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Abstract

Over the last few years, the world’s awareness of environmental issues and pollution has
been increasing, to the point of developing new sustainable development and energy-saving
techniques to reduce the impact of greenhouse gases and CO2 footprint. One of these
techniques is the cold heating networks, particularly the 5th generation, which is the
latest development. Some of the main improvements of this technology is to be able to
use waste heat from different buildings and industries in the same area to heat or cool the
water supply of different buildings or to use low-temperature networks to have the lowest
heat demand in the water transport process. This system, being more complex than those
previously developed, such as the 4th generation. It requires advanced control systems
in order to make the whole system works efficiently by meeting energy demand of each
building. This project is based on determining advanced control systems that are best
suitable to install in a residential neighbourhood under construction.

First of all a literature review has been carried out on 5th generation district heating and
cooling, where different possible control strategies to control the different variables involved
in the network, such as temperature, pressure and mass flow have been determined and
also compared with the 4th generation district heating. Secondly, possible configurations
of advanced control strategies based on the literature review have been established. Out
of these configurations two different control strategies, that are best suited for the given
district, have been identified. These configurations integrate commercially available ele-
ments, including sensors, with a clear determination of their intended measurements and
strategic placement. Two different thermo-hydraulic simulations have been carried out in
Modelica for the construction phase one of the district. It includes four multifamily build-
ings and a centralized supply station. Thirdly and finally these two selected configurations
have been analysed based on the simulations results. Detailed analysis based on the key
parameters derived from the thermo-hydraulic simulations have been carried out and con-
clusions regarding the operation of the system, its robustness and design have been drawn.

The main objective of this thesis is not the optimization of the implemented control system
but rather to draw conclusions about the relationship of the implemented control blocks
and the variables to be controlled, as well as to identify possible improvement opportunities
for future designs.





Zusammenfassung

In den letzten Jahren ist das Bewusstsein für Umweltfragen und Umweltverschmutzung
weltweit gestiegen und hat zur Entwicklung neuer nachhaltiger Entwicklungs- und Energie-
spartechniken geführt, um die Auswirkungen von Treibhausgasen und den CO2-Fußabdruck
zu verringern. Eine dieser Techniken sind die kalten Heiznetze, insbesondere die 5. Genera-
tion, die die neueste Entwicklung darstellt. Einige der wichtigsten Verbesserungen dieser
Technologie bestehen darin, dass die Abwärme verschiedener Gebäude und Industrien
im selben Gebiet zum Heizen oder Kühlen der Wasserversorgung verschiedener Gebäude
genutzt werden kann oder dass Niedertemperaturnetze verwendet werden, um den ge-
ringsten Wärmebedarf beim Wassertransport zu haben. den geringsten Wärmebedarf im
Wassertransportprozess zu haben. Dieses System ist komplexer als die zuvor entwickelten
Systeme, wie das der 4. Es erfordert fortschrittliche Kontrollsysteme, damit das gesamte
System effizient arbeitet und den Energiebedarf der einzelnen Gebäude deckt. Dieses Pro-
jekt basiert auf der Bestimmung fortschrittlicher Kontrollsysteme, die sich am besten für
die Installation in einem im Bau befindlichen Wohnviertel eignen.

Zunächst wurde eine Literaturrecherche über Fernwärme und -kühlung der 5. Genera-
tion durchgeführt, bei der verschiedene mögliche Regelungsstrategien zur Steuerung der
verschiedenen am Netz beteiligten Variablen wie Temperatur, Druck und Massenstrom
ermittelt und auch mit der mit der Fernwärme der 4. Generation verglichen. Zweitens
wurden auf der Grundlage der Literaturrecherche mögliche Konfigurationen für fortschritt-
liche Regelungsstrategien festgelegt. Aus diesen Konfigurationen wurden zwei verschiedene
Regelungsstrategien ermittelt, die für das jeweilige Gebiet am besten geeignet sind. In die-
se Konfigurationen wurden handelsübliche Elemente, einschließlich Sensoren, integriert,
wobei die beabsichtigten Messungen und die strategische Platzierung klar festgelegt wur-
den. Zwei verschiedene thermohydraulische Simulationen wurden in Modelica für die erste
Bauphase des Viertels durchgeführt. Sie umfasst vier Mehrfamilienhäuser und eine zentrale
Versorgungsstation. Drittens und letztens wurden diese beiden ausgewählten Konfigura-
tionen auf der Grundlage der Simulationsergebnisse analysiert. Auf der Grundlage der aus
den thermohydraulischen Simulationen abgeleiteten Schlüsselparameter wurden detaillier-
te Analysen durchgeführt und Schlussfolgerungen in Bezug auf den Betrieb des Systems,
seine Robustheit und Auslegung gezogen.

Das Hauptziel dieser Arbeit ist nicht die Optimierung des implementierten Regelsystems,
sondern vielmehr Rückschlüsse auf den Zusammenhang zwischen den implementierten Re-
gelblöcken und den zu regelnden Größen zu ziehen, sowie mögliche Verbesserungsmöglich-
keiten für zukünftige Entwürfe aufzuzeigen.
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1 Introduction

When the first major international environmental conference was held in Stockholm in
1972 [1], the world began to become aware of the impact of human beings on the environ-
ment, and thus of the possible repercussions.

Since then, the environmental issue has been brought into the public spotlight and has
become increasingly important over the years, leading to the development of new tech-
nologies and technologies that are more and more environmentally friendly, such as the
generation of both thermal and electrical energy through renewable energies, the use of
electric cars, and smaller-scale actions such as recycling.

In recent years, pollution and concern for preserving the environment has been on the rise,
and with it the reduction of man’s impact on it. This has led the world to wage a war
against the pollution generated by the human race over the last few years, trying to fix
the problem we ourselves created.

In 2015 the United Nations General Assembly established Agenda 2030 as a sustainable
development action plan with 169 targets covering the three dimensions of sustainability:
economic, social and environmental [2]. This action plan is composed of 17 Sustainable
Development Goals (SDGs) that aim to eradicate poverty, protect the planet and improve
the lives and prospects of all people, everywhere.

Another important environmental agreement is the Paris Agreement, which was adopted
in December 2015 at the 21st Conference of the Parties to the United Nations Framework
Convention on Climate Change in Paris, France. The main objective of the Paris Agree-
ment is to combat climate change and limit the global temperature increase to levels below
2 degrees Celsius above pre-industrial levels, and to make efforts to limit the temperature
increase to 1.5 degrees Celsius [3].

One of the most widely used processes in recent years to meet the goals of both the 2030
Agenda and the Paris Agreement is decarbonisation, which is a process that seeks to re-
duce or eliminate the emission of greenhouse gases, especially carbon dioxide, in energy
production and consumption. In order to carry out this decarbonisation, some measures
have been implemented over the years, such as: increasing the energy efficiency of the
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1 Introduction

technologies used, the implementation of renewable energies, the substitution of fossil fu-
els by electric energy, reforestation or sustainable mobility.

The aim of this thesis is to develop control systems to regulate the operation of a low-
temperature grid in order to harness the energy from the grid.

1.1 What is district and heating and cooling

District Heating and cooling are systems for distributing heat or cold generated in a
centralized location through a system of insulated pipes for residential, commercial, or
industrial heating and cooling requirements. These systems are also known as district
energy systems or teleheating [4][5]. Heating and district cooling function similarly to
district heating, but instead of supplying hot water, they supply chilled water to buildings
that require cooling. [4][6].

District heating and cooling (DHC) is a system for distributing heat or cold generated in a
centralized location through a system of insulated pipes for residential, commercial, or in-
dustrial heating and cooling requirements. DHC systems can provide space heating, space
cooling, process heating, process cooling, and/or domestic hot water through a central pip-
ing network [7]. DHC systems use a central plant to produce steam, hot water, or chilled
water distributed through a network of pipes to a group of buildings [8]. DHC is a modern,
efficient way to air condition a network of buildings in cities or campuses, and it creates an
economy of scale that drives efficiency, balances electric loads, and reduces fuel costs[9][10].

Figure 1.1: Example of District heating and cooling[11]

The 5th generation of district heating and cooling (5GDHC) is a fundamentally new con-
cept based on a decentralized network allowing direct energy flows among and within
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buildings, not requiring a central heat plant[10]. Its key features are a low energy grid
utilizing low temperature heat sources, closed thermal energy loops ensuring hot and cold
exchange among clusters of buildings, and integration and synergy between thermal and
electricity grids[10].

1.2 The evolution of District Heating and Cooling (DHC) over the years and
its classification

District heating has a history dating back to Roman times, with the use of hypocausts -
hot-air furnaces which were adapted to warm multiple buildings in close proximity [12].
For instance, the three temples at Carnutum (Vienna) were heated using this technology.
During the Renaissance, the hypocaust and other Roman advancements were reintroduced
and served as a foundation for further improvements.

The first modern district heating system was implemented in Lockport, New York in 1877,
where steam was delivered to two stores and a number of houses[13].

In the 1930s, the United States saw the implementation of its first district cooling system
in downtown Denver, Colorado [13]. This system involved distributing ice produced in a
central plant to buildings via a network of pipes. Notably, the country’s first large-scale
district cooling system was established in 1955 in downtown Houston, Texas [14], utilizing
chilled water from a central plant that was also distributed through a network of pipes to
buildings. This was the first generation of district heating and cooling (1GDH).

This type of technology has been evolving over the years until today, where fourth-
generation systems (4GDH) are already established and fifth-generation (5GDHC) systems
are starting to be implemented.

The district heating and cooling systems go from the first generation (1GDH) to the fifth
generation (5GDHC) whose features will be explained in the following paragraphs.

1.2.1 Classification of different generations of the district heating and cooling
networks

First generation (1GDH: 1880s – 1930s): District heating systems were first estab-
lished in the USA with steam as the primary energy carrier. The aim was to replace
individual heating, which was considered to be extremely harmful at the time. However,
the high temperature of the steam (over 200°C) caused critical explosions that led to the
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deaths of numerous pedestrians. Additionally, operating conditions often resulted in cor-
rosion in the return network, causing rapid flow drop and decreasing overall efficiency.
Though some cities were able to convert these systems, only New York and Paris still use
them today.

Second generation (2GDH: 1930s – 1980s): Due to safety concerns, hot water ex-
ceeding 100°C is now used instead of steam as an energy source in some applications.

These systems were first developed in the Soviet Union and employed components like
water pipes in concrete ducts, large tube and shell heat exchangers, and heavy valves due
to the high temperatures involved. The main objective of district heating is to enhance
fuel efficiency and provide better household comfort through the use of combined heat and
power (CHP).

Figure 1.2: Evolution of the different generations of DHC over the years [15]

Third generation (3GDH: 1970s – 2020s):The production process in question follows
a traditional centralized approach, where pressurized water acts as the primary energy car-
rier. However, the process has undergone changes, and now the supply temperature is less
than 100°C, while the return temperature ranges between 40-50°C.

The technology for underground district heating systems has been rapidly advancing in
Northern Europe, with Denmark and Sweden at the forefront. The components are usually
prefabricated and the pipes are pre-insulated, before being directly buried in the ground.
Centralized thermal storage for heat is also involved in the process, as well as a plate steel
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heat exchanger in the substation.

The third generation of technology is currently the most widely used worldwide, not only
in Europe but also in China, Korea, Canada, and the USA. Although policies and reg-
ulations may vary from country to country, the primary use of the 3rd generation is to
ensure a secure supply amidst oil crises and the increasing demand for efficient use of CHP.

Fourth generation (4GDH: 2020s – 2050): The future of district heating is heading
towards the concept of a smart thermal grid. This means that the infrastructure network
will need to evolve towards a low-temperature network, supplying heat at 50-60°C and
returning at around 25-15°C. The aim is to increase the overall efficiency. This will also
allow for a higher level of renewable integration, as well as the opportunity to increase the
use of assembly-oriented components and more flexible pipe materials, making the system
more adaptable.

The residential sector is currently integrating advanced cooling systems, including central-
ized cooling storage and smart digital tools. This integration will enable a comprehensive
view of heating and cooling demands. The new concept also allows for more flexibility
in integrating decentralized energy production sites. However, this will not affect the
traditional role of final consumers. Furthermore, these technologies will enhance the opti-
mization of operation and maintenance processes, thereby improving the overall efficiency
of the system.

Fifth generation (5GDHC: >2020): In the coming years, we can expect significant
changes in both the network and consumer behavior. The heating and cooling network will
likely undergo a transformation, moving away from traditional topologies and towards a
decentralized model. This new model will involve plants of varying sizes and technologies,
primarily heat pumps, which will supply heat via ultra-low temperature headers in the
network.

The supply temperature in a 5GDHC system will be kept below 45°C, while the return
temperature should be around 25-15°C. Some smaller systems may also include ambient
loops. 5GDHC systems are typically composed of un-insulated plastic pipework which
results in minimal heat losses and longer pipe runs. Such systems often incorporate sea-
sonal thermal storage to balance the spine temperatures and may also include short-term
localized thermal storage.
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Figure 1.3: 5GDHC example[4]

This technology comes with a built-in cooling system that allows for the exchange of heat-
ing or cooling between buildings. Unlike other systems, this network can easily expand as
the city grows and can integrate battery storage systems, which improves overall efficiency
and helps manage demand while ensuring high use of renewable energy. It is an ideal
solution for both heating and cooling needs.

6



2 Research of DHC control straregies

In this chapter, various control techniques for district heating and cooling will be explored.
Control strategies play a crucial role in ensuring the efficient and reliable operation of these
systems. They help to keep costs down, promote sustainability, and enhance user satisfac-
tion. By enabling district heating and cooling systems to adapt to changing conditions,
control strategies maximize energy utilization and minimize environmental impacts.

2.1 What are the different control strategies in conventional (3rd, and 4th
gen)DHC?

2.1.1 Tempertature control

Temperature control is an important aspect of 4th Generation District Heating and Cool-
ing (4GDHC) systems [16]. The control of temperature in 4GDHC systems is typically
achieved by using temperature sensors and flow controllers to regulate the temperature
of the water or other fluids that circulate within the system. Having precise control over
the temperature of the heating or cooling supply can greatly enhance the efficiency of
the entire system. Sometimes, 4GDHC systems employ centralized control methods that
allow for the transfer of low-temperature energy between buildings. This kind of energy
is sourced from low-temperature heat found in the environment or waste heat and can be
utilized for both heating and cooling. Overall, temperature control is a crucial factor in
the success of 4GDHC systems, as it ensures that the heating or cooling supply is deliv-
ered to buildings at the appropriate temperature to meet their needs. Proper temperature
control, which refers to the ability to manage the temperature of the system effectively
to provide efficient heating and cooling, in 4GDHC is crucial to ensure the efficient and
reliable operation of the system. The following are some best practices for temperature
control in 4GDHC:

1. Low-temperature supply: 4GDHC systems typically use low-temperature heat sources,
so the supply temperature should be kept as low as possible for reducing heat losses while
still meeting the heating and cooling demand.

2. Centralized control strategy: A centralized control room should be set up to moni-
tor and control the temperature of the heat transfer fluid. Advanced control algorithms
such as model-based predictive control (MPC) can be used to adjust the flow rate and
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temperature of the heat transfer fluid in real-time to maintain a constant supply temper-
ature.

3. Thermal energy storage: One useful application of Thermal Energy Storage (TES)
is its ability to store excess heat or cold, which can then be released during times of high
demand. This process helps to even out peak loads and increase the overall efficiency of
the system.

4. Decentralized control: Decentralized control strategies can be employed by installing
local controllers at each building or substation to control the supply temperature to the
building. This can allow for more precise temperature control and improve the system’s
overall efficiency.

5. Hydronic balancing: It ensures that the flow of water in the system is distributed
evenly throughout the network so that all units receive the same amount of water flow
and operate at a consistent temperature. This control can help ensure that each building
receives the proper supply temperature, which can improve the system’s overall efficiency.

2.1.2 Load management

Load management control is a method used to regulate the heating and cooling supply to
buildings based on their specific needs. Its objective is to optimize the use of energy sup-
ply, lessen energy consumption and enhance the overall effectiveness of the system. Load
management can be achieved through various strategies such as the use of a centralized
control system, decentralized control systems and thermal energy storage (TES) [17][18].

1. A centralized control system can monitor and adjust the flow rate and temperature of
the heat transfer fluid in real time to meet the changing demand for heating and cooling.
These systems involve a centralized control centre that monitors the demand for heat or
cooling throughout the network and adjusts the production and distribution accordingly.
In the case of load management, the control centre can adjust the production and distri-
bution of heat or cooling to match the current demand, in order to avoid overloading the
network.

2. In 4GDHC networks, decentralized control systems usually incorporate smart grids and
control mechanisms that enable real-time optimization of the network. This type of con-
trol can also be installed at each building or substation to control the supply temperature
to the building.
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These systems can monitor the demand for heat or cooling and adjust production and dis-
tribution accordingly. This can help to minimize energy waste and improve the efficiency
of the system. One example is the use of heat pumps, that can be installed in buildings
throughout the network, allowing them to produce heat or cooling on a local level. A
smart control system can then monitor the demand and adjust production accordingly.

3. Thermal Energy Storage (TES) can help to flatten out peak loads by storing excess heat
or coolness during periods of low demand and releasing it during periods of high demand.
Demand-side management can also help to reduce peak demand for heating and cooling
by adjusting the temperature settings of the building or delaying non-critical tasks, like
laundry, to off-peak hours when energy demand is lower. Other load management strate-
gies include hydronic balancing and thermal storage integration.

2.1.3 Storage management

Thermal energy storage can be used in to store excess heat or cold during periods of low
demand, and then release the stored energy during periods of high demand [19]. This can
help to reduce the amount of energy required to meet peak demand and can improve the
overall efficiency of the system. Peak demand refers to the period when there is a high
demand for heating or cooling within the district heating and cooling network. This is
often a short-term period of intense energy usage, and it can put a strain on the energy
system and increase the risk of power outages or other issues [20]. Some types of energy
storage are:

1. Thermal Energy Storage (TES): TES systems store excess thermal energy in the form
of hot or cold water, which can be used later to meet heating or cooling demands. TES can
be achieved through different methods such as sensible heat storage (using the temperature
difference) or latent heat storage (using phase change materials).

2. Aquifer Thermal Energy Storage (ATES): ATES utilizes underground aquifers, which
are natural underground layers of permeable rock or sediment that can contain or transmit
groundwater, to store thermal energy. Groundwater within an aquifer can flow through
fractures in rocks or permeable sediment. This groundwater can be extracted from the
aquifer by drilling wells. During periods of excessive heat or cold, water is injected into
the aquifer, which acts as a large thermal storage reservoir. The stored energy can be
recovered when needed by extracting water from the aquifer and using it for heating or
cooling.
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Figure 2.1: Example of a heating network with TES [21]

3. Seasonal Thermal Energy Storage (STES): STES is a long-term energy storage method
that involves storing thermal energy across seasons. It typically uses large underground
storage tanks or rock caverns to store hot or cold water for several months. The stored
energy is then extracted as needed to provide heating or cooling throughout the year.

4. Battery Energy Storage Systems (BESS): Although not as common because they are
not well-suited for storing large amounts of thermal energy, which is the primary form of
energy used in district heating and cooling systems. Battery storage can play a role in
managing peak electricity demands. BESS stores electrical energy in rechargeable batter-
ies and can provide a rapid response to fluctuations in electricity supply and demand.

Another way energy storage can help reduce energy consumption is by increasing the ef-
ficiency of energy production and distribution. For example, energy storage can make it
possible to store excess renewable energy from sources like wind or solar power and release
it during periods when these sources are not available, reducing the need for additional
fossil fuel-powered generation. Energy storage can help to manage peak demand by stor-
ing excess energy during periods of low demand and releasing it during peak demand to
reduce the need for additional energy generation. By using these strategies to manage
peak demand, the energy system can operate more efficiently, reducing the amount of
energy required while improving system performance and reliability [22][23]. Additionally,
energy storage can help balance the energy supply and demand, ensuring that energy is
available when it is needed and avoiding energy waste or shortages. Therefore, energy
storage plays a key role in ensuring that the energy system in 4GDHC operates effectively
and efficiently. Thermal energy storage can take many forms, including water tanks, un-
derground thermal energy storage (UTES) systems, phase change materials (PCMs), and
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others. Each type of storage has its advantages and disadvantages, and the optimal storage
solution will depend on the specific requirements and characteristics of the 4GDHC system.

Advantages Disadvantages
Energy optimization Capital costs

Flexibility and reliability Space requirements.
Load levelling Efficiency losses

Demand response Environmental impact

Table 2.1: Advantages and disadvantages of using energy storage in 4GDHC

Advantages of storage management in 4GDHC

1. Energy optimization: Storage management allows for the optimization of energy supply
and demand by storing excess energy during off-peak periods and releasing it during peak
demand, thereby reducing energy waste and improving overall system efficiency.

2. Flexibility and reliability: Storage systems provide flexibility in the operation of 4GDHC
networks. They enable the integration of various energy sources, such as renewable energy,
waste heat, and surplus electricity, making the system more resilient and reliable.

3. Load levelling: By storing excess heat or cold, storage management helps to balance
the load across different periods, mitigating the challenges of intermittent energy sources
and ensuring a stable supply of heating and cooling to consumers.

4. Demand response: Storage management enables participation in demand response pro-
grams. Adjusting the release of stored energy based on grid conditions and pricing signals
facilitates grid stability and can help reduce peak loads during high-demand periods.

Disadvantages of storage management in 4GDHC

1. Capital costs: Implementing storage systems can involve significant upfront capital
costs, including the installation and maintenance of storage infrastructure. The cost-
effectiveness of storage management depends on factors such as the size of the system, the
energy storage technologies used, and the local energy market conditions.

2. Space requirements: Large-scale storage systems, especially those based on physical
storage media like water tanks or underground reservoirs, require adequate space for in-
stallation. Limited space availability in urban areas can pose challenges for the deployment
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of storage systems.

3. Efficiency losses: Energy storage systems are not 100% efficient, meaning there will be
some losses during the charging and discharging processes. These losses can impact the
overall system efficiency and should be considered when evaluating the cost-effectiveness
of storage management.

2.2 Different control strategies in 5GDHC

Various control strategies can be used in 5th-generation district heating and cooling
(5GDHC) systems [15], depending on factors such as the specific network design and
the goals of the system. Here are some examples of different control strategies used in
5GDHC systems:

1. Temperature control: A temperature control strategy involves regulating the temper-
ature of the heating and cooling water to improve system efficiency and reduce energy
consumption. This can involve adjusting the temperature based on the outside tempera-
ture, the time of day, or user demand.

2. Flow rate control: Flow rate control involves adjusting the flow rate of the heating and
cooling water to balance supply and demand among different buildings. This can involve
using sensors to measure flow rates and regulate the system accordingly.

3. Pressure control: Regulating pressure can help to balance the heating and cooling loads
among different buildings and ensure that the system operates efficiently. This can involve
using pressure sensors and control valves to adjust system pressure as needed.

Overall, these control strategies can be combined and customized to suit the specific needs
of a 5GDHC system and new strategies are continually being developed and refined to
improve system performance and efficiency.

2.3 Deeper research on 5GDHC

2.3.1 Temprerature control

In fifth-generation district heating and cooling (5GDHC) networks [24], temperature con-
trol is crucial to ensure efficient and sustainable operation. The supply and return tem-
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peratures in 5GDHC systems are typically lower than those in fourth-generation systems,
which helps to reduce heat losses from the grid and increase overall efficiency.

Various temperature control strategies can be used in 5GDHC systems, including:

1. Demand-driven temperature control: This involves adjusting the supply temperature
based on the actual demand from connected buildings [25]. This can be achieved using
smart control systems that incorporate real-time data on energy demand and weather
conditions.

Smart control systems are capable of adjusting the temperature of thermal energy sup-
plied to buildings according to their specific heating or cooling needs. This is achieved by
regulating the temperature of water or brine in the network based on real-time demand
signals. Such an approach helps to optimize energy usage and minimize waste by providing
buildings with only the necessary amount of energy at any given moment.

2. Decentralized temperature control: With this method, every building has its temper-
ature control system that can communicate with the central grid to request a desired
temperature. This allows each building or group of buildings to independently manage
their temperature within predetermined limits [26].

The utilization of decentralized temperature control has proven to be extremely beneficial
for 5GDHC systems that rely on low-grade renewable heat sources. This feature enables
the efficient utilization of energy while optimizing the use of waste heat from industries or
other sources. This optimization leads to a substantial reduction of carbon emissions and
supports sustainability goals.

3. Set-point temperature control: This involves setting a fixed temperature for the supply
heat or cold, which can be adjusted based on the needs of the connected buildings.

This type of control allows the temperature to be adjusted at a central location, such as
a district heating plant, to maintain a specific setpoint temperature.

However, set-point temperature control may not be the most efficient option for 5GDHC
systems as it could lead to energy waste if the temperature delivered to each building does
not match its heating or cooling needs. In contrast, decentralized temperature control pro-
vides individual buildings with the exact amount of energy they need based on real-time
demand signals, which can help optimize energy consumption and reduce waste.

4. Feed-forward temperature control: This approach involves using data on external fac-
tors such as weather conditions or occupancy levels to predict energy demand and adjust
the supply temperature accordingly [4]. This control system uses real-time data on building
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heat demand to adjust the temperature of the thermal energy delivered to each building,
optimizing energy use and reducing waste.

In a feed-forward temperature control system, data on outside air temperature, solar ra-
diation, and other factors that affect building heat demand are used to determine the
optimal amount of thermal energy to deliver to each building in real time. This helps to
ensure that each building receives the exact amount of energy it needs at any given time,
minimizing waste and maximizing efficiency.

5. Model predictive temperature control: Using models based on past data, this approach
predicts energy demand and adjusts the supply temperature accordingly in real-time.

This control system uses mathematical models of the thermal behaviour of individual
buildings and data on real-time demand signals to adjust the temperature of the thermal
energy delivered to each building, optimizing energy use and minimizing waste [27].

A temperature control system that utilizes predictive modelling employs optimization al-
gorithms to anticipate a building’s future heat demand using current data. This enables
the system to regulate the thermal energy delivered to each building more effectively. This
helps to ensure that each building receives the optimal amount of energy it needs at any
given time, reducing waste and maximizing efficiency.

The most used sensors in this field are:

Thermocouples - These sensors use two wires made of different metals that generate a
voltage proportional to the temperature difference between the wires.

Resistance temperature detectors (RTDs) - These sensors measure changes in resistance
as a function of temperature and are often made from metals such as platinum, nickel, or
copper.

Thermistors - These are temperature-sensitive resistors that change resistance in response
to temperature changes.

Infrared sensors - These sensors measure temperature by detecting infrared radiation emit-
ted by an object.

2.3.2 Pressure control

When it comes to fifth-generation district heating and cooling (5GDHC) networks [28],
pressure control is a crucial aspect of the overall control strategy. By regulating flow rates
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and maintaining sufficient pressure levels, heat transfer efficiency throughout the network
can be ensured.

As water pressure increases, so does its velocity, leading to heightened fluid turbulence
and convection that ultimately result in greater heat loss. The relationship between mass
flow and pressure is expressed as ṁ = ρAv and shows that boosting pressure also increases
mass flow, further elevating heat losses.

Some common pressure control strategies in 5GDHC systems include:

1. Setting pressure limits: This involves setting upper and lower pressure limits for the net-
work, beyond which the control system will take action to maintain the desired pressure [4].

The pressure limits must be set based on the specific design and operating conditions of
the network to prevent pipe damage or leakage that can lead to energy waste and safety
hazards. Hydraulic modelling and simulations are usually performed to determine the flow
rates and pressure drops at various points within the network for setting pressure limits.
This can help identify the optimal pipe sizes, pump locations, and operating conditions
needed to maintain a safe pressure range throughout the network.

2. Variable-speed pumps: By adjusting the speed of pumps within the network, pressure
can be controlled in real-time to maintain the desired flow rate and heat transfer efficiency.
Variable-speed pumps can deliver the exact amount of thermal energy needed to each
building, minimizing waste and optimizing energy use. In addition, these pumps can help
maintain safe pressure levels within the network by adjusting the flow rate as needed,
thereby reducing the risk of pipe damage or leakage [29].

3. Pressure-drop control valves: These valves are used to adjust the pressure within spe-
cific sections of the network, allowing for precise control overflow rates and heat transfer
efficiency.

These valves are typically installed at various points throughout the network to regulate
the pressure drop across each component, including heat exchangers, pumps, and valves
[29]. By adjusting the pressure drop across each component, pressure-drop control valves
can help ensure that the network operates within safe pressure limits and reduce the risk
of pipe damage or leakage. In addition, these valves can optimize the flow rate of thermal
energy within the network, reducing energy waste and improving overall efficiency.

4. Smart control systems: Advanced control systems using artificial intelligence and ma-
chine learning algorithms can monitor pressure within the network and make adjustments
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to maintain optimal flow rates and heat transfer efficiency.

Including pressure drop control valves, variable speed pumps, and model predictive tem-
perature control. These systems work together with real-time demand signals and data
monitoring to adjust the pressure and flow of thermal energy delivered to each building,
minimizing waste and improving overall system efficiency [30]. In addition, digital con-
trol systems can be used to remotely monitor and manage the pressure levels within the
network, enabling operators to act if the pressure exceeds safe limits. For example, the
use of wireless sensors can allow for real-time monitoring of pressure and flow conditions,
enabling operators to quickly and efficiently respond to any issues that arise.

2.3.3 Flow rate control

In fifth-generation district heating and cooling (5GDHC) systems [31][32] , flow rate con-
trol is critical to ensuring efficient and sustainable operation. The flow rate of the thermal
fluid through the network affects the heat transfer efficiency and energy consumption.
Since heat losses can be expressed as the following equation Q̇ = ṁCp∆T , an increase in
flow rate or mass flow will also increase heat losses.

Some common flow rate control strategies in 5GDHC systems include:

1. Flow control valves: These valves are used to adjust the flow rate within specific sec-
tions of the network, allowing for precise control of overheat transfer efficiency and energy
consumption. These valves can be installed at various points throughout the network,
including heat exchangers, pumps, and other components [29].

Flow control valves play a crucial role in managing the flow of thermal energy across
different components. Their primary function is to maintain safe pressure levels within
a network, thereby minimizing the chances of pipe damage or leakage. Moreover, these
valves are instrumental in optimizing the flow rate of thermal energy throughout the sys-
tem, leading to reduced energy wastage and enhanced overall efficiency.

2. Smart control systems: Sophisticated control systems equipped with AI and machine
learning algorithms can oversee the flow rate in a network and regulate it to ensure maxi-
mum heat transfer efficiency and minimal energy usage.

Model Predictive Control (MPC) uses mathematical models to predict the behaviour of
the network and adjust the flow of thermal energy, accordingly, ensuring that each building
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receives the exact amount of energy it needs at any given moment. In addition, digital
control systems can be used to remotely monitor and manage the flow rate within the
network, enabling operators to act if the flow rate exceeds safe limits [33].

Additionally, 5GDHC systems are often designed with modular grids that are intercon-
nected with multiple buildings with different thermal energy needs.

Here are some of the sensors that are used for measuring flow rate [34]:

Ultrasonic flow meters - These flow meters use ultrasound to measure flow rate and can
be used for both heating and cooling applications.

Differential pressure flow meters - These meters measure the difference in pressure across
a flow restriction and are commonly used for liquids in piping systems.

Magnetic flow meters - These flow meters measure the electromotive force generated by
magnetic fields as fluid flows through a pipe.

Vortex flow meters - These meters measure the frequency of vortices generated by fluid
flow across a bluff body inside a pipe.

2.3.4 Thermal energy storage

Integration with thermal energy storage is a key aspect of 5th-generation district heating
and cooling (5GDHC) systems [24]. Thermal energy storage can improve the efficiency
and flexibility of 5GDHC networks by allowing excess thermal energy to be stored and
used later when demand is higher.

Several types of thermal energy storage systems can be integrated into 5GDHC networks,
including

1. Underground thermal energy storage (UTES): This involves storing excess thermal en-
ergy in the ground using boreholes or other methods [35]. The energy can then be retrieved
later using heat pumps, for example, to meet heating or cooling demand.

Various types of UTES systems can be used in 5GDHC networks, including [35][36]:
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Figure 2.2: Example of UTES

1. Aquifer thermal energy storage (ATES) - In this type of system, water is pumped into
and out of a porous underground aquifer layer to store and retrieve thermal energy.

2. Borehole thermal energy storage (BTES) - This system involves the use of vertical
boreholes to store and extract thermal energy from the subsurface, typically through the
use of a closed-loop circulation system.

3. Seasonal thermal energy storage (STES) - This type of system involves the storage of
thermal energy over an extended period, typically on a seasonal basis, to provide heating
and cooling as needed throughout the year.

Figure 2.3: Example of seasonal thermal storage
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Type of UTES Advantages Disadvantages

ATES

Energy Efficiency Site Constraints
Renewable Energy Integra-
tion

Initial Cost

Long-Term Storage Capac-
ity

Regulatory Challenges

Scalability System Complexity

BTES

Reduced Environmental
Impact

Water Availability and
Quality

Space Efficiency Initial Cost
Flexibility in System Sizing Geological Suitability
Efficient Heat Transfer Thermal Imbalance
Long-Term Storage Capac-
ity

Regulatory Considerations

Renewable Energy Integra-
tion

Maintenance and Monitor-
ing

STES

Long-Term Energy Storage Initial Cost
Reduced Energy Costs Space Requirement
Integration with Renew-
able Energy

System Efficiency

Enhanced Grid Resilience Technological Complexity
Scalability and Adaptabil-
ity

Environmental Considera-
tion

Table 2.2: Advantages and disadvantages of different types of UTES

2. Water-based thermal energy storage: In a water-based TES system for 5GDHC, ther-
mal energy is stored in the form of sensible heat in large water tanks. The water is typically
heated using surplus heat from various sources, such as industrial processes, waste heat
recovery, or renewable energy systems like solar or geothermal [37][24]. During periods of
low demand or excess heat generation, the surplus energy is transferred to the water and
stored in the TES system.

When there is a demand for heating or cooling in the district, the stored energy can be
retrieved from the TES system. In heating mode, the hot water from the storage tanks is
circulated through heat exchangers, transferring the heat to the district’s heating network.
Similarly, in cooling mode, the cool water from the storage tanks is circulated to absorb
heat from the district’s cooling network. There are also some decentralized energy storage
systems such as:

1. Decentralized water tanks in buildings: These storage tanks can be located in individual
buildings and can be used to store thermal energy for later use. The decentralized nature
of these storage tanks allows for more flexibility in the network and can help to reduce
distribution losses.
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2. Hybrid substations: Hybrid substations are designed to store thermal energy in water
or brine, and they come equipped with Water Source Heat Pumps (WSHP). These pumps
can be used for both heating and cooling purposes.

By extracting heat from the water or brine, the WSHPs transfer it to the building’s heating
and cooling systems and during periods of high demand, the thermal energy stored in the
water or brine can supplement the energy supply in the network. These types of substations
can also help the network adjust to changes in demand and supply, which is called demand
response reducing the need for additional energy generation and stabilising the network.

Advantages Disadvantages
Energy storage capacity Space requirements

Cost-effectiveness Heat loss
Environmental friendliness Freeze protection

Scalability
Flexibility

Table 2.3: Advantages and disadvantages of water-based thermal energy storage

3. Phase-change materials (PCMs): These materials can store thermal energy by changing
phases (such as from solid to liquid) at a specific temperature. They can be integrated
into building elements or other systems to provide thermal energy storage.

Integration with thermal energy storage can be managed through control systems that op-
timise peak heating and cooling loads using intelligent management of electricity demand
and offer the possibility to match thermal energy supply and demand. PCMs are mate-
rials that can absorb or release large amounts of latent heat during a phase change, such
as from solid to liquid or vice versa [37]. By incorporating PCMs into building envelope
materials such as walls, floors, and ceilings, these materials can help reduce fluctuations
in indoor temperatures and reduce the need for additional heating or cooling. This can in
turn reduce energy consumption and improve the efficiency of the 5GDHC network.

Advantages Disadvantages
High thermal energy storage capacity Limited cycling capability

High energy efficiency Selection and compatibility challenges
Precise temperature control Cost considerations

Smaller storage footprint PCM containment and leakage risks
Reduced heat loss during storage

Table 2.4: Advantages and disadvantages of PMCs
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2.4 Comparison between both systems 4GDH & 5GDHC

Category 4GDH 5GDHC

Topology Traditional single energy
center supply heat out-
wards

Decentralized plant supply-
ing

Unidirectional water flow Bidirectional water flow

Temperature
Wider ∆T Lower ∆T
Heating range: 40º-70º Heating range: 10º-25º

Cooling range: 5º-20º

Storage Very large thermal stor-
age (larger than 3GHD due
to lower temperatures so,
lower energy density)

Seasonal thermal storage

Some short thermal storage
Pipework Highly insulated Un-insulated

Advantages

More efficiency compared
with previous technologies

Higher flexibility

Lower investment cost than
5GDHC

Ability to accommodate
various types of heat
sources and users
Higher efficiency and lower
CO2 emissions
Heat recovering between
buildings
Heat losses are almost irrel-
evant
New buildings can be easily
added

Disadvantages

Limited capacity for load
balancing

Higher investment costs
compared to 4GDHC

Limited potential for ther-
mal storage and flexibility

Requires advanced control
strategies

Requires high operating
temperatures

Limited experience and
knowledge in the industry

Higher heat losses Larger pipework than
4GDHC

Impossibility to exchange
heat between buildings

Less storage density

Table 2.5: Comparison between 4th and 5th generation of technologies[8] [27]
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Figure 2.4: Comparison between 4GDH and 5GDHC

There are significant differences between the two generations, especially in terms of energy
flow. The 5th generation allows bi-directional energy flow between buildings, whereas the
previous generation did not. The working temperature range is also smaller in the new
generation, which results in lower heat losses. Therefore, it is not necessary to insulate
the pipes.

Based on the analysis of this section, it can be concluded that the 5th generation is
significantly superior in terms of flexibility and adaptability to incorporate new alternative
energy sources in comparison to fossil fuels. This factor makes the 5th generation the
most preferred choice for upcoming constructions, which in turn makes control systems
essential.
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3 District where the project takes place

The district in which the project is to be carried out is a residential and commercial district
in Mönchengladbach. It will have a residential area of approximately 150,000m2 and has
a planned construction of approximately 1,500-2,000 dwellings.

The planned district will have an approximate energy consumption of 5.4 GWh/y in terms
of heating demand, 2.5 GWh/y of hot water demand and will have an approximately
installed power of 7.9 MWh/y of photovoltaic power.

It will also have 3 supply stations of which the supply station one will only need heat-
ing while the rest will need both heating and cooling. Supply station two will have a
geothermal collector field as well.

Figure 3.1: Panoramic view of the district distribution

Here in figure 3.1, the whole district with the three different supply stations can be ob-
served.
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The supply station two and three will need both heating and cooling, so these stations
can be classified as 5GDHC. However the supply station one will only need heating, so in
that manner, we can classify the supply station one as a middle way between the 5th and
4th generation, so it is a cold district heating network.

The geothermal energy will be used only in the supply station two. The heat will be
collected from the ground via thermal collectors and it will be transferred to the substation
through a heat exchanger.

Figure 3.2: Geothermal heat capture scheme

Our work will focus on the supply station one and in the 4 buildings it supplies. Station
one has two thermal storage tanks of approximately 1000L each. This supply station will
be also using water waste heat recovery to increase the temperature of the network in
order to be more energetic and efficient.
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The objective of this section is to establish two control system configurations by mixing
several possible methods of those discussed in section 2.4 of this document.

These configurations will be applied in the first instance to the four buildings already
constructed in the district, which make up the first supply station. These configurations
will control the components in the building´s side of the system to fulfil the energy needs.
Once they have been established they will be simulated to compare them and see what
are the most relevant parameters to control.

Figure 4.1: Panoramic view of the 4 buildings that make up the supply station 1

The configurations will be built and simulated using Modelica(Dymola).

4.1 Choosing the best configuration

We have three possible variables to control and adjust to meet the energetic demand in
the most efficient way: temperature, pressure and mass flow.

Based on both the hydraulic model of the substation and the urban heating networks we
will determine: which variables need to be monitored, why they need to be monitored,
and where the sensors will be installed to monitor them. We will also determine how to
control the system on the secondary side of the substation to meet the demand.
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4.2 Examples of existing 5GDHC networks

In this point, the existing 5GDHC networks are considered, from which ideas will be
obtained to establish the possible configurations that best fit our system.

4.2.1 Paris-Saclay

The Paris-Saclay 5GDHC (Fifth Generation District Heating and Cooling) is an innovative
and sustainable heating and cooling network located in the Paris-Saclay area in France.
The system is designed to provide efficient and environmentally friendly heating and cool-
ing services to the district [38][39].

The 5GDHC concept focuses on several key aspects:

1. Integration of multiple energy sources: The system integrates various sources of
energy, including renewable sources like solar and geothermal, as well as waste heat
from industrial processes and data centers. This diverse mix of energy sources helps
reduce dependency on fossil fuels and promotes a cleaner energy supply.

2. Smart grid technology: The 5GDHC system incorporates smart grid technology to
optimize energy distribution and consumption. This includes advanced monitoring
and control systems, automation, and real-time data analysis to ensure efficient
energy management.

3. Energy storage and management: The system includes inter-seasonal heat storage
solutions, allowing excess heat to be stored during the summer months and used
during the colder seasons.

4. Flexibility and scalability: The 5GDHC system is designed to be flexible and scal-
able, allowing for future expansion and integration with other energy systems. This
flexibility enables the system to adapt to changing energy demands and technologies
over time.

The paris-saclay system is a decentralized system that regulates the temperature using a
demand-driven control, which is controlled mainly with an MPC. It adjusts the tempera-
ture using the different heat pumps installed along the network.
As for the pressure control system, it is controlled and adjusted by means of a differential
pressure control.The operation of a differential pressure control typically involves compar-
ing the pressure difference between two points with a setpoint. If the measured pressure
difference deviates from the setpoint, the control mechanism takes action to bring the
pressure back to the desired level.
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Figure 4.2: Blueprint of the Paris-Saclay 5GDHC [40]

4.2.2 Bochum

The Bochum 5GDHC (Fifth Generation District Heating and Cooling) project is an inno-
vative heating and cooling network implemented in Bochum, Germany.

The Bochum 5GDHC grid utilizes a unique approach by harnessing the heat from aban-
doned coal mines in the region. The heat is extracted from water in these mines and is
then used for heating purposes. This approach demonstrates the potential for utilizing ex-
isting infrastructure and resources to create sustainable and efficient heating and cooling
systems[41][42].

The project in Bochum involves connecting around 23 customers to the 5GDHC grid, en-
abling them to benefit from the sustainable and cost-effective heating and cooling services
provided. Heat pumps are used to raise the temperature of the extracted mine water
to around 45 degrees Celsius before distributing it to the connected customers. This
network, as in the Paris-saclay network, is a decentralized network that regulates the tem-
perature using a demand-driven control regulated by an MPC.
This control system is the most widely used in this type of network since it provides high
energy efficiency, comfort optimization, flexibility and reduced energy consumption.
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4 Optimal control configuration

Figure 4.3: Blueprint of the Bochum 5GDHC in heating mode [43]

Figure 4.4: Blueprint of the Bochum 5GDHC in cooling mode [43]

4.2.3 Brunssum

The Brunssum 5GDHC project is a heating and cooling network implemented in Brun-
ssum, in the Netherlands.

The Brunssum pilot site is built and operated by Mijnwater Energy , a company specializ-
ing in sustainable energy solutions. The project involves connecting houses and buildings
to the 5GDHC network, providing them with sustainable heating and cooling services
without relying on natural gas.
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4.2 Examples of existing 5GDHC networks

The project enables connected houses and buildings to benefit from the efficient use of
renewable energy sources. The network utilizes the Mijnwater system, which taps into
underground mine water to extract heat for heating purposes. This allows for the utiliza-
tion of a local and renewable heat source, contributing to the reduction of greenhouse gas
emissions.

The Brunssum installations showcase the realization of an innovative, sustainable, and
cost-effective heating and cooling system. The project started connecting dwellings in
2021, and the expansion of the network is ongoing. By 2024, it is expected that an addi-
tional 91 dwellings will be connected to the Brunssum 5GDHC system [44].

Figure 4.5: Blueprint of the Brunssum 5GDHC [45]

4.2.4 Heerlen

The location of this 5GDHC is the city of Heerlen, a city located in the Netherlands, which
is reallr close to Aachen[30].

Some key aspects of this 5GDHC are:

1. Energy Exchange without a Central Energy Plant: The 5GDHC grid in Heerlen has
the capability to exchange energy without the need for a central energy plant or
source . This means that the energy is distributed and shared among the connected
buildings and infrastructure, making the system decentralized.

2. Heat Recovery from Abandoned Coal Mines: The system in Heerlen utilizes the heat
energy from abandoned coal mines to provide heating..
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4 Optimal control configuration

3. Cooling Capacity: In addition to heating, the grid in Heerlen also has the capac-
ity to provide cooling. This is achieved by storing cold energy in the system and
distributing it to the connected buildings when needed.

4. Environmental Sustainability: The grid contributes to environmental sustainability
by utilizing renewable energy sources and reducing carbon emissions.

5. Decentralized Energy Distribution: The network operates on a decentralized en-
ergy distribution model, where the energy is shared among multiple buildings and
infrastructure.

Figure 4.6: Blueprint of the Heerlen 5GDHC [46]

This system, also like the other systems above, uses decentralised heat pumps to control
the temperature by means of demand-driven control, which is adjusted by means of an
MPC. This mode of control is the most popular as it allows demand to be adjusted in real
time by means of demand prediction.

4.2.5 Conclusions based on the technologies described

After reviewing the examples provided, it is evident that direct temperature control is
crucial and cannot be overlooked. This is achieved through demand-driven control using
heat pumps, which are regulated by a MPC. It is apparent that the direct adjustment of
temperature is a common feature in all the examples given.

When adjusting the pressure, the temperature can also be affected. Higher pressure will
lead to higher temperature and vice versa. Since we are only controlling the secondary side
or the consumption side, it is recommended to maintain a stable and consistent pressure
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4.2 Examples of existing 5GDHC networks

range to avoid any potential malfunctions.

The temperature of the heat exchanger on the primary side cannot be controlled as it
depends on the main temperature. However, the amount of energy sent to the secondary
side can be regulated by adjusting the mass flow of water that passes through the heat
exchanger.

Therefore, we can only change two things on the secondary side: temperature and mass
flow. On the other hand, we can only adjust the mass flow that goes through the heat
exchanger on the primary side.
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5 Hydraulic installation

In this section, the operation of the existing hydraulic system in the installation and its
different parts will be explained.

Figure 5.1: Hydraulic schematic before fitting sensors

As can be seen there is a primary side (left), which is the mains side and a secondary side
(right) which is the substation side.

Within this hydraulic system we can highlight the following parts:

1. Motorized Valve: This is the element that we will use to regulate the amount of
energy sent from the primary side to the secondary side. By opening and closing it
we regulate VM

2. Inlet tank valve: Is installed just for security, in case we have to stop the flow of
water.

3. Tank: The function of the tank is to supply the necessary amount of hot water at
peak periods.

4. Outlet tank hot valve: Its mission is to let the hot water flow from the tank to
the point of consumption.
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5. Demand point: It is the point where energy is demanded.

6. Outlet tank cold valve: The function of this valve is to remove the cold water
from the bottom of the tank in order to refill it with hot water, this is done to keep
the water in the tank always at a certain temperature.

7. Pump: The purpose of the pumps is to move water throughout the installation.

8. Heat exchanger: The heat exchanger transfers the energy from the primary side
to the secondary side. Its efficiency is not optimal so heat losses are estimated to be
between 15% to 20% for a cross-flow plate heat exchanger.

The maximum outlet temperature of the heat exchanger is Tmax =36ºC and the minimum
night-time temperature is Tbackmin =26ºC and the maximum flow rate is ṁsecondarymax =
20m3/h

Work mode of the tank

Here we explain the self-cycling of the thermal storage tank (2000L), which has hot water
to be used in case of not being able to meet the demand. This tank also provides domestic
hot water, but as our system has a maximum temperature of 36ºC, electric heaters will
be used to increase the domestic hot water temperature up to 60ºC.

Figure 5.2: Simplified tank scheme

The tank has 3 valves: Vin, VoutH and VoutC .
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5 Hydraulic installation

The first two valves, which are installed in the top layer of the tank, can not be controlled
directly to regulate the energy deliver. This will be used in case any failure happens.

The only valve that can be controlled is the VoutC , which is installed at the bottom layer
of the tank. The purpose of this valve is to drain the cold water stored in the bottom layer
if its temperature goes below a certain value.

The tank will be involved in the first configuration by solving the overload peak hours. In
the second configuration, it will be the component that regulates the amount of energy
delivered to the consumption point.
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5.1 Temperature drop on demand point configuration

5.1 Temperature drop on demand point configuration

5.1.1 Workflow of the - Temperature drop on the demand point configuration

The following picture shows the process scheme that the hydraulic system follows during
its operation.

Figure 5.3: Flowchart of the configuration 1

Detailed description of the control system flowchart

This process is measured by directly comparing the amount of energy demanded by the
buildings and the amount of energy delivered by the grid using the expression:

Q̇ = ṁ · Cp · ∆T (5.1)

Secondary side

Pump 2 (installed just downstream of the tank) is responsible for supplying the necessary
flow to the point of consumption to meet the demand.

When the system is started it will be at full capacity, with ∆T at maximum at the return
point and with the flow rate of pump 2 (ṁsecondary) at maximum. The flow rate will be
automatically regulated by the return temperature of the system.

There are three possible scenarios:
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5 Hydraulic installation

1. If Tsecondary_return<26ºC it means that the energy consumption is higher than ex-
pected. To solve this, the pump speed will be increased to increase the delivered
flow rate (ṁsecondary) until the Tsecondary_return is greater than 27ºC.

2. If Tsecondary_return is between 26ºC and 29ºC, the demand flow rate is close to the
flow rate being delivered by pump 2, so ṁsecondary will be maintained.

3. If Tsecondary_return>29ºC it means that the demand flow is lower than what pump 2 is
delivering. The pump will reduce its speed, thus reducing the flow rate delivered until
the return temperature is at least 29ºC. At this point the pump will stop reducing
the flow rate and the flow rate will remain constant until the return temperature
again exceeds the upper or lower limit.

Knowing the delivered mass flow (ṁsecondary), the return temperature (Tsecondary_return)
and the inlet temperature at the point of consumption, Q̇required is calculated by the
expression:

Q̇required = ṁsecondary · Cp · (Tsecondary_inlet − Tsecondary_return) (5.2)

Primary side

Q̇primary will be calculated in the same way as for Q̇required.

Q̇primary = ṁprimary · Cp · (Tprimary_inlet − Tprimary_outlet) (5.3)

Where ṁprimary is the flow rate through the heat exchanger, Tprimary_inlet is the inlet
temperature of the heat exchanger and Tprimary_outlet is the outlet temperature of the
heat exchanger.

Once Q̇primary is calculated, it shall be compared with Q̇secondary to achieve equality
Q̇primary = 1.1Q̇secondary in order to balance the energy delivered to the secondary side.
As there are losses the Q̇demand will be overestimated by 10 %.

We have three possible scenarios:

1. If Q̇primary > 1.1Q̇required means that the primary side is delivering more energy to
the secondary side than it is consuming. To avoid this, the primary side valve VM

will be gradually closed until Q̇primary = 1.1Q̇required is satisfied.

2. If Q̇primary = 1.1Q̇required the energy delivered is balanced with the energy consumed,
so the ṁprimary remains equal.

3. Q̇primary < 1.1Q̇required means that the primary side is delivering less energy to the
secondary side than it is consuming. To avoid this, the primary side valve VM will
be closing until Q̇primary = 1.1Q̇required is satisfied.
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5.1 Temperature drop on demand point configuration

5.1.2 Place of installation of the sensors for the first configuration

In this section, the relevant sensors will be placed in the hydraulic scheme for the system
to work as mentioned in the previous point.

Figure 5.4: Locations of the sensors for the first configuration

What each sensor measures and why it is positioned is explained below.

Temperature sensors

TS1/TS2: They are placed one right before and the other one right after the exchanger.
Their goal is to measure the ∆T in the primary side. With the expresion: Q̇primary =
ṁprimary · Cp · (Tprimary_inlet − Tprimary_outlet the amount of heat the primary side is pro-
ducing can be calculated (Q̇primary).

TS3: It is placed one right after the demand point. Its mission is to give us the temperature
reading at the outlet of the demand point so that we can calculate the Q̇required. The
temperature reading also allows the regulation of the flow rate delivered by pump 2.

Flow-rate sensors

FRS1: Placed right after the motorized valve VM . It gives us the reading of the flow rate
in order to calculate the Q̇primary.

FRS2: Placed right before the demand point. It gives us the reading of the flow rate
(ṁsecondary) in order to calculate the Q̇required.
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5.2 Tank based configuration

5.2.1 Workflow of the - Tank based configuration

Figure 5.5: Flow chart of the configuration 2

Detailed description of the control system of the tank based configuration

Assumptions

1. The return temperature of the demand point will be fixed in: Tsecondary_return =26ºC

2. The inlet temperature of the demand point will be the same temperature asTstorage_top_layer.
This temperature may not always be 36ºC

3. Tprimary_inlet = 43ºC

4. Tprimary_outlet = 29ºC

Secondary side

26ºC is the minimum return temperature on the secondary side, This value is setted as
the lower operating limit of the tank heating system.

If the temperature at the bottom of the tank falls below 26ºC, the system will automati-
cally turn on the pump 1 and replace the cold water with hot water at a temperature of
36ºC. This process will continue until one of the following two conditions is met: either
the temperature of the tank reaches 36°C or the temperature at the bottom of the tank
reaches 28°C.
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5.2 Tank based configuration

It’s important to note that if the temperature at the bottom of the tank falls below 26ºC,
the temperature at the top of the tank will also be lower than 36ºC.

The flow rate delivered by pump 2 (ṁsecondary) will vary to always maintain 26°C in the
return circuit. As in the first configuration there will be three possible scenarios:

1. If Tsecondary_return>26ºC the speed of the pump 2 will be reduced until the outlet
demand temperature is 26ºC. This will adjust ṁsecondary with the demand.

2. If Tsecondary_return=26ºC means that ṁsecondary is balanced with the demand.

3. If Tsecondary_return<26ºC the speed of the pump 2 will be rised until the outlet
demand temperature is 26ºC. This will adjust ṁsecondary with the demand.

In this configuration the water extracted from the heat exchanger is used to heat the tank.
Thus Q̇secondary will be calculated using this expression:

Q̇secondary = ṁin · Cp · (36 − 26) (5.4)

Where Q̇secondary is the energy needed to heat the water from 26ºC to 36ºC and ṁin is
the flow rate of hot water entering the tank to heat it in case Tstorage_bottom_layer<26ºC.

Primary side side

To determine the energy delivered from the network the next equiation will be used:

Q̇primary = ṁprimary · Cp · (Tprimary_inlet − Tprimary_outlet) (5.5)

In this case Q̇primary will be compared with Q̇required to achieve the following balance
Q̇primary = 1.1Q̇required.

We have three possible scenarios:

1. If Q̇primary > 1.1Q̇required means that the primary side is delivering more energy to
the secondary side than it is consuming. To avoid this, the primary side valve VM

will be gradually closed until Q̇primary = 1.1Q̇required is satisfied.

2. If Q̇primary = 1.1Q̇required the energy delivered is balanced with the energy consumed,
so the ṁprimary remains equal.

3. Q̇primary < 1.1Q̇required means that the primary side is delivering less energy to the
secondary side than it is consuming. To avoid this, the primary side valve VM will
be closing until Q̇primary = 1.1Q̇required is satisfied.
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5 Hydraulic installation

Figure 5.6: Explanation of variables

5.2.2 Place of installation of the sensors

The following diagram shows the position of the chosen sensors.

Figure 5.7: Location of the sensors for the second configuration

Temperature sensors

To ensure proper monitoring and operation of the system, the following sensors are neede:

TS1/2:These are the sensors placed both at the inlet and outlet of the heat exchanger.
They monitor the temperature rise in the heat exchanger in order to calculate the Q̇primary.

TTS: This is the temperature sensor at the top of the tank Tstorage_top_layer. This is the
inlet temperature at the point of consumption.

BTS:This is the temperature sensor at the bottom of the tank TBot. This temperature
should be at least 26°C.
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5.2 Tank based configuration

Flow rate sensors

FRS1: This one measures the flow rate in the primary side (ṁprimary) in order to calcu-
late Q̇primary. This sensor is located right after the motorized valve.

FRS2: Placed just right after the heat exchanger. It indicates the value of the quantity
of water introduced into the tank (ṁSecondary). As we know that the temperature jump
on the secondary side in the heat exchanger is 10ºC and knowing the value of the mass
flow, we can calculate QSecundary.

FRS3: Placed before the consumption point. It gives us the value for ṁoutH (that is the
same as ṁsecondary) to calculate the energy demand.
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5.3 Choice of sensors

In this section the sensors necessary for the operation of the control logic described above
will be presented and compared.

5.3.1 Temperature sensors

There are several types of temperature sensors, but for district heating we can highlight 2
of them:

1. Thermocouples

2. Resistance Temperature Detectors (RTDs)

Advantages disadvantages

Thermocouples

Cheaper
Faster response time (0,5s)
Wide temperature range
Higher durability

They do not work well if the control unit and the sensor are too far away
Less accuracy than RTDs

RTDs Higher accuracy than Thermocouples
Higher stability

More expensive
Slower response time (1s-7s)
Lower durability
Lower temperature range

Table 5.1: Comparison between RTDs and Thermocouples[47][48]

(a) Thermocouple (b) RTD

Figure 5.8: Examples of thermal sensors

Our district heating sensors prioritize reliability and precision, which is why we consider
RTDs as the optimal choice. While thermocouples are known for their quicker response
time and robustness, the low-temperature network means that the sensors won’t be ex-
posed to as much stress. Moreover, RTDs have a rapid response time (averaging around
2 seconds), which makes them effective for use.
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5.3.2 Pressure sensors

We have 4 types of pressure sensors used in district heating, such as:

1. Pressure transducers

2. Differential pressure sensors

3. Pressure gauges

4. Absolute pressure sensors

Advantadges Disadvantages

Pressure transducers

High accuracy
Wide range of pressure levels
High resistance to the enviroment
Easy to connect to data acquisition

Require external power to work
Expensive
May require calibration over the time
Can be affected by noise

Differential pressure sensors

Can be used to measure flow-rate as well
Fast response time
Compact size
High accuracy
Mesure the pressure in two points and makes a comparison

Can be clogged
Expensive
May be affected by temperature fluctuations
Complex to install

Pressure gauges

Direct visual indication of pressure readings
Simple
Wide range of pressure
Cheaper than pressure transmiters and transducers

Not suitable for remote monitoring
Lower accuracy
Mechanical components can wear out over time

Absolute pressure sensors
Highly precise
Eliminate the need of atmospheric pressure compensation
Suitable for highly precise applications

Most expensive sensors
Require periodical calibration
Limitations in maximum pressure capability
Can be affected by temperature vibrations

Table 5.2: Comparison between different pressure sensors

(a) Pressure transducer (b) Differential pressure sensor

Figure 5.9: Examples of pressure sensors

To remotely monitor our system, we require accurate sensor readings, thus discarding
pressure gauges.

Sensors wanted to be installed before and after the motorized valve (VM ), the best option
is the differential pressure sensor, as only one will be needed to install instead of two.

43



5 Hydraulic installation

5.3.3 Flow rate sensors

Some of the most commonly used flow sensors are:

1. Differential Pressure Flow Sensors

2. Velocity Flow Sensors

3. Mass Flow Sensors

4. Ultrasonic Flow Sensors

Advantadges Disadvantages

Differential flow rate sensors
Simple design
Relatively low cost
Good accuracy

Pressure drop
Limited flow range
Sensitive to flow properties
Potential clogging

Velocity flow sensors

Wide range
Low pressure drop
High accuracy
Suitable for high flow rates

Limited fluids
Expensive
Difficult installation

Mass flow sensors

High accuracy
Wide range
Real-time measurement
High durability

Expensive
Limited fuids
Difficult installation
Limited pressure or temperature range

Ultrasonic flow sensors

Non intrusive design
Wide range of fluids
No pressure drop
Wide pipe diameter range

Expensive
Difficult installation
Need or power source
Lower accuracy

Table 5.3: Comparison between different flow rate sensors[49][50]

To ensure the system can respond quickly and accurately, we have decided to choose the
mass flow sensor. This sensor has a wide range of flow rates, making it perfect for our needs.
However, it is expensive and can only measure a limited number of fluids. Fortunately,
since our working liquid is water, this won’t be an issue. Additionally, it only works within
certain temperature and pressure ranges, but our system operates at a low temperature
(between 25ºC and 39ºC), so this is not a concern. After considering all the factors, we
have concluded that the mass flow sensor is the best option for our requirements.
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Figure 5.10: Mass flow sensor

5.4 Pump used

The pump used will be the "Magna 3" from the company GRUNDFOS which is an intel-
ligent, high-efficiency circulator pump[51][52].
Some of its key features are:

1. Energy Efficiency: The MAGNA3 is an intelligent circulator designed to reduce
energy consumption by up to 75%.

2. Intelligent Control: The MAGNA3 has built-in heat energy monitoring, wireless
connectivity, and extra inputs and outputs for increased system intelligence. It also
allows for handheld pump control via Grundfos GO.

3. Multi-Pump Functionality: The MAGNA3 offers multi-pump functionality. Two
pumps can be connected in parallel and operate in alternating, backup or cascade
mode.

4. The installation and operation process is simple and straightforward.

This pump model is suitable for use in a variety of systems, including heating, domestic hot
water, air conditioning, refrigeration, geothermal heat pump, and solar heating systems.
It has a nominal working pressure of 12 bar and can operate within a temperature range
of -10ºC to 110ºC. With these features, it is well-suited for the application of this project.

Figure 5.11: Grundfos Magna 3
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The chapter will discuss the construction and design in Modelica of the models developed
on the basis of the two configurations described in the previous chapter. It will explain
the reasons for the components chosen as well as the values established for their operation
will be explained.

These models have been developed using a mixture of components from the standard Mod-
elica and standard Modelica and AixLib libraries.

AixLib is an open-source Modelica model library for building performance simulations,
developed at RWTH Aachen University, E.ON Energy Research Center, Institute for En-
ergy Efficient Buildings and Indoor Climate (EBC) in Aachen, Germany. The library
contains models of HVAC systems as well as high and reduced-order building envelope
models [53]. AixLib supports different modeling depths ranging from component to dis-
trict level and covers all relevant domains in building energy systems. Includes specialised
components for the construction and simulation of district heating networks.

The objective of this point is to develop the rule based control blocks that allow the correct
operation of the system in the two configurations described. The operation of these blocks
will be explained, as well as the choice of the different components that make them up.
These blocks will be made up of elements from the standard Modelica libraries[54] such
as Math[55], Continuous[56] and Logical[57].
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6.1 Simulation of the return temperature based configuration

The model of the configuration based on the return temperature is shown in the following
picture:

Figure 6.1: Return base configuration model

Figure 6.2: Explanation of the return base configuration model

The model is divided into primary side at the top and secondary side at the bottom. The
direction of water flow on the primary side is from left to right, i.e. from port_a to port_b.
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On the secondary side it is the other way round (from right to left) so that the flow in the
heat exchanger is counter-current and therefore more efficient.

6.1.1 Elements of the model

The model mixes elements from both the Modelica base libraries and elements from the
AixLib library, such as the pump, the motorised valve and the stratified tank. All the
flows in the different elements have been esblished as ”m_flow_nominal” as the flow rate
is something that the system has to vary for the correct functioning of the whole system.

Water pumps 1 and 2

The selected pumps are ”AixLib.F luid.Movers.F lowControlled_m_flow” because they
have the possibility to vary their speed by means of an input signal.
The working conditions of both pumps have been taken from the catalogue of the pump
that will actually be installed, Magna 3 from grundfos. The nominal working pressure is
12 bar and the maximum pressure drop between pump outlet and pump inlet is 2 bar.

Motorized valve

The valve ”AixLib.F luid.Actuators.V alves.TwoWayEqualPercentage” has been chosen
because it can be partially open or partially closed, unlike the others, which can only be
fully open or fully closed.

Stratified tank

The choice of the stratified tank among all available tank models lies in the fact that in
the actual system the water in the tank is also separated into 3 different layers. The upper
layer with a higher temperature, the lower layer with a lower temperature and the middle
layer with an intermediate temperature. ”AixLib.F luid.Storage.Stratified” is the model
of the tank.
The number of segments used is nSeg = 6 in order to make the simulation more accu-
rate. The higher the number of sectors, the higher the accuracy, but also the longer the
simulation time.

Sensors

Both temperature and flow rate sensors used are the sensors from the Modelica standard
library.
The temperature sensor used are the AixLib.F luid.Sensors.TemperatureTwoPort which
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6.1 Simulation of the return temperature based configuration

are located in different point in the installation and provide temperature inputs for the
different control blocks.
The flow rate sensor also provides information as an input for the Q̇required and Q̇primary

blocks. The sensor used in particular is AixLib.F luid.Sensors.MassF lowRate

6.1.2 Control blocks

In order to control the elements necessary for the system to function as described in the
previous point, 5 control blocks have been developed. These blocks are:

1. Pump control block

2. Q̇primary calculation block

3. Q̇ comparator

4. Q̇ selector

For the construction of these blocks logic blocks as switches or major or minor limits,
mathematical blocks such as products or sums, PI controllers and real inputs and outputs
have been used.

Pump control block

The pump 2 will be variable speed depending on the return temperature of the system
(measured with TS3).

The PI controller has been chosen for its simplicity and economy. This controller has the
setpoint on the side and the input of the measured variable at the bottom. The controller
provides an output between 0 and 1 based on the comparison of the setpoint with the
measured variable.

The setpoint of the PI controller varies depending on the return temperature. If it is
lower than 26ºC, "Switch 2" activates the signal at the bottom, making the setpoint 26ºC
(which is the minimum return temperature set). If the temperature is higher than 26ºC,
the upper signal is activated, activating "Switch 1". If the temperature is higher than
29ºC, "Switch 1" makes the setpoint 29ºC and if it is lower the setpoint will be 28ºC. All
of this means that the return temperature is always between 26ºC and 29ºC.

The PI block provides an output of a value between 0 and 1 but the input to control the
water pump must be a flow rate. For this reason, before the output of the control block,
the value of the PI output is multiplied by a constant with a value of 5.55.
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This number is determined by the maximum flow rate that our pump can deliver, which
is 20m3/h, which in conversion is 5.55kg/s. In this way the output of the control block
will be a value between 0 and 5.55kg/s.

Figure 6.3: Pump control block of the configuration 1

Q̇ selector

The function of this block is to stop the pump when the consumption is zero.

If the consumption is 0 or less, the switch will activate the upper signal, making the output
of the block the constant K = 0.01. Otherwise the lower signal will be activated, causing
the "Switch" to provide the control of pump 2 (described above) as output.
The K is not exactly 0 so that during the simulation the model does not give negative
temperatures at times when the Q̇ is 0. This occurs in cases where the pump has stopped
and has to be started again because the Q̇ is greater than 0 because the response of the
controller is not immediate, but has a minimum delay.The logic behind the limiter in the
lower section is the same as described above.
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Figure 6.4: Pump control block of the configuration 1

Q̇primary calculation block

This block is in charge of calculating the Q̇primary of the consumption point using the
expression Q̇primary = ṁprimary · Cp · (TS1 − TS2). The inputs of this control block
are the inlet (TS1) and outlet (TS2) temperature of the heat exchanger on the primary
side and the flow rate (FRS1) of the primary side as well. A constant with a value of
k = 4.18kJ/kg · K is used as for the Cp.

Figure 6.5: Q̇primary calculation
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Q̇ comparator block

This block compares the Q̇required with the Q̇primary. The PI controller setpoint is 1.1Q̇equired

and the measured variable is the Q̇primary.

The block tries to achieve equality Q̇primary = 1.1Q̇required, providing an output between
0 and 1. This output is used to control the valve VM , so that 1 is the valve fully open and
0 fully closed.

The limit means that the system cannot provide an exact 0 as an output but at least
provides an output of 0.01. This is done to prevent zero mass flow related errors.

Figure 6.6: Q̇ comparator block
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6.2 Simulation of the tank based configuration

Unlike the previous configuration, this one has two pumps instead of one. Pump 1 controls
the tank temperature while pump 2 is responsible for providing sufficient mass flow to meet
the demand.

Figure 6.7: Tank based configuration model

Figure 6.8: Explanation of the tank based configuration model
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6.2.1 Control blocks of the second configuration

The only blocks that change in this configuration with respect to the first one are the
control blocks of pump 1 and pump 2. The rest of the control blocks are identical.

Pump 1 control block

Pump 1 is still an off/on system. In this case the temperature limit is not only at the top,
but also at the bottom, so the structure of the controller changes from that of configura-
tion one. This control block has 2 inputs, the temperature at the top of the tank and the
temperature at the bottom of the tank.

If the bottom temperature is below 26°C the ”Switch3” automatically switches the pump
on by means of a constant K = 1.

If the temperature of is higher than 26ºC the signal at the bottom of ”Switch3” will be
activated. If the bottom temperature is not between 26ºC and 28ºC it will mean that it
is higher than 28ºC so the pump will be switched off using a constant signal of K = 0.

If, on the other hand, the temperature is within this range, ”Switch2” will activate the
upper input and switch ”Switch1” into operation. In the latter case, if the temperature
of the upper part is greater than or equal to 36ºC or the temperature of the lower part is
greater than or equal to 28ºC, the pump will stop using a constant K = 0. If neither of
these 2 conditions is met, ”Switch1” will activate the lower input, causing the pump to
operate with K = 1.

Figure 6.9: Control block for the pump 1 of the second configuration
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6.2 Simulation of the tank based configuration

Pump 2 control block

The function of this controller is to keep the return temperature of the system fixed at
26ºC. The input to the system is the return temperature TS3, which is the variable to
be measured in the PI controller. On the other hand, the setpoint is 26ºC, as this is the
desired return temperature.

As mentioned with the pump in the first configuration, the pump needs a mass flow input
and our PI controller gives an output between 0 and 1. To convert this signal, we multiply
the PI output by the maximum flow rate that the pump can give, which is 5.55kg/s.

Figure 6.10: Control block for the pump 2 of the second configuration
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6 Modelica models

6.3 Simulation algorithm

The simulation algorithm will be ”CV ODE” which stands for "Constant Variable Ordinary
Differential Equation " solver. CVODE is an efficient solver used for initial value problems
in ordinary differential equation (ODE) systems. It is a part of the Suite of Nonlinear and
Differential/Algebraic equation Solvers (SUNDIALS). It uses Backward Differentiation
Formulas (varying order from 1 to 5) as a linear multi-step method and a modified Newton
iteration with fixed Jacobian as a non-linear solver by default. For non-stiff problems, an
Adams-Moulton formula (varying order from 1 to 12) as a linear multi-step method, along
with a fixed-point iteration as a non-linear solver, can be selected. Both non-linear solver
methods are internal functions of CVODE and use its direct dense linear solver CVDense
[58].

Advantages [59]:

1. Is a solver that can be used to allow value problems of ordinary differential equation
systems with variable-order, variable-a-step multistep methods, making it incredibly
versatile.

2. Is part of a larger software suite called SUNDIALS, which includes nonlinear and
differential/algebraic equation solvers.

3. It has sensitivity analysis capabilities, allowing for the computation of first-order
derivative information, through either forward sensitivity analysis or adjoint sensi-
tivity analysis.

4. Is designed in a data-independent manner, with a highly modular structure that
allows the incorporation of different preconditioning and/or linear solver methods.
Can solve very large-scale problems on massively parallel computers.

Disadvantages [59]:

1. Is a solver that is specifically designed for ODEs with constant coefficients, limiting
its applicability to other types of differential equations.

2. CVODES uses a combination of Backward Differentiation Formulas as a linear multi-
step method and a modified Newton iteration with a fixed Jacobian as a non-linear
solver by default, which may not be the most efficient method for all problems.

3. May require the user to supply their own linear solver module, which may require
additional programming skills.

4. May have a steep learning curve for users unfamiliar with the SUNDIALS software
suite.
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7 Analysis of results

The configurations described in chapter 6 have been introduced in the general model of
the 4 buildings that make up suppply station 1, which is shown in the following image:

Figure 7.1: Tank based configuration model

Of the four buildings, the analysis of results will focus mainly on the one furthest away,
which is number 1, called ”demand11_1”. The reason behind this is that as it is the
furthest building from the supply station it is the one with the worst conditions.

7.1 Results of the return temperature based configuration

The main elements of this configuration are the return temperature sensor TS3, the flow
rate delivered by the pump and the opening of the motorised valve that controls the flow
rate on the primary side VM .
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7 Analysis of results

Figure 7.2: Comparison between the energy demanded and the return termperature

The image compares the energy consumption and compares it with the return temperature
measured with the TS3 sensor. During the time when the demand is higher the return
temperature is more constant. This is due to the delay that the control blocks have,
because when the power consumption is no longer zero, the control block takes some time
to adjust the flow rate, thus lowering the return temperature.

Figure 7.3: Comparison between the energy demanded and the grade of openess of the
valve

As for the comparison between the energy demand and the degree of opening of the
motorised valve, it can be observed that during the periods of maximum consumption
the valve is fully open. During the period when the consumption is constant, it can be
observed that the degree of opening of the valve is not constant. This is due to the delay
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7.1 Results of the return temperature based configuration

of the controllers as described above.

Figure 7.4: Comparison between the return termperature and the flow rate of the pump

In this last picture you can see the relationship between the continuity of the return
temperature and the mass flow. In the period of time in which the return temperature
fluctuates the most, so does the flow rate delivered by the pump.
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7 Analysis of results

7.2 Results of the tank based configuration

The main elements of this configuration are the return temperature sensor TS3, the flow
rate delivered by pump 1 and 2, the opening of the motorised valve that controls the flow
rate on the primary side VM , and the temperature of the top and bottom of the thermal
storage tank.

Figure 7.5: Comparison between the energy demanded and the grade of openess of the
valve

As in the previous configuration, the same relationship between the degree of opening of
the valve and the energy demand is observed. The higher the consumption the higher
grade of openess of the valve.

Figure 7.6: Comparison between the temperature of the bottom layer of the tank and
operation of pump 1
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7.2 Results of the tank based configuration

The temperature of the lower part of the tank is higher during periods of higher energy
consumption because more energy is consumed and there is no time for the water to cool
down. When the demand stabilises, the water does cool down, and it is only when the
temperature drops below the limit that it starts to operate.

Figure 7.7: Comparison between the temperature of the bottom layer of the tank, the
return temperature and the flow rate of the pump 2

When the temperature at the top of the tank drops the flow rate delivered by the pump
increases to try to keep the return temperature within the set limit. This is also the reason
why the return temperature starts to fluctuate more.

It should be noted that the temperature at the top of the tank drops so low because
the tank is not large enough to have a temperature difference as noticeable as the limits
imposed.This makes the system prefer to keep the temperature of the lower layer within
a certain limit.
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8 Conclusions

Looking at the results and looking more specifically at the control signal of both pumps
supplying the control point, it can be seen that the response of the first configuration
is smoother than that of the second. This is due to the fact that the pump control in
the return temperature based configuration has a range of temperatures whereas in the
tank based configuration it is a fixed value. Thus, the larger the temperature range to be
controlled, the smoother the response of the controller.

Another factor that influences the greater fluctuation of temperatures in the second con-
figuration is the fact that there are more variables to control. The reason behind this is,
as mentioned above, the delay in the control blocks. Pump 2 is already delayed by the
controller itself, but if we add the delay of the controller of pump 1, the overall delay
increases. This causes the temperature to be more frequently above or below the desired
values, causing the flow rate to be regulated more abruptly.

The first configuration provides better control because the control is simpler. However,
this does not mean that the simpler the control the better. The tank-based configura-
tion, while giving more erratic results, can still be valid for system control. As mentioned
above, the biggest problem with configurations that control more variables is the overall
delay time of the system. But if the controllers of both configurations were optimised,
the second configuration would be able to provide better results than the first given the
greater number of variables to control, which increases the potential for optimisation.

In conclusion, the simpler the controller and the fewer variables it involves, the more robust
it will be for a low optimisation value compared to a more complex controller. However,
for a high degree of optimisation, the controller that involves more variables is better,
as it allows a finer optimisation of the operation. The more complex the control system,
the higher the optimisation, the greater the complexity of balancing and the greater the
number of possible errors. The most important thing for a control system is robustness,
which can be achieved by simplicity or by optimisation.

Finally, the aim of this thesis is to establish control configurations and compare them
in order to draw conclusions regarding control systems. However, this work can be used
as a basis for future projects to optimise the controls shown throughout the thesis. As
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this work has focused only on the first four buildings supplied by supply station 1, such
optimisation is essential before a control structure can be implemented for the rest of the
district.
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