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Abstract

The goal of this thesis is to model a laboratory-scale district heating system to
help test its performance and simulate different scenarios and configurations. The
experimental system in question is located inside the Politecnico di Torino
laboratories and it was built to replicate on a smaller scale the characteristic
behaviour of a district heating system. Heat generation is accomplished with a
natural gas water heater. The primary circuit is composed of a small network of steel
pipes which distributes hot water to two secondary circuits. Each of the two
secondary circuits features a substation, composed of a plate heat exchanger and a
circulation pump, and an air heater to simulate heat load. A thermal energy storage
system is also present in one of the two secondary circuits.

This work aims at creating a “digital twin” of this system, coupling each
component present in the real setup with a digital one, trying to preserve their
specific characteristics and features in the most accurate way possible. The
foundation is OpenModelica software, an open-source Modelica-based modelling,
compilation, and simulation environment, which enables the study of complex
multi-domain physics systems.

The core of this project is proving the feasibility of digital twin modelling using
open-source software, highlighting the eventual advantages and weak points of this
method. A step-by-step explanation is provided, including the construction of this
model using mostly Buildings and Modelica Standard Library components,
commenting on their implementation and behaviour inside the model itself, while
mentioning the problems encountered and their relative fixes.

Finally, the results of different simulations are showcased including a default
system configuration and a few other ones, such as one setup that includes the
sensible thermal energy storage, or one with different operational parameters, such
as temperatures and mass flow rates.

III
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1. Introduction

District heating can be a great way to increase energy efficiency in the heating
and cooling energy market. It can be coupled with RES and other waste heat sources
torecover energy that would be otherwise wasted. Its centralized layout can act very
effectively and can accelerate the adoption of new technologies, which would imply
high investment costs for single users if implemented separately. However, being a
legacy technology, DH’s full potential is yet to be completely exploited. A new
generation of this system, that guarantees higher efficiency, and more sustainability
can play a central role in future energy systems. That is why DH is currently an
important research topic in the field.

To serve this purpose, Politecnico di Torino built into one of its facilities a
small-scale district heating system, with which it is possible to study the behaviour
of the network under different conditions and when coupled with thermal storage or
other innovative appliances.

The work focuses on creating a digital model of this very system, to provide an
easy and flexible way of testing it with different configurations. Our goal consists of
building a “digital twin” of the system [1], i.e. a model capable of representing each
one of the components of the real system and simulating their behaviour as
accurately as possible.

The digital model created could eventually be employed to provide insights on
the system’s behaviour under various scenarios eliminating the need for expensive
or burdensome physical tests. These simulations can be run providing different
operational conditions, like varying mass flow rates, temperatures, or other
parameters, or could also be employed to assess whether the coupling of new
machinery is convenient.



1.1. Master thesis’ structure

This paper develops in the following chapters:

e INTRODUCTION: the concept of district heating and its role in the actual
and future energy system in the EU and Italy is presented. Then, the
definition of digital twin is discussed and, finally, the Modelica language
[2], on which the project is based, and its applications are introduced.

e THE PHYSICAL SYSTEM: the structure of the real system under analysis
is described, including its various components and their relative
operational principle. The location and purpose of the laboratory are also
reported.

e BUILDING THE DIGITAL TWIN: the tools and software used to build the
digital model are presented. This section explains which models are built
and why and the methodological approach to the problem is also reported.

e RESULTS OF THE SIMULATIONS: in this section, the results of various
simulations are showcased and commented along with the proposal for
further developments. A few problems

e CONCLUSIONS: a summary of the project is reported, highlighting the
strongest and weakest points of the followed approach



1.2. District heating: state-of-the-art and
future development

1.2.1. Heating demand impact on European energy
consumption

Climate change is undoubtedly one of the biggest challenges our society has to
face, demanding fast and incisive actions from us all. Energy efficiency and global
adoption of innovative and sustainable heating and cooling systems are paramount
in tackling the rapid growth of this destructive phenomenon. In this context, district
heating and cooling can play a major role in reducing the environmental footprint of
human activities.

The heating and cooling sector alone accounts for about 50% of the total final
gross energy consumption (TFC) in the EU [3]. For this reason, the European
Commission (EC) has published many reports in recent years on this very topic,
considering it among the most urgent thematic in various plans to transition to more
sustainable energy sources, such as the Energy Efficiency Directive [4], REPowerEU
Plan [5] or the “Clean Energy for all Europeans” package [6]. Despite the importance
of updated insights on the problem, it is quite a difficult task to gather information
about energy consumption for heating and cooling and, especially, on the share of
renewable energy in the sector, as statistical data can be fragmented or submitted to
variable European directives for their calculation. However, a sense of the impact of
this final use on overall energy consumption can still be understood.

The most up-to-date data obtained from the reports committed by EC show
that 3445 TWh were consumed in the region in 2017 to meet heating demand [7]. The
report also states that, considering a cross-sectorial approach, that includes
residential, industrial, and commercial & public services, space heating and water
heating account respectively for 42.4% and 5.0% of the total final gross energy
consumption in 2017, with 23.1% of energy spent covered by renewable sources. In
addition to these figures, the paper highlights also that 67% of heating demand
comes from the residential sector, where investments in energy efficiency can show
a slower rate of adoption. Regarding energy sources employed in the sector, more
than 43% of the demand is covered by natural gas, followed by biomass and fuel oil,
in similar percentages, around 15% [7]. In the following plots (Fig. 1.1), these
partitions are described in greater detail.
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Figure 1-1 Cross-sectorial study on heating in the EU [7]

In the plot above, district heating is included in the share of energy sources
and accounts for 12% of final energy use, while direct natural gas and fuel oil
consumption still covers more than 43% and 15% respectively. The project Heat
Roadmap Europe project tracked the adoption of DH in the region, also exploring the
feasibility of future scenarios in which it plays a more prominent role in the heating
supply. From Fig. 1-2 it can be noted that northern countries such as Denmark,
Sweden and Finland were leading the district heating market in 2015. This is due to
the very early adoption of the technology, which in turn means that DH systems in
these countries can sometimes feature older plants and distribution systems,
lowering the overall efficiency [8] [9].
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Unfortunately, if compared to these countries, DH in the Italian heating market
is far less significant. The latest data available show that the share of district heating
on the total energy consumption for heating and cooling only accounted for 3% of

total energy consumed in space heating and water heating in 2018, out of 366 TWh
overall, as can be seen in Fig. 1-3. As in other European countries, most of the
demand is met via direct consumption of natural gas, which covered even 60% of

total energy consumption in the sector, followed by biomass at 13 % and an
encouraging 13% in heat pumps [10]. Other shares of energy in the mix are shown
in Fig. 1-3.
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Figure 1-3 Space and water heating demand in Italy in 2018 [10]



1.2.2. DH working principle and main components

Another crucial aspect that must be considered when talking about the
potential of district heating and its weight on the energy mix is the source of heat
itself. To do so, it can be useful to recall the working principle of district heating.

District heating is based on the separation between generation and
consumption of heat. In conventional heating systems heat generation happens
locally at the building level. It can be centralised, serving multiple apartments or
independent, where each household is served by its own heater. This happens in
commercial or public buildings as well. These systems consist generally of water
boilers, powered mainly by the combustion of fossil fuels such as natural gas or oil,
or the combustion of biomass, like wood. Newly designed buildings might also be
fitted with newer heat generation solutions such as electric heat pumps or solar
collectors. Regardless of the source and the technology applied, heat is generated at
the user level and is transferred to space heating components, like radiators or
radiant floors, or air-based systems such as fan-coil units. In this way, each
building’s heating system is isolated and independent from one another.

CENTRALIZED HEAT SECONDARY
GENERATION SUESITATIEN CIRCUIT +

!

Figure 1-4 Simplified district heating diagram (adapted from: [57])

The fundamental concept of district heating is to decouple the heat generation
and consumption, by concentrating the heat generation towards a centralized
system. In most district heating systems, heat generation is centralized in a large
plant, with eventual smaller back-up plants spread around the network, mainly to
assist during heavy load or to guarantee the target temperatures in the furthest
region of the network. Typically, heat is generated in CHP plants, where heat is
recovered during electricity generation in thermoelectric power plants, but this can
also be accomplished through bespoke water heaters, without electricity
generation.

Once heat has been generated in the form of hot water, it is transferred to the
users through a distribution network made of insulated steel pipes buried into the
ground. This network spreads from the central heat generation plants and connects
through smaller pipes to the buildings, and it is called the “primary circuit”. The



primary circuit is divided into a supply side, carrying hot water from the plant, and
areturn side, carrying colder water that is circulated back at the plant to restart the
cycle.

The hydraulic circuit on the user’s side is called the “secondary circuit”. The
link between these two circuits is called substation. Similarly to electric grids, the
substation is responsible for taking energy from the main distribution network and
transferring it to a lower level. In DH systems, the substation manages and controls
the amount of heat transferred from the primary circuit to the secondary one and it
is fundamentally composed of a thermal energy meter, a district heating controller,
and a heat exchanger. The heat exchanger takes heat power from the primary circuit
and transfers it to the user’s secondary circuit which is supported by a circulation
pump.

From here on the hot water is sent to the building’s heating system, just like in
any other conventional heating system, as mentioned earlier. In a way, the
substation substitutes the local heat generation of conventional heating systems. In
Figure 1-4 a simplified graphical representation of a DH system is proposed.

While the fundamental concept of this technology has remained the same, in
the recent years the inclusion of alternative heat generation solutions has been
investigated. Along with more sustainable heat generation plants, powered by solar
or geothermal plants, waste heat recovery from data centers or industrial process
could be implemented. These concepts upgrade the conventional DH design by
including multiple heat generation distributed throughout the territory,
accomplishing a better integration with RES and waste heat recovery. In this way DH
can become a true player in the energetic transition towards sustainable energy
systems. In fig. 1-5 a summary of these concepts is proposed.
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1.2.3.  DH primary energy mix in Italy and Europe

Typically, DH energy is sourced in “Combined Heating and Power” plants or
CHP plants, namely thermoelectric power plants, powered by fossil fuels, in which
the waste heat produced during the thermodynamic cycle is partially recovered and
transmitted into the DH network. Since the early concepts of district heating, this
has been a great way of increasing the efficiency of these power plants, recovering
precious heat that would be otherwise wasted. When this kind of implementation is
not possible, DH can be powered by a “Heat Only” layout, where generation is still
centralised but powered traditionally, as in local heat generation, via gas-powered
water boilers or similar appliances.
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Geothermal;
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Renewable waste;
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Figure 1-5 Energy mix of European district heating systems in 2018 [11]

This aspect can be controversial. On one hand, DH can dramatically increase
the efficiency of the entire system when compared to multiple smaller local
generation systems, on the other, these layouts can still be tied to fossil fuels
consumption, requiring an update to fit into the transition to carbon-free energy
sources. From Figure 1-5, it can be acknowledged how district heating is still very
much dependent on this kind of traditional generation. In 2018 more than half of the
total energy mix for the supply of district heating networks in Europe was covered
by fossil fuels, namely natural gas, coal, and oil [11]. Coming back to the Italian
district heating market, a similar situation is present. In 2022, according to GSE,
total energy fed into the DH grid reached 11.9 TWh, of which 64% was sourced by
CHP plants, the rest being covered by heat-only systems. Fossil fuels in primary
energy consumption stand at approximately 74%, mainly consisting of natural gas
[12]. Fig. 1-6 shows Italian DH energy share. There are two notable exceptions:
Tuscany DH networks are mostly powered by geothermal energy and mountain
regions like Valle d’Aosta or Trentino Alto Adige where a substantial share of
biomass consumption is observed [12].



The data just reported show how district heating systems in Europe and Italy
are still conventional systems, tied mainly to the consumption of fossil fuels or
biomass, which, despite being efficient overall and a much better alternative to
conventional heating systems, do not fit into a true decarbonisation scenario.
District heating can be central in improving the energy efficiency at a wider scale, by
cutting emissions generated by multiple buildings. However, the need for new
configurations for DH rises. Systems that can take advantage of renewable energy
sources or that can collect waste heat from multiple sources can further enhance
the benefit of this technology, helping the adoption of new technologies at a wider
scale.

Natural gas
m Solid biomass
Renewable waste
m Non-renewable waste
Coal
63% B Geothermal energy

B Other non-renewable sources

Other RES

Figure 1-6 Energy mix of Italian district heating networks in 2020 [12]

To address this necessity, multiple research projects and working groups
founded by the EU were born in the last years, to help create datasets and insights
about the topic and try to develop a new concept of district heating [13]. Some of
these projects are WEDISTRICT [14], which experimented with the development of
advanced configurations and technology, Heat Roadmap Europe [15], whose efforts
concentrate on providing data and insights to policymakers and regulators about the
possible integration of DH in the heating market or HeatNet NWE [16], which tested
the feasibility of new generation DH through 6 pilot networks in different European
cities. These projects are united by the development at multiple levels of the so-
called 4™ and 5" generations of district heating systems [13].



1.2.4. DH technological evolution

Being a well-established technology, that dates back to the end of the 19"
century, district heating has been indeed classified into different generations,
depending on the technology employed, the source of heat generation and the
operating temperatures [17]. They can be summarised in the following points:

° 1t GENERATION
Steam is used as the carrier fluid, fed into pipes laid in concrete ducts and
heat is generated by coal combustion. This first iteration proved to be unsafe
and poorly efficient, due to very high pressures and temperatures. Almost all
the existing 1*' gen systems were converted to newer setups [17].

° 24 GENERATION
This generation extended from the 1930s to the 1970s and featured
pressurised hot water over 100°C as the carrier. CHP plants, running on coal
and oil were on the generation side [17].

° 3" GENERATION

Born in the 1970s it is the typical configuration used today in DH systems
worldwide. It is based on water below 100°C as the carrier, flowing into pre-
insulated pipes buried into the ground. This generation was created in
response to the oil crisis, which required highly efficient systems. CHP plants
powered by fossil fuels are still the main source of heat, typically from coal,
oil, and biomass. In the last years, these configurations have been retrofitted
to accommodate new heat production technologies such as geothermal and
solar [17].

° 4™ GENERATION

This is the current step in the development of district heating technology. The
frontier of this evolution is integrating renewable energy share in the source
mix, eventually replacing carbon-intensive ones, all while maintaining high
flexibility. Systems can be categorised as 4" generation when they can
operate with low primary temperatures, reduce losses in the distribution
network, recycle heat from low-temperature sources such as solar or waste
heat, and ensure sustainable economics for both the user and the operator.
In addition, this generation started including the related technology of
district cooling [17].
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Energy efficiency / temperature level

° 5%" GENERATION
This term comprehends all the possible future development of the
technology, as there is still no consent on the definition. Generally, these
systems are a big evolutionary step, as they detach from the main concept of
technology. If 4" generation still features the basic setup, and range of
applications, trying to enhance the efficiency, 5 generation includes new
aspects such as hybrid applications for heating and cooling, brine as carrier
fluid and ultra-low operating temperatures, not suitable for current systems

[17].
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Figure 1-7 Evolution of DH technology [17]

The district heating technology is on the verge of a new era, with the coming of
4™ generation systems. In Fig. 1-7, these new concepts are shown, and are based on
lowering as much as possible the supply operational temperatures of the flow on the
primary side, from around 100 °C in conventional systems to as low as 50° - 60°C in
new ones. Lowering the supply temperature enables the coupling of DH networks
with waste heat recovery such as data centre excess heat or with waste/biomass
incineration, extending the employment of future low-temperature heat sources and
enabling a better synergy with future renewable energy sources, such as a broader
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use of heat pumps. These can also be an opportunity to further recover heat that is
not technically recoverable with current setups. Lower heat losses in the
distribution lines are another key advantage of this concept together with increased
efficiency overall. Yet, it must be considered that the current district heating source
is mainly covered by combustion-driven heat generation, which will have to be
limited in the future both for the reduction of available biomass and landfill waste
available for incineration and to fulfil total decarbonisation goals. New sources such
as seasonal heat storage, where applicable, or 2-way district heating in
supermarkets and similar commercial/industrial businesses could be employed.

However, this change in operational temperatures could also require
intervention on the users’ side, to adapt incompatible heating systems, such as old
radiators with insufficient heat transfer surfaces, designed with high temperatures
in the fluid carrier in mind. Anyway, many studies demonstrated that, excluding
critical cases, actual heating systems can be coupled successfully with low-
temperature DH [18]. This is supported by the fact that heating systems are designed
with peak heat load in mind, although they operate typically in the range of 0-80% of
the maximum demand. Current heating systems proved to sustain heating demand
in normal conditions with the temperature at radiators as low as 45°C [18].
According to this evidence, heating systems should be sized and designed
considering the typical heat load, and provide additional power only when truly
needed, via an increased DH supply, or local heating provided by electric cables
wounded to supply pipes. These interventions could keep the costs of the transition
under control, where extended retrofitting is not possible or economically viable
[18]. These findings also apply to domestic hot water supply, which can be easily
sourced by 4™ generation DH systems without special requirements [18]. The
overall system efficiency could also be increased with newly designed pipes in the
distribution stage, with double-pipe systems which can reduce heat losses by 6-12%
over traditional twin-pipe configuration [18].
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1.2.5. DH’s potential and role in future energy systems

All these advancements in DH technology were proven not only to be
technologically viable but even economically favourable according to multiple
studies [18] [9]. Actual DH networks and buildings can be upgraded to the new
generation without significant investments. This is true despite the cost needed to
upgrade existing distribution grids, retrofit older heating systems in buildings and
finance new heat generation sites, as the savings due to higher efficiency and lower
production costs, together with the benefits of system integration, assure a balanced
investment [18].

These recent developments in the field brought some researchers to analyse
the potential of district heating, and its integration into existing and future energy
markets. Studies such as Heat Roadmap Europe or others funded by the EU found
that DH could not only be a key technology to rely on but even provide better
performances when compared to different decarbonisation scenarios. For example,
when envisioning a scenario where heat pumps and DH together replace current
heat generation systems, heat savings can reach 50% while reducing costs by 15%
when compared to electricity-only heating systems scenarios [8] [18]. Another
report from the EU showed that, when comparing DH with the possible
electrification of the category, the first showed a much better primary energy factor
of 0.79 compared to 2.22 of electricity, with the 2017 energy mix. This means that to
provide a unit of final energy (heating), such as 1 kWh, DH heating requires only 0.79
kWh of primary energy [7].
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Figure 1-8 Minimum recommended level of district heating adoption according to the HRE 2050
scenario [19]
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Future energy scenarios such as the one proposed in Heat Roadmap Europe
forecast a potential DH adoption from the actual 12% up to 32-68% of total heating
demand, with a recommended share of 45% to be reached in 2050, while trying to
maintain a total investment cost of 0.5% on total annual energy system expenditure,
showing how the potential of this technology remains still untapped [7] [19].

Although these scenarios envision a massive adoption of this technology,
pointing at future targets that can appear distant and ambitious, as presented in the
following figures, DH’s presence in the European energy market keeps growing at a
considerable rate. The total length of DH networks reached 200,000km in 2019,
growing by 35% since 2005, supported by investments of 6 billion USD per year, as
in Fig. 1-9 [9].
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Figure 1-9 Total operating district heat pipelines in Europe [9]

This general increase in DH installation is also found in the Italian heating
market. According to GSE, in 2018 networks’ extension increased by 308% since the
year 2000, as it is shown in Figure 1-10 [10]. The authority also reported that in 2018
total energy technically deliverable via DH systems could potentially exceed 57
TWh, more than 5 times the actual value [10].

Despite these promising facts, datareport a slow integration of waste recovery,
RES, or other sustainable energy sources in the European DH energy mix. Russian
invasion in 2022 uncovered the fragility of an energy market mostly based on natural
gas consumption and accentuated the need for a fast and reliable transition to new
systems. Following these concerns, the plan REPowerEU was implemented. It
outlined a clear path to detach from problematic energy supplies such as Russian-
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derived natural gas, accelerate progress in the RES field, and contain even more
ambitious targets towards carbon neutrality in 2050. Thanks to these efforts, in
2022, 41GW of photovoltaic power was added to the grid and RES reached 39% of
total energy consumption [20]. Italy’s interpretation of these efforts is called
“PNRR”, the national plan of public investments conceived to advance the
transformation of the energy sector, aligning with European guidelines. Its section
dedicated to energy efficiency in buildings accounts for more than 15 billion EUR,
with district heating playing a central role [21].

However, the 40% RES share of total energy spent in heating and cooling by
2030, envisioned in the 2030 Climate Target Plan is looking very challenging as
current adoption is stuck at about 20% and will require massive investments and a
change in the regulatory and incentives field [22]. As DH technology clearly
demonstrated its competitiveness and adaptability, it is up to regulators and
operators to act together to create a more integrated and sustainable energy market
in the future.
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1.3. The concept of Digital Twin

As said before, the goal of this project is to create a so-called “digital twin” of
the network, transferring each one of its components into our model. This demands
a holistic approach to the problem, as multiple physical variables must be correctly
calculated and represented. Multi-domain physical calculations are required, from
fluid dynamics to thermodynamics, always maintaining a proper correlation to the
real system.

Despite being a great ally when designing and operating various systems, the
interest in digital twin technology has increased just in the last few years. The first
definition of this concept was given by Prof. Grieves during a course at the University
of Michigan in 2003 about product life cycle management [23]. Since then, many
definitions have been proposed, depending on the field of application or the
objective, but a digital twin can be described as a virtual counterpart of a physical
entity, the “full-element reconstruction and digital mapping of the working status
and work progress of the physical entity of the product in the information space” [23].
It consists of a multi-physics, multi-scale, realistic, dynamic simulation model that
can be employed to simulate, diagnose, predict, and control the evolution of
products in real environments [23].

The first application of this concept can be found in the defence and aeronautic
market. NASA was one of the first to believe in the capability of this approach in the
design and management of products, as testing and trials for aerospace-grade
machinery imply the difficulty of recreating operating conditions and massive costs,
especially when failure occurs. One example can be rocket-launch testing, where
the failure rate can be high and produce catastrophic effects. With NASA, also the
U.S. Air Force showed interest in this concept, as they were looking for a cleverer
way of predicting and monitoring aircraft’s life and maintenance [23]. The
technology and information consulting firm Gartner Inc., included the digital twin in
the top ten strategic technologies for 2016 and 2017, as part of the future key
technologies to shape the evolution of the defence and aerospace industry [23].

However, the advantages of this concept can improve performance and cut
costs in virtually every engendering and design field, i.e. for product manufacturing,
energy systems and many others. It can assist not only in the design and test phase
but also give insights during maintenance, enabling fast identification of failures and
better comprehension of product ageing. The Digital twin can indeed be included in
the list of technologies and approaches that are at the base of a new era for the
industry of all sectors, called “Industrie 4.0”, in which the digital world is embraced
and applied to every step of the production, from the design phase until the
decommissioning [24]. In the first stages, the concept of digital twin was seen as a
collection of specific and separate digital models that were developed during
product development, uncoupled from the data gathered in real utilisation
scenarios.
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On the contrary, in the last years, the interest in this technology has seen a
notable increase, being cited more and more in technical papers and employed in
the field as a key part of the design and management process, with dedicated and
complete models built for the purpose of simulation [24]. Figure 1-11 reports the
evolution of the digital twin concept in scientific literature.
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Figure 1-11 Number of Digital Twin related publications by year [59]

A digital twin approach should have atleast these four elements: digital model,
linked data, identification, and real-time monitoring capabilities [23]. Through these
parts, a link between the physical entity and the virtual model should be achieved,
with a two-way connection. On one hand, the virtual model is built on the
characteristics, parameters and data gathered from the machinery and components
of the physical system, both during the design and operation phases. On the other,
the physical equipment is adjusted and configured on the insights gathered from
multiple simulations run in the virtual model. This back-and-forth connection is
fundamental to increase the fidelity of the digital model and to improve its
prediction. In addition, rapid implementation of the data produced in simulation can
enhance the efficiency of the physical entity. This overall process can be called
“twinning”, and it is graphically summarized in the next Figure (1-12) [1].

According to a literature review, digital twins are mostly employed in the
manufacturing field, in correlation with smart industry practices or learning
purposes [1]. Another widespread use of this technology is found in the building
field, where Building Information Modelling (BIM) is at the centre of advanced
research [1]. BIM was created to gather data about buildings and facilities and was
largely driven by government legislation [1]. It consists of a platform in which all
stakeholders can operate, across the entire building’s life cycle. This enables all the
technicians and professionals involved in the design and maintenance of the
building, to refer to a single source of information, which can represent in a three-
dimensional way every critical aspect of the structure. It features 3 levels of
integration, from the digital model, being the CAD model, to the Digital Shadow,
containing data from the construction phase up to the Digital Twin, where the two-
way data connection is put in order [1]. As it turns out, BIM is a specific
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interpretation of the general concept of a digital twin and shows just how useful it
can be when implemented correctly. Other sectors in which digital twins are
currently employed are the automotive industry, 5G development, farming, and
biomedical engineering [1].
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Figure 1-12 The physical-to-virtual and virtual-to-physical twinning process [1]

Summarizing, the digital twin method can reduce costs, risk and design time
when employed in the design and production phase, improve reliability, and provide
proactive and more precise maintenance and management of the assets, in the after-
sale or operational phases [1]. However, a few drawbacks affect this method, one of
which being the lack of detailed data about the physical entity, especially when in
the operational phase, and resistance to implementing this approach in well-
established professional workflows [1].

In the next section, the Modelica language and its application, the technical
basis of this project, is described.
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1.4. Modelicalanguage and its applications

To build a digital twin of a district heating system a platform that can handle
multi-domain and multi-scale variables. In our case, it must provide support for
thermal and hydraulic calculations. Modelica language and its dependent libraries
proved to be a perfect fit for our necessities.

modelicq
P

Figure 1-13 Modelica logo [2]

Modelica is developed and maintained by The Modelica Association, started in
1996 by Hilding Elmqvist through the company Dynasim AB. EImqvist conceived the
language Modelica as the underlying base of the simulation and modelling
environment Dymola during his PhD. The association consists of international
public and private actors, mostly university laboratories and associations, or
software houses. The association was founded as part of European ESPRIT
programmes, a series of projects to advance research in information technology and
relative applications [25]. The most notable participants in the project are: BMW,
The Boeing Company, Siemens, and Bosch [25].

According to the Modelica Association’s website, Modelica is a “language for
modelling of cyber-physical systems, supporting the acausal connection of
components governed by mathematical equation to facilitate modelling from first
principles” [2]. It is an equation-based object-oriented language that enables the
creation and re-use of models that can be recalled in larger subsequent models,
easing the simulation of large complex systems, containing “mechanical, electrical,
electronic, magnetic, hydraulic, thermal, control, electric power or process-oriented
subcomponents” [2].

The basic Modelica object is the Model. It contains all the variables,
parameters, and mathematical equations and expressions needed to describe the
system under modelling [26]. The variables are typically real or integer, followed by
parameters and constants. The other two built-in types are Boolean or character
strings, as in other programming languages. As they typically refer to physics-related
values, variables can have attributes that specify the unit of measure of a specific
type of variable, ensuring better consistency within the model. Other kinds of
attributes can indicate the minimum or maximum value allowed for a variable or
they can specify a fixed initial value that is not modified by the compiler when
translating the model. Parameters can be defined as variables already known, they
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are our input data to the model and are not typically dependent on the evolution of
it, despite being changeable each time a simulation is run. Constants, on the other
hand, are fixed variables that are not modifiable once a model has been compiled
and is ready for simulation [26].

Once all the variables have been defined, equations can be written in the
model, to indicate how all the variables are supposed to interact with each other. In
addition to basic mathematical equations, Modelica supports initial equations that
define the initial condition of the model and also conditional equations, the typical if
this then that kind of equation, which must contain variables with parametric
variability [26].

The most powerful feature of this language lies in the ability to recall
previously created models into a new one. In this way, complex systems can be
subdivided into smaller entities and tested separately. Once the single component is
created, with all the definitions and testing required, it can be included in a new
model by “extending” it. In this way, the code remains easily readable and compact
while enabling the user to compose large systems. Packages can also be employed
to scale systems rapidly saving multiple lines of code. They can be defined as
directories that contain a series of different Modelica entities, such as performance
data about a component or physical values about the thermodynamic behaviour of
fluids. These collections of pre-configured models and packages are called libraries.
They are typically published with open-source licences. One of the essential
libraries is the Modelica Standard Library. It provides a collection of pre-defined
models and components that are in turn employed in many other libraries. It offers
packages with data about the thermodynamic properties of many fluids such as
water and air, physical constants such as gravitational acceleration, and almost
every physical unit possible, inside the “SIunit” package. The library features many
useful components, in the electric, hydraulic, mechanic and many other fields.
Among these ready-to-use models, electrical components such as resistors and
capacitors, mechanical systems such as springs and dampers, and hydraulic
components such as pipes and pumps can be found. A description of the working
principle of these components is usually provided with the model itself through
annotations, explaining the assumption and configuration considered while coding.
In addition, examples are commonly available to show a possible implantation of the
model and its different possible configurations [26].

Coming back to the structure of the language, Modelica files could be edited
via a common text editor, but to solve actual problems and exploit all its potential a
modelling and simulation environment is needed. The platform or environment
chosen must accomplish a series of tasks. Firstly, a graphical editor is advised as in
complex systems the number of components and subsequent connectors tend to
increase rapidly. A graphical interface can offer a comprehensive view of the whole
system and make connections between the components more intuitive. In the
background the editor will generate Modelica code while components are added to
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the model, minimizing syntax errors, and making editing easier. The bare code is still
accessible if needed. Then, the software will compile the Modelica code just
generated and translate it into a computationally efficient form, ready to be
simulated. During this step, the compiler will look for errors or lack of parameters
and connectors, if present, and alert the user. Lastly, the tool must simulate the
behaviour of the model, according to the simulation’s parameters set and export the
data for analysis or plot them directly into the simulation environment [27].

It is possible to take advantage of Modelica’s capabilities through multiple
modelling and simulation environments. Most of them are available as commercial
software, such as Modelon Impact by Modelon, MapleSim by Maplesoft, Dymola by
Dassault Systémes, Wolfram SystemModeler by Wolfram or Simcenter Amesim by
Siemens Software [27]. Dymola, as mentioned before, is one of the earliest
implementations of Modelica and is now maintained by Dassault Systémes which
acquired the Dymola founder’s company Dynasim AB. It delivers great
performances, especially when dealing with very large models and can interface
with MATLAB. Another well-established simulation environment is Modelon Impact
by Modelon. It is defined as the next-generation system modelling and simulation
platform, as it integrates many web and open standard technologies, making it both
accessible and powerful. It features compatibility with many other languages and
platforms, like Python and supports Functional Mock-up Interface, a standard
developed by The Modelica Association which simplifies the creation and exchange
of dynamic system models between platforms [27]. These systems can provide
excellent performance and support and are indeed employed in many engineering
and design firms around the world, in the automotive or manufacturing field.

However, these systems, despite offering many features and great support in
the community, are generally very expensive and dedicated to commercial and
industrial use or high-level research. That brought us to opt for the only completely
open-source modelling and simulation platform based on Modelica, OpenModelica.

OpenModelica is developed and maintained by the Open Source Modelica
Consortium (OSMC) and consists of a modelling and simulation environment based
on Modelica, intended for industrial and academic usage [28]. While the cornerstone
of this project was laid in 1998, the consortium was only born in 2007, by the joint
venture of seven founding organisations. In the last year, the efforts and interest in
the project increased consistently, with over 50 supporting actors joining the
association. The long-term development of this software includes the ability to run
optimisation and sensitivity analysis while keeping modelling and simulation at the
core [29].
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The mission of the OSMC association is to create a comprehensive
environment both powerful and easy to use, that enables the modelling and
simulation of complex physical systems, without burdening the user with
complicated procedures. OpenModelica is built around its graphical editor and its
simulation suite. In the graphical editor, called OMEdit the user can freely place the
components from publicly available libraries and verify the connections to each
other, without ever writing a single line of code. This enables quicker and easier
implementation of models even by novices. The software takes care of generating
Modelica code that accurately represents the system created in the graphical editor
and then executes the compilation, through the OMC (OpenModelica Model
Compiler) and, finally, the simulation of the model [29]. Figure 1-14 reports the user
interface of the OpenModelica Connection editor.
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Figure 1-14 A screenshot from OMEdit showing a model from the project

Once the modelling and simulation environment has been chosen, it is time to
choose the most adequate libraries on which to build our model. As previously
mentioned, the Modelica Standard Library features models of many useful
components, especially the ones in the fluid package, which consist of pipes, heat
exchangers and other typical hydraulics. However, after some testing, the Modelica
Buildings Library (MBL) proved to be the most complete and accessible. According
to The Modelica Buildings Library website, the MBL is “a free open-source library
with dynamic simulation models for building and district energy and control
systems” [30]. The library was created, and it is currently being developed by
researchers at the Lawrence Berkeley National Laboratory (LBNL), at the University
of California. At its core is another Modelica library, the IBPSA Modelica Library,
founded indeed by the IBPSA (International Building Performance Simulation
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Association), as one of its many projects intended to advance the research and
adoption of the simulation of buildings’ performances [30].

The Buildings library is probably the best open-source Modelica library to
model the components and overall performances of many building-related
applications such as HVAC systems, hydraulic circuits, and many others. In addition
to the flexibility of having multiple components at hand, the library offers a detailed
user guide and many examples to better approach its implementation in new
models. Moreover, the library can generate reliable results as its components are
supposedly tested at the FLEXlab (Facility for Low Energy Experiments in Buildings)
at the LBNL [30].
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1.5. District heating in the Modelica community

As explained in the previous sections, Modelica and its complementary tools
and libraries can be a solid basis for modelling and simulating complex physical
systems. District heating fits perfectly among the various scenarios Modelica can
handle. Many projects regarding the simulation of district heating networks and
their inner components using the Modelica environment are found in the literature.
These projects show different methodological approaches. Some of them end up in
the construction of a full-fledged Modelica library for the purpose, while others
focus more on study cases and rework other libraries’ components.

One of these libraries is “DisHeatLib”, conceived by the researchers at the
Integrated Energy System departments (IES) of the Austrian Institute of Technology
(AIT) [31]. Although it was last updated more than 2 years ago, the library is based
on the Modelica IBPSA project and offers a complete set of bespoke components to
model typical district heating systems, such as substation models, a “dual pipe”
component to model the primary circuit and some tools to simulate the user’s heat
demand. However, this library was built to be used in Dymola modelling
environment, and, while it is possible to explore the components in OpenModelica,
it is not currently capable of running on the latter environment [32].

Another bespoke library is “dhcSim”, developed at the Hermann-Rietschel-
Intitut of the Technical University in Berlin and it is based on the Modelica Buildings
Library and Modelica Standard Library [33]. Unlike DisHeatLib, which offers finer
and more detailed components, the focus of this library is shifted to the network
level, ignoring the behaviour of smaller, single components that could make the
model too complicated. Four main components are available: consumer, central
producer, decentral producer, and network controller. They contain all the
fundamental components needed to simulate the system’s behaviour, especially
when a high-level overview of the entire system’s performance is required [33].

These libraries are just two examples taken from the Modelica community
which is actively developing and testing solutions to model DHC systems more
efficiently and accurately. Modelica proved to be instrumental in some recent case
studies, including some that focused on modelling innovative DHC designs, studying
by-directional substations. As discussed by Abugabbaraa et al. [34], new generation
DHC could include decentralized heat and cool generation with heat pumps and
chillers installed at the building level, all integrated with the main network to recover
waste heat. Modelica allowed experimenting with these concepts, simulating an 11
buildings cluster efficiently and accurately [34]. Maccarini et al. [35] demonstrated
the reliability of Modelica-based simulations to investigate the potential energy
savings related to 5th-generation DHC configurations. They focused on a case study
located in Denmark, experimenting with lowering the supply temperature in the
secondary circuits, studying the impact on the overall network. To build the model,
they employed components available in the Modelica Buildings Library, e.g.
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circulation pumps and heat pumps while also creating custom ones, e.g. a
component that simulates thermal dissipation from the pipes to the ground [35].
Similarly, Modelica was employed by Gautier et al. [36] to assess the feasibility of a
geothermal district heating and cooling system. They evaluated the performance of
the system and its resilience during a simulated 5 days heat wave, which are
becoming more and more common due to climate change. As for the majority of DHC
simulation projects, Modelica Buildings Library was chosen as the foundation [36].
Two researchers from this project, Michael Wetter and Antonine Gautier,
collaborated on two other projects. In the first one [37], they conceived a new
modelling approach for DH networks, including steam thermodynamics, as most DH
systems located in the US feature steam as the heat carrier. They were able to create
an efficient framework for mixed media calculation unlocking massive time savings
during complex simulations, e.g. reducing from 33 hours to only 1 hour for an annual
simulation of 180 buildings DH network, when compared to available libraries such
as MSL or MBL [37]. The other project of theirs [38] focused instead on building and
releasing new components to support the simulation of district cooling applications,
which are still rare in the Modelica community. They used a real case study set at
the University of Colorado Boulder, as the base to develop the models, such as
network piping hydraulics and specific cooling equipment, which were made
available as part of the MBL 8.1 [38]. Concluding this overview on the last
developments on the topic of DHC in Modelica, it is worth mentioning the work of
Van der Heijde B. et al. [39], who developed a new pipe model called plug flow pipe.
With this new concept, they were able to cut simulation time while keeping an
accurate account of thermal and hydraulic losses, when compared to the MSL
standard pipe, based on a finite volume model [39]. This model enables the
simulation of complex conditions such as zero mass flow rate or flow reversal and
has become indeed a key component of many DHC Modelica libraries [39].

Most of the projects mentioned above have the Modelica language as technical
base, in the form of MSL and MBL or IBPSA project 1 library. This proves the
flexibility and reliability of Modelica as a framework for developing DHC modelling
and simulations. However, these last advancements were generally directed towards
efficient simulation of large and complex systems, comprised of many substations
and extended distribution networks, which in turn require computationally efficient
modelling, especially due to complex fluid dynamics effects in piping. Furthermore,
these libraries and frameworks were tested and conceived for perfect integration
with commercial software like Modelon Impact or Dymola, which were mentioned
in the previous section. In addition, OpenModelica still does not support all the
packages related to DHC components, especially when dealing with the plug flow
pipe model, which is largely adopted in DHC libraries due to its faster and more
accurate performance in simulation. Keeping in mind that the project developed in
this thesis aims at replicating every single component of the real system, and it is
being developed in the OpenModelica environment, these bespoke libraries are not
a good fit.
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2. The Energy Center’s district
heating laboratory

In this section the real system considered in this project is described and
analysed. First of all, the placement of the system inside the university’s facilities
and its purpose and goals are explained. Then, the most critical components will be
described and compared to fully fledged district heating system.
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2.1. Location and purpose of the laboratory

The Energy Center initiative was started in 2016 after a joint venture between
Politecnico di Torino and the regional and urban governments with funding from the
public and private sectors, from philanthropic banking foundations of Fondazione
CRT and Compagnia di San Paolo. The goal of this project is the creation of an
interdisciplinary research lab focused on the energy sector, the Energy Center Lab,
and a facility, called Energy Center House, in which to host laboratories and offices
to accelerate the development of new technologies. The building is located in the
offing of the Politecnico’s campus and hosts the offices of various private companies
and start-ups, in order to strengthen the collaboration between the public academic
world and the private industrial and commercial sector. In this facility are located
450 m? of laboratories, including the one containing the experimental DH system
used as case study.

The laboratory was conceived by the energy department of the Politecnico,
known as DENERG, with the first design proposed in 2021. It is placed in a spacious
warehouse next to the Energy Center’s central building and it was built to provide a
test bench for studying innovative solutions in district heating, in the context of 4"
and 5th-generation DH development [40]. It was conceived as a small-scale district
heating network, with piping running all around the perimetry of the warehouse and
two substations, featuring one water-fed air heater each, to represent the heat
demand at the user’s side. While not supplying real heat demands, the plant was
built to represent a real network on a much smaller scale, that can be operated just
like areal district heating network, with its own primary and secondary side circuits,
the heat generation and all the other main components.

The ultimate goal of this system is to study innovative thermal storage, such as
sensible stratified heat storage or the ones based on latent heat. Furthermore,
performance analysis on both the thermal and hydraulic sides can be carried out to
investigate the impact of various operational parameters such as mass flow rates or
water supply temperature setpoints. Different heat sources could also be tested,
such as solar-based generation or electrical heat pumps. In addition to these
aspects, this system can also help study and test software-based approaches to
district heating development, like the creation of high-fidelity digital twins.

Moving in this direction, the laboratory-scale network, being equipped with
various sensors such as thermocouples, can provide essential data gathered during
different system configurations, to assess the reliability and fidelity of digital models
and simulations, as in the two-way twinning process explained in the previous
section.
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2.2. System layout and its components

As introduced in the previous sections, a district heating system is based on
the concept of decoupling heat generation and consumption. While conventional DH
system feature a centralized heat generation design, consisting of CHP plants or
bespoke water boiler, newly design concepts consider a more evenly heat generation
to unlock better integration with RES and waste heat recovery. Nevertheless, heat
generation is still typically carried out in specialized plants and then transferred and
distributed to the users.

The distribution is granted by a network of insulated ducts, that spread from
the central heat generation to the various users, forking into smaller ducts and
connecting to each building through junctions. From there the final pipe segment
branches out and connects to the substation. The substation is located in the users’
premises, typically in the buildings’ basements and it is typically made of a plate
heat exchanger, a thermal energy meter used for billing and a district heating
controller, consisting of a system of valves and actuators that control the amount of
energy transferred to the secondary circuit.

The substation makes the transfer of thermal energy possible, and it is the link
between the primary circuit, i.e. the distribution network linked to the central heat
generation, and the secondary circuit, i.e. the hydraulic system supporting heating
and domestic hot water.

The objective of the laboratory built in the Energy Center is to represent all the
fundamental components of a typical DH network on a smaller scale. Its
components were selected to substitute real district heating components, trying to
replicate the behaviour of a typical network, creating a sort of mock-up, while
respecting spatial and financial constraints.

Its overall structure can be divided into 4 main parts:

e Heat generation

e Primary circuit - distribution network

e Substation 1 and relative secondary circuit
e Substation 2 and relative secondary circuit
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2.2.1.  Heat generation and primary circuit layout

The primary circuit of this network consists of insulated steel pipes which
contain water as carrier fluid. Hot water is provided by a natural gas-fuelled water
heater which injects hot water directly into the distribution pipes.

As in every district heating system, the supply and return sides can be
distinguished in the primary circuit. The supply pipe brings hot water from the water
heater towards the two substations, while the return pipe gathers colder water from
the two substations towards the water heater, completing the distribution circuit.

On the supply pipe, two nodes or junctions are found. At these nodes the
primary network branch out towards the substation via a similar pipe, only smaller
in diameter. In the first node encountered a smaller pipe branches out vertically and
connects the primary network to the substation 1, which transfers heat to a
secondary circuit equipped with an air heater to simulate a typical heat load. At the
second node a smaller pipe branches out vertically and connects the primary
network to the substation 2, which transfers heat to a secondary circuit equipped
with the same air heater of substation 1 and an insulated vessel for sensible thermal
energy storage.

Right after the second node, the supply side pipe ends in a shut-off valve that
connects the supply side pipe to the return pipe. From there on, travelling
backwards along the return side pipe, the same nodes are found, first the second
node from substation 2 and then the one from substation 1 until reaching the
circulation pump that supports water flow. As on the supply side, at the nodes the
smaller pipes coming from the substation connect to the main return pipe.

From there the last leg of the return pipe connects to the water heater inlet and
the circuit is closed.

The Figure 2-1 reports a graphical representation of the primary network.
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Water heater specifications

In this system, heat generation is provided by a traditional heat-only design,
consisting of a 40 kW Johannes methane-fed water boiler, whose specifications are
in the following table (2-1) and some pictures are provided in Figure 2-2. Data was
acquired from the water heater data sheet [41].

Table 2-1 Water heater specification [41]

Model Johannes AR-NOx 34H

Rated thermal power 42.5 kW

Useful thermal power 40 kW

Fuel methane

Type Pressurized steel water heater with forced
draught gas burner (Johannes JIM 6 GAS)

Efficiency at 100% load 93.63%

Tsuppty, max 90°C

Pressure drop (water side) 15 mbar

Figure 2-2 Front plate of water heater with gas burner in front
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Primary circuit specifications

Heated water, the temperature of which is controlled by the set point of the
boiler, is directly injected into the distribution network. The distribution network is
purposedly longer than needed, to replicate the typical layout of a real district
heating network. The increased total length of the pipes allows the study of thermal
and hydraulic losses along the distribution network. The pipes’ specifications are
reported in the table (2-2) below. The pipes are placed along the walls of the
warehouse, folding on themselves to increase overall length while keeping the entire
system as compact as possible, gathered into a corner of the room. Both supply and
return ducts are fitted with thermowells along their entire stretch in which
thermocouples are placed to monitor temperature changes along their elongation.
Data about pipes was gathered from available CAD files.

A summary of their specification is available in the following table (2-2). The
junction between the main primary circuit and primary-substation segments can be
observed in Figure 2-4, where smaller vertical pipes branch out from the horizontal
primary circuit pipes. In particular, this image shows the pipes before the insulation
install.

A more recent picture is available in Figure 2-3, showing the detail of the valve
joining supply and return sides is shown, together with the primary-substation
segment now fully insulated and covered by the aluminium finish.

Table 2-2 Distribution pipes specifications

Steel pipes with superficial

Material . . .
anticorrosion coating

Diameter (primary circuit) DN 40 (d;=42.5 mm)

Diameter

(connection between primary and DN 32 (d;=36.6 mm)

substation)

approx. 117 m

Length (supply + return) (from CAD measurements)

Insulation layer 30 mm
. . 80kg/m® mineral wool
Insulat terial
nsulation materia A=0.038 W/mK
Covering Aluminium sheet
Typical operating pressure 2.5 bar
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Figure 2-4 Distribution network pipes - detail on primary branch towards substation 2 -
before insulation application
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Circulation pump specifications

The circulation pump is placed right before the attachment of the return side
primary circuit pipe into the water heater. It is designed to ensure constant
circulation of the carrier fluid into the primary circuit, according to the system’s heat
demand. Its working point is selected considering the mass flow rate needed and the
total pressure losses along the network, both distributed, due to friction in pipes and
local, due to components such as heat exchangers or valves.

The model in question is a wet rotor in-line circulation pump, which,
compared to dry rotor design, provides higher efficiency, lower maintenance costs,
and lower noise level. Compared to the dry rotor design, this pump is equipped with
arotor immersed in the fluid, with the electric motor fully insulated, eliminating the
need for a ventilation fan, as the fluid directly acts as the coolant. The weak spot of
this type of circulator lies in airing, when air leaks into the circuit, exposing the
pump to rapid and destructive wear to moving parts. The circulator is configurable
in various modes, and it has been set for a typical working point, whose data is
reported in the table below. A summary of technical data is available in table 2-3.

Table 2-3 Primary circuit circulation pump specifications [42]

Model Wilo Premium Smart Stratos
MAXO 30/0.5-14 PN10-R7

Pipe fitting DN40

Function mode Variable differential pressure

Maximum operating pressure 1 MPa

Fluid temperature -10°C to +90°C

Working point flow rate 4.92 m*h

Working point hydraulic head 11.63m = 1.14 bar

Working point electrical power 300 W (240V)

Figure 2-5 Primary circuit circulation pump [42]
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2.2.2. Substations layout and relative secondary circuit

After the primary circuit and heat generation, substations and their correlated
secondary circuit are the other essential parts of every district heating system. The
substations transfer heat power from the distribution network to the heating system
of the building or facility where they are placed. The basic layout is comprised of a
heat exchanger, typically of the plate type, a district heating controller, that manages
the amount of fluid directed to the HEX, in turn managing the amount of heat
transferred, and a thermal energy meter, used for accountability purposes.

From the substation the secondary circuit begins, and it is essentially a local
distribution network supported by a circulation pump that distributes heat from the
substation towards the heating system of the budling, which can present various
configurations, such as radiators, floor radiant or fan coils. It may be also equipped
with additional systems, for instance a thermal energy storage or a domestic water
heater.

In Figure 2-6 an overview of the main component of substation 1 and its
secondary circuit is available.

Smaller pipes for the supply and return side branch out from the primary
network, as seen in Figure 2-4, and attach to the substation’s plate heat exchanger.
Two valves, working together, manage the supply of hot water to the substation. As
it will be further explained in the next sections, the bypass valve links the supply
and return sides of the primary network, bypassing indeed the substation. It springs
into action when the network needs to recirculate the carrier fluid excluding the
substations, or when a single substation’s hot water demand drops towards nought.
The other valve is placed before the heat exchanger inlet on the hot water side, to
regulate the supply. Once hot water has been processed in the (HEX) heat exchanger,
it re-enters the primary circuit on the return side. The secondary circuit is filled with
water as carrier fluid as in the primary. Following the same layout found in the
primary circuit, a circulation pump is attached right before the inlet of the HEX on
the cold side, to guarantee circulation. This pump can be regulated to adapt to the
user’s heat demand.

Downstream of the HEX, on the outlet of the secondary side, water, now
heated, is sent along the circuit which supplies the heating system of the building.
In our case, an air heater was fitted to the system to replicate the user’s heat
demand. As it will be described in more detail in the following pages, the air heater
is nothing but a water-air heat exchanger, supported by an air blower to ensure
airflow. Its presence in this very configuration was not meant to satisfy the heating
demand of the warehouse it is placed in, but rather to replicate in a single
component the heat load of a typical heating system, which would normally be
comprised of radiators or other similar devices. Once the water has been cooled in
the air heater, it is circulated back through the circulation pump towards the plate
heat exchanger and the cycle repeats.
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Substation

The substation installed in both secondary circuits is the “MOLE” model from
the manufacturer Amarc DHS, specialized in district heating substations. It is no
longer in production, so the documentation available is limited to a technical scheme
listing the main components. This kind of substation is very common for domestic
and small commercial use, as it is compact and easy to install on the wall. In this
design is compatible with most hydronic heating systems and feature a metal case
which contains all the required equipment [43].

In Fig 2-7 a photo of the actual substation placed in the laboratory is shown.
The two vertical pipes belong to the primary network and are directed from/towards
the nodes as seen in Fig. 2-4. The two horizontal pipes belong to the secondary
circuits. The plate heat exchanger is placed inside the metal box down right. On the
rightmost vertical pipe the electric valve controlling the flow of hot water from the
primary network is present, as well as all the sensors such as thermocouples and
flow meter that are connected to the control box on the upper right part. There the
district heating controller and the thermal energy meter are placed. From those
interfaces the setpoint for the secondary circuit can be managed and the amount of
heat transferred to the secondary circuit can be read.

Typically, these substations control the amount of heat transferred by
regulating the valve placed on the supply side of the primary network, as it can be
seen in Fig. 2-7. The supply temperature on the secondary circuit is the target, and
itis calculated considering a climatic curve based on the external temperature. Mass
flow from the primary is regulated until this temperature is matched.

Figure 2-7 Substation
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During the modelling, these control systems and sensor were not included, as
the mass flow rate and, in turn, thermal power were regulated manually.

Table 2-4 Substation specifications

Model AMARC DHS “Mole” — compact wall mounted

Power 20 kW - heating only

Plate heat exchanger specifications

The plate heat exchanger is the heart of the substation, transferring heat
between the primary and secondary circuits. They have two inlets, one for hot water
from the primary circuit and one for cold water from the user’s heating system and
two outlets, one for cold water directed to the primary circuit on the return side and
one for hot water ready to serve the building’s heating system. The HEX installed in
both Substation 1 and Substation 2, as in most DH systems, is a brazed plate heat
exchanger from Alfa Laval. It enhances the concept of the gasketed type heat
exchanger by soldering shut the plates together, increasing reliability and enabling
even more compact designs [44]. In the following table (2-5) there is a summary of
its specifications and Figure 2-8 shows an image of the HEX from the producer’s

catalogue.
Table 2-5 Substation heat exchanger specifications [45]
Model Alfa Laval CB30-24H
Type 24 copper-brazed stainless steel plates HEX
Maximum pressure loss 20 kPa
Rated power 50 kW
Rated mass flow rate hot side 2156 kg/h
Rated mass flow rate cold side 2154 kg/h
AT hot side 80— 60°C
AT cold side 50 > 70 °C

Figure 2-8 Brazed plate heat exchanger
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Air heater specifications

The air heater represents the user’s heat demand in this laboratory-scale
system. It is used to dissipate a variable amount of heat by warming ambient air
using hot water supplied by the substation. It was not conceived to heat the
laboratory, as it is only a placeholder to simulate a typical heating load. In a real DH
system, it would be substituted by a hydronic system with radiators or floor heating
or by mixed water-air for space heating. However, as the purpose of this
experimental DH system focuses on studying the performance of the network and
its main components, there is little interest in analysing the performance of this air
heater, which is only considered as a heat load.

The air heater consists of a water-air heat exchanger and an air blower to
support air circulation. The heat exchanger is made of an array of steel tubes with
aluminium fins in which hot water from the secondary circuit is circulated. The air
blower is placed right behind this array. This specific air heater is produced by
Sabiana and features some technical advantages compared to the competition such
as areduced number of tubes, each one with a larger diameter, to reduce resistance
to airflow and make maintenance and cleaning easier. To improve air circulation and
cleaning the fins attached to the tubes are more spaced out and being thicker, they
are less prone to damage. The single-speed electric motor makes the power
regulation possible only by changing the hot water supplied to the air heater. In table
2-6, a summary of its specifications is available. Figure 2-9 shows in detail all the air
heater’s components and Figure 2-10 shows the placement of one of the two air
heaters in the laboratory.

Table 2-6 Air heater specifications [46]

Model Sabiana ATLAS 46A32SX
Electric motor speed 1350 rpm

Poles 4

Material Stainless steel tubes with aluminium fins
Air flow rate 2915 m%/h

Thermal power (rated) 20.85 kW

Outlet air temperature (rated) 35.9°C

AT ater 10 °C (85 — 75 °C)
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Figure 2-9 Air heater components

Figure 2-10 Air heaters placement
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Circulation pump specifications

The circulation pump supporting the secondary circuits is from the same
brand and features the same working principle as the one supporting the primary
circuit. The model is slightly different. Here is reported a list of its specifications.

Table 2-7 Secondary circuit circulation pump specifications [47]

Model Wilo Stratos 32/1-12 PN 6/10
Pipe fitting DN32

Function mode Variable differential pressure
Maximum operating pressure 0.6 -1 MPa

Fluid temperature -10°C to +90°C
Working point flow rate 2000 1/h

Working point hydraulic head 5000 mm

Working point electrical power 60 W (240V)

Figure 2-11 Secondary circuit circulation pump [47]
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2.2.3. Thermal energy storage in secondary circuit 2

The secondary circuit 2 replicates the basic layout of the first one, featuring
the same model of substation, circulation pump and air heater. The only difference
between the two lies in the presence of a sensible thermal energy storage (TES).

The TES installed is integrated into the secondary circuit by means of
additional shut-off valves that can exclude different parts of the circuit to make it
work in different modes. Depending on the operational configuration, i.e. whether
the storage is being charged, discharged, or excluded, different legs of the circuit
have to be opened and closed. Therefore, an additional circulation pump is also
needed when the one supporting the substation is excluded. In Fig. 2-12 the layout
is represented.

As in other kinds of energy storage, such as batteries in electric grids, thermal
energy storage can increase the efficiency of the entire DH network by providing
more flexibility to the system, and a plethora of advantages [48]. TES is especially
useful when used to shave the peaks in the demand curve. As electrical system, a
DHC systems work best when the demand curve following smooth, ideally constant,
trend, turning on a more manageable and predictable system. In real systems,
however, peak loads, that are registered during the day, e.g. in the morning when
users turn on the heating systems and during the colder periods of the season,
introduce momentary spikes in the demand curve. This in turn requires an
overestimation of heat generation capacity, both in local backup systems, such as
water heater placed at the user’s premises, and in centralized generation, worsening
the operational efficiency and increasing installation costs [48].

Therefore, a smart employment of TES technology can [48]:

¢ Increase the flexibility of the whole system, making it more efficient and
resilient to sudden changes in the demand curve

e Decrease the use of back-up boilers or chillers

e Decouple the instant of thermal generation and usage, enabling a better
management of heat production, shifting it when it is most convenient

¢ Increase the share of RES, capturing for instance excessive energy even if
it is not currently required by the users

e Enable the expansion of current networks without heavy changes to the
design

Furthermore, TES can consist of different technologies, such as sensible,
latent, or chemical thermal storage, and many others [48]. It can also vary depending
on the installation site, as it can be integrated directly into the primary network,
flaking the heat generation or at the user’s premises, integrating into the secondary
circuit.
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Thermal storage specifications

Our experimental system is equipped with a sensible TES which stores energy
directly by accumulating hot water into a thermally insulated pressure vessel and
keeping it hot for extended periods. It can provide hot water to the building’s heating
system, substituting, or integrating heat withdrawn from the primary network.

The one installed in the laboratory is an insulated carbon steel tank,
pressurized with water that is recirculated in a closed loop. In this setup, water is
circulated from the tank to the substation’s heat exchanger for charging or to the air
heater for discharging. The fluid carrier must be recirculated into an air-tight circuit
to prevent oxidation and corrosion.

Unlike other TES it is not equipped with any internal heat exchanger. Those
designs feature a spiral-shaped coil in which a carrier fluid from a separate loop is
being circulated. In this way the TES can be charged or discharged indirectly,
keeping the two circuits hydraulically separated. Those systems are mainly
employed for domestic hot water production or coupled with solar panels.

Another important aspect of sensible TES is the thermal stratification which
occurs when inside a hot water storage, fluid at slightly different temperatures
stratifies, with colder water falling at the bottom and hotter water rising to the top,
separated by an intermediate region called thermocline. Like any fluid, water at
different temperatures presents slight differences in density values. This triggers
buoyancy effects which generate the stratification effects. If the TES is not being
charged or discharged, the stratification effect eventually disappears and the fluid
becomes fully mixed, with the formation of a single layer at average temperature
[49]. This effect has great benefits on the thermodynamic performance of the TES,
as it becomes able to supply water at a higher temperature for longer periods if
compared to fully mixed vessels. In this way, the TES can support more effectively
the heat demand and improve heat transfer during charging.

The TES under evaluation is equipped with multiple inlets and outlets to
enable the withdrawal and injection of water at different heights and, in turn, at
different temperatures. However, it is charged and discharged through the top and
bottom inlet only, while three of the ports along the side are currently equipped with
one thermocouple each for temperature detection. These sensors were employed
during an experimental test about the performance assessment of the TES, as, by
detecting temperature at different levels, the stratification effect can be better
investigated. This test will be described and simulated in Chapter 4. In table 2-8, the
summary of the TES’ dimensions is reported
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Table 2-8 TES thermocouples placement

Total height 2115 mm
Top thermocouple 1725 mm
Middle thermocouple 1400 mm
Bottom thermocouple 340 mm

As it can be seen in the simplified diagram available in Figure 2-12, the

insulated tank is connected to the secondary circuit via additional branches

controlled by valves and supported by an additional circulator. In this way, multiple
configurations are deployable:

CHARGING MODE

There is no heat demand, the substation supplies hot water directly to the
thermal storage until it reaches the setpoint temperature.

DISCHARGING MODE

The substation is excluded and the user (in this case, the air heater) is
provided with how water previously accumulated in the TES. This
configuration can be ideal for short periods when the user’s heat demand
islow, or as a fallback option in case of faults in the primary circuit or when
the network has low capacity due to high demand.

TES EXCLUDED

The storage is in standby mode, the air heater is supplied with hot water
directly from the substation

The model installed in the system features the following specifications (table 2-9). A
picture of the TES is available in Fig. 2-13.

Table 2-9 Thermal energy storage specifications [50]

Model TML Industrie Pufferspeicher PF 01500 F
Max operating pressure 4 bar

Max operating temperature 95°C

Capacity 1472.41

Type Closed loop tank
Internal HEX coil Not present

Material Carbon steel

Insulating layer thickness 130 mm

Insulating material Flexible polyester + external PVC coating
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Figure 2-13 TES placement in the laboratory
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3. Building the digital twin

In this chapter the realisation of the digital model will be discussed, describing
the tools employed and the choices made to represent each physical component as
accurately as possible. The approach taken to comply with the task is described and
explained. The modelling of critical components such as the substations’ heat
exchangers and the air heaters will be analysed in greater detail.
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3.1. Software and libraries employed

As introduced before, this project has been carried out using Modelica as the
foundation, thanks to its affinity to model complex multi-domain physical systems.
However, as discussed in the previous section, many well-known Modelica-based
modelling and simulation suites like Modelon Impact and Dymola are available
under onerous licenses, making them suitable only for high-level commercial or
research uses. Affordability and ease of use are two key objectives for this project,
making open-source software the only way to go. OpenModelica proved to be the
perfect choice as it offers a free, fully-featured and user-friendly way to create digital
models of physical systems, from modelling up to simulating and plotting results.

The core of the suite is “OMEdit”, the OpenModelica Connection Editor, which
is the graphical editor in which components can be placed and connected to create
the model. This enhances greatly the usability of the software, making the modelling
process more intuitive and minimizing errors related to direct scripting, which is still
available and useful for some applications. However, OMEdit provides only the basic
modelling environment, and it has to be completed by the true potential of Modelica-
based modelling: publicly available libraries. When the software is first started only
essential add-ons are available in addition to the latest release of the Modelica
Standard Library (MSL), which already offers a wide range of components ready to
use.

Additional libraries can be downloaded and installed via the built-in library
manager. As anticipated before, there are many free libraries built for Modelica
applications, covering virtually every physical system configuration.

The ones employed in this project were:

e Modelica Standard Library (MSL) (v.4.0.0) [51]
e Modelica Buildings Library (MBL) (v.10.0.0) [30]

Only a few control components were sourced from the MSL, while almost
every other one was sourced from the MBL.

The MBL was conceived for the accurate representation of buildings’ energy
and control systems, such as HVAC systems, energy storage or thermal analysis of
rooms and spaces, and was, therefore, the perfect foundation for this project [30]. It
contains many packages, such as one for fluid applications, featuring piping,
pumps, and hydraulic resistances, or one for thermal zone analysis, and even one
dedicated to district heating modelling.

However, in the first steps of the modelling process, other libraries were taken
into consideration, such as:

e ThermoFluidStream (v.1.1.0) [52], a new library based on an innovative
computational scheme, yet not featuring all the components present in the
MBL
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e DisHeatLib v1.2.0 [31], made specifically for DHC application, but lacking
full OM support

e The DHC package of MBL, not yet fully functioning and meant for large DH
networks modelling

The last two libraries mentioned, along with other ones, provide specific
components that enable quick and effective modelling of large and complex district
heating systems, providing ready-to-use models of substations as well as
components representing the heat generation or heat load. However, these libraries
are built with large networks modelling in mind, focusing on being computationally
efficient rather than customizable. For these reasons, these components could not
satisfy the needs of this project, where precise and finely customizable modelling is
required. The MBL proved to be more adequate for the scope as it offered single
components such as pumps, heat exchangers and temperature sensors, unlocking
the creation of a tailor-made model to mimic the real system as is.

During the course of this project, a few updated versions of OpenModelica and
libraries were released, as their developments are supported by active communities.
The latest versions were always used to showcase the potential of Modelica and
benefit from the latest fixes. The software was entirely run on a virtual machine
based on Windows 11, as support for MacOS was dropped due to low adoption.

However, VM can be used successfully for models limited in size and
complexity and did not compromise the success of the project. A summary of the PC
technical specifications is available in table 3-1. OpenModelica versions employed
during the tests are: v1.21, v1.22.0, v1.22.1, v1.22.2. The final simulations were run
using the latest version, v1.22.2.

Table 3-1 PC specifications

Computer 2020 Apple MacBook Air
Processor ARM Apple Silicon M1
Memory 8 GB

VM Software Parallels Desktop v19
VM OS Windows 11 Pro for ARM
VM RAM 3 GB

VM processor 4 cores
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3.2. The methodological approach

To build the digital twin it is necessary to couple each component present in
the real system to its digital counterpart, trying to represent its features and
behaviour as accurately as possible. However, to simplify the task and to unburden
the model, some components present in the real setup were not included, focusing
on the critical ones, providing a simplified, yet representative, version of the real
system.

The analysis of the layout of the plant began with the study of the available
CAD files and diagrams, from which essential information such as the scheme of
hydraulic circuits and the dimensions of the pipework was gathered. Specifications
about the components were collected from technical data sheets available online
from the manufacturers’ websites or already present at the laboratory.

Once the general layout and the specifications of the installed machinery were
discerned, the modelling began with the selection of the digital components. To
better understand which component is the correct fit, libraries are typically shipped
with multiple examples for the various components, showing a batch of different
configurations in which the component can be set. Along with these examples, a
user guide is often attached to the component, giving insights on how to correctly
use, and set it up. Furthermore, these user guides are also critical in understanding
the physical concepts on which the components are designed and built by
developers, even citing references to properly explain the validation process of the
component. In this way, it is possible to understand and correct unexpected
behaviour of the components and decide whether it can be a good fit for the real one.
In addition, being these components models themselves, they can be explored by
analysing their Modelica script and gathering information about their inner
workings.

During this phase, multiple purpose-built models were created just to test
whether the components were working as expected, to experiment with their
performance and to assess unexpected errors or results during simulations. For
example, a model was created expressly to test different kinds of heat exchangers
available in the library, to understand which of those could correctly represent the
one installed in the laboratory. In this phase, the components were placed in the final
models and initialized correctly. In the following section, the selection and
configuration of the most critical ones are discussed.

After this step, the models were ready to be simulated. There was therefore
the need to find adequate inputs to the models, such as initial temperatures, mass
flow rates or set points. For this purpose, a few scenarios were selected with proper
operational parameters and tested in the simulations. Special case was provided to
the study and modelling of both the substations’ heat exchanger and air heater. The
method followed during this phase is explained in section 3-4.
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However, the performance of the models could only be compared to expected
results as, at the time of writing, there is no data gathered during the real systems
operation at all. Without dependable data the digital twinning process cannot be
fully completed, as it is fundamental to compare the behaviour of the two systems,
the digital and the physical one, and to iteratively tweak the model.

Although the components were selected from one of the most established
Modelica libraries and are therefore already validated and can guarantee
trustworthy results, only a proper comparison with real data can attest to the quality
of the models. The only exception is the study of the sensible thermal energy storage,
of which a limited collection of data gathered through a real test scenario was
available. These data were employed to assess the accuracy of the model and will be
discussed in the results chapter.

Once simulations were run, the most critical variables were exported in a CSV
file and later ingested in MATLAB to generate the plots that are reported in the
following chapter.
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3.3. The digital components and their
configuration

In this section a list of the components selected from the Modelica Building
Library to build the models is reported. In the graphical editor, the components are
available inside a sidebar called library navigator, in which the installed libraries are
organized with a nested layout. Inside each library the main packages are nested,
which in turn contain other sub-packages with the models of the components, the
examples, and other tools such as packages containing physical properties of water
and other media.

In the library navigator, all the components are listed and can be browsed and
from there a view of each component’s inner working can be opened. As each
component is a model itself, it is possible to explore its inner components in the
graphical editor. In this way, a better comprehension of the working principle of each
component can be grasped, thanks to the user guide available on the side.

First of all, they are dragged from the navigator into the graphical editor, then
they must be named and configured properly. By double-clicking on each
component, the relative properties window appears in which the configuration and
initialization of the component can be done. Each component features a number of
required parameters which must be provided for correct operation and some
optional ones, to further specify the behaviour of the component or to modify a
default parameter.

Once all the necessary components are placed in the model, they can be easily
connected to each other by using each components’ connectors. As soon as they are
moved into the editor, they are represented as a unique icon from which at least two
connectors branch out. These connectors enable the connection between different
components and different kind of information. When considering MBL fluid package,
all the main components feature two fluid ports, an inlet, and an outlet, typically
called port a and b, where fluid direction is intended positive from a to b. These
enable the exchange of mass flow rate between components. Additional connectors
might be present depending on the component’s type. For example, the water heater
(WH) component is equipped with two additional ones: a connector that takes a real
number input for prescribing the set point and one that outputs the heat flow rate
transferred to the fluid. In figure 3-1 the WH icon with its connectors is shown.

Figure 3-1 MBL water heater component icon
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All the components feature a “medium” parameter that defines the substance
which the component is working with. Apart from the air side of the air heater, all
the components were configured selecting the “Water” package contained in the
“Media” package of the MBL. It provides all the thermodynamics properties of water
required for the simulation of the model.

In particular, this package models liquid water with constant density, as the
medium model considering density variations with temperature can cause a great
increase in simulation computing time [53]. This package also does not consider
phase changes.

3.3.1.  Primary circuit components

Boundary for pressure

The component “boundary-pT” from the package “Fluid.Sources” is used to
prescribe ambient condition and “fill” the circuit with the correct medium, which is
water in this case. It must be included in every circuit present in the model and fixes
the boundary for temperature and pressure. It can be connected to any component
present in the circuit, in this case it was connected to the inlet of the water heater.
This component can also be considered as a source or sink for the medium, with its
respective thermodynamic properties [53].

It was configured with the following parameters:

e Temperature: Ts.=15°C
e Pressure: 2.5 bar

These parameters represent the initial condition of the system, standing in
15°C room with all the components “at rest” at the same room temperature.

Water heater

The water heater was modelled with the “Heater T” component from the
package “Fluid. HeatExchangers”. It represents an ideal heater that control the fluid
temperature at the outlet according to a prescribed temperature set point and
specified thermal power. It regulates the thermal power transmitted to the fluid
according to the current mass flow rate and temperature of the fluid at the inlet and
it shows almost immediate response to change in these parameters. It provides little
control on its operation, having almost no optional parameters to be configured.

For example, changes in efficiency due to reduced power are not considered in
this component, nor are the minimum power threshold reachable by the real water
heater. This component only provides an ideal source of heat with which the system
can be tested, as no better alternatives are available so far in the MBL. A bespoke
model should be implemented to enhance the representation of this component [53].
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It was configured with the following parameters [41]:

e (QMax_flow = 40.000 W - Maximum thermal power available, from data
sheet

e dp_nominal = 15 mbar - Maximum pressure drop on the water side, from
data sheet

Pipes

Pipes were modelled employing the “Pipe” component from the
“Fluid.FixedResistances” package. It represents a pipe trough finite volume
discretization along flow path. It models the pressure drop due to the flow resistance
and also heat exchange with the surroundings. For this reason, the component is
equipped with a heat port with which a fixed temperature to model the temperature
of external environment can be connected. It features an optional configuration in
which each segment of the pipe is connected to its own heat port, to consider
temperature differences along the length of the pipes. This can be useful when the
pipe stretches along different environments at different temperatures, while in this
case a unique external temperature was prescribed for the entire length [53].

The primary network was divided into two segments, one from the water
heater outlet to the first junction that connects to the first substation, and one from
this very junction until the end of the circuit, corresponding to the junction towards
the second substation. This was required to insert the junction in between and allow
the inclusion of a few temperature sensors. See Fig. 4-1 and Fig. 2-1 for reference. In
Model 2 the numbers of pipes had to be increased, to allow the insertion of many
temperature sensors placed along the pipes, see section 4-3. All the data for the
configuration was gathered from the CAD files and other diagrams available at the
lab.

Being developed using a discretization of the volume contained in the pipe, the
level of discretization, i.e. the number of segments in which the pipes is divided for
the simulation, called nSeg, directly influence the accuracy of the results and the
behaviour of the model itself. If a higher discretion level is chosen, a more precise
modelling should be accomplished, at the cost of simulation calculation time. When
lower numbers of segment are set, indeed, the effect of numerical diffusion tend to
“smooth” the hot temperature front entering the pipe, with temperature readings
along the pipe increasing gradually before the fluid has reached that point. In the
following Figure (3-2) a visual representation of the discretization effect is
represented. However, Van Der Heijde et al [39] demonstrated that even with
rougher discretization, a good accuracy is acquired. The impact of this effect on the
results is discussed in section 4-3.
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Figure 3-2 Effect of numerical diffusion for on temperature modelling in pipes [60]
The component was configured with the following parameters:

e nSeg = 10 (default) - number of segments for discretization. Changed to
nSeg = 2 in Model 2, see section 4-3

e thicknessIns = 0.030 m - thickness of insulation

e lambdalns = 0.038 W/mK - heat conductivity of insulation

e diameter = 0.0425 m (DN40) - internal pipe diameter

e length = 36.5 (WH > NODE A); 23.1 (NODE A > NODE B)

The component was connected to a prescribed temperature of 15°C on the
exterior to model thermal losses, while head loss is automatically computed by the
model considering the roughness of the material and the mass flow rate.

Circulation pump

The circulation pump was modelled employing the “FlowControlled_m_flow”
component from “Fluid.Movers.Preconfigured” package. This model represents a
pump with ideally controlled mass flow rate as input signal and pre-configured
parameters [53]. A real input signal prescribing the value of mass flow rate required
is sent to the pump via its m_flow_in connector. In this way, the correct pressure
raise is supplied by the pump to ensure the prescribed mass flow rate.

This component was selected as it features several preconfigured parameters
in order to avoid errors during simulation. By providing m_flow_nominal and
dp_nominal values about the real pump, the model constructs a pressure curve,
basing on default pressure curves data available in the MBL. In this way all the
important parameters are set automatically, and anomalies are avoided. However,
this can generate errors in the electric consumption estimations, as efficiency is
computed basing on a generic curve [53]. The component can also estimate the heat
transferred to energy transferred to the fluid and heat dissipation to the
environment.
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The component was configured with the following parameters:

e m_flow_nominal = 1.37 kg/s - nominal working point
e dp_nominal = 1.14 bar - nominal pressure raise working point

Temperature sensors

Temperature sensors were placed in critical points of the circuit, such as close
to the water heater inlet and outlet and junctions with the substations’ branches. In
Model 2 additional ones were placed along the primary circuit to mimic the
positioning of real ones.

The component “TemperatureTwoPort” from the package “Fluid.Sensors” was
selected. It has two ports, so it has to be placed along the flow path, for example
placing it between the outlet of a tube and the inlet of another one [53]. For this
reason, in order to accommodate every thermocouple present in the real system, the
pipes had to be subdivided into multiple segments, as these sensors can only be
placed before or after a pipe, not along its length.

The presence of the sensor does not influence the fluid properties in any way.
It was configured with the following parameters:

e T _start=273.15 + 15 K - initial guess value of temperature

Localized head loss

2

The component “PressureDrop” from the package “Fluid.FixedResistances’
was selected to model the head losses due to curves along the primary network
pipes. It calculates the pressure drop depending on the current mass flow rate,
referring to the nominal one [53]. Nominal mass flow rate, the diameter of pipes and
the data from the CAD files were employed to estimate, following the procedures
described in the hydraulics handbook from the hydronics firm Caleffi [54].

The component was configured with the following parameters:
e dp_nominal = 248 Pa - single curve head loss.

Two components were used to model all the losses, summing all the curves
present in between two nodes.

Junctions

The component “Junction” from the package “Fluid.FixedResistances” was
selected to model the node where the pipes from the primary circuit branch out
towards the substations. It features three ports to slit the flow, each with a fixed
resistance to model the head loss. It requires the configuration of expected mass
flow rates and nominal head losses for each direction. To express expected flow
direction is sufficient to provide a positive value for flows entering the component
and negative for the ones exiting it. The same is true for values of head losses. The
flow direction can also be “prescribed” to simply calculations for larger models [53].
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The junction was set with the following parameters:

e m_flow_nominal = [m_flow_portl, m_flow_port2, m_flow_port3] kg/s -
values of expected mass flow rates for each port, depending on the
junction modelled

e dp_nominal = [dp_nominall, dp_nominal2, dp_nominal3] Pa - values of
expected head loss for each port, depending on the junction modelled.
Similarly to the localized head losses, the pressure drops related to these
junctions were calculated following the guidelines present in [54],
resulting in an average pressure drop of 745 Pa.

Valves

The regulation and shut-off valves present in the systems were modelled
employing the “TwoWayLinear” component from the “Fluid.Actuators.Valves”
package. In addition to the conventional two ports for fluid flow, it features an input
connector with which the position of the valve can be controlled, providing a real
value from 0 (closed) to 1 (open). Depending on the valve, a different real input was
connected to this connector. The model features also a filter that by defaults
automatically smooth eventual step changes to the input value, avoiding errors
during the simulation [53]. In addition, it can calculate additional head losses when
the valve is partially opened.

It was configured with the following parameters:

e 1=0.0001 (default) - valve leakage (ratio between mass flow with valve fully
closed and fully opened. Required to avoid instability to due decoupling of
circuit segments

e dpVale_nominal = 1738 Pa - head loss with valve fully opened. Calculated
with guidelines available in [54]

System-wide parameters

Unless otherwise specified, all the components’ parameters not mentioned
were left as default. In addition, all the components required a mass flow rate
initialization which was equal to the value of primary network mass flow rate for all
the components. This value changed according to the scenario under consideration,
as explained in section 3-4. The initial temperature was also set for all the
components equal to the ambient temperature of Tsa=15°C.

3.3.2. Substations and secondary circuit components

Heat exchanger

The plate heat exchanger present in the substations was modelled using the
“PlateHeatExchangerEffectivenessNTU” present in the “Fluid.HeatExchangers”
package. It is the only component available in the MBL representing a plate heat

57



exchanger as the one found in the substation. The heat transfer is calculated through
the definition of an efficiency value, as in the NTU method [53]:

Quex = Qmax " €

The efficiency value was determined starting from the nominal case available
in the HEX datasheet and then applying the thermal resistance scaling, as further
explained in section 3.4.2. An automatic mode is also available in the component
that feature a similar calculation to the one proposed here. Yet, as documentation
on this component was limited, the manual definition of the efficiency value was
preferred [53].

The component feature 4 fluid ports, corresponding to the inlet and the outlet
on the hot and cold side respectively.

In addition to the value of effectiveness, the following parameters were set:

e dpl_nominal; dp2_nominal = 20 kPa - value for head loss on each side, set
to the maximum value, as provided in the datasheet

e mil_flow_nominal; m2_flow_nominal - set to the value corresponding to
either the primary or secondary side mass flow rate [45]

o effectiveness

e configuration = CounterFlow — parameter that specify the HEX operation,
counter flow

More information on the heat exchanger modelling is available in section 3.4.2.
Circulation pump and pipes

The same component as the one employed in the primary circuit was utilized,
with properly modified parameters.

Air heater

The air heaters present on each secondary circuit were modelled combining
different components as no dedicated component was found in the MBL to represent
it properly.

The basic component used is the “DryCoilEffectivenessNTU” present in the
“Fluid. HeatExchangers” package. Similarly to the substation HEX, it represents heat
exchange basing on the nominal heat transfer parameters and updating the
performance for off-design cases [53]. Unlike the previous case, though, detailed
data on the air heater performance was available in the data sheet, so the value of
thermal power exchanged was directly provided during the configuration. More
details on this procedure are available in section 3.4.1.

To model the air flow generated by the air heater’s fan, the components
“MassFlowSource_T” and “Boundary_pT” from “Fluid.Sources” were selected. The
first one was set to provide a constant mass flow rate of air at T=15°C according to
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the air heater’s data sheet, while the second one served as a sink towards directing
heated air.

An image from the graphical editor is available in Fig. 3-3.
Similarly to the substation HEX, these parameters were set:

¢ m1l flow nominal; m2 flow nominal - mass flow rate of air and water side,
available in section 3.4.1

e dpl_nominal = 4 kPa — head loss on water side, as described in the data
sheet for the according mass flow rate [46]

e dp2_nominal = 0 kPa - head loss on air side was not considered, as the air
heater circulates ambient air

e configuration = CrossFlowUnmixed

aerotermo_sott_1

aria_fredda_1

pi

scarico_aria_1

T_aria_calda_1

Figure 3-3 Air heater modelling

Thermal energy storage

The TES present in secondary circuit 2 was modelled using the
“StratifiedEnhanced” component from “Fluid.Storage” package. It represents a
stratified fluid storage vessel for thermal energy storage. To model the stratification
effect, the tank is divided into several volumes, similarly to what is done in the pipe
component. These volumes are stacked vertically along the height of the vessel and
heat conduction is modelled in between them, as is the thermal dispersion from the
fluid to the ambient [53]. The number of segments used to model the tank directly
impact on the results and the behaviour of the component, as it will be investigated
in section 4.4.

The component is fitted with two fluid ports, placed at the top and the bottom
of the vessel respectively, and as many heat ports as the number of segments
selected. These heat ports are directly linked to each segment and can be used both
to detect the temperature of that very segment or to add heat to the segment, to
represent, for instance, an electrical resistance heater. In addition, three external
heat ports are present, one at the top, one along the side and one at the bottom, with
which the surrounding temperature can be specified. In this way, the heat transfer
with the environment is modelled.
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Unlike the real TES, though, lateral fluid ports placed at different heights are
not present in this component, so water can be withdrawn or poured through the
top and bottom port only [53].

The component was configured with the following parameters [50]:

e VTan = 1.4724 m*- volume of the vessel

e hTan = 2.115 - height of the vessel

e dIns =0.130 - Thickness of insulation

e nSeg=4up to 70 -number of volume segments for stratification modelling.
See section 4.4

e tau = 1 sec (default) - time constant for mixing — present but still not
implemented at the time of writing

e Tstart - initial temperature of the tank, set according to the case under
evaluation

e TFlu_start[nSeg] - this parameter accepts an array containing the initial
temperature of each segment. In this way it is possible to express a
gradient of temperature along the height of the TES as initial condition.
This is useful to describe the tank status when it has not been fully charged

or discharged, and in turn present different values of temperatures along
the height.

The component was connected to the circuit through its top and bottom ports,
the three external heat port were connected to the prescribed ambient temperature
Tex=15°C. The internal heat ports were employed to connect three temperature
sensors representing the three thermocouples placed in the real system. Their
positioning was done considering their height on the side of the tank and matching
them to the correct segment in the digital model, depending on the discretization
level set.
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3.4. Setting the system’s operational parameters

After the selection and placement of every component, a crucial phase of the
project was defining the operational parameters of the model as a whole. As there
was no data available regarding the real operation cycles of the system, a method
had to be established to assess which mass flow rate at the primary and secondary
circuits was adequate and which supply temperature was required at the water
heater outlet. This task was particularly delicate, as these variables condition the
behaviour of each component systemwide, making the performance depend on each
other. For this reason, the need to fix a few boundary conditions arose.

In this way, the calculation began with the assessment of the parameters
required at the air heater and then proceeding back, calculating the heat demand at
the substation and, in turn, at the primary circuit. The procedure started with
imposing the thermal power required at each air heater. Thinking of configuring a
real DH network, the user demand, here in the form of the air heaters, is the final
goal for the optimization of the network and must be always met. Furthermore, the
air heater’s technical data sheet allowed for a precise definition of its performance
as it included a list of correction coefficients to calculate the thermal output under
different operational conditions, making it a solid basis on which to calculate the
rest of the parameters.

Once thermal power at the air heater was known, the mass flow rate and
temperature required at each secondary circuit were calculated under a few
assumptions. These calculations are exposed in the next section.

In turn, as the secondary circuit requirements were set, the focus shifted to
calculating the performance of the heat exchanger. As it has been discussed in the
previous section, the heat exchanger model requires an input value for its
effectiveness, as it does not support manual entering of parameters such as heat
exchange area or the overall heat exchange coefficient. To calculate this parameter,
the “Thermal Resistance Scaling” method was adopted, as it enables the prediction
of a heat exchanger’s performance in off-design conditions [55]. This approach was
successfully employed by Ancona and others [55] in a project developed at ENEA
intended to model a DH network in a similar fashion as this project. Their method
consisted of considering the performance of the heat exchanger while under design
conditions and then estimating the behaviour when fed with different mass flow
rates or temperatures. This method is further explored in section 3.4.2.

With all this information, the mass flow rate and temperature required at the
primary circuit could be evaluated and the relative parameters inserted in the
model. This cycle was repeated to represent 3 possible cases, ranging from 70°C to
90°C at the primary circuit supply, with all the subsequent parameters. Further
details are available in the results chapter.
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3.4.1. Air heater: assessing the performance

The calculation of the air heater power output began considering the technical
data sheet. The thermal power output was given for a design case that considers a
ATy, qter = 10°C drop on the water side, with a Tyyg¢er,in = 85°C and Ty;; iy = 15°C as

. 3
air inlet temperature with a volumetric flow rate of Q,;, = 2915 mT With these

parameters the thermal output of Qgirneater,aesign = 20.85 kW and the temperature
of the air at the outlet Ty, o, = 35.9°C were given. These data were followed by a list
of correction coefficients, which depend on the temperature drop at the water side
and the temperature of the air at the inlet, that enabled the calculation of the air
heater performance in off-design conditions.

Three different scenarios were considered, varying the temperature of the
water at the inlet, at T\yg¢er,in = 60°,70°,80° C, keeping the same temperature drop
of AT, 4ter = 10°C. On the air side, the volumetric flow rate was kept constant, as the
air heater’s electric motor is fixed, and the same inlet temperature was considered.
Off-design power output was calculated with the correction coefficient available.
The mass flow rate of water for each case was approximated considering an ideal
heat transfer between the water and air side, as no information could be found in
the technical data sheet of the air heater. On the air side, considering 50% relative
humidity and atmospheric pressure, and relative parameters for density and
specific heat, the off-design outlet air temperature could be calculated. This
information was not strictly needed to run the model, however, a sensor for output
air temperature was included in the model, as a check measure. All data related to
air heater performance were gathered from its technical data sheet and the results
of calculations are reported in table 3-2 [46].

Qairheater,off—design = Qairheater,design s correction coefficient [kW] (3-1)
. Qairheater [kg]
m t = I (3.2)
warer Cpwater * ATwater N

Table 3-2 Air heater off-design performance calculation [46]

scenario 2 1 3 unit
Twater,in 60 70 80 [°C]
Tair,in 15 15 15 [°C]
(i(;rf;fc‘izzi 0.62 0.77 0.92 [-]
Qairneater,of f-design 12.93 16.06 19.18 (kW]
Tater 0.309 0.384 0.458 [kg/s]
Tair out 27.9 31.1 34.2 [°C]
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3.4.2.  Substation heat exchanger: assessing the performance

As anticipated in the previous section, due to the design of the plate heat
exchanger employed, a value for the effectiveness of the heat exchanger was
required in the component configuration, according to the e-NTU method. However,
the effectiveness of a heat exchanger changes according to various parameters. As
the overall system is supposed to operate under different conditions, such as
different supply temperatures and different mass flow rates, a fixed value for the
effectiveness could not be adequate. Conducting the thermal analysis of the HEX
through the calculation of conventional fluid dynamic parameters was also not
possible due to the lack of precise information about the geometry of the HEX.

For these reasons, the “thermal resistance scaling” (TRS) method was a good
alternative for the evaluation of off-design behaviour. This method was employed by
[55] to solve the same problem explained in this section. Ancona and others [55],
developed a new HEX component model in Dymola environment and configured it
according to the TRS method. In this project, inspiration was taken from their
approach, although the value of effectiveness was inserted manually depending on
the model configuration and not dynamically. The aim of the method was to provide
three values for the effectiveness of the HEX, linking to one of the three power levels
just considered for the air heater and presented in table 3-2.

The TRS method starts by considering the performance of the HEX in design
conditions (table 3-4). In this case, the operational data provided in the datasheet of
the HEX were taken as the reference condition on which the method was applied.
The effectiveness (¢) of a heat exchanger according to the e-NTU method can be
defined as:

1—exp(—(1- CC,m—l") NTU)

= - m‘éx -] (3.3) [55]
— —Zmin — (1 — Lmin
1 - g0 exp (-(1 Cmax) NTU)

In(3.3)C =m-c, [%] is the heat capacity of the hot or cold fluid running into

the HEX respectively. The subscript min/max indicates the one with the highest or
lowest heat capacity and, as water is flowing in both channels, is directly related to
the fluid having the highest or lowest mass flow rate, as the specific heat is constant
in both cases.

In (3.3) NTU stands for Number of Transfer Units, and it is a dimensionless
parameter that, under fixed conditions, is directly related to the size of the heat
exchanger and is defined as:

UA  ATnax -] (3.4) [55]

NTU = =
Cmin ATLMTD
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To calculate NTU, a value of UA is required (where U [ v ] is the heat transfer

m2K
coefficient and A [m?] is the total heat transfer surface) and can be calculated
through the value of the total thermal resistance as in (3.5). The total thermal
resistance consists of the sum of the two convective resistances, one for the hot and
cold side, and the conductive resistance of the metal constituting the ducts of the

HEX.

R = ! K 3.5) |55
T,D_M[W] (3.5) [55]

The thermal resistance scaling springs into action in this part of the
calculation. First, the total resistance of the HEX under design conditions is
calculated, then is divided into its three components, two convective and one
conductive, using a factor found in [55], being:

Rconvection,hot,D =Ry fconv,h

Rconduction,D =Ry fcond

Rconvection,cold,D =Rr- fconv,c (3.6) [55]
fconv,h = fconv,c =043
feona = 0.13

Once all the resistances for the design (D) condition are individuated, the
ones for off-design (OD) conditions are calculated taking into account the new mass
flow rates of the hot and cold side in off-design conditions. The conductive
resistance is not modified as it is not influenced by the different conditions.

m 0.8
h,D
Rconv,h,OD = Rconv,h,D ' < >

Mp,0p
Rconduction,OD = Rconduction,D (3-7) [55]
m 0.8
c,D
Rconv,c,OD = Rconv,c,D ' < N >
Mc.op

As all the resistances have been updated, their sum is calculated to calculate
the new total thermal resistance in off-design conditions and the relative UA value,
according to (3.5). With this new UAop the NTU can be computed as well as the new
value for the effectiveness, completing the analysis. However, at this point, only the
mass flow rate on the secondary side of the HEX is known, as it has been calculated
during the air heater analysis as in table 3-2. The mass flow rate of the primary side
is still unknown, and it is required to complete the assessment of the effectiveness,
as, without the two mass flow rates, the minimum heat capacity required in (3.4) is
unknown. An iterative process was set up to find this parameter. Using a purpose-
built model, different guess values for the mass flow rate of the primary were tested,
repeating the calculation of the effectiveness each time, and inputting it into the
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model. The supply temperature on the secondary side was considered the goal for
the iterative process, with its value changing according to the scenario under
evaluation, as explained in table 3-2. The results of this iterative process with all the
parameters considered are summarized in table 3-3. In all the scenarios, according
to the ones created for the air heater study, the supply temperature on the primary
circuit is 10°C higher than the Tj, i.e. the supply temperature on the secondary side,
which is in turn the goal of the iterative process.

Table 3-3 HEX Effectiveness values calculated with TRS

scenario 2 1 3 unit

Ty = Tsuppiy primary 70 80 90 [°C]
T3 = Tsuppiy,secondary 60 70 80 [°C]
Mprimary-side 0.185 0.220 0.290 [kg/s]
UAon 2552 2940 3496 [%]

3 0.881 0.873 0.836 []

In the following table (3-4) the information relative to the design conditions,
as provided by the HEX manufacturer, is reported.

Table 3-4 HEX design conditions [45]

Rated power 50 [kW]
Mpot-side 0.598 [kg/s]
Meold—side 0.598 [kg/s]

AT hot side 80 — 60 [°C]

AT cold side 50 — 70 [°C]

UA (calculated) 5000 [W/K]
€ 0.665
PRIMARY CIRCUIT

A

mprimarylhot side rhprimary/hot side

f 1
- —

. L
>t f
) HEX )
Msecondary/cold side Msecondary/cold side

Y

SECONDARY CIRCUIT

Figure 3-4 HEX scheme
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3.5. Summary of models created

Here is a list of the four main models created during this project. The results
of the simulations will be presented in the next chapter.

Screenshots from the graphical editor of all the models are available in Figures
3-5, 3-6, 3-7, 3-8.

MODEL 1: Basic system layout

This is the reference model on which the other ones are based. It features the
primary circuit with relative heat generation and two identical secondary circuits
supported by two identical substations. Heat demand is represented by the two air
heaters, one for each secondary circuit. In this model, the TES is not considered.

MODEL 2: Basic system layout - enhanced primary circuit modelling

This model resumes Model 1, enhancing the modelling of the primary circuit.
The pipework of the primary circuit was divided into many smaller units to allow the
insertion of all the thermocouples placed in the real system configuration. In this
way, the temperature can be detected at the exact spot as in the real system.
Furthermore, this model was employed to experiment with the inclusion of a bypass
valve, connecting the primary circuit’s supply and return sides directly.

MODEL 3: Sensible thermal energy storage study

This model was created specifically to study the behaviour of the thermal
energy storage present in the laboratory and compare its performance with the
experimental data available. It includes the TES and a controlled discharge circuit
only, to make the analysis easier and exclude other variables.

MODEL 4: The complete model

This model includes the knowledge gathered in the three previous ones and
represents the complete system layout of the experimental system under analysis.
The TES is included in the secondary circuit connected to substation 2.
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4. Simulations and results

This chapter showcases the most interesting results collected during the
testing and simulation phase of the project. Once the models were created, a few
scenarios were conceived to test the behaviour of the model, looking for eventual
anomalies in the components.

Predictably, the first obstacle encountered in this phase was the absence of
data about the system’s performance gathered during a real operation to refer to.
Ideally, when a digital twin is under development, a mutual exchange of data and
insights between the real and digital entity should take place, to perfect the
prediction of real behaviour by the digital model. In this case, a few test scenarios
were created to test the system under typical conditions and results were
commented on the basis of expected trends, investigating the ones that reported
particular or unexpected behaviour.

Therefore, the results reported in the following sections are intended to serve
as a proof of concept, demonstrating the capability and the strength of this modelling
approach, as they do not refer to any real operational configuration, with the thermal
storage modelling being the only exception.

4.1.1.  Setting the simulation environment

As previously explained, all the simulations were conducted in the
OpenModelica suite, with the following parameters (table 4-1). The default solver,
DASSL, was left unchanged, as being an implicit solver provides robust performance
without being influenced by the time step, which, in this case, only controls the
resolution of output results. The time step was selected as 1 sec, to provide a good
resolution. The default value for the tolerance was also untouched, as during all the
simulations the solver always managed to complete the task in a short time [56].

Table 4-1 General simulation settings

Solver DASSL (default)
tolerance 10°¢ (default)
Time step 1 sec
Start time 0 sec

Stop time (length) variable
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4.2. Model 1: basic system layout

4.2.1.  Simulation 1: system cold start

In this simulation, a cold start of the system was performed. The circulation

pumps of the primary circuit and secondary circuits are controlled through a

constant flow rate and start circulating water in all three circuits. Water is circulated
right away through the two substations, which in turn feed warmed water to the air

heaters. The bypass valve that allows circulation in the primary excluding the

substations is closed for the entire length of the simulation. In table 4-2, a summary

of the simulation parameters is available.

Table 4-2 SIM 1 parameters

Simulation length 4000 seconds
Tstart 15 OC
Tsetpoint,water-heater 80 °C
mprimary 0.45 kg/S
Msecondary 0.384 kg/s
Quair-heater 16.06 kW

This is the simplest configuration. Every component is set to its default

parameters and the system is left operating for 4000 seconds. In the following pages,

a selection of results is presented and commented on. In Figure 4-1, a schematic

representation of the system’s configuration is proposed.

WATER HEATER . NODE A . NODE C
OUTLET primary TO SUBSTATION 1 sub,2 TO SUBSTATION 2
2\ — M — Q
| | O \
n ¥
O_@ <« [ PrA— />

WATER
HEATER

[] supPpPLY circUIT
[] RETURNCIRCUIT

rhprimary

et 1 T N

rhsub,2

. Msub,2 T v l Msuo,2
msub,1

| ) L ()
(]

Msec T

Msec T

SECONDARY CIRCUIT 1 SECONDARY CIRCUIT 2
(AIR HEATER)

(AIR HEATER + TES)

Figure 4-1 Normal system operation — bypass not active
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Figure 4-3 SIM 1 - water heater inlet and outlet temperatures
00 Temperatures along supply side primary circuit
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[}
o
T

Temperature [°C]
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o
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40
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20} Water heater outlet
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Time [min]

Figure 4-2 SIM 1 - temperatures along primary circuit supply side
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This simulation was useful to investigate the transients involved in a cold start
and to test the overall system in a basic configuration. The graphs shown in these
pages report the readings from the temperature sensors placed in the primary and
secondary circuits.

In Fig. 4-3 the inlet and outlet temperatures from the water heater are reported.
A spike in the supply temperature can be noticed, reaching a maximum of 46°C.
During the analysis of the CSV file reporting all the data points, the anomaly showed
for a brief instant, lasting less than 9 seconds. This is probably due to instability
during the initialization of the model and should be ignored, as the output stabilizes
right after. A brief constant temperature segment can be seen and is due to the
circulation of cold water into the primary circuit. As the circulation pump is started,
all the water present in the pipes has to be warmed up from the initial Ts.x=15°C.
The water heater, at 40kW, with a constant mass flow rate, can provide a ATwater heater
= 20°C maximum increase in temperature. As water is circulated and heated, the
warm front is pushed further into the primary circuit, however, the residual cold
water still present has to be warmed and this generates the constant output that can
be noticed approximately for the first 5 minutes. By considering the water speed
constant at 0.32 m/s and the total length of the primary circuit of about 120 m, taken
from the CAD files of the system, an approximate time of 6 minutes is needed to
cover the whole circuit.

Fig. 4-2 shows the temperatures detected by temperature sensors placed at
the junctions between the primary circuit and the two branches that connect the
primary circuit to the substations. As can be seen, node A starts detecting the
increase in temperature first, as it is closer to the water heater. Likewise, node B
starts detecting a constant temperature as the stagnant cold water is gradually
swept away by the warm front from the water heater.

The primary circuit stabilizes after several minutes, with the supply
temperature reaching the Tsepoin=80°C after almost 40 minutes and the return
temperature reaching 62°C after almost 50 minutes. This long transient occurs as
the substations are exchanging power with the respective secondary circuit from the
first instant, cooling the water that is sent back at the water heater on the return side
of the primary circuit. In this way, coupling the cooling effect from the substations
and the initial state of the system, with all the components at T...=15°C, the water
heater cannot supply water at the setpoint before the whole system reaches a stable
condition.

In Fig. 4-2, by looking at the temperatures after the system has stabilized, the
little thermal dissipation happening in the pipes can be noticed. It is very limited, as
the furthest temperature reading only shows a decrease of 0.8°C compared to the
water heater supply.
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Figure 4-5 SIM 1 - temperatures along primary circuit return side - closeup
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In Fig. 4-4 the temperatures from the same nodes on the return side are shown,
with a closeup in Fig. 4.5, from which an interesting trend can be noticed. At node B,
where the return mass flow rates from the two substations are mixed, the
temperature rise anticipates the one in other nodes. This happens because, on the
return side, node B is the first one to detect warm water from the water heater, as
can be seen in Fig. 4-1. Then, as there are no further inputs or outputs between node
B and the water heater inlet, the blue curve follows the trend of node B, just slightly
delayed due to the additional pipe length. On the other hand, at node D a different
behaviour is registered. As expected, for the first minutes the output of the sensor is
constant as it is only detecting cold water circulating. As soon as the warm front
reaches the sensor, the temperature increases sharply, without the momentary
delay in increase that can be noticed between minutes 4 and 6 at node B. This is
probably due to the segment of cold water still present between the two nodes that
temporarily hinders the increase of temperature at node B. Since at node D all the
cold water has already been swept by the warm front, this behaviour is not detected.

Furthermore, as will be discussed in the next sections, when discussing other
simulations, a rippling effect can be noticed during the first 15 minutes of the
simulations. This effectis especially noticeable in fig 4-2. This is due to the way pipes
are modelled in the MBL “pipe” component. As anticipated in the previous chapter,
the level of discretization selected alters the way temperatures are computed along
its length, generating sudden changes in sensor readings, followed by a constant
segment. A lower discretization parameter can be set to avoid this effect, at the cost
of lower resolution in the results.

In Fig. 4-6 the temperatures detected at the 4 sides of the substation 2 HEX are
presented. As expected, they show a continuous trend, as the HEX is constantly fed
with water from the primary, since the initial instant of the simulation. The target
temperature of T;=70° is reached only after more than 40 minutes.
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Temperatures at substation 2 heat exchanger
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Figure 4-6 SIM 1 - Temperatures at 4 sides of substation 2 HEX

4.2.2. Simulation 2: preheating the primary circuit

In this simulation, a different configuration was tested. Instead of feeding
water to the substations from the start of the simulation, a preheating phase was
inserted, by exploiting the bypass valves linking the supply and return branches that
connect the primary circuit to each substation. In this way, once the system is
started, water is recirculated in the primary circuit and heated before opening the
valves feeding the two substations. In this way, the time required to reach the
setpoint temperature is much reduced and, by opening the substations’ valves at a
second time, the reaction of the model to sudden changes could be investigated.

In the following table, a summary of the simulation parameters is available.

Table 4-3 SIM 2 parameters

Simulation length 4000 sec
Preheating 2000 sec
Tstart 15°C
Tsetpoint,water-heater 80 °C
mprimary 0.45 kg/s
Msecondary 0.384 kg/s
Quair-heater 16.06 kW
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In Figure 4-7, a scheme of the system working with the bypass at substations
is shown. This configuration excludes the two substations, recirculating water only
in the primary circuit. After about 33 minutes in this setup, the valves’ positions are
switched, as the substations are connected to the primary circuit and begin
transferring thermal energy to their respective secondary circuits, coming back to
the normal configuration seen in Fig. 4-1.

WATER HEATER NODE A NODE C

OUTLET Mprimary TO SUBSTATION 1 Msub2 TO SUBSTATION 2
) — Y —

O ) @)
[@-J_O_@%m ? «—

WATER Morimary Msub,2

HEATER
Msub,1 Mgy, 1 Msup,2

[] suppLY clRCUIT

—>
(_
3.
[}
&
N

1 € 1 1 € 1
I bypass 1 I bypass 1

SUBSTATION 1 SUBSTATION 2

Figure 4-7 System operating with substation bypass (preheating phase)

[T] RETURN CcIRCUIT

This effect is clearly visible in the fig. 4-8, showing the temperatures detected
on the supply side of the primary circuit, where the setpoint temperature is reached
in less than 20 minutes, half the time required during simulation 1.

Temperatures along supply side primary circuit
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Figure 4-8 SIM 2 - temperatures along primary circuit supply side
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Figure 4-10 SIM 2 - temperatures along primary circuit return side

Temperatures along retum side primary circuit
T T

80 T T T

75 + —

~
o
T
|

Temperature [°C]
[}
[6)]
T
|

T

60 f
55 .
—— Water heater inlet (return)
— Node B
Node D
50 = | | | | | | .|
25 30 35 40 45 50

time [min]

Figure 4-9 SIM 2 - temperatures along primary circuit return side - closeup
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In Figures 4-10 and 4-9, the readings from the temperature sensors on the
return side of the primary circuits are shown. As expected, the delayed opening of
the valves feeding hot water from the primary circuit to the substation has a
noticeable effect on the readings. As soon as the valves are opened, a mass flow of
cold water starts flowing from the substation branch into the return side of the
primary which until this moment was recirculating hot water. At node D only water
from substation 2 is flowing and the temperature drops briefly under 55°C. At node
B the temperature drop is mitigated because, when valves are opened, there is still
a volume of hot water between node B and D, that mixes with cold water coming
from substation 1. In the next section, a different layout for the primary circuit is
proposed to investigate further this effect.

In Figure 4-12 the temperatures at the 4 sides of the HEX of substation 2 are
presented. Differently from simulation 1, in this case, the temperatures are constant
at the T..x=15°C, because the primary circuit is not supplying the substations with
hot water. As soon as the valves are opened, the temperatures are set at the same
values as in the previous simulation.

The effect of primary preheating is also clearly visible in Fig. 4-11, where the
power output of the water heater in the two cases is compared. During SIM 2, where
preheating is applied, the WH output quickly drops under 5 kW as soon as the
Tsetpoin=80°C is reached, whereas in SIM1 the output remains constant at maximum
power of 40kW until the system reaches its normal operation after a long transient.
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4.2.3. Simulation 2B and 2C: different primary supply

temperatures

In simulations 2B and 2C the same system configuration from simulation 2 was
tested, changing the temperature set-point of the water heater and, in turn, the
power output at the two air heaters. Just like in the previous simulation, the system
underwent a preheating phase until the Teepoint Of the water heater was reached. As
in the previous scenario, the parameters for the heat exchangers and air heater were
set according to the cases studied in sections 3-4-1 and 3-4-2. In the following table
(4-4), alist of the most important parameters is presented.

Table 4-4 SIM 2, 2B, 2C parameters

Simulation 2 2-B 2-C
Simulation length 4000 sec 4000 sec 4000 sec
Preheating 2000 sec 2000 sec 2000 sec
Tstart 15°C 15°C 15°C
Tsetpoint,water-heater 80 OC 70 OC 90 OC
Mprimary 0.45 kg/s 0.37 kg/s 0.58 kg/s
Msecondary 0.384 kg/s 0.309 kg/s 0.458
Qair-heater 16.06 kW 12.93 kW 19.18 kW
100 ‘ Water heater‘ supply - Con‘iparison betw?en 3 setpoi nt‘temperatures‘
0 T )
80 - -
70 - -
5
% 60 - -
% 50 - B
@
40 -
30 |- -
20 - Water heater outlet 80°C setpoint |5
Water heater outlet 90°C setpoint
Water heater outlet 70°C setpoint
10 0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 70

Time [min]

Figure 4-13 SIM 2, 2B, 2C - primary circuit supply temperature comparison
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These 3 simulations enabled the analysis of the model when configured with
different supply temperatures at the primary circuit. In Fig. 4-13 the supply
temperatures at the water heater outlet are compared. Predictably, in the simulation
configured with the lowest supply setpoint of Tseypoine=70°C, the target temperature is
reached in about 14 minutes while in the one configured with the highest setpoint
Tsetpoin=90°C, more than 23 minutes were required. This effect is not only due to the
lower target temperature but also to a lower mass flow rate at the primary circuit,
according to table 4-3.

As can be noticed in Fig. 4-13, in the case with a Tsepoin=90°C, the supply
temperature at the WH outlet showed a rippling effect as soon as the two substations
were connected to the primary circuit, right after the preheating phase. This effect
proves that the water heater cannot support properly the system in this
configuration, as the increased power output at the air heaters provokes a higher
decrease in temperature on the return circuit. This condition is attributable to the
increased AT at its ends and the higher mass flow rate, compared to the other two
setpoint temperatures. This behaviour is also confirmed by looking at the power
output of the water heater shown in Fig. 4-15, as, after lowering once preheating is
completed, it resumes full power, trying to reach the setpoint temperature.

This power deficiency is in turn transferred at the air heater’s output air
temperature, as in Fig. 4-14, where the corresponding line shows the same pattern
noticed in Fig. 4-13. The air heaters, according to data calculated in the previous
sections, are supposed to provide more than 19 kW of thermal power each. Their
power draw, combined with thermal losses in the other parts of the system such as
in the piping, are likely exceeding the maximum power of the WH, at 40 kW,
generating this anomaly in the performance curves.
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4.3. Model 2: basic system layout - enhanced
primary circuit modelling

Model 2 enhances the modelling of the primary circuit of Model 1 by including
all the thermocouples placed in the real system. As briefly anticipated during the
description of the system in Chapter 2, along the primary circuit are places 20
thermocouples, inserted in thermowells installed in the pipes. They are evenly
distributed between the supply and return sides of the primary circuit, 10 on each
side. They are installed in couples, detecting the temperature at the same spatial
position, and reading the return and supply side temperature respectively.

These thermal sensors were placed in the real system to detect the
temperature along the primary circuit, enabling the study of the propagation of a hot
or cold front during possible transients generated by shifts in the system
configuration, such as opening or closing a branch directed to a substation. In
addition, they can be used to calculate the thermal dispersion of the pipework, by
comparing temperatures in different parts of the circuit. However, as noticed in
previous simulations, this thermal loss is limited, therefore the readings from these
sensors should replicate the same curve only shifted in time due to the delay of the
front in reaching the farthest thermocouples.

In Model 1, only two pipe components were needed for each side of the
primary circuit. By looking at the model 1 overview, in Fig. 3-2, the first one ranges
from the water heater to the first junction towards substation 1, while the second
completes the circuit by ranging from the aforementioned junction until the second
one towards substation 2. In model 1 temperature is only detected at the junctions,
as real thermocouples are not considered. To accommodate the additional thermal
sensors along the circuit, the two pipes were subdivided into smaller segments, so
that a thermal sensor could be inserted in between at the right spot, according to
CAD measures. Due to the component’s design, it is not possible, indeed, to insert a
sensor along its length, but only at its ends. The location and numbering of these
sensors are better explained in Fig. 4-16, where a view of the primary circuit from
above is presented.

However, despite replicating the same configuration seen in the previous
ones, the simulations of this model reported some noteworthy results, especially
showing the effect of the pipes’ discretization level and helping the analysis of
temperature readings on the return side. These results are shown in the following
sections
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4.3.1.  Simulation 3, 3B: the effect of pipes’discretization level

Simulation 3 proposes again the configuration from simulation 2, with the
primary circuit operating first isolated from the substations to preheat the fluid
carrier and then opening the branches toward the substations after about 30
minutes.

As explained before, model 2 features multiple pipe segments instead of just
two per side on the primary to accommodate the additional thermocouples. During
the first simulation of this model, SIM 3, the level of discretization of the pipes was
left at the default value, 10. As anticipated in section 3-3, this value sets the number
of finite volumes in which the pipe is divided during the simulation to better
represent the behaviour of the fluid during transients. Therefore, as the total number
of pipe segments was increased in Model 2 with respect to Model 1, with equal
discretization value, the total number of nSeg was much higher.

This not only slowed the compilation and simulation process of Model 2 but
altered the results, showing an unexpected oscillatory behaviour in the temperature
readings. To control this effect, a simulation with a lower number of nSeg was run,
reporting more comparable results to the previous simulations.

In table 4-5, the SIM parameters are summarized.

Table 4-5 SIM 3, 3B parameters

Simulation 3 3-B

Simulation length 4000 sec 4000 sec
Preheating 2000 sec 2000 sec

Tstart 15°C 15°C

Tsetpoint,water-heater 80 °C 80 °C
Myrimary 0.45 kg/s 0.45 kg/s
Msecondary 0.384 kg/s 0.384 kg/s
Quir-heater 16.07 kW 16.07 kW

nSeg (each pipe component) 10 (default) 2

In Fig. 4-17 and 4-18, the readings of the thermocouples on the return side of
the primary circuit are shown, while in Fig. 4-19 and 4-20 the ones from the supply
side are shown. The impact of pipe discretization is clear. In SIM 3, the default
number of nSeg coupled with the increased number of pipe components produce an
unstable output on the temperature readings. On the other hand, in SIM 3B the
discretization level was reduced at two nSeg per pipe, as the increased number of
components is already sufficient to effectively model the behaviour of the pipework.
However, a comparison with data from the real thermocouple should be done to
assess which level of discretization is best to describe the transient states in piping.
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Thermocouples readings along return side primary circuit [nSeg = 10]
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Figure 4-17 SIM 3 - Temperatures along return side primary circuit [nSeg = 10]

Thermocouples readings along return side primary circuit [nSeg = 2]
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Figure 4-18 SIM 3B - Temperatures along return side primary circuit [nSeg = 2]
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Thermocouples readings along supply primary circuit [nSeg=10]
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Figure 4-19 SIM 3 - Temperatures along supply side primary circuit [nSeg = 10]

Thermocouples readings along supply side primary circuit [nSeg = 2]
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Figure 4-20 SIM 3B - Temperatures along supply side primary circuit [nSeg = 2]
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4.3.2. Simulation 4: investigating temperatures on the return
side

As anticipated discussing the results of SIM 2, a further analysis of the
particular behaviour of temperature readings from the return side of the primary
circuit was done in simulation 4. By looking at fig. 4-18 as well as Fig. 4-9 and 4-10
from the previous section, a different trend of temperature is detected from the two
nodes. As explained before, this behaviour is supposedly coming from the difference
in mass flow rates and temperatures in those two parts of the system. The
thermocouples further from the water heater, namely thermocouples no. 7, 8, 9 and
10 in fig. 4-18, show a higher drop in temperature when the substations are
connected to the primary circuit. This is due to alower mass flow rate flowing in that
part of the primary circuit, compared to the part in which are placed the other
thermocouples.

In particular, the aforementioned thermocouples measure the temperature of
the cold mass flow rate coming from substation 2 only, while the other ones, namely
from no. 1 to 7, measure the temperature of both the mass flow rates from
substation1 and 2. In addition, as soon as the substations’ valves are opened, the
drop in temperature that should be expected downstream the junction of substation
1 is mitigated by a segment of hot water that is still present in that instant between
node that junction and the one of substation 2. In this way, despite both substations
sending back to the primary circuit water at the same temperature, in the two parts
of the return side, this temperature difference is noticed.

However, at first glance, that drop in temperature could be an indicator of
numerical instability. For this reason, an alternative setup for the primary circuit
was tested in SIM 4, where the mass flow rate in the primary circuit is increased
from 0.45 kg/s to 1 kg/s and a bypass valve connecting the supply and return side of
the primary circuit is introduced. In the following scheme, the additional valve is
highlighted with a dashed line.

—_— = —

WATER HEATER e NODE A . o NODE C ‘i
OUTLET primary TO SUBSTATION 1 bypass ™ 'sub,2 TO SUBSTATION 2 | bypass
O — I\ — ) —

] N G G

WATER - . .
HEATER Mprimary Mpypass + Msub,2
Msub,1 T i msub,1 rhsub,2 T
- suepLy ciRourt SUBSTATION 1 SUBSTATION 2
[] RETURN CIRCUIT

Figure 4-21 Alternative primary layout with additional bypass valve
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Table 4-6 SIM 4 parameters

Simulation 4
Simulation length 4000 sec
Preheating 2000 sec
Tstart 15°C
Tsetpoint,water-heater 80 °C
mprimary 1 kg/s
Msecondary 0.384 kg/s
Quair-heater 16.08 kW

Temperatures along return side primary circuit - with bypass valve
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Figure 4-22 SIM 4 - temperatures along primary circuit return side with modified primary
configuration

Fig. 4-22 shows the temperatures detected on the return side of the primary
circuit with this new configuration. Comparing it with Fig. 4-9 and 4-10 from
previous simulations, the drop in temperature detected at node D is noticeably
contained, as an additional flow of hot water is being recirculated with the bypass
valve connecting the return and supply side of the primary. At node B the detected

temperature is slightly lower as the cold water from substation 1 enters the primary
circuit.
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4.4. Model 3: sensible thermal energy storage
study

This section is dedicated to the study of the performance of the sensible
thermal storage, which is included in the secondary circuit supported by substation
2. To accomplish the task, a purpose-built model was created containing only the
TES and an ideal cooler component to allow its discharge. In this way, it was possible
to analyse the performance of the component limiting the influence of other
variables and lowering the complexity of the configuration.

In the first place, a simulation was done to assess the impact of the
discretization level of the TES component on the results, similarly to what has been
done with pipes in the previous section. Afterwards, the focus shifted to the analysis
of the available experimental data, gathered during a discharge test on the TES
installed in the system. In this simulation, the model was initialized in such a fashion
trying to recreate the conditions present during the experimental test.

4.4.1.  Simulation 5: comparing with experimental data

This part of the study is the only one that relies on data gathered during an
actual operation of the system. This experiment was not performed during the
course of this project, as it took place before the TES was even placed in the EC
laboratory. The test was conducted in a different location, where the TES was
connected to an air heater and discharged through its top outlet with a constant
mass flow rate, to assess the quantity of energy supplied for 2 hours. The air heater
maintained an almost constant power draw, generating an average AT=10°C drop on
the water side. Before beginning the discharge cycle, the TES was supposedly
charged to a T..x=80°C by a natural gas water heater. However, by analysing the data
gathered, the TES proved not to be fully charged, with readings from the
thermocouples ranging between 76°C and 74.5°C. This flawed partially the
trustworthiness of the test, as it was not conducted with controlled initial
conditions.

For this reason, setting up the digital model in order to replicate this test
turned out to be difficult, requiring a one-by-one initialization of the 70 nSeg of which
the TES component is made of. The initialization consisted of assigning an initial
temperature value to each one of them, trying to replicate the temperature
distribution at the beginning of the discharge test, as described by the experimental
data.

Model 3 was set up according to the description of the experimental test, by
connecting the TES to an ideal cooler set at the same average power drawn by the air
heater of the real test, Pcooer=20.8 kKW, maintaining the same average temperature
drop and the same mass flow rate as the experimental ones. In the following table
(4-7), a summary of simulation 5 parameters is available.
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Table 4-7 SIM 5 parameters

Simulation 5
Simulation length 120 min
Tiop 76 °C
Tmiadie 76 °C
Thottom 74.5°C
m 0.473 kg/s
Quissipatea (aVerage) 20.8 kW

Fig. 4-23 shows the trend of the temperature detected at the TES supply and
return comparing with the results of the simulation, while Fig. 4-25 and 4-24 report
the temperature detected by the thermocouples placed on the side of the vessel, as
in the experiment or the simulation respectively. While difficult, due to the
incomplete charging of the TES and due to a poor resolution of experimental data
(temperatures were collected every 15 minutes, with 0.5 °C sensitivity), it is still
possible to notice the stratification effect, as water in the highest level remains
constant.

Thermal storage - supply and return temperatures comparison
85 T T T T T
— — Supply - simulated
— — Return - simulated
Supply - recorded
Return - recorded

80

75

70

[o2]
(&)}

Temperature [°C]
[e2]
o

55

45 :

40 | | | | |
0 20 40 60 80 100 120
time [min]

Figure 4-23 SIM 5 — TES supply and return temperature —
comparison with experimental data
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Thermal storage - experimental data - temperatures along height
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Figure 4-25 TES experimental test - temperature evolution along height

Thermal storage - simulation results - temperatures along height
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Figure 4-24 SIM 5 - temperature evolution along height
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Comparing Fig. 4-24 and 4-25, a different behaviour on the temperature trends
is noticeable. In particular, the temperatures detected during simulation express
more clearly the stratification effect present in the TES, while the thermocouples'
output from the real experiment show a different condition. First of all, they report a
similar trend for the entire duration of the test, proving that the water in the vessel
is mixing rapidly in between the layers. This is especially noticeable when
comparing the trend of the lowest-level thermocouple between the simulated and
real case. As it is placed closer to the bottom inlet, where colder water is returning
from the air heater, it is supposed to detect the temperature decrease before the
other two, which are placed closer together in the upper part of the vessel. This
trend is clearer in the simulation output rather than in the experimental data and it
is probably due to a wrong measurement of the thermocouple placement or to an
overestimated stratification effect and an underestimated mixing effect in the
simulated model.

In conclusion, recalling the uncertainties present in the experimental data and
the following difficult initialization of the model, these differences are expected,
while Fig. 4.23 still proves a good approximation of the real data by the simulation.

4.4.2. Simulation 6: the effect of discretization level of the TES

Like what was experienced in simulating model 2, where a high number of
pipes connected in series showed the importance of choosing the right
discretization level, special care to the selection of nSeg for the TES was dedicated
in this section. The number of segments defines the level of discretization with
which the model is simulated. During simulation, the vessel is subdivided into a
number of volumes, which take into account both the buoyancy effect of differently
dense water, which in turn generates the stratification along the height of the TES,
and the heat transfer, due to mass flow rate and heat conduction between adjacent
layers.

For this reason, the TES was modelled, repeating the same configuration from
the previous simulation, testing different numbers of discretization (nSeg). As in the
previous simulation, the vessel was connected to a cooler providing a constant
AT=10°C drop on the return. Water flows from the uppermost level into the air heater
with the help of a circulation pump and re-enters the TES via the bottom inlet. Unlike
SIM 5, the same value of temperature was set during initialization for all the layers,
representing a fully charged TES. The comparison and a graphical explanation of the
model behaviour are available in the following images, while the following table
(4-8) reports the summary of SIM 6 parameters.

In Figure 4-26 the numbering of the layers is shown, with the uppermost layer
called 1 and the bottom one corresponding to the value of nSeg set. For example, in
the case of nSeg = 70, the lowermost layer will be referred to as 70.
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In Figures 4-27 and 4-28, the temperatures recorded in the less

case (nSeg = 4) and the most discretized one (nSeg = 70) are shown.

Temperature [°C]

Table 4-8 SIM 6 parameters

Tan=80°C

_ vol "nSeg"

7

Simulation 6
Simulation length 240 min
Tstart 80°C
m 0.473 kg/s
Qcooler 20.8 kW
( vol 1
vol 2

@ AIR HEATER
AT =10°C

A\

Figure 4-27 TES model configuration
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85 Temperature of volumes during discahrge [nSeg = 70]
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Figure 4-28 SIM 6 - temperature evolution along height [nSeg = 70]

By looking at fig. 4-27 and 4-28 the difference in the behaviour of the TES Is
very clear. In the less discretized case, where only 4 volumes are used during
simulation, the temperature gradually decreases at the same time and rate in all the
layers, with minimal differences noticeable especially comparing the uppermost
and lowermost layers at the beginning of the simulation. The model still shows the
stratification effects, as the temperature difference at the top and bottom is constant
throughout the duration of the test. In this configuration, each layer contains a
higher volume of water compared to the case with higher discretization. As cold
water enters from the bottom, it mixes with a higher volume of hot water still
present, making the temperature of the layer itself decrease less rapidly, if compared
to a layer containing less water. In addition, the lower number of layers, makes the
heat conduction in between them more present, with the highest one detecting a
decrease in temperature more quickly than the other case.

The configuration with the maximum level of discretization reports a very
different behaviour. The temperature of the lowest layer instantly drops at the value
of return temperature, which, at the beginning of the test is 70°C. The top layer is not
influenced by the cold water entering from the bottom, as it displays a steady
temperature equal to the initial value of 80°C. As the test proceeds, colder water
reaches higher and higher layers, eventually reaching the top one, which starts
registering a decrease in temperature only after more than 50 minutes. Due to the
high level of discretization, each layer covers a smaller volume, so it reacts instantly
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as colder water enters it. At the same time, the higher number of layers makes the
effect of heat conduction propagate more slowly along the height of the TES,
compared to the less discretized case.

This behaviour is generated by the ideal stratification effect that is being
simulated in the TES model, due to the high discretization. In real operation, the
mixing between the layers should play a more important role, limiting the
stratification effect and resulting in less harmonic behaviour. In addition, the
oscillatory effect that can be seen in Fig. 4-28 is from the fact that water is re-entering
the vessel with a constant temperature drop of 10°C generated by the cooler. As the
supply temperature is kept constant, so is the return temperature, generating these
periods in the output signal. A graphical explanation of this effect is available in the
following picture, fig. 4-29.

In conclusion, the modelling of the TES proved to be challenging, both because
of the lack of documentation about the component and the scarce experimental data
available. On one hand, a lower discretization level seems to increase the mixing
effect in the vessel while limiting the modelling of the stratification effect. On the
other, a higher discretization level overestimates the effect of stratification, reporting
an ideal behaviour that is unlikely found in real operations. As anticipated in section
3-3, the component features a parameter, “tau” that is supposed to modify the
mixing effect between the layers, but, at the time of writing, it has not been already
implemented. Additional practical tests should be carried out with a higher level of
accuracy, to support a more precise and reliable modelling of the TES.
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4.5. Model 4: the complete model

4.5.1. Simulation 7

Simulation 7 is the last simulation that is reported in this chapter. It was the
test bench for Model 4, which benefits from the results obtained in the previous
tests, assembling all the components into a complete system layout. A longer
simulation was run, both to test the stability of the suite when dealing with longer
runtimes and to allow enough time to model a charge and a discharge cycle for the
TES.

As the TES is present in the secondary circuit 2, a different scenario was
considered. Just like in the scenarios tested from SIM 2 up to SIM 4, the system
undergoes an initial preheating phase of about 30 minutes in which the primary
network reaches the supply set point. Then, the regulation valve of substation 2 is
opened and the TES is charged for about 3 hours with a lower mass flow rate than
the one used in normal operating conditions. During this phase, hot water supplied
by the substations enters the vessel from the top inlet, while cold water is circulated
back at the substation from the bottom outlet. The vessel has an initial temperature
of 40°C, to simulate a partially discharged TES. After the charging phase, the
substation is excluded from the secondary circuit and the discharging phase begins.
In this period, hot water from the charged TES leaves from the top port towards the
air heater, substituting the substation. As thermal power is dissipated by the air
heater, cold water is recirculated back at the TES, entering from the bottom port. In
this way the stratification effect is better exploited.

At the same time, substation 1 is activated and start operating normally,
supplying hot water to the air heater. Substation 1 is supplied with hot water by the
primary network, as usual. In this way, activating both air heaters at the same time,
a comparison between the temperature of air at the outlet could be done.

In table 4-9 a summary of SIM 7 parameters is available.

Table 4-9 SIM 7 parameters

Simulation 7
Simulation length 20.800 sec (5h 45m approx.)

Tres,sTart 40°C
MrES—CHARGE 0.200 kg/s
MTES-DISCHARGE 0.384 kg/s
MpRIMARY 0.45kg/s
MSECONDARY CIRCUIT 1 0.384 kg/s

Tsetpoint,wH 80 °C
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In figure 4-31, the curve of power output of the water heater is shown. The
different phases are clearly visible. The first constant segment is due to the primary
circuit preheating, while both substations are still inactive. Then the output reduces
to a minimum before ramping up as the substation 2 is activated to charge the TES.
The curve stabilizes as TES is being charged, only to decrease smoothly as the
temperature target is being reached in the TES. This behaviour is better
understanded by looking at fig. 4-32, where the temperatures on the two sides of the
substation 2 HEX are shown. As the TES is reaching the target temperature, the
lower layers increase in temperature, after almost all the water present at the initial
time (at 40°C) has been circulated.

After another brief minimum, right after the deactivation of substation 2, the
WH power curve stabilizes between 15 and 20 kW, as soon as the substation 1 is
activated and starts dissipating power through the air heater.

In figure 4-30 the temperature readings from the three thermocouples placed
along the side of the TES are shown. As expected, the uppermost sensor detects the
increase in temperature faster than the other, as hot water is being poured at the top
and takes some time to mix, due to the stratification effect explained in the previous
section. The opposite effect is visible during the discharge phase, when the lowest
placed thermocouple registers a decrease in temperature due to cold water coming
back from the air heater.

Finally, the temperature of heated air at the air heaters’ outlet is compared in
Fig. 4-33. The one at the air heater in secondary circuit 1 reports a constant
behaviour as the substation 1 is being operated normally, supplied with hot water
from the primary circuit. The other air heater is being supplied with hot water from
the TES. At first a higher air temperature is registered, as the top layers in the TES
have reached temperature above the target of 70°C. After the first layers have been
discharged, a constant output is detected, due to the stratification effect. While cold
water is being recirculated back into the TES, indeed, is kept at the lowest layers for
the same effect. After about an hour and a half, the temperature drops below the one
registered at the air heater 1, as the TES can no longer supply water at the target
temperature of 70°C to the air heater.

With this simulation, the complete model was tested, representing both a
charge and discharge phase, testing the operation of the actuators and the stability
of the model when exposed to sudden changes.
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4.6. Observations

In the last sections different scenarios were tested and the simulations’ results
showcased. As previously explained, these tests, carried out under designated
condition, only served the purpose of demonstrating the feasibility of this modelling
approach, laying the cornerstone on which eventually building a more
comprehensive and capable digital twin. Through the various simulations, the
models enable the analysis of critical system variables such as temperatures and
thermal energy exchanged.

Despite the lack of reliable and detailed data about the system’s performance,
the creation of a complete model representing the behaviour of all the critical
components was accomplished. However, many obstacles were encountered during
the development highlighting a few weaknesses in the digital components employed,
leaving room for further improvements.

First of all, components such as pipes and TES, based on a discretized design,
posed the problem of determining the correct configuration, which can only be
addressed through a thorough analysis in which feedback from the real system is
essential. For instance, as discussed in the specific section, the digital TES reported
an ideal stratification effect, which is not expected in the real one. A further analysis
is also recommendable on the pipe component, which impacted heavily on
computational performance, generating a possible issue when modelling larger
systems.

In the second place, a special care and further analysis should be dedicated to
the valves and other actuators that manage pressure levels throughout the system.
Many simulations crashed due to issues related to pressure-related components.
For instance, when a valve was closed to exclude the substation, some part of the
circuits can be decoupled from their “boundary” pressure component, generating
instability and eventual failure of the simulation.

In addition to these, the water heater component should be further
investigated, as the one employed feature a highly simplified design, making the
prediction of real behaviour more difficult.

Moreover, the model could be further enhanced including a more advanced
control system, eventually replicating the ones present in the real system, such as
temperature-based controls and variable mass flow rates.

In conclusion, the path towards a better modelling should begin with an
extensive data collection about real operation cycles of the systems. With these data
the components could be fine-tuned and modify to mimic the real ones, validating
the work that has been done so far.
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5. Conclusions

In this thesis the concept of the digital twin was investigated, and a possible
interpretation was provided considering an experimental DH network a case study.
As further discussed in the specific section, the digital twin concept can play a
central role in accelerating the research in the energetic field, both to experiment
with new concepts and improve the design and operation of current systems.

In this context, OpenModelica modelling and simulation environment, coupled
with the various models provided by the Modelica Buildings Library proved to be a
powerful and capable foundation to model such physical systems. Despite being an
open-source software and, in turn, lacking a full support of some advanced Modelica
libraries, considerable results were obtained and with the active support of the
Modelica community, even better ones can be expected in the future.

The creation of a true digital model, however, requires constant feedback from
the real system, the lack of which proved to be one of the weak points of the
approach followed in this project.

In conclusion, the models created could be the basis for a more extensive
“twinning” process of the real system, eventually creating a capable tool to support
the research at the Energy Center laboratory, providing a cost-effective way to
predict the system’ behaviour and study new configurations.
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