says to slow down the speed further in order to increase T ;.

Controller C. (ctrl C) is a combination of the consumption control
principle of ctrl A and the production control principle of ctrl C.
Therefore it combines the negative effects and high errors, that ctrl A
shows under configuration 2 with heat losses and the negative effects
that ctrl B shows under configuration 3 with small dimensioned pumps.
Ctrl C is related to the control strategies of decentral feed-in with solar
thermal plants. Facing the pump-blocking challenge for feed-in, extra
mechanisms are usually added here to overcome the local differential
pressure.
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Fig. 8. Summarized errors of all simulated scenarios, averaged over time and over all three prosumers in the simulated network. Scenarios are named according to the explanation
in Section 5. The three graphs on the right show the MAE values of the errors with respect to the three objectives. The left figure shows the RMSE error, composed of the errors

of the three right graphs.

Controller D. (ctrl D) is our proposed controller variant. It is a combina-
tion of the production control principle of ctrl A and the consumption
control principle of ctrl C. Therefore it combines the positive behavior
of both controllers and compared to them shows low errors in all
settings — except for tuning D.a without error weighting, which will
be analyzed in detail in the next subsection. The main reason for
the generally good performance of ctrl D is that it uses the primary
side actuators to control for Q with higher priority in both modes. In
consumption mode, the CV on the primary side opens widely to achieve
Qe/. The CP on the secondary side can be operated independently
from that to achieve T, . In production mode, using the primary side
actuators to control for Q with high weighting makes sure that the feed-
in pump (FP) of a producer is speeded up as soon as its volume flow
(and thus transferred heat) goes to zero — this avoids pump blocking.
Like this, controller D makes use of the heat transfer reference Q being
a coupling element of the producers and consumers in the network.

Weighted error functions

Main result. We found that among the four studied objective-actuator
assignments, only the proposed ctrl D is suitable for our application
case. However, ctrl D without error weighting (a-tuning a) exhibits
very high errors for Q and T}, ,, under system configuration 2. Using
the weighted error functions in ctrl D.b & D.c leads to a significant
improvement (see Fig. 8). This underlines the necessity and benefits
of using the proposed weighted error approach.

Analysis method. To illustrate and analyze the effects of error weight-
ing, we use graphs that show the power error e, over the temperature
errors ey of a specific steady-state of one simulation scenario (see
Fig. 9). The weighting is represented in these graphs by a straight line
that depicts all combinations of e, and e satisfying the weighted error
€ to be zero. The slope s of the line indicates the relative weighting and
depends on the a-tuning. Its absolute value is defined by

_E_ Q‘nar .(1—0()

[s| = = -
|K| ~ AT a

(25)

The slope is positive or negative, depending on the signs in Table 4. The
slopes are different for the primary and the secondary side, depending
on the respective a-values. The shortest distance of a point to the

line of ¢ = 0 represents the weighted error ¢ that is aimed to be
minimized by the controller. The value of e, is always the same on
the primary side and the secondary side as the heat transfer power
physically couples the two sides — this is exemplarily illustrated for
one operation point by the dotted line in Fig. 9. Further, by arrows in
Fig. 9 the influence of changes to the control variables ¥; and V, and
to the primary side inlet temperatures are illustrated. These relations
directly follow from the heat exchanger physics described in Section 2.
The origin of the coordinate system (eg,er .er;) = (0,0,0) is the
ideal operating point that minimizes all errors and thereby achieves
all objectives simultaneously. Any optimal operating point lies on the
e = 0 line with slope s.

Analyzed sample. In order to explain the reasons behind the necessity
and benefits of the error weighting, we compare in the following the
behavior of ctrl D.a to the behavior of ctrl D.b & D.c under system
configuration 2. Under system configuration 2 the consumer control
is decisive due to the unachievable heat transfer setpoints, because
of heat losses in the network. Therefore, we investigate in depth the
influence of the a-tunings on the steady-state when prosumer 1 and
3 are consumers and prosumer 2 is in production mode (hour 1-2).
Table 8 shows the according control signals and volume flows, while
Fig. 9 explains the controller behavior determined by the absolute
errors w.r.t. the objectives and the weighted error functions.

Looking at Fig. 9 Fig. 10, for controller variant D the slope of the
line € = 0 is positive in consumption mode and negative in production
mode. Decreasing the volume flows by the same factor while keeping
the ratio constant increases ey, for both substation sides and vice versa
(see arrow markers in Fig. 9). A higher T) ; decreases both errors for
both substation sides — however this primary side inlet temperature
cannot be controlled directly and is a given disturbance for the isolated
substation control. Considering only the behavior of a single substation,
an in-/decrease of the volume flow ratio influences e;; and ey, in
opposite directions (see arrow markers in Fig. 9). Due to this opposite
effects of changes to the volume flow ratio and the coupling by O, there
is only a single operating point that simultaneously satisfies ¢, = 0 and
&, = 0. This is the optimal operating point.
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Fig. 9. Absolute errors in transferred heat over the relevant absolute temperature errors (left: primary side, right: secondary side). Observed is the simulation case 2.D in the
steady-state of simulation hour 1-2. The different shapes of the markers represent the different a-tunings. Unfilled markers in blue represent operation points of prosumer 1, filled
markers in green represent prosumer 3 — these are the two consumers in the observed scenario (see Table 5).
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Fig. 10. Absolute errors in transferred heat over the relevant absolute temperature errors (left: primary side, right: secondary side). Observed are the simulation cases 2.D in the
steady-state of simulation hour 1-2. The different shapes of the markers represent the different a-tunings. The figure illustrates operation points of prosumer 2, the producer in

the observed scenario (see Table 5).

Abstract impact of error weighting. Without weighted errors (a-tuning
a), the optimal point is at the same time the ideal operating point — the
origin of a coordinate system. However, the origin is not reached, as we
see in Fig. 9. To improve ey, an increase of both volume flows would
be necessary, while to improve ey, the ratio ¥i/»; would have to be
increased. This could only be achieved by increasing V; proportionally
more than V,. This is not possible, as all primary side control signals u,
are already at 100% (Table 8). The control is stuck, the ideal and op-
timal operation point cannot be reached. Even with bigger pumps and
higher volume flows, e, = 0 would not be reachable, as the producer
feeds in the requested heat, but due to heat losses in the network the
same amount of heat will never reach the consumer. Introducing error
weighting (a-tuning b and c) relaxes the control problem as e, # 0
can be accepted and compensated by e; # 0 to still achieve an overall
weighted error of ¢ = 0. In the graphs of Figs. 9 and 10, the optimal
point that satisfies £, = 0 and &, = 0 simultaneously is shifted away
from the ideal operating point in the origin. With weighted errors the
controller for consumption also considers AT}, which couples it to the
control of the producers and allows to indirectly manipulate the former
disturbance T .

10

Concrete impact of weighting on analyzed sample. In the simulation
results we see that due to the weighted error functions, ctrl D.b and ctrl
D.c reduce ¥1/v; to increase AT}, which reduces ey for the consumers.
This is done by closing the CV of the consumer with lower power
demand (pros 3) (see Table 8). The CV of the consumer with the
highest demand (pros 1) stays opened completely, which is efficient
from a pumping point of view as it avoids unnecessary pressure losses
in the network. The CP of the consumers are speeded up for higher
heat transfer. Together with the increased AT this reduces e, for the
consumers. The increased AT, at the consumers, decreases the primary
side inlet temperature T, for the producer and the controller of the
producer reduces V; and Vi/v, by slowing down the FP for satisfying
Tﬁ if (see Fig. 10). Due to the increased AT, the producer can with
reduced ¥, achieve Q"ef with lower e,.

Due to the matching signs for the error weights in producer mode
(see Table 4), the slope for ¢ = 0 is negative, meaning e, and e; must
have opposite sings the compensate each other. Like this, producers are
motivated to over-perform in the supplied heat (negative ej) in order
to compensate for temperature errors. This controller characteristic is
good, as it intrinsically anticipates heat losses in the network.
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Table 8

Steady-state values of controller outputs u; and u,, resulting volume flows and
primary side inlet temperatures under system configuration 2, comparing controllers
D.a (without weighting) to D.b & D.c (with weighting). Situation with two consumers
and one producer, power setpoints are in the first row for each prosumer.

2.D.a 2.D.b 2.D.c
oref -6 kW -6 kW -6 kW
u 100% 100% 100%
Vi [/min] -6.7 -39 -3.8
Pros 1 (con) uy 24% 44% 40%
Vo [/min] -2 -3.7 -3.4
/v, 3.35 1.05 1.11
T, [°C] 47.9 49.9 49.8
Qs +10 kW +10 kW +10 kW
u, 100% 54% 56%
Vi [/min] 13.4 6.9 7.3
Pros 2 (prod) uy 100% 95% 100%
Vo [/min] 8.5 8.2 8.5
A 1.58 0.84 0.86
T, [°C] 41.1 31.6 32.8
o/ -4 kW -4 kW -4 kW
u 100% 35% 55%
Vi [/min] -6.7 -3 -35
Pros 3 (cons) uy 24% 28% 29%
Vo [/min] -2 -2.4 -2.4
/v, 3.35 1.2 1.46
T, [°C] 47.9 49.1 49.6

Further insights. It is noticeable that not all weighted operating points
for both consumers and producers are at e = 0. Due to insufficient heat
supply caused by heat losses in the network that are not taken into
account in the setpoints and due to competing influences of volume
flow changes on the controlled variables, not all control objectives
can be simultaneously achieved. In the case of prosumer 1 (con), the
primary side temperature difference shifts the operating points away
from e = 0, while for prosumer 2 (prod) it is the secondary temperature
difference. As desired, the weighted control assigns higher priority to
the secondary supply temperature T, ; for the consumers, while for the
producer, higher priority is given to the primary supply temperature
T, ;. Additionally, as desired, the relative importance between temper-
ature objectives of one substation can be adjusted through different
a-tunings. a-tuning c is slightly more balanced compared to tuning b
since the values are closer to 0.5.

5.3. Evaluation

As outcome of the conducted case studies, we find that our proposed
ctrl D is the only suitable objective-actuator assignment and must be
combined with the presented weighted error functions to be effective
for the targeted use case.

The simulation results show that the proposed approach relaxes the
control problem to cope with insufficient supply when having balanced
setpoints from the management, but heat losses in the network. Further,
we see how our approach makes use of the coupling of prosumers
across the network and thereby allows to indirectly manipulate the
primary side inlet temperatures for consumers, which would otherwise
not be accessible and stay a disturbance that cannot be influenced. Also,
the weighted control intrinsically motivates producers to supply a bit
more heat than requested by the balanced setpoints. Consequently, they
intrinsically anticipate heat losses in the network. Like this, improved
operation points, closer to the setpoints can be achieved than without
weighting.

6. Summary and conclusion

Subject of this paper is to develop a suitable control approach
for bidirectional prosumer substations, that is able to directly process
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setpoints for the heat transfer power and to cope with the charac-
teristics of prosumer networks. To do so, we considered prosumer-
based heat networks without central generation, balancing or pumping
units and assumed a prosumer substation configuration based on com-
mon feed-in & extraction principles from the literature and in compli-
ance with 4&5GDH. We defined and relaxed the control problem. We
chose proportional-integral-derivative (PID) control and proposed a
weighted error function approach that combines heat transfer setpoints
with temperature objectives. We investigated different variants of as-
signing temperature objectives to actuators. Through simulative case
studies, we compared the performance of different controllers. Finally,
we proposed and evaluated a suitable approach.

The proposed control approach has the following distinguishing
properties:

» It aims for all technically relevant temperature objectives of
the control problem. Using parameters of the weighted error
approach, the relative importance of the temperature objectives
to each other can be adjusted.

It directly processes and tracks heat transfer setpoints for the
substation control and is therefore compliant with overarching
management systems. By not utilizing pressure difference as a
means of indirect control for volume flows and hence transferred

power, but rather directly utilizing power values as the control
variable, the proposed control approach is less reliant on the
associated hydraulic circuit and thus system-agnostic.

It manages conflicting objectives by utilizing weighted error func-
tions, which allow for deviations from specific objectives in order
to minimize overall deviation from the ideal operating point. This
enables the controller to handle inherent control errors arising
from unattainable setpoints, which contribute to conflicting con-

trol objectives. In particular, the controller can handle power
setpoints that are unachievable due to insufficient consideration
of network losses at the management level.

It copes with the prosumer interaction within the network, even
without direct communication or coordination between substa-

tions. We showed that the proposed objective-actuator assign-
ment successfully avoids pump blocking. Further, we showed that
the proposed control approach leverages the intrinsic represen-
tation of physical network mechanics (see above) to indirectly
and favorably influence network boundary conditions that would
otherwise not be manipulable. As a result, significantly improved
operation is achieved compared to non-weighted control.

It is pragmatic for direct application on the field-level. It can
be implemented using standard PID controllers, one for each

actuator. Therefore it is agnostic to the concrete actuator. It is
capable of real-time operation and takes into account the dy-
namic behavior of the components. Only simple measurement
processing is needed for calculating the weighted errors, involv-
ing basic operations like addition and multiplication. There is
no need for an internal system model, complex calculations, or
communication between substations.

For future work, the dynamic controller behavior can be analyzed, cov-
ering also experimental studies to investigate the interaction with real
devices. A sensibility analysis w.r.t the a- and PID- tuning can help to
identify the optimal controller parameters for different setups. Adding
online-learning methods to dynamically adapt the controller parame-
ters can further improve the control performance. Control-theoretical
analyses of the control system with and without controller can help to
understand the stability boundaries.
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The main contributions of this paper are:

» We provide a systematic analysis of the control problem of bidi-
rectional prosumer substations in smart thermal grids, revealing
objectives and characteristics of the problem. Based on this, we
conduct the first systematic study on the assignment of the differ-
ent temperature objectives to the multiple actuators in bidirec-
tional substations.

We identified and validated a suitable controller for bidirectional
prosumer substations that considers the mutual influence within
the network. The controller can be applied not only in the purely
prosumer-based networks but also in networks with less prosumer
penetration. Further, the principles can be transferred to other
network concepts, such as 5GDHC systems due to the indepen-
dence from specific actuators and technical systems along with
the universality of the feed-in and extraction principles.

We bridge the gap between management level and field-level
control in prosumer networks: The suggested control approach
enables direct processing and implementation of heat transfer
setpoints in substation control. It allows to control each substation
as an independent unit without communication or coordination
among them, while still considering the mutual influences.

With our contributions, we advance the understanding and imple-
mentation of effective control strategies in the evolving landscape of
decentralized district heating systems as a part of future smart energy
systems.
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CHAPTER 8. ADVANCED FIELD CONTROL

8.2 Chapter Conclusion

For the narrative of this dissertation, several conclusions from this chapter shall be highlighted:

Based on the insights gained in the preceding chapters, the focus was shifted from control framework
A to control framework B for the operation of PBDH networks. Both structures were initially presented
in Section 5.1. Control framework B follows a two-layer approach with a district EMS at the top layer
and substation field controllers at the bottom layer.

In this context an advanced control method for bidirectional prosumer substations was developed in
Pub7. The approach uses weighted error functions paired with PID controllers. A distinct assignment
of the control objectives to the different available substation actuators is chosen based on systematic
investigations. In combination, this allows the substation controllers to directly process optimal power
flow setpoints from an overarching management system, while anticipating the technical interplay of
prosumers within the network. Temperature limitations are addressed by setting required temperatured
levels for feed-in and extraction, assuming that the participation prosumers are technically capable to
guarantee these temperature levels.

The weighted error functions handle multiple objectives for one actuator and relax the control prob-
lem. Although the management layer and the field control are interlinked by the communicated power
setpoints, they are just losely coupled due to the weighted error approach. This allows the proposed
field controller to handle also power setpoints which are unachievable due to insufficient consideration
of technical constraints at the management level (like e.g. losses or temperature levels). The substation
controllers converge automatically to an operating point which is as close as possible to the given set-
points under the chosen weighting. The exact weighting can be adopted with parameters to the specific
need and characteristics of the individual network setup. Additionally, the included PID controllers al-
low for the anticipation of the dynamic component and system behavior.

Another speciality of the proposed controller is that the systemic technical interactions between the
substations over the network is anticipated without a distinct communication link between the substa-
tions. Instead the controller makes use of the intrinsic representation of physical network mechanics
to indirectly and favorably influence network boundary conditions that are not manipulable without
communication using conventional control approaches.

With the features described above, the proposed controller offers a pragmatic solution to bridge the
gap between high-level management and real-time field-level operations in innovative district heat-
ing networks with prosumers. Bridging this gap allows to effectively operate PBDH networks with
the proposed two-layer control framework B, comprising an overarching smart management and the
proposed advanced substation field controller.
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Chapter 9

Conclusion

The integration of distributed generation and the concept of prosumers are essential aspects of smart
thermal grids as sustainable and efficient parts of future smart energy systems. This dissertation studies
prosumer-based district heating (PBDH) networks as an archetype of smart thermal grids to advance
their general technical implementation and operation. Therefore, three investigated research questions
(see Section 2.2) were addressed as follows.

RQ1 asks for a reference network concept that facilitates the technical implementation of the PBDH
principle.

Based on preceding literature and comprehensive reasoning, an appropriate reference network con-
cept for PBDH networks was proposed. It comprises specific network paradigms and a bidirectional
prosumer substation configuration. Together, this builds the foundation for further technical inves-
tigations. The reference network concept was implemented in the CoSES laboratory environment at
TUM, allowing for the safe and flexible testing of advanced control strategies in interaction with real
hardware under close-to-reality conditions. A dimensioning method for PBDH networks with linear
topologies was presented, allowing for the dimensioning of pipes, pumps, valves, and heat exchangers
as the most relevant components.

It was found that PBDH networks with small prosumers show high hydraulic resistances at low required
volume flows. This imposes particular challenges for designing and efficiently operating decentralized
pumps in prosumer substations. Current DH system pumps are inefficient for this purpose. Costly
over-sizing of pumps, limiting the network size and energy exchange, or restricting the feed-in to
big producers are potential solutions. Further, it is revealed that bidirectional flows and dynamically
changing hydraulic circuits make it complex to determine the reference *worst case’ for component
dimensioning, especially in networks without linear topologies.

RQ2 focuses on the technical system behavior of PBDH networks, depending on the operation of the
distributed actuators.

As a basis for studying this aspect, a closed-form mathematical model of the thermohydraulics in PBDH
networks was derived. Unlike other models, the proposed model incorporates heat transfer to/from the
secondary side, the hydraulic behavior of pumps and valves, and the mode-switching of prosumers.
This allows to analyze how distributed actuator operation and prosumer boundary conditions affect the
technical network operation. The derived model was implemented in Python, resulting in a software
tool for steady-state simulation of PBDH networks. Based on this, a Modelica library was developed,
facilitating the rapid setup and dynamic simulation of various PBDH network configurations. Utiliz-
ing the developed models in case studies, combined with literature synthesis and logical reasoning,
provided a thorough overview of technical characteristics of PBDH networks.

It was found that the complexity of network modeling scales exponentially with the number of connec-
tions and participants due to a priori unknown flow directions in the network. Further, it was shown
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how the overall thermohydraulic network state emerges from the interference of the distributed ac-
tuator operation. It responds highly sensitively and nonlinearly to changes in their operating points.
Associated with that, the interdependence of the operation points of these actuators was predicted
and confirmed by simulations. Specific systemic effects, such as ’pump blocking’, were predicted and
showcased in simulations and experiments. From these compiled characteristics of PBDH networks,
several challenges were derived for network design, control, and integration of smart thermal grids.
Anticipating systemic interference effects by specialized operation methods is identified as crucial for
the overall network functionality.

RQ3 aims to develop an appropriate control framework for the seamlessly integrated operation of
PBDH networks from the management to the field level.

For this, the main control tasks were identified and allocated to two control frameworks that were ex-
plored: a two-layer and a three-layer structure. Both incorporate a district-level EMS responsible for
network coordination and synergy exploitation. A software prototype was developed and validated for
optimizing power flows in districts in interaction with hardware during live operation. Initially, the
three-layer control architecture was favored, focusing on converting the mathematical network simu-
lation model into a middle-layer control model to anticipate systemic technical effects occurring from
the interaction of distributed actuators. However, replicating all technical aspects in a comprehensive
network model proved impractical for control purposes due to high computational complexity and
the need for high-resolution temporal communication to anticipate system dynamics. As a result, the
idea of a network control model was discarded in favor of the simpler two-layer architecture, which
includes only central management and distributed field control. Nonetheless, the technical network
behavior must still be anticipated within the control framework, as purely power-based models were
proven insufficient for the practical implementation in experimental studies using the district EMS tool.
In response, an advanced field-level controller for bidirectional prosumer substations was developed,
considering the identified characteristics and challenges of PBDH networks. It uses weighted PID con-
trollers to manage heat transfer power setpoints from the management level, alongside temperature
setpoints as technical requirements. The PID controllers enable the handling of dynamic behaviors.
Due to the problem relaxation by error weighting and a specific actuator to objective assignment, the
control incorporates a model-free representation of physical network mechanics. Thereby, it can antic-
ipate systemic technical interactions between the substations over the network without distinct com-
munication links between the substations.

Overall, the developed control framework features distributed technical control coordinated by abstract
power flow optimization without relying on a complex technical network model. This framework is
modular, and the power setpoints provide a universal interface, facilitating interchangeability on the
different layers and enabling integration with other methods and models.

Broader context Upon the investigation of prosumer-based district heating networks, it’s evident
that they are an idealized niche concept suitable only for particular contexts. The studies on hydraulic
system behavior indicate that these networks are particularly suited for smaller systems with a limited
number of participants (e.g., 3-15) and smaller network extents. However, as prosumers are the most
generic network participants, insights from PBDH networks apply to smart thermal grids in general.
With an increasing share of decentralized participation and increasing flexibility, focusing on small
scales or limited interaction is crucial for managing hydraulic issues. Appropriate application con-
texts include small, self-contained areas like campuses, industrial sites, residential complexes, compact
villages with diverse sources and sinks, or smaller mixed urban districts. More centralized network
concepts are preferable for broader coverage in cities or large districts. A hybrid model with multiple
hierarchical layers (see outlook in Chapter 10) could leverage the benefits of smart thermal grids at
small scales while allowing for the coverage of an extended area. Another related direction are 5GDHC
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systems with a high co-occurrence of heating and cooling demands supplied by prosumers over a shared
network with very low temperatures.

Contribution The concept of smart thermal grids and prosumer-based district heating (PBDH) in
particular opens the potential to use distributed (renewable) generation and to utilize synergies be-
tween various network participants and across energy sectors, thereby making thermal energy supply
more integrated, efficient, and sustainable. However, this introduces increased complexity in network
implementation and operation.

Contribution

This dissertation investigates the design, analysis, and operation of PBDH networks as
archetypes of smart thermal grids. Thereby, it provides valuable insights into the com-
plexities of network implementation and operation induced by flexibilization and decen-
tralization. To address the inherent technical complexities, this dissertation introduces a
comprehensive control framework, including effective control methods. These methods
enhance systemic efficiency by exploiting synergies with overarching optimization and
ensure technical viability by implementing the optimized trajectories on the field level
in real-time operation.

Therefore, this dissertation contributes to a deeper understanding of the dynamics
within smart thermal grids, especially concerning the intricate interactions among par-
ticipants on the technical level. This reveals the limits of technical feasibility for decen-
tralized and bidirectional DH networks and permits inferences about technically sensi-
ble application areas. These insights guide future research and offer starting points for
economic-regulatory assessments funding on the technical system feasibility. Overall,
this dissertation advances the technical implementation and operation of smart thermal
grids.

With its contributions, this dissertation paves the way for the potential and theoretical benefits of smart
thermal grids to be leveraged practically in the field. Ultimately, this promotes a more sustainable
thermal energy supply in the future.
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Chapter 10

Outlook

The investigations and insights of this dissertation build a solid foundation for future research endeav-
ours. Potential starting points in form of aspects that emerged from the conducted investigations will
be outlined in the following.

Potential future research directions on the design and dimensioning of smart thermal grids:

« Development of an efficient method for dimensioning PBDH networks with various topologies
(radial, meshed, mixed). All possible network states and combinations of flow directions have
to be considered. Possibly an optimization-based approach is suitable, similar to the ones de-
scribed in Ref. [63], [64]. An alternative approach can be to simplify complex topologies into
combinations of linear networks using the method presented in this dissertation.

« Formulation of a method for selecting appropriate unified temperature levels for feeding into and
extracting from a network that connects diverse participants with different temperature require-
ments or characteristics. Dynamically changing temperature levels over different periods in the
year can be considered, as suggested in [119]. Potential objectives could be to maximize energy
exchange over the year or to achieve the highest possible coverage of consumer demands in the
district through the network.

« Investigation on the series connection of two pumps for decentralized feed-in to enable high
pressure differences at low flow rates while operating each pump at an efficient operating point
(see also subsection 6.2.3).

« Examination of the technical transformation of existing TDH networks into networks with dis-
tributed generation and/or prosumers. Assess to what extend the existing network infrastructure
can be re-utilized or how it would need to be modified from a technical point of view.

« Derivation of reference networks that are representative for benchmarking algorithms and oper-
ational frameworks, offering a standardized basis for comparison. Accessing detailed information
and data from existing systems can be challenging for researchers and developers. The reference
networks should therefore include topologies, technical design specifications, and (synthetic)
operational data. The fundamental research question is to determine the essential features that
reference networks must possess to be effective for benchmarking purposes. An initial step is a
comprehensive categorization of existing networks, as done for example in [37], [45].

« Studying hierarchical thermal networks. This is particularly relevant since it was concluded that
several hydraulic constraints make PBDH networks more suited for small scale networks. Within
an hierarchical approach, multiple small PBDH networks can be part of an interconnecting infras-
tructure. There are first considerations for two approaches: An analogy to the transmission and
distribution level in electrical networks - manageable hydraulic units at the distribution level are
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separated by heat exchangers from the transmission level [120]. Cascaded DH networks, where
sub-networks are connected to one line of the superordinated network [121]-[125].

Potential future research directions on the operation and control of smart thermal grids:

Experimental validation of the developed weighted PID approach for bidirectional prosumer sub-
stations using actual hardware. The CoSES laboratory (see Section 6.2) is well suited for this type
of investigation. Develop and establish best practices for tuning the PID and their weighting
parameters in this specific context. Additionally, compare the performance of the proposed sub-
station controller with other approaches, e.g. those detailed in Ref. [126].

Examination of the stability of the proposed weighted PID approach in networks with many
participants and conduct a sensitivity analysis. First steps in this direction were made by Ref.
[127]. Other related literature is Ref. [128], [129]

Investigation of the proposed weighted PID in the context of 5GDHC networks and innovative
network concepts other than PBDH networks. While the PBDH concept’s generality suggests
potential transferability of the weighted PID approach, specific characteristics of booster heat
pumps in 5GDHC may affect the performance and necessitate unique tuning,.

Analysis of operational aspects of prosumers in 4GDH and 5GDHC systems to derive a common
hardware configuration that allows general investigations and statements for these most relevant
network types.

Exploration of methods for automated network state estimation and error analysis in DH net-
works, leveraging limited field measurements. Techniques such as anomaly detection could be
employed to automatically pinpoint errors or sources of inefficiency, like poorly balanced hy-
draulic conditions in customers. Essential factors include accuracy of estimation from available
data, suitability of the model (physical, black box, grey box), types of errors, and reliability in
identification, aiming to improve network efficiency and automation.

Potential future research directions on systemic analysis of smart thermal grids:

Inversion of the derived thermohydraulic network model (ProHeatNet_Sim) for control purposes
as initiated in Pub4, by utilizing relaxation methods (such as in Ref. [130]) or machine learning
techniques.

Incorporation of technical details of the prosumer side into network investigations. Within this
dissertation the prosumer side was simplified by idealizing it. A logical progression in this area
is the coupling of the Modelica libraries ProsNet (Pub5) and ProHMo [117], [118].

Exploration of how central EMS optimization can be abstracted to eliminate the need for detailed
information about prosumers’ internal technical systems at the management level. Focus on
how prosumers can communicate only capacities and flexibilities, and explore methods for their
quantification.

Investigation of the system reliability and resilience: What happens if a producer cannot deliver
at the technical level what is assumed at the management level? Identify measures that can
ensure reliable energy supply.

Conduction of comprehensive testing and validation of the entire assembly of integrated net-
work operation levels developed in this dissertation through a combination of experimental and
simulation-based case studies, including the necessary interfaces.
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Potential future research directions on smart thermal grids in the broader context:

« Analysis on the economic performance of PBDH networks and smart thermal grids in general,
as this dissertation had a focus on the technical feasibility. Assess whether the gains in effi-
ciency justify the financial investment, considering the increased system complexity. Compare
the performance of networks with distributed generation against TDH networks, focusing on the
sensitivity to the proportion of decentralized generation and prosumers. Initial investigations in
this direction are documented in Ref. [131].

« Systematical investigations where PBDH networks are economically viable and to what extent
(for example, across Bavaria or Germany). Determine for which demand and generation set-
tings smart thermal grids with prosumers and distributed generation are advantageous. Evaluate
where hierarchical network approaches are suitable and where TDH or decentralized supply
should be preferred.

Moreover, in the context of this dissertation several tools were created and established that are avail-
able for continued use. The CoSES laboratory environment functions beyond research purposes as a
valuable resource for the education of students, researchers, and industry professionals. In addition,
the suite of software tools — namely, MEMAP, ProsNet, ProHeatNet_Sim, and ProHMo — can be used for
detailed case studies and be enhancement within a wider scope of research activities.

Overall, the multifaceted research opportunites outlined above encompass various aspects, including
technical, economical, operational, and control aspects. Pursuing these directions can contribute to
accelerating the broader practical application of PBDH networks and smart thermal grids in the field,
beyond the scope of this dissertation.
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[2] D. Zinsmeister and T. Licklederer, “Characterization of a combined heat and power unit at the
coses laboratory - data,” Technical University of Munich - Center for Combined Smart Energy
Systems (CoSES), Tech. Rep., 2021. por: 10.13140/RG.2.2.17613.56809. [Online]. Available:
https://www.researchgate.net/publication/357049522 _ Characterization_of _a_ Combined _
Heat_and_Power_Unit_at_the_CoSES_laboratory_-_Data.

[3] D. Zinsmeister and T. Licklederer, “Characterization of a thermal storage at the coses labora-
tory,” Technical University of Munich - Center for Combined Smart Energy Systems (CoSES),
Tech. Rep., 2022. por: 10.13140/RG.2.2.13461.19687. [Online]. Available: https://www.
researchgate.net/publication/359442024 _Characterization_of _a_Thermal _Storage_at_the _
CoSES_laboratory.

[4] D. Zinsmeister and T. Licklederer, “Characterization of a thermal storage at the coses labora-
tory - data,” Technical University of Munich - Center for Combined Smart Energy Systems
(CoSES), Tech. Rep., 2022. por: 10.13140/RG.2.2.20172.08321. [Online]. Available: https:
//www.researchgate.net/publication/359441886_Characterization_of a_Thermal_Storage_at_
the_CoSES_laboratory_-_Data.

Open-source repositories

1. MEMAP - Source code of the Multi-Energy Management and Aggregation Platform: https://git.
fortiss.org/ASCI-public/memap/-/tree/main

2. ProHeatNet_Sim - A python based simulation framework for the thermohydraulic simulation
of prosumer-dominated heat networks: https://github.com/thomaslicklederer/ProHeatNet_Sim

3. ProsNet - A modelica library for the simulation of prosumer-domintaed heat networks: https:
//github.com/thomaslicklederer/ProsNet

D.2 Research Projects

MEMAP Aggregationsplattform zur gebdudeiibergreifenden Optimierung der Energieeffizienz; Teil-
vorhaben Modellierung, Optimierung und Simulation Energiesysteme
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Funding program
Funding agency
Project Agency
Project identifier
Project duration
URL

Final report

Repositories

Involved as
Duration of involvement

Main tasks

Energieforschungsprogramm der Bundesregierung
Bundesministerium fiir Wirtschaft und Klimaschutz (BMWZK.IIC6)
Forschungszentrum Jilich GmbH (PT-J.ESN3)

03ET1413B

2017/06/01 bis 2021/09/30

https://memap-projekt.de/
https://doi.org/10.2314/KXP:1843065479

https://git.fortiss.org/ASCI-public/memap

Research Associate at academic project partner TUM - MSE
2018/10/01 - 2021/09/30

literature review, research gap identification, modeling, program-
ming, simulation, experiment preparation and conduction, data anal-
ysis, documentation, exchange with research community, dissemina-
tion of results, continued learning, coordination with project partners,
event organization and participation, project planning, budgeting and
finance management, reporting to funding agency and professor

OSkit Optimierte Sektorkopplung in Quartieren durch intelligente thermische Prosumernetze; Teil-
vorhaben: Modellierung, Laborevaluation und Riickwirkungen auf das Stromsystem

Funding program
Funding agency
Project Agency
Project identifier

Project duration

Involved as
Duration of involvement

Main tasks

Energieforschungsprogramm der Bundesregierung
Bundesministerium fiir Wirtschaft und Klimaschutz (BMWK.IIC6)
Forschungszentrum Jilich GmbH (PT-J.ESN3)

03EN3032A

2020/12/01 - 2024/05/31

Research Associate at academic project partner TUM - MSE
2021/10/01 - 2023/12/31

literature review, research gap identification, modeling, program-
ming, simulation, experiment preparation and conduction, data anal-
ysis, documentation, exchange with research community, dissemina-
tion of results, continued learning, coordination with project partners,
event organization and participation, project planning, budgeting and
finance management, reporting to funding agency and professor, team
formation and hiring.
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D.3 Supervision and Teaching

Master Thesis of Sherif Hashem on Convex thermal modelling of hydronic radiators for model predictive
control of HVAC systems to enable demand side flexibility. Garching, December 2019. Co-supervision
together with M.Sc. Sebastian Troitzsch. Examiner: Prof. Thomas Hamacher.

Master Thesis of Ilya Elizarov on Analysis, Modelling, and Control Strategy Development for Prosumer-
based Heat Networks. Garching, July 2020. Examiner: Prof. Thomas Hamacher. Access: https://
mediatum.ub.tum.de/1719246 .

Master Thesis of Fabian Speer on Planning, Dimensioning, and Economic Assessment of Bidirectional
Thermal Networks with Prosumers. Garching, March 2023. Examiner: Prof. Thomas Hamacher. Access:
https://mediatum.ub.tum.de/1719254 .

Bachelor Thesis of Lorenz Lukas on Commissioning and Characterization of a Prototypical Bidirectional
Heat Transfer Station.. Garching, November 2022. Examiner: Prof. Thomas Hamacher. Access: https:
//mediatum.ub.tum.de/1719248 .

Research Internship of Nishard Ghouse on Multi-Energy Management and Aggregation Platform.
Garching, October 2020. Co-supervision together with M.Sc. Sebastian Troitzsch. Examiner: Prof.
Thomas Hamacher.

Research Internship of Hugo Schiitz on Energetic analysis of ZEI Building. Garching, August 2022.
Examiner: Prof. Thomas Hamacher.

Research Internship of Sarah Schmidt on Formal stability analysis of a PID-based control system for
bidirectional heat transfer station. Garching, March 2023. Examiner: Prof. Thomas Hamacher. Access:
https://mediatum.ub.tum.de/1719249 .

Student seminar thesis of Julian Scheer on Literature review on bidirectional heat networks: Design
and operating concepts in science and practise. Garching, July 2020. Examiner: Prof. Thomas Hamacher.

Student seminar thesis of Monika Syed on Literature review on local thermal energy markets: existing
concepts in science and practice. Garching, January 2022. Examiner: Prof. Thomas Hamacher.

Student Research Assistant (Hiwi) Supervision Supervision of student research assistants incl. hir-
ing, administration, trainig, work task planing and assignment, monitoring, evaluation and mentorship.

« Ilya Elizarov: 2020/09/01 - 2021/12/31
« Johannes Burger: 2020/11/01 - 2021/05/31

Luis Theel: 2022/10/01 - 2023/11/30

Lorenz Lukas: 2022/12/01 - 2023/12/31

Laboratory Internship Supervision of student laboratory experiments on combined heat and power
(CHP) systems and condensing boilers in the context of the lecture Praktikum Energieerzeugungstechnik.
Including initial assessment, practical experiment, and report evaluation.

Lecture on "Energie- und Gebaudetechnik an der MSE" as part of the MINT orientation semester at
TUM, followed by guided tour through the CoSES laboratory.

XXXVil


https://mediatum.ub.tum.de/1719246
https://mediatum.ub.tum.de/1719246
https://mediatum.ub.tum.de/1719254
https://mediatum.ub.tum.de/1719248
https://mediatum.ub.tum.de/1719248
https://mediatum.ub.tum.de/1719249

APPENDIX D. DOCTORAL JOURNEY

D.4 Involvement at the Institute and University

Center for Combined Smart Energy Systems (CoSES) Member of the CoSES research group and
proactive support of the group formation process, as well as the setup and operation of the associated
laboratory infrastructure.

+ Research Group

development of research direction and strategy
scientific discourse

team building

establishment of internal processes

public relations and dissemination of research results
guided tours through the laboratory

networking and establishing research collaborations

progression to taking over the shared group leadership

» Laboratory

system design

setup of hardware and software infrastructure
operation and maintenance

safety aspects

experiment design and conduction

Munich School of Engineering (MSE), later Munich Institute of Integrated Materials, Energy
and Process Engineering (MEP) Engagement at the MSE / MEP, an integrated research center of the

TUM.

+ Adjunct member of the Professors’ Council as governing body of the MSE

« Active Participation in the MSE Colloquia 2019, 2020, 2021 & the MEP Colloquium 2022

» Monitoring of the energy infrastructure in the ZEI buildung

« Supporting the preparation and writing of research proposals

+ Close exchange with partner chairs at TUM: i.e. Lehrstuhl fiir Erneuerbare und Nachhaltige
Energiesysteme (ENS) & Lehrstuhl fiir Energiewirtschaft und Anwendungstechnik (EWK)

« Progression to taking over the role of Focus Area Leader "Energy" at MEP

Others

« Elected Doctoral Candidate Representative for approx. 2000 doctoral candidates at the TUM
School of Engineering and Design in the period of 10/2021 - 09/2022.
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D.5 Selected Events

Date Location Name Type of
participa-
tion

2018, Munich LabVIEW Course: Certified LabVIEW Associate De- | participant

October veloper (Certificate-ID: 100-318-14091)

2018, Detmold 5. Projektleitertreffen der wiss. Begleitforschung | participant

December "EnergieWendeBauen" on Cooling and Refrigeration

- Active and Passive Concepts

2019, Munich Course on Competently supervising student thesesby | participant

April TUM ProLehre Medien und Didaktik

2019, Garching Workshop on Programming with Python by the | participant

April TUM Graduate School

2019, Garching VeriStand Fundamentals Course by National Instru- | participant

May ments

2019, Copenhagen | Summer School on Data-Driven Analytics and Op- | participant

June timization for Energy Systems at the Technical Uni-

versity of Denmark (DTU)

2019, Garching Official opening event of the Laboratory for Com- | host,

July bined Smart Energy System (CoSES) at TUM participant

2019, Raiten- Kick-off seminar for the doctorate by TUM Gradu- | participant

July haslach ate School; Skill course: "Evidence-based problem-

solving strategies”

2019, Garching Customized VeriStand Integrator Training by Na- | participant

July tional Instruments

2019, Garching 9th Energy Colloquium of the Munich School of En- | participant

August gineering

2019, Garching Modelica Workshop by the TUM Graduate School | participant

September and the Modelica Association

2019, Garching 7. Projektleitertreffen der wiss. Begleitforschung | host,

November "EnergieWendeBauen" on Tools for the Energy Tran- | organizer,

sition participant

2019, Munich Course on Fundamentals in Third-Party Funding by | participant

November TUM horizons

2020, Febru- | Garching Course on Scientific Paper Writing by TUM Gradu- | participant

ary ate School
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2020, online Network Meeting of the SmartQ Research Network | presenter
April for Smart Districts: Presentation of the MEMAP Re-
search Project
2020, online Speaker at the Tech Days Munich 2020 on "Five | speaker
June buildings in a lab: Testbed for energy-optimized
neighborhoods"
2020, online Workshop on Digital District Energy Management | participant
June by the Begleitforschung "EnergieWendeBauen"
2020, Garching 10th Energy Colloquium of the Munich School of En- | presenter,
Juli gineering participant
2020, online 6th International Conference on Smart Energy Sys- | presenter,
October tems (SES); Presentation on "A Thermohydraulic | participant
Model of Bidirectional Heat Networks with Pro-
sumers"
2021, Garching 11th Energy Colloquium of the Munich School of En- | presenter,
April gineering participant
2021, online CISBAT 2021, Carbon Neutral Cities - Energy Effi- | presenter,
September ciency & Renewables in the Digital Era; Presentation | participant
on "Characteristics and Challenges in Prosumer-
Dominated Thermal Networks"
2021, online Project closing event of the MEMAP project organizer,
September presenter
2022, online Seminar on Good scientific praticeby TUM Graduate | participant
January School
2022, online Workshop on smart thermal prosumer networks: | host,
January Knowledge exchange and networking in the con- | organizer,
text of the OSkit Research Project participant
2022, online Webinar on Core Aspects of Neighborhood Concepts | presenter
May by the Open District Hub e.V. and the C AR.M.E.N.
eV.
2022, Garching Workshop on Agile Project Management with | participant
May SCRUM in an Engineering Context by the TUM
Graduate School
2022, Mitteralm Alpine Seminar on Leadership and Self-Leadership | participant
May
2022, Garching 12th Energy Colloquium of the Munich Institute of In- | participant
July tegrated Materials, Energy and Process Engineering;

Awarded for the 2nd best oral presentation.
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2022, Oxford Oxford Machine Learning Summer School ‘'OxML | participant
August 2022’ by Al for Global Goals in partnership with CI-
FAR and the University of Oxford’s Deep Medicine
Program
2022, Aalborg 8th International Conference on Smart Energy Sys- | presenter,
September tems (SES); Presentation on "A field-level control | participant
approach for bidirectional heat transfer stations in
prosumer-based thermal networks"
2023, Berchtes- Retreat for the TUM research group for Combined | organizer,
April gaden Smart Energy Systems (CoSES) presenter,
participant
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