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Abstract

The utilization of waste heat from data centers in low-temperature district heating networks has emerged
as a promising trend in the pursuit of enhanced energy efficiency, sustainability, and environmental
stewardship. Data centers, known for their significant energy consumption and associated greenhouse
gas emissions, have the opportunity to transform into energy providers rather than mere consumers
by utilizing their waste heat. This innovative strategy has already gained traction in the Nordic regions,
where the waste heat from data centers is harnessed to heat buildings and communities, thereby de-
creasing reliance on fossil fuels and cutting carbon emissions. Through leveraging waste heat, data
centers can markedly reduce their environmental impact, thus aiding in the promotion of a more sus-
tainable future. This transition towards waste heat utilization is essential for the data center sector
to reach its net-zero energy targets, alleviate its environmental footprint, and support the global tran-
sition to a low-carbon economy. By optimizing energy efficiency, data centers can become a crucial
component of sustainable urban development, fostering a healthier environment for future generations.

This report investigates the potential of utilizing residual heat that is continuously produced by the
data centers by incorporating low-temperature district heating systems in the Amsterdam neighbour-
hood. The research highlights the possibility of data centers as a dependable source of waste heat
and its integration into low-temperature district heating networks. This will thereby contribute to a more
sustainable and energy-efficient future. The study scrutinizes the feasibility of waste heat utilization
in a detailed manner, down to the component level. The results from the study presented here are
discussed at a component as well as, a system-wide scale. Moreover, the paper elaborates on the
potential of low-temperature district heating networks in Amsterdam neighborhoods undergoing upcom-
ing refurbishments involving improving the housing insulation and a shift towards addressing energy
poverty. The conclusions drawn from this research have the potential to encourage similar research
endeavors aimed at large data centers across diverse regions.
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Introduction

1.1. Background

District energy, encompassing district heating and cooling, is a permanent fixture in the energy land-
scape, particularly as the world shifts towards sustainability. Its historical presence underscores its
current significance in the realm of decarbonizing heating and cooling systems.

District heating, identified as heat networks, is a mechanism utilized to distribute heat produced in a
centralized facility/decentralised (latest generations) via a network of pipelines for both residential and
commercial heating needs, encompassing space heating and water heating. The heat is commonly
derived from a cogeneration plant fueled by fossil fuels or biomass, though heat-only boiler stations,
geothermal heating, heat pumps, central solar heating, and heat waste from industrial facilities and
nuclear power generation are also employed.

The attractiveness of district heating as a viable option has grown over time due to various factors. Ini-
tially, district heating facilities have the capacity to deliver superior efficiencies and enhanced pollution
management compared to decentralized boilers. Moreover, the utilization of district heating in conjunc-
tion with combined heat and power (CHP) is regarded as the most cost-effective approach to reducing
carbon emissions, exhibiting one of the most minimal carbon footprints among all fossil fuel power
plants. With the persistent global challenge of climate change, district heating is poised to assume an
increasingly crucial role in diminishing our dependence on fossil fuels and alleviating the repercussions
of global warming.

District heating facilities may achieve superior efficiencies compared to decentralized boilers as a result
of various factors. A primary contributing factor is the capacity of district heating facilities to employ
cogeneration, also referred to as combined heat and power (CHP), for the simultaneous production of
heat and electricity. This approach, commonly known as waste heat recovery, enables district heating
facilities to capture and utilize heat that would otherwise be dissipated in traditional power generation
processes. Through the concurrent generation of heat and electricity, these facilities can attain over-
all energy efficiencies reaching up to 90%, in contrast to the 40-50% range typical of conventional
decentralized boilers. [31]

Another element enhancing the efficiency of district heating facilities is their capability to function on
a larger scale. By leveraging economies of scale, district heating facilities can invest in more efficient
and sophisticated technologies, including high-efficiency boilers, heat pumps, and thermal storage sys-
tems. These technologies contribute to minimizing energy wastage, optimizing energy utilization, and
enhancing the overall efficiency of the system. [20]

The integration of renewable energy sources also proves pivotal in augmenting the efficiency of district
heating facilities. Through the incorporation of renewable sources like biomass, geothermal, solar,
and waste heat, these facilities can diminish their dependence on fossil fuels and decrease carbon
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emissions. Renewable energy sources offer a reliable and consistent supply of heat, thereby enhancing
the efficiency and performance of the district heating system.

To sum up, the higher efficiencies achievable by district heating facilities in comparison to decentralized
boilers stem from their capacity to leverage co-generation, operate at a larger scale, and integrate
renewable energy sources. By capitalizing on these aspects, district heating facilities can furnish a more
efficient, sustainable, and economically viable heat source for residential and commercial structures.

Over time, district energy has evolved to meet evolving requirements, often in response to the need for

cost-effective solutions and efficient use of space. This evolution has also addressed concerns regard-

ing energy efficiency and the pursuit of sustainable objectives. The progression of district energy can
be delineated into five distinct generations, each marking significant technological advancements. The
various generations/development in district heating networks are discussed herewith in the following
sections.

1.2. The 5 generations of District heating and cooling
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Figure 1.1: Comparison of various DHN generations and development over the years[9]

Figure 1.1 shows the various different generations off DHN over time development. In this section we
will discuss the various generations in detail.

1st generation DHN: The primary feature of the 1st generation district heating system involved the
conveyance of thermal energy through steam at temperatures of up to 180°C - 200°C. Consumer sec-
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tors included small urban industries utilizing steam for operations, as well as significant heat users like
hospitals and large residential compounds. The substantial heat density leading to reduced mass flow
rates acted as a key factor in the perpetuation and adoption of this method.

2nd generation DHN: The primary feature of the second-generation District Heating system is the trans-
mission of heat through pressurized superheated water at temperatures exceeding 100°C. This dispar-
ity is notably observed in contrast to the first-generation DH systems, which rely on steam for heat
transportation.

This era facilitated the effective utilization of waste heat from power plants, facilitating their transforma-
tion into combined heat and power (CHP) plants. Through harnessing waste heat from power plants,
the consumption of fossil fuels witnessed a 50% reduction compared to the distinct production of heat
and power conducted in the initial generation.

3rd generation DHN: The material and labor lean components applied in conjunction with generally
lower temperatures (below 100°C) were introduced by the 3rd generation DH system. An enhanced
energy efficiency is the primary advantage of the third generation DH system over the 2nd generation
DH system, attributable to reduced operating temperatures. Moreover, there are decreased investment
and operation costs due to increased prefabrication, pre-assembly, and pre-insulation at the factory.
Additionally, modifications to the fuel mix include the incorporation of greener and renewable sources,
leading to reduced emissions.

4th generation DHN: In the wake of the 3rd generation, a novel trajectory emerges marked by the tran-
sition of the energy system towards a sustainable and interconnected paradigm. This paradigm hinges
on a significant proportion of variable renewable sources for heating and cooling, intelligent amalgama-
tion of the energy domains, and concurrently decreased building energy consumption alongside supply
and return temperature levels.

The above mentioned generations depend on centralized heat plants for the conversion of the energy
source into heat at levels of temperature that are readily usable by the end-user. The fifth generation is
adopting a distinct strategy: supplying the energy source directly to the consumer, who employs their
heating system to transform the energy source into heat at a readily exploitable temperature threshold.

5th generation DHN: For the 4th gen DHN, limitations are not imposed on the form or type of primary
energy source utilized and central heat plants. In the context of the 5th generation, the primary energy
source consists of low-quality heat, which is insufficient for direct utilization due to its low levels, primarily
stemming from ambient heat sources. The heating plant in this generation is characterized by the use
of a building-level or end-user heat pump.

From a technical perspective, the relocation of the heating plant from a centralized position to the end-
user offers various advantages. One such benefit is that the distribution heat losses may diminish
significantly, rendering them inconsequential, given that no energy has been expended in elevating the
input energy, ambient heat, to viable temperature thresholds. Eliminating distribution losses renders
pipe insulation inconsequential, theoretically resulting in a more cost-effective distribution network. Ad-
ditionally, the heat plants (end-user heat pumps) can be customized to meet the temperature needs
of individual end-users, potentially enhancing heat generation efficiency in theory. Furthermore, there
is the potential to incorporate cooling capabilities into the same system by allowing the end-user heat
pumps to function in a cooling capacity and channel the excess heat into the distribution grid. [14]

In Europe, the heating of buildings stands out as a significant contributor to CO2 emissions. Following
the reduction of heating requirements in buildings, heat pumps emerge as a prospective technological
solution in the journey towards carbon-neutral urban areas and enhanced air purity.

Heat pumps utilize a quantity of free renewable energy, specifically thermal energy that is accessible
in the external atmosphere, the earth, or bodies of water. A minimal amount of energy is essential for
heat pumps to convert the available thermal energy into energy at practical temperature thresholds.
The Coefficient of Performance (COP) is the term used to denote the ratio of useful energy supplied
to the electrical energy required. This factor primarily relies on the temperature differential between
the external free source and the necessary heating temperature: a greater discrepancy necessitates a
higher usage of electrical energy. Heat pumps have the capability to provide both heating and cooling
services.
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In this project, there may be value in utilizing the low grade waste heat as thermal energy to feed a large
central heat pump or multiple smaller heat pumps, all contributing to or propelling a comprehensive
district-wide heating network. By doing so, the modest heat source can be effectively harnessed and
expenses can be distributed among numerous beneficiaries. [1]

Low temperature
heat source

Heat pump

District

Figure 1.2: Basic DHN flow

Additionally district heating powered by heat pumps offers a direct interface with the electrical grid. The
operational flexibility of these heat pumps, which can be enhanced by connecting them to thermal stor-
age systems, holds significant potential for facilitating the integration of increasingly variable renewable
energy sources into the electricity production framework. In addition to its environmental advantages,
this approach has the capacity to improve the financial viability of heat pump operations. Figure 1.2
shows a basic work flow of the same.

Also the 4th and 5th generation networks exist at a reduced scale. Urban areas typically lack ac-
cess to centrally located low-temperature heat sources with adequate power capacity. Consequently,
these sources are dispersed across various locations, necessitating a decentralized and small-scale
approach to heat distribution. Heat pumps plays a major role to employ this idea to district heating.

1.3. Working of a Heat pump

In the initial stage, low-temperature heat is extracted from a source with low temperature. The extraction
of heat at low temperatures is utilized to enhance the energy content of the heat pump medium through
evaporation, transitioning the liquid phase to a gaseous phase. The effectiveness and efficiency of
this process rely on the selection of a heat pump medium capable of evaporating suitably at the low
temperature of the heat source, underscoring the absence of a universal heat pump choice for various
district heating systems driven by heat pumps.



1.3. Working of a Heat pump 5

In the subsequent stage, the current gaseous phase undergoes a rise in temperature through the ele-
vation of pressure. This process is executed utilizing a compressor. The compressor needs electrical
power to propel the substance to the requisite temperature threshold for dispensing heat on the side
with high temperatures.

The third phase requires the high-temperature gas to transmit heat to the building’s heating system
through a heat exchanger. This energy outburst lowers the particle’s energy content. The primary
release occurs when the gaseous phase transitions to the liquid phase, even though the pressure does
not change significantly.

The liquid’s pressure is released in the last step, which causes the temperature to drop. The same
medium will now begin to evaporate at a lower temperature as a result of this temperature drop. Thus,
the cycle might begin over. This process is depicted below by the Figure 1.3.

VAPOR

Compressor

Evaporator
Condenser

Expansion Valve

(b)

Figure 1.3: Working of a heat pump depicted by a (a) graph showing compression and expansion cycle. (b) schematic of the
heat pump [10]

Another important aspect of district heating network to focus in urban areas is the temperature at which
the heat to be distributed is circulated through the network. District heating systems have historically
operated at elevated temperatures, with some even utilizing steam. This approach facilitated the con-
nection of a diverse range of buildings with varying heat emission systems. The evolution towards
more energy-efficient and environmentally conscious buildings has led to the development of alterna-
tive heating solutions. Presently, the deployment of fourth and fifth generation district heating systems
is underway. Ongoing research is investigating the feasibility of a sixth generation, focusing on upgrad-
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ing district heating systems up to the fourth generation. The research is based on the assumption of
consistent temperature levels from the heat source. Any fluctuations in temperature throughout the
year would have dual consequences on the system.

1. It would impact the COP of heat pumps across all scenarios.
2. It would significantly influence the capacity of the distribution grid.

The assessment of temperatures must also consider the geographical distribution or intensity of the
heating and cooling requirements, along with the necessity for thermal equilibrium of the low-temperature
heat source in the context of geothermal energy.

As we move forward to utilise low grade heat with increasing generations we have the following major
benefits [12]:

1. Exergy efficiency and COP are higher due to renewable energy integration.

2. Lower thermal losses and transition to renewable energy sources.

3. Utilizes advanced technologies like bidirectional pumping and thermal energy storage.
4. Decentralised system and a close energy loop.

1.4. The five principles of 5GDHC

The Figure 1.4 presented below shows the five major principles of a 5th generation district heating
network. Each of the principles are detailed in this section hereafter.

The 5 principles of 5GDHC

Closing the energy loop

Using low-grade sources
for low-grade demand

Dacentralized & demand-driven
energy supply

An integrated approach of
energy flows

Local sources as a priority

Figure 1.4: The 5 principles of 5GDHC

1.4.1. Closing the energy loop

The primary focus of 5th generation District Heating and Cooling is centered on minimizing energy
wastage within the system. 5GDHC networks stand out from other District Heating and Cooling net-
works due to their ability to transfer energy to interconnected consumers, forming a closed-loop thermal
network. This network operates in a circular manner, aiming to maximize energy reuse: buildings that
are heated dispense cold to the DHC system, while cooled buildings transfer excess heat to the net-
work. The key emphasis in the 5GDHC strategy lies in efficiently reusing return flows across various
spatial and temporal scales. Energy storage plays crucial role in managing temporal discrepancies
between energy supply and demand within the system, on both a daily and seasonal basis.
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An example of this principle in action is the application of heat pumps in sustainable building designs to
produce the required supply temperatures. These heat pumps derive their energy input from external
sources like air, water, or soil. While this necessitates investments in source infrastructure that occupy
space and may cause disruptions, the energy output is dissipated into the environment. In contrast,
within the 5GDHC framework, the waste heat from these heat pumps is integrated back into the system
through grid connection, preserving the return flow of energy.

1.4.2. Using low grade source for lower demands

Energy sources can be categorized based on their preferred applications. Fundamental to the concept
of 5GDHC is the analysis of the required heating and cooling needs of the network, with energy input
being supplied at the necessary quality level. A 5GDHC system primarily relies on low-grade energy
sources to fulfill a significant portion of its heating and cooling requirements, as opposed to high-grade
(high exergy) sources. This implies that low-grade energy sources such as shallow geothermal, indus-
trial waste streams, waste from conversion processes, cooling-related waste, sewage, etc., are priori-
tized for meeting any additional heating or cooling demands not satisfied through internal exchanges
within the system.

In order to increase the effectiveness of 5GDHC, a proper ranking of energy sources is suggested
for utilization in the heating and cooling network of 5GDHC. Higher priority is accorded to thermal
energy exchanged among users, followed by ambient thermal sources and renewable thermal sources
exceeding the grid’s typical 'warm’ temperature. The final position in the energy hierarchy is occupied
by grey electricity, which is generated from fossil fuels.

1.4.3. Demand driven and decentralized energy

Older energy systems are centralized and circulate a lot of energy which is in fact never used and
thus wasted. On the other hand, 5GDHC systems are characterized as "demand-driven”, initiating
energy generation and circulation solely in response to demand. Thus energy wastage is minimized,
as it is generated precisely when and where it is required. Consequently, temperature adjustments
are executed only at the necessary time and place. The 5GDHC system has the capability to provide
heating and cooling services concurrently at varying temperatures tailored to individual customer needs.

Operationally, 5GDHC represents a transition from large centralized (often monopolized) facilities to a
network of interconnected small end-user devices that collaborate within an intelligent network.

1.4.4. Integrated approach

Many energy systems exhibit split incentives, whereby they fail to optimize the integral needs across
various systems and sectors. For example, a building owner relying on electricity, causing high peaks
in the regional power grid, who may wish to warm the building in the morning following a setback at
night. The utilization of thermal mass and buffers may require additional investments for the building
but can result in significant savings on the power grid. The aim of 5GDHC is to enhance the maximum
efficiency of energy delivery and utilization by adopting an integrated approach to all energy flows within
a specific area, including the power grid, transportation, industry, agriculture, and more.

Integrating a 5GDHC network with the electricity grid not only facilitates energy savings but also aids
in balancing the electricity grid and enhancing its flexibility. Consequently, this contributes to the de-
velopment of smaller and more efficient energy infrastructures, with reduced embedded energy in both
materials and operations. By operating with smaller peak capacities, the system will also require lower
overall investments in infrastructures such as pipelines, pumps, heat pumps, and others, thus decreas-
ing the necessary capacity of the electrical power connection.
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1.4.5. Local source utilization

Local sources constrain transportation losses and curb energy wastage. However, the advantage also
pertains to expenses. In fact, grand schemes are frequently devised on a significant magnitude with
remote energy origins, disregarding societal expenses, which ultimately translate into costs for the
consumers. Local sources signify energy that is geographically confined and necessitate financial
outlays to enhance grid.

1.5. City heat from Data-centre

Data center facility where business-critical ICT equipment is stored and where both the equipment
(such as servers) and data maintain uninterrupted connectivity to the Internet. The level of connectivity
varies significantly across different types of data centers. In order to ensure continuous availability, data
centers are furnished with multiple redundant facilities. This explains why data centers encompass a
substantial facility area (referred to as grey space) in addition to the data floor area (known as white
space). Data centers are being contemplated as a potential heat source for city heat demand in district
heating networks for various reasons discussed herewith. The recovery of waste heat is a key factor
as data centers produce a substantial amount of heat during their operations. Although this heat is
typically wasted, it has the potential to be reclaimed and harnessed for heating nearby structures or
even entire urban areas. The reliability and consistency of data centers are important factors to note,
given their continuous operation. Thus ensuring a steady supply of heat to meet demand.

Also on a city level, the scalability of data centers is advantageous due to their ability to handle large
heat loads, rendering them appropriate for supplying heat to entire cities or commercial zones. The
proximity of data centers to areas with heat demand is another significant aspect. As they are usually
in close vicinity to urban regions, the requirement for extensive heat distribution infrastructure reduces
largely, thereby presenting a more efficient and cost-effective alternative. Energy efficiency increases
by the utilization of waste heat from data centers. This reduces the dependence on fossil fuels and
reduce greenhouse gas emissions. Cost savings are very much achievable as data centers can supply
heat at a reduced cost overtime compared to conventional heat sources like boilers or heat pumps.

In the present project the data center in Amstel 3, Equinix AM5 is used as the principle source of
residual heat which can be disconnected up to a maximum of 10MW. The low-grade residual heat from
the data center is to be used for peak space heating in the neighborhood (Reigersbos and Holendrecht
Amsterdam, Netherlands). This would require integrating heat pumps with the network, centralized or
de-centralized system. With the introduction of new houses/buildings, it leaves a scope to extend and
optimize the network as the energy demand is modified.

1.6. Problem statement and challenges

1. Development - As there is no pre-existing network, the network needs to be developed from
scratch. Thus requiring to propose an initial backbone to work upon.

2. Collaboration and social aspect - Increase of buildings that are energy efficient proves that there’s
consumer interest for more green energy initiative. Thus aspects effecting the development of
the network also includes: Consumer willingness to join the network and data collection (Privacy
hand in hand with precise data collection is questionable)

3. Financial aspects — a qualitative differentiation between Capital expenditures and Operational
expenditures for all the considered scenarios.

4. Recommendations - To identify future scope of the project.
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2.1. Agenda Gemeente Amsterdam

The Netherlands has set a goal to phase out natural gas as the primary source of heat supply for
more than 7 million households by 2050 in the National Climate Agreement (2019) (also known as the
”Klimaatakkoord”). A new, environmentally friendly heating system is required for these homes to cut
down on greenhouse gas emissions.

The Dutch government has set a first-step aim of connecting 1.5 million homes to a new heating system
by 2030. Municipalities are taking the lead in developing a heat plan (or "Warmteplan”) as part of the
National Climate Agreement, which will specify the design of every neighbourhood’s future sustainable
heating system. The city of Amsterdam recently released its "Transitievisie Warmte” (heating transition
vision). Their goal is to link 250,000 domestic equivalent units—the number of homes that would require
the same amount of thermal energy to provide space heating and hot water—to the current 70°C district
heating network. Currently, this district heating system provides the equivalent of 102,000 homes.
Amsterdam also plans to connect 85,000 similar households to a district heating network with a 40°C
- 20°C temperature Warmteplan [4]. As Amsterdam is the location of the significant (AM 4 AND 5)
internet exchange point, data centres may be significant in this. These data centres’ heat will need to
be recycled. The scope of low temperature district heating network using data-centers as primary heat
source is as shown by Figure 2.1 here by Amsterdam heat guide [3]: (Yellow zones).

The data center market is experiencing robust growth and this upward trend is projected to persist. In
the Netherlands, the Amsterdam region has traditionally served as a prominent hub for data centers,
attributed in part to the presence of the AMS-IX internet exchange; 72% of colocation data centers are
situated in the MRA. Amsterdam also holds a prominent position within the European landscape. The
consistent provision of energy, extensive connectivity, and the advantageous, steady political environ-
ment in the Netherlands have contributed to this status.
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Heat sources in relation to area development projects
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Figure 2.1: Heat sources in Amsterdam in relation to development area [3]

2.2. Research and case studies

Stanislav Chicherin [7] presented a technique in this study for predicting heat recovery from data cen-
ters. The study presents a 5th generation district heating and cooling infrastructure for the same. The
significance of water-based cooling systems is highlighted in relation to optimizing energy usage and
reducing carbon emissions.

Jordi Garcia-Céspedes [12] in his paper has highlighted the following aspects: Exergy-Efficient De-
carbonization: The study underscores the significance of shallow geothermal energy (SGE) and 5th-
generation district heating and cooling (5GDHC) networks as the most exergy-efficient combination for
decarbonizing residential and tertiary buildings. This particular pairing effectively aligns low-grade de-
mands with low-grade energy sources, thereby providing a flexible approach to different configurations.

Synergistic Effect of SGE and 5GDHC: The interdependent connection between SGE and 5GDHC
networks is highlighted as a pivotal factor for effective implementation in urban settings. This merging,
particularly when integrated with solar photovoltaics and energy storage, offers a hopeful resolution for
reducing carbon emissions in the heating and cooling sector.

Barriers to Deployment: The research paper pinpoints two primary non-technical obstacles impeding
the widespread integration of SGE throughout Europe. These obstacles encompass the substantial
capital investment required for ground-source heat pumps (GSHPs) and the insufficient awareness
among governmental organizations, academic institutions, investors, and the general populace. Eco-
nomic incentives and the notion of Integrated Local Energy Communities (ILEC) are suggested as
potential strategies to surmount these challenges.

In this scholarly article, the authors Gianni and Daniele [23] have delineated a comprehensive blueprint
of a prototype substation belonging to the 5th generation. This undertaking aims to authenticate the
functionality and oversee the efficacy of this particular substation model through empirical investigation.
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The research paper is centered on the development of a prototype for a 5th generation district heating
substation in Brescia, Italy, tailored for ultra-low temperature networks. During the design phase, there
was a careful selection of components like a bidirectional pumping system, a reversible water-to-water
heat pump, a heat exchanger, and an inertial thermal energy storage to enhance the substation’s effi-
ciency. A thorough examination was carried out to identify the most appropriate refrigerant for the heat
pump, leading to the selection of R134a due to its optimal performance within the temperature range
specific to the case study. The performance of the heat pump connected to the grid was assessed,
revealing a notable enhancement compared to an independent air-to-water heat pump solution. This
played a critical role in ensuring the effective operation and performance monitoring of the 5th genera-
tion substation prototype in a practical environment.

The examination of the literature that was carried out by Uwe [29] in the present study was centered
on the methodologies utilized for organizing data related to district heating, a process that entails the
generation of heat at a central facility and its distribution to end-users through a network of pipelines.
Diverse approaches were considered, encompassing those that rely on consumption data as well as
those that are based on heat load/demand data.

The PRISMA flow chart was employed to sift through more than 60 articles and carry out the review
of literature, leading to the identification of 12 papers that specifically tackle the organization of district
heating data. The majority of these papers made use of either the K-means methodology directly or a
methodology that is founded on K-means. An important discovery was the research gap detected in
terms of data sources and method explanations originating from eastern Europe, indicating a necessity
for further exploration in this geographical area to improve the organization of district heating data.

The scholarly article by leva and Armands [26] a hybrid methodological strategy is employed to analyze
the waste heat capacity of data centers in district heating systems in Latvia. This methodology consisted
of four primary stages:

» Development of a statistical computation method for estimating the waste heat capacity. Execu-
tion of a stakeholder questionnaire to assess energy usage trends.

+ Visualization of quantitative findings to evaluate technical capacity and distribution trends. Appli-
cation of system dynamics modeling to assess potential adoption scenarios for the technological
solutions.

The research provided suggestions for incorporating data center waste heat into district heating sys-
tems based on system dynamics simulations, offering insights into potential tactics and possibilities for
optimizing the utilization of this energy source.

The research paper presented by Marco and Thomas [38] conducted a survey among utility compa-
nies and engineering offices in order to acquire data regarding 53 5th Generation District Heating and
Cooling (5GDHC) systems in Germany. This particular survey encompassed technical, economic, and
political metrics, along with design choices. The outcomes of the survey reveal that 5th Generation Dis-
trict Heating and Cooling (5GDHC) infrastructures in Germany are predominantly designed for small
newly constructed districts comprising fewer than 100 buildings. The primary heat sources identified in
the examined networks include horizontal geothermal collectors, present in 23 networks, and geother-
mal probes, utilized in 17 networks. Moreover, about 74% of the networks surveyed not only supply
heat but also deliver cold to the buildings connected to them. The network temperatures observed in
the surveyed 5GDHC networks typically fall within the range of -5 to 20 °C.

The investigation done by David and Viktoria [17] revolves around the advancement of fifth-generation
district heating and cooling (5th DHC) systems The objective mainly focus on reducing carbon emis-
sions from space heating, cooling, and domestic hot water use. The analysis employed the thermal
energy grid simulation tool TEGSim in order to develop an ultra-low-temperature district heating net-
work which is later customized to the unique features of the region, integrating borehole thermal energy
storage used for long-term storage.

Numerous models regarding thermo-hydraulic pipe networks have been explained and used in exist-
ing literature. Academic research models have been formulated and predominantly executed through
MATLAB or Python programming. Conversely, commercial software packages like TRNSYS and IDA-
ICE incorporate specific network calculation capabilities. Moreover, various component libraries have
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been developed utilizing the Modelica language. The operation of these models necessitates a run-
time setting, where advanced commercial Modelica platforms such as DYMOLA and SIMULATIONX
are frequently obligatory.

Oppelt et al.[25] introduced a framework for modeling district cooling networks, utilizing the Lagrangian
technique for the representation of thermal dynamics in the pipeline system and executing the com-
putational solution in MATLAB. In contrast to the prevalent Euler method that employs a fixed spatial
coordinate system, the Lagrangian method involves the observer moving along with the fluid, thereby
circumventing spatial discretization. Another methodology was outlined by Menapace et al.[24], which
also adopts a Lagrangian approach. This method segregates the resolution of hydraulic and thermal
equations, utilizing the GCA solver (based on Newton-Raphson) for the former and an explicit numerical
method for the latter. The specific details of the software implementation are not delineated.

A thorough examination of literature on modelling tools for district energy systems can be located in
the studies conducted by Allegrini et al.[2] and Schweiger et al.[32]. Within TRNSYS, there are existing
models for the simulation of thermal network pipes, which have been utilized in various case studies,
as evidenced by the research of Bestenlehner et al.[5]. Perschk [27] introduced an adapted version
of TRNSYS that enables the resolution of hydraulic equations, a feature not included in the original
iteration. However, this revised version is currently inaccessible to both the research community and
industry.

Furthermore, the current numerical solution techniques commonly encounter performance issues as
the system scales up in size. Real-world scenarios with larger networks often necessitate simplification
of physical complexity for computability [15]. Moreover, techniques such as aggregation are employed
to streamline the network’s structure [22][11]. Notably, in the realm of Modelica-based solutions, there
is a distinctive presence of prolonged symbolic analysis and model preparation durations alongside
extended simulation periods, especially with an increasing number of differential equations. This issue
has been extensively discussed by Casella [6], who highlighted various numerical challenges that arise
when dealing with extensive systems of equations in Modelica.

The model used in this report has been used to dismiss these challenges. The phenomenas such as
the temperature-dependency of kinematic viscosity and a Darcy friction factor contingent on the flow
regime are explicitly taken into account in the model. The sophisticated numerical solution methodol-
ogy exhibits good scalability even with extensive district network models. Furthermore, the model is
integrated into SIM-VICUS [33], a publicly available software with a graphical user interface, enabling
access for other scholars for scrutiny and thorough examination, as well as for industrial applications.
Moreover, the incorporation adheres to the FMI standard, ensuring compatibility with numerous other
simulation tools, and facilitating the interaction of the network model with specialized geothermal heat
exchanger models.



Methodology

Modelling a 5th generation district heating network requires complex tools/computational methods. This
is done to ensure accurate results before a heating network is planted in real to work. Over a long
period of time tools like Modelica, TRYNSYS, Energy Plus have been used to design and analyse
district heating networks.

A significant number of models and simulation tools are available in existing literature, but there are
still some concerns that have not received sufficient attention. Specifically, in 5GDHC low temperature
networks - the temperature ranges from 5 to 20 degrees Celsius, which necessitates the use of fluids
with antifreeze additives, such as propylene glycol or ethylene glycol. Although the densityand most of
the other properties of the fluid do not fluctuate much within this temperature range, kinematic viscosity
can change by approximately 200% [16]. Unfortunately, this critical factor is often overlooked by most
of the models discussed above and in literature.

In addition, 5GDHC network pipes usually lack proper insulation, leading to considerable heat exchange
with the surrounding soil and between the supply and return lines. Regrettably, numerous models were
initially developed for well insulated pipe networks, and heat loss calculations often employ simplified
methods. In many cases, models fail to account for thermal resistances resulting from fluid convection
and heat conduction through the pipe wall.In addition to this generally, the soil temperature is approx-
imated using a one-dimensional radial symmetrical model, with an undisturbed ground temperature
serving as the surrounding environment boundary condition.

Furthermore, existing solution methods often struggle with larger systems due to performance limita-
tions. Real-world challenges frequently involve extensive networks, which necessitate simplifications
to enable computation. A common approach is to apply simplification techniques to the network topol-
ogy, particularly in Modelica-based solutions. These solutions are infamous for their extended symbolic
analysis, model preparation times, and longer simulation times as the number of differential equations
grows. Casella [6] has thoroughly documented these numerical challenges when solving large systems
of equations in Modelica, emphasizing the difficulties inherent in such models. Taking into account the
above mentioned problems. A suitable numerical modelling tool was selected that helped to subside
many of the above mentioned problems.

3.1. Realization of the Data-centre heat capacity

3.1.1. Residual heat Supply

There exists a data center located in Amstel 3 named Equinix AM5, where it is feasible to detach
residual heat of up to a maximum of 10MW in prospective scenarios. This residual heat, otherwise
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wasted can be brought to use in neighbourhood and be utilised thus promising greener future.

At present, an excess of 2MW of residual heat is being allocated to refurbished structures. It remains
viable to disconnect a range of 7-8MW for potential utilization as a heat reservoir for proximate regions.
The fundamental premise lies in the utilization of residual heat in alignment with the current system
configuration on Paasheuvelweg.

3.1.2. Disposal of residual heat

This research assesses the neighborhoods within Gaasperdam by utilizing key figures and public data.
The estimated amount of residual heat sales for existing residences totals around 16.8 MW. For the
redevelopment zones of Holendrecht Centrum, Reigersbos Centrum, and Senso 1 and 2, the expected
residual heat sales amount to approximately 2.3 MW. A simultaneity rate of 50% has been computed,
and this assumption needs validation in a subsequent phase.

3.2. Energy Label and Data Collection

In the Netherlands, the classification of buildings is determined based on an energy label scale ranging
from A to G, where A signifies the highest level of energy efficiency and G denotes the lowest level.
The energy label assigned to a building is established on the basis of its energy performance coefficient
(EPC), which considers various elements such as insulation, heating, ventilation, and lighting. The EPC
value is denoted in kWh/m2 per year and is computed utilizing a standardized approach. Structures
with an EPC below 0.6 receive an A rating, while those with an EPC of 1.5 or above are designated
with a G rating. Buildings falling within the EPC range of 0.6 to 1.5 are allocated a label between A and
G, contingent upon their specific EPC value. This is shown by Figure 3.1 and 3,2 below.

It is of significance to highlight that the Netherlands has recently implemented a novel energy label
grading system, ranging from A++ to G, with A++ representing the utmost energy efficiency and G
indicating the lowest level of energy efficiency. This updated scale aims to mirror the escalating en-
ergy efficiency standards of modern constructions and to stimulate the refurbishment of pre-existing
structures to enhance their energy efficiency. Furthermore, the Netherlands has also enforced a fresh
directive mandating all buildings to possess an energy label by the year 2020, and for all leased prop-
erties to exhibit a minimum energy label of C or higher by 2023.

T G M Mmoo mE

Figure 3.1: Energy labels for establishments Reigersbos and Holendrecht area Amsterdam
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The heat demand data per hour for a whole year was extracted from the TNO WARMTEPROFIEL
GENERATOR tool. In the setup, the data is referenced to the year 2019. As the data provided is for
old establishments, the new set out vision and plan by Gemeente Amsterdam was considered for the
manipulation of the data as also mentioned above under [Disposal of residual heat].
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Figure 3.2: Energy labels for establishments explained as per energy demand in kWh/m?

3.3. Recognizing the potential neighbourhoods to connect to the
network

Knowing the waste heat energy capacity that can be recovered from the data centre to be 10MW. The
areas of the neighbourhood that can be connected to the heat network were realised as per the yearly
peak space heating demand. In the following research only the heating energy requirement for
space heating was taken into account. These areas were mapped and are as shown in Figure 3.3:

-

Figure 3.3: Reigersbos and Holendrecht area Amsterdam (the area of interest for this project)
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3.4. Network Layout in QGIS software

QGIS [28], recognized as a geographic information system (GIS) application, facilitates the visualiza-
tion, modification, reproduction, and interpretation of geospatial data across various data structures.
Formerly identified as Quantum GIS, QGIS operates as GIS software, enabling users to scrutinize and
modify spatial data, as well as create and export graphical representations. The software accommo-
dates raster, vector, mesh, and point cloud strata, with vector information being classified as point, line,
or polygon components. Various configurations of raster graphics are compatible, and QGIS possesses
the capability to perform georeferencing on images.

As per the data sets available from the TNO WARMTEPROFIELGENERATOR [35] the SINK points
were set up for the decided neighbourhood. The SINK points represents a cluster of houses/build-
ings. Smaller groups of the same were preferred to provide more flexibility and convenient distribution
topology to the network. The building/house clusters were addressed and divided into groups ranging
from a peak space heating demand of 400 kW to 1200 kW. By operating with smaller peak capaci-
ties, the system will also require much lower overall investments in infrastructures such as pipelines,
pumps, heat pumps, thus decreasing the necessary capacity of the electrical power connection. Hav-
ing smaller cluster as a base of distributed energy network can also help with future integration of local
heat sources into the base network backbone of the DHN.

Thus the SINK points and the SOURCE (Space heating clusters described above are referred to as
SINK and the AM5 in combination with the recovered heat from AMC is referred to as the SOURCE)
are as depicted here by the Figure 3.4

Figure 3.4: The DHN network backbone mapped on the QGIS software

In Fig. above, the red points shows a yearly peak space heating demand of >=700 kW whereas the
blue points show a yearly peak of <700kW. The complete network setup was done to introduce a base
backbone connecting the neighbourhood from the SOURCE to the SINKs. The setup details are as
follows:

» Length of the network: 5334 m

* No of SINK points: 13

+ SOURCE point: 1

» Working fluid: Ethylene glycol 30% ( 30% ethylene glycol + 70% water)
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The use of the 30% concentration in district heating networks is prevalent due to its ability to strike a
favorable equilibrium between freeze protection and heat transfer efficiency. By lowering the freezing
point of water, the ethylene glycol mixture renders it suitable for application in outdoor pipelines and
heat exchangers, even amidst low temperatures.

There are multiple more reasons for the same. Firstly, it ensures freeze protection by impeding water
from solidifying within outdoor pipelines and heat exchangers, even in severely cold conditions. Addi-
tionally, its heightened specific heat capacity compared to water enables the absorption and release
of more thermal energy per unit of mass, thereby enhancing the overall efficiency of the district heat-
ing network. Lastly, the corrosion-inhibiting properties of ethylene glycol safeguard the pipelines and
equipment against corrosion and ensuing damage.

3.5. Network import to SIM-VICUS

SIM-VICUS software [33] facilitates the examination of thermal losses and pressure reductions through
dynamic thermo-hydraulic simulation. It involves the integration of existing GIS data for this purpose.
The software also employs efficient algorithms to establish the network topology. It assists in sizing
complex heat networks based on either pre-existing or tailored pipe databases.

Furthermore, the software aids in the configuration of supply and sub stations, incorporating unique
models for circulation pumps, controlled valves, heat pumps, and heat exchangers using parameters
from data sheets. The monitoring of all parameters is done continuously through false color visualiza-
tion and visually adjusted pipe diameters. Additionally, the software allows for the export of the finalized
network topology in geoJSON format.

The model works with closed-loop pipe District heating networks. The following assumptions are es-
tablished[16]:

 The fluid within the network is incompressible.

» As there are minimal changes in the relevant temperature range, the density and heat capacity
are considered constant

» Thermal conductivity and kinematic viscosity can be temperature-dependent, as they may exhibit
significant variations (up to 200%) within the considered temperature range.

» Mass conservation within the network.

» The temperature of the fluid stays consistent within individual fluid volumes. Extensive pipes
have the ability to be segmented into numerous fluid volumes in the direction of flow. Every other
component retains a sole fluid volume with an unchanging temperature.

» The heat capacity of pipe walls is regarded as supplementary thermal storage capacity within
thermal balances.

3.5.1. Network connection and initial load definitions

To setup the working model of the District heating network backbone in SIM-VICUS the network was
conceptualised with needed calculations and discretization as per the following consideration. This
subsection explains the solution methods and the working of the DHN model setup in the software:

» The network is conceptualized as a system comprised of nodes and components. These compo-
nents exhibit specific characteristics.
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3 Elements

Figure 3.5: Network conceptualized as a system comprised of nodes and components[16]

+ Components encompass a variety of hydraulic entities distinguished by pressure differentials,
such as pumps, pipes, and valves.

» Every component is equipped with a singular inlet and outlet for fluid flow, with the network con-
figuration determining the connection of nodes as either inlet or outlet points.

» The conservation of mass flux within a component ensures uniformity on both sides, rendering
them unsuitable for modeling expandable storage containers. Given the incompressibility and
constant density of the fluid medium, such components are typically unnecessary in network
representations. Moreover, components uphold energy conservation principles through enthalpy
exchange, contingent on the direction of mass flux, and potential heat transfer interactions with
external surroundings or other elements in the model.

Heat Flux
Mass Flux

inlet outlet

Figure 3.6: Conservation of mass flux within a component [16]

+ Each component possesses an energy state that remains constant, housing a finite volume of
fluid with an associated heat capacity. The temperature of the component or its distribution is
derived directly from the preserved energy content within the component.

3.5.2. Pipe definition and sizing

Dimensioning of hydraulic network pipes involves the objective of determining the necessary pipe di-
ameters during nominal (steady state) operation. This necessitates the consideration of various pa-
rameters such as the nominal heating demand (Qnom), temperature difference (Delta-Tnom) at each
substation, physical characteristics of the network fluid, maximum permissible pressure drop per unit
pipe length, and a range of feasible inner pipe diameters.

The algorithm then follows the following steps:

1. Find the most efficient route from the origin to every distribution point by employing Dijkstra’s al-
gorithm [37]. The pathway generated is recorded as a collection of interconnected segments. If
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there are several starting points, the route to the nearest point is chosen. Despite the potential ad-
equacy of a more straightforward approach, the advantage of Dijkstra’s algorithm lies in its ability
to be utilized across various network configurations, encompassing interconnected networks.

2. For every substation, the mass flux at nominal conditions is determined by the heating demand at
nominal conditions (Qnom) and the temperature difference (Delta-Tnom). This calculated mass
flux is allocated to all edges located on the established flow path of the substation, as identified in
step (1). Consequently, network edges in proximity to the source exhibit a higher assigned mass
flux, whereas those at a distance have a lower assigned mass flux.

3. For every edge, the pressure reduction is computed based on the assumption of the minimum
pipe diameter that is available. If the calculated pressure decrease exceeds the specified maxi-
mum limit, the subsequent larger pipe diameter is selected for recalculation. If the pressure drop
is lower or there are no larger pipe diameters available, the existing pipe diameter is retained.
Consequently, each edge is allocated a specific pipe diameter, concluding the network sizing
algorithm.

Limitations allotted due to underground crowding: PE 400 (OD) — PE 110 (OD). This data was provided
by the municipality of Amsterdam, as they account for the underground pipe crowding information. All
the pipes allotted to undergo the pipe sizing algorithm are as shown by the figure 3.7 below.

PE 40 x 3.7
PESOx 4.6

75 x 6.
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PE 355 x 32..
. PE 400 x 36.3

Figure 3.7: List of pipe inputs setup for pipe sizing analysis

The pipe setup was done manually in the software by defining each pipe characteristics separately.
While selecting the pipes the commercial availability was kept in mind and a reference sheet was used
(available in APPENDIX 1). An example of the same is depicted by the figure 3.8 shown below.
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Network Pipes Properties

Ll

Category: PE insulated

Outer diameter:

Wall thickness:

Wall roughness:

Wall thermal conductivity:

Wall density:

wall specific heat capacity:

Insulation thickness: mm
Insulation thermal conductivity: W/mK

Effective conductivity per m pipe length: W/mK

Figure 3.8: Example of pipe definition as an input for the analysis

As per the literature the starting working fluid circulation velocity for the simulations were taken to
be around 1.5 m/s [18]. The initial values can further be adjusted as the results are gathered from
iterations during simulation of the network. The various formulations used to size the pipes and attached
components like circulation pump and heat pump connections are as follows:
14 14
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v: This represents the average velocity of the fluid flow through the pipe.

V: This represents the volume flow rate, which is the volume of fluid passing a point in the pipe per
unit time.

Across: This represents the cross-sectional area of the pipe.
ng: This is the formula for the area of a circle, where 'd’ is the diameter of the pipe.
_ o

Ap = (3.2)
2p

Ap: This represents the pressure difference between two points in the pipe due to the flow.

¢: This is a dimensionless factor known as the "loss coefficient” which accounts for energy losses due
to friction between the fluid and the pipe walls. It depends on factors like the pipe roughness and the
flow rate.

v2: This represents the square of the average velocity.
p: This represents the density of the fluid.

The loss coefficient (¢) in the pressure difference formula is a dimensionless factor that accounts for
energy losses due to friction between the fluid and the pipe walls. Various factors can influence the
loss coefficient, including:

Pipe Roughness: The roughness of the pipe’s inner surface can significantly affect the loss coefficient.
Rougher surfaces cause more friction, leading to higher energy losses and a larger loss coefficient.
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Flow Regime: The flow regime, or the nature of the fluid flow, can also impact the loss coefficient. Lam-
inar flow, characterized by smooth and parallel fluid layers, generally results in lower loss coefficients
compared to turbulent flow, which is characterized by chaotic and irregular fluid motion.

Pipe Geometry: The geometry of the pipe, such as its length, diameter, and shape, can influence
the loss coefficient. For example, sudden changes in pipe diameter, elbows, and valves can cause
significant energy losses and increase the loss coefficient.

Fluid Properties: The properties of the fluid, such as its density and viscosity, can also affect the loss
coefficient. For instance, fluids with higher viscosity experience more friction and thus have higher loss
coefficients.

Flow Velocity: The velocity of the fluid flow can impact the loss coefficient, as higher velocities generally
result in higher energy losses and larger loss coefficients.

It's important to note that the loss coefficient is often determined empirically through experimental data
or published correlations, as it can be challenging to predict analytically due to the complex interactions
between the fluid and the pipe. Finally, to account for the amount of heat transferred to and back from
the pipes (with a mass flow rate) we use the formulation given below.

Q = Vpc,AT (3.3)

Q: This represents the heat transfer rate through the pipe.
V: This represents the volume flow rate.
p: This represents the density of the fluid.

¢p: This represents the specific heat capacity of the fluid, which is the amount of heat required to raise
the temperature of a unit mass of the fluid by one degree.

AT: This represents the temperature difference between the fluid entering and exiting the pipe.

Thus to get the proper diameter for the pipe and the needed hydraulic diameter for the central circulation
pump, heat pump and heat exchanger fed into the software database, we end up with the following

formulation given below.
| Q@
d= | ——— 3.4
pepyATvE (3.4)

Here in the above equation, d is the pipe diameter. This is the same procedure flow that is followed to
get to the hydraulic diameter compatible to the pumps, heat exchangers and heat pumps used in the
simulation. The d was calculated as above and provided as an input to the software. This is referring to
the components modelled and used in the setup for various substations, discussed later in the report.

After running the sizing algorithm in SIM-VICUS for both the scenarios, the allotted PE pipe-lines are as
shown below. The colours of the pipelines shows different diameters chosen from the list (FIGURE-).
The pipelines were self-defined in the software based on the commercial available PE pipelines.

3.6. Why a water source HP

A Water Source Heat Pump is frequently deemed to be more efficient than an Air Source Heat Pump
for various reasons:

The aspect of Temperature Stability is a key factor to consider. Water, being a more stable medium
for heat exchange compared to air, exhibits higher density and specific heat capacity. Consequently, it
can absorb and release heat in a more effective manner. Water source systems generally extract heat
from or discharge heat to a water reservoir like a pond, lake, or well, which typically maintains more
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constant temperatures throughout the year in contrast to air temperatures. This stability enables water
source heat pumps to function with greater efficiency than air source heat pumps.

Moreover, the Higher Coefficient of Performance (COP) attained by water source heat pumps is note-
worthy. The enhanced temperature stability of water sources enables these heat pumps to achieve
superior Coefficients of Performance (COPs) in comparison to air source heat pumps. COP, serving
as a metric for heating or cooling efficiency, represents the ratio of heat output to energy input. Water
source heat pumps can achieve elevated COPs due to their access to a more consistent heat source,
thereby reducing the energy input required for heating or cooling a space.

Additionally, Lower Energy Consumption is a significant advantage associated with water source heat
pumps. Owing to their heightened efficiency, these pumps typically require less energy to deliver the
same level of heating or cooling output when compared to air source heat pumps. This can lead to
reduced operating expenses and decreased energy consumption over the long run.

Furthermore, the aspect of Longer Lifespan is notable for water source heat pumps. This is primarily
attributed to the fact that water sources are less susceptible to temperature variations and severe
weather conditions, which can strain the components of air source heat pumps. The more stable
operational conditions of water source heat pumps can contribute to an extended system lifespan and
reduced maintenance needs.

Lastly, the Flexibility aspect is worth mentioning. Water source heat pumps offer greater versatility in
terms of installation possibilities. They can be deployed in various water sources such as rivers, lakes,
ponds, or wells, providing more flexibility in system design compared to air source heat pumps, which
are constrained by outdoor space availability and air temperature fluctuations.

While Water Source Heat Pumps are generally acknowledged to be more efficient than Air Source Heat
Pumps, the suitability of each type of heat pump hinges on factors such as the presence of a suitable
water source, installation expenses, and local climatic conditions. It is imperative to take these factors
into account when determining the most suitable heat pump system for a specific application.

The compatibility of Ethylene glycol 30% with water source heat pumps is a critical factor to take into
account within district heating networks. Ethylene glycol 30% represents a common blend which is
used in heating and cooling systems, such as water source heat pumps. This glycol mixture offers
protection against freezing, resistance to corrosion, and better heat transfer.

But the point to requiring attention is that the existence of glycol within the system impacts the calcu-
lations of friction loss and thermal conductivity. The viscosity of the this solution increases with glycol
concentration, thus resulting in higher friction losses and much lower thermal conductivity. In order to
guarantee proper sizing of the system and achieve optimal performance, it is imperative to consider
these effects when designing a system of water source heat pumps with Ethylene glycol 30%. This
process may require to adjust the size of the heat pump and recirculation pumps to counterbalance the
lower thermal conductivity and higher friction losses. Opting for pipes with larger diameters to decrease
pressure drops and ensure ideal flow rates.

3.7. Pressure loss at pumps

Pressure drop in a pump for the working fluid, occurs as a result of a number of factors. The major
one is frictional losses that comes from the interaction of the fluid and the internal surfaces of the pump.
This leads to the conversion of some of the kinetic energy of fluid in heat, thereby causing a reduction in
pressure. The viscosity of the fluid also contributes to this phenomenon, with thicker fluids necessitating
more energy for flow, hence escalating the pressure drop. The occurrence of turbulent flow within the
pump can further exacerbate pressure drop by inducing eddies and swirls that augment the velocity
fluctuations of the fluid. Moreover, flow separation, where the fluid becomes detached from the walls
or surfaces, generates regions of low pressure, thereby adding to the pressure drop. The pump’s
internal configuration, encompassing bends and turns, can similarly prompt pressure drop owing to
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alterations in flow direction and the ensuing turbulence. Additionally, the inclusion of valves, fittings, and
other elements along the pump’s flow path can introduce extra pressure drop by constraining the flow.
Factors such as pump inefficiency, cavitation, air entrapment, and also it could be the formation of scale.
To mitigate pressure drop, designers and engineers employ various strategies, such as optimizing the
pump’s internal structure and flow path, utilizing materials with low coefficients of friction, and minimizing
turbulence. By comprehending the origins of pressure drop, pump designers and operators can take
measures to alleviate its effects and enhance pump efficiency.

The head loss estimation for the central circulation pump and the heat pump was done with the help
of the available data sheet provided by a commercial supplier GRUNDFOS [13] and RUIDONG [30]
respectively. The expected head loss value was taken from the sheet for a water source heat pump
and a corresponding the size of heat pump in terms of the Nominal heating capacity in kW. The nominal
heating capacity of a heat pump in kW represents the upper limit of heat energy output achievable by
the heat pump within defined operational parameters, often corresponding to specific temperature and
moisture conditions. It serves as an indicator of the heat pump’s efficiency for heat displacement. This
is usually denoted by the producer as a benchmark for the device’s operational efficiency. The details
collected were as follows:

» Heat pump: 70-90kPa for each side — condenser and evaporator
* Central circulation pump: 0.5bar

This data was used as a first estimation for the simulations.

3.8. Different Scenarios considered

For the current project, two scenarios were considered for district heating network setup. From lit-
erature it has been evident that research has been oscillating between a Central heat pump system
and distributed heat pump system for low temperature district heating networks. Here, in the following
sections these two scenarios are discussed separately describing their setup and base setup as was
modelled in SIM-VICUS software.

For both the cases the research postulates consistent temperature levels of the heat source. Should
the temperature fluctuate throughout the year, it would influence the system in dual manners. Initially,
it would alter the Coefficient of Performance (COP) of the heat pumps across various scenarios; fur-
thermore, it would result in a notable effect on the capacity of the distribution grid.

* DHN with a central heat pump
» DHN with decentralised heat pump system

The following section will elaborate on each of the above and will discuss their setup in detail.

3.9. SCENARIO 1: DHN with a central heat pump system

An initial backbone for the AM5 district heating network is setup using a central heat pump used to
upgrade the waste heat recovered from the SOURCE. The network is comprised of a substation at the
SOURCE side and a distributed network of substations on the SINK side. As per the Amsterdam heat
guide [3], a temperature of 50°C is considered sufficient for space heating for buildings and housings
with good insulation. Thus the heat pump is set up to upgrade the incoming working fluid stream from
the source at 30°C (Shown by the graph of recovery temperature in APPENDIX 1) to 51°C. This was
then distributed further in the network.
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3.9.1. Modelled Substations

To incorporate a working model in SIM-VICUS software, the various components to be incorporated in
the district heating network are appropriately coupled together to form meaningful substations. These
substations work as a unit and can be modified independently as per the iterations during the simula-
tions suggest overtime. In the present section the modelling process of the various substations will be
discussed step by step.

1.

SOURCE substation: To model the source for the current network, a central circulation pump and
heat pump were attached in series starting at the heat recovery from the SOURCE to the heat
upgradation and initiation of the distribution of the working fluid. This substation is as depicted by
the schematic in Figure 3.9 below.

Heat
recovery
from AMb5 +
AMC (30°C) pump

Central Central water

circulation

to water heat
pump

Figure 3.9: Schematic of SOURCE substation — scenario 1

. SINK substation: At the side of the SINKS each pipe end was modelled as a substation for heat

delivery and exchange to the SINK. To develop this station, a heat exchanger is allotted to each
SINK corresponding to the peak space heating demand over the year. As the working fluid is
already heated at the central substation, the SINK points only were used to exchange the required
heat as per the energy demand. This is shown by Figure 3.10.

Source system

Heat exchangers
per station

Figure 3.10: System layout — scenario 1

3.9.2. Heat exchange type for each component

1. Central Heat pump: The heat exchange for the central heat pump was given as an hourly heat

exchange profile for the condenser. This profile is in correspondence to the yearly space heating
demand in Kw, as a collection of hourly data for over a year. The graph is included in APPENDIX
1 for further reference.

. Heat recovery: The heat recovery corresponds to the total lump sum heat recovered from the

data-centre and the AMC hospital. To simplify the working the recovered heat is provided as a
constant heat supply in the form of working fluid at 30°C over the year.
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3.

Pipes: With a lack of appropriate soil data information availability for the considered area in Ams-
terdam and also to create a first estimation with the maximum capacity of the network, the distri-
bution pipe-lines were considered closely adiabatic in nature (exceptionally effective insulation).

As we are using a central Heat pump to upgrade the recovered heat to 51°C and then supply it to the
SINK points. Each SINK point is modelled with a heat exchanger at the substation, to exchange the
heat appropriately to meet the space heating demand as per the hourly fluctuations. The sizing of the
heat exchanger hydraulic diameter was done as mentioned previously in the report. The various heat
exchangers defined and fed in the software are as listed below in Table 3.1:

Table 3.1: Heat exchangers used in scenario 1 setup

Heat exchanger name Hydraulic diameter (mm)

HE 260 260
HE187 187
HE154 154
HE120 120

3.9.3. Climate and location data

Climate and geographical data play a fundamental role in the examination of a DHN. Various factors
include:

Climate and geographical data play a fundamental role in the examination of a DHN. Various
factors include:

Analysis of heating demand: Climate data, encompassing factors like temperature, humidity, and
solar radiation, aid in approximating the heating demand within a district. This data is pivotal in
determining the size of the heating system, enhancing energy production, and forecasting energy
consumption.

Calculation of heat loss: Geographical data, incorporating details on building insulation, window
positioning, and the impact of urban heat islands, are employed in computing heat losses within
the network. This process aids in pinpointing areas where heat wastage occurs and in optimizing
the insulation and pipe dimensions of the system.

Sizing and routing of pipes: Climate and geographical data are pivotal in establishing the most
suitable pipe dimensions and layout for the district heating network. This guarantees that the
pipes are appropriately sized to manage the anticipated heat demand and flow rates effectively.

Management of peak demand: Geographical data assists in recognizing regions with substan-
tial heating demand, thereby enabling the application of targeted strategies for managing peak
demand, like load shifting or demand response initiatives.

Planning for network expansion: Climate and geographical data aid in the identification of areas
experiencing escalating heating demand, facilitating proactive planning for the expansion and
enhancement of the network.

Evaluation of risks and planning maintenance: Climate data are employed to evaluate the likeli-
hood of pipe failures, corrosion, and other maintenance challenges, thus allowing for proactive
maintenance scheduling and minimizing downtime.

Optimization of energy storage: Climate data are utilized to enhance energy storage systems,
such as thermal energy storage, to maximize efficiency and curtail energy wastage effectively.

Reduction of carbon emissions: Through the analysis of climate and geographical data, district
heating networks can refine their operations to diminish carbon emissions and achieve sustain-
ability objectives. The climate data used as input to the software is as shown in Figure 3.11.
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Figure 3.11: Climate data used for analysis

3.10. SCENARIO 2: DHN with decentralised heat pump system

There has been a recent transition towards the utilization of distributed heat pumps in low-temperature
district heating networks for various reasons. One significant factor is the growing emphasis on carbon
emissions reduction and energy efficiency attainment. Distributed heat pumps present a decentralized
and adaptable approach to heat distribution, enabling improved alignment between heat supply and
demand. Also, distributed heat pumps can nicely function at lower temperatures, which is an advantage
for low-temperature DHN systems. This capability comes from their capacity to harness waste heat or
sustainable energy sources like ambient heat from the ground or air for heating provision. This strategy
diminishes the necessity for high-temperature heat sources such as fossil fuels, consequently resulting
in substantial energy conservation.

A further benefit of distributed heat pumps is their dual functionality in providing both heating and cool-
ing, rendering them a versatile alternative for district heating networks. They can also be configured
to operate alongside other heat sources such as biomass or solar thermal systems to establish a hy-
brid heating mechanism. Moreover, distributed heat pumps aid in mitigating the pressure drop across
the circulation pump, a prevalent challenge in conventional district heating networks. Through the de-
centralization of heat generation and distribution, the pressure drop is lessened, leading to decreased
energy wastage and heightened overall efficiency. In essence, the adoption of distributed heat pumps
in low-temperature district heating networks is steered by the imperative for more effective, adaptable,
and sustainable heat distribution systems geared towards curbing carbon emissions and fulfilling en-
ergy efficiency objectives.

As per the Case Study [19]: The Bluestone Organization implemented a distributed heating and cooling
system at Norman Towers, a 101-unit building in Jamaica, Queens, NY. Each apartment has its own
heat pump, with external components located on the roof and at ground level in a covered carport.
It concluded reduction in operation costs, thus over the time benefit. In summary, distributed heat
pump systems offer several advantages over central heat pump systems for low-temperature district
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heating networks, including improved resilience, increased efficiency, greater control, sub-metering,
and cost-effectiveness. Thus, considering the current results of the Central heat pump scenario for the
low temperature district heating network, it is worthwhile to investigate a model for the distributed heat
pump scenario for the same. This section will elaborate on the setup developed for the same.

In a second scenario, an initial framework for the district heating network in AM5 is established by
employing a distributed heat pump system to enhance the waste heat extracted from the SOURCE.
The network consists of a substation located at the SOURCE end and a dispersed array of substations
on the SINK end. According to the heat guidelines of Amsterdam, a temperature of 40 - 50°C is deemed
adequate for heating spaces in buildings and residences with effective insulation. Consequently, the
heat pumps are installed to elevate the temperature of the incoming flow from the source at 30°C to
51°C, now at each SINK substation instead of a centralized system. Following this, the thermal energy
was subsequently distributed throughout the network.

3.10.1. Modelled substations

In order to integrate a functional model into SIM-VICUS software, the diverse elements intended for
integration into the district heating network are interconnected in a suitable manner to create coherent
substations. These substations operate collectively and have the flexibility to be adjusted autonomously
in accordance with the revisions indicated by the simulations over time. Within this specific section, a
detailed exploration of the modeling procedure for the different substations will be presented sequen-
tially.

1. SOURCE substation: To model the SOURCE substation for the distributed heat pump system,
the Central circulation pump and the was coupled in series with the heat recovery system from
the SOURCE. This substation is as depicted by the schematic in Figure 3.12 below.

Heat recovery Central

from AMS + circulation
AMC (30°C) pump

Figure 3.12: Schematic of SOURCE substation — scenario 2

2. SINK substation: As for the distributed heat pump system the heat is not upgraded at the SOURCE,
small heat pumps are allotted at each SINK point to up-level the heat to 51°C from the receiving
end temperature. This was done by modelling the SINK points as depicted by Figure 3.13 below.

Heat received Water to Heat

from the water heat exchanger on
SOURCE pump receivers' side

Figure 3.13: Schematic of SINK substation — scenario 2

The following Figure 3.14 shows the setup of the distributed heat pump system DHN network in the
SIM-VICUS software, with the Source and SINKSs pictorially marked. Where the source heat recovery
is considered as one primary point. The size of the SINK points vary relatively as per the maximum
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peak space heating demand over the year. The color of the SINK varies, as they are provided with a

suitable kind of heat pump as per the peak load.
' o

\
|/

\
Source system Hea.t pumps per
station

Figure 3.14: System layout — scenario 2

3.10.2. Heat exchange type for each component
1. Distributed Heat pump: The heat exchange for the distributed heat pump was given as an hourly

heat exchange profile for each condenser used. To each SINK point substation a heat loss spline
condenser using the hourly data over a year was allotted as each SINK substation has a heat

pump. The graphs are included in APPENDIX 1 for further reference. Heat pumps used in the

model setup are listed further in this section.
2. Heat recovery: The heat recovery corresponds to the total lump sum heat recovered from the

data-centre and the AMC hospital. To simplify the working the recovered heat is provided as a
constant heat supply in the form of working fluid at 30°C, over the year.
3. Pipes: Due to insufficient soil data available for the specified area in Amsterdam, and in order
to establish an initial assessment of the network’s maximum capacity, the distribution pipelines
were assumed to exhibit close to adiabatic characteristics (exceptionally effective insulation).
As we are using distributed Heat pump system to upgrade the recovered heat to 51°C as a supply
to SINK points. Each SINK point is modelled with a heat pump at the substation. Thus to provide

the upgraded heat appropriately to meet the space heating demand as per the hourly fluctuations, the
sizing of the heat exchanger hydraulic diameter was done as mentioned previously in the report. The

various heat pumps defined and modelled in the software are as listed by Table 3.2 below.

Table 3.2: Heat pumps used in scenario 2 setup
Heat pump name Hydraulic diameter (mm)
HP 260 260
187
154

HP187
HP154
HP120 120

Climate and location data: The climate data used for simulating scenario 2 is same as described

in the previous section.
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3.11. Pressure head calculation - Central circulation PUMP

To account for a starting head value for the central circulation pump, a manual calculation is carried out.
The Darcy-Weisbach equation represents a foundational expression within the field of fluid mechanics,
employed for the determination of pressure decline or loss of head resulting from friction within a con-
duit. Factors considered in this equation encompass the dimensions of the conduit such as length and
diameter, the velocity of flow, the roughness of the conduit, and the viscosity of the fluid. This formula
finds wide-ranging utility across diverse fluid flow scenarios within conduits, irrespective of whether the
flow exhibits laminar or turbulent characteristics. The Darcy-Weisbach equation for head loss h; due
to friction in a pipe is given by:

LV?
hy= fﬁg (3.5)

where:

: Head loss due to friction (meters of fluid)

: Darcy friction factor (dimensionless)

: Length of the pipe (meters)

: Diameter of the pipe (meters)

: Flow velocity of the fluid (meters per second)

: Acceleration due to gravity (9.81 meters per second squared)
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The pressure drop AP can be related to the head loss iy by:

AP = pghy (3.6)

where p is the fluid density (kilograms per cubic meter). Thus, the pressure drop is:

AP =f—"—— (3.7)
The Darcy friction factor f for laminar flow (Reynolds number Re < 2000) is given by:

64

= Re

(3.8)

For turbulent flow (Reynolds number Re > 4000), the friction factor is determined using the Colebrook-
White equation:

1 e/D 251

where ¢ is the roughness height of the pipe (meters). For PE pipe value used here refer to APPENDIX
A.

The Reynolds number Re is defined as:

_pVD
i

Re (3.10)

where p is the dynamic viscosity of the fluid (pascal-seconds). Moody chart is frequently utilized as

a substitute to solving Colebrook-White equation due to the implicit nature of the Colebrook-White
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equation, which necessitates iterative techniques or numerical methods to determine the Darcy friction
factor f. By offering a visual depiction of the Darcy friction factor in relation to the Reynolds number and
the relative roughness of the conduit, the Moody chart emerges as a practical instrument for engineers
to promptly approximate the friction factor without getting into intricate computations. This is shown by
the Figure 3.15 below:

Moody Diagram
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Figure 3.15: Moody Chart

The Moody chart illustrates the relationship between the Darcy friction factor f and the Reynolds number
Re across different values of relative roughness €/D. It encompasses both the laminar and turbulent
flow domains. This calculation led us to a pressure drop of 3.9 bar in the network if a maximum velocity
of 1.5 m/s is considered through all pipelines. Thus the starting value for the head provided by the
central circulation pump was taken to be 5 bar. This also helps to have an account of pressure drop
across components used mentioned in section 3.7.
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Results and Discussions

CENTRAL HEAT PUMP SYSTEM

4.1.1. Sized pipe network

The following figure (Figure 4.1 below) shows the result of applying pipe sizing algorithm to Scenario
1, where each colour depicts a different pipe diameter discussed earlier in the report. Pipelines within
district heating networks typically exhibit an initial increase in diameter followed by a decrease further
downstream for several reasons:

Flow Rate Reduction: Commencing from the network origin, the pipeline is required to facilitate
the total flow rate necessary to cater to all downstream consumers. Consequently, a larger di-
ameter is adopted to accommodate the substantial volume of water or steam. As the pipeline
progresses downstream, the flow rate experiences a decline due to the dissipation of thermal
energy to users along the route. Consequently, smaller diameters become adequate to convey
the reduced flow.

Pressure Drop Considerations: Incorporating larger diameters at the commencement assists in
minimizing the pressure drop over extended distances, thereby ensuring the presence of ade-
quate pressure to propel the flow throughout the network. With an increase in distance and a
decrease in the number of users, the pressure prerequisites diminish, allowing for the utilization
of smaller diameter pipes without significant pressure reduction.

Cost Efficiency: Larger pipes incur higher expenses in terms of both material and installation
costs. Employing smaller pipes in areas with lower flow demands aids in optimizing the overall
network cost. The design strategy guarantees that pipe sizes align with the actual flow demands
at each network juncture, thereby preventing unnecessary expenditure on oversized pipes.

Heat Loss Minimization: Smaller diameter pipes possess a reduced surface area relative to their
volume, leading to a decrease in heat loss per unit volume of transported fluid. This feature
proves advantageous in network segments characterized by reduced flow rates. By implementing
smaller pipes in downstream sections, the system can enhance its efficiency in preserving heat
within the network.

System Balancing: Proper sizing of pipe diameters plays a pivotal role in ensuring a uniform flow
distribution across the network. This contributes to maintaining consistent thermal provision to
all users. Achieving hydraulic balance is crucial for the effective functioning of district heating
systems, with varying pipe diameters playing a key role in attaining this equilibrium.

31
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Figure 4.1: Results after pipe sizing for the DHN — Scenario 1

4.1.2. Maintained flow

Based on the findings of previous studies, an appropriate mass flow rate of approximately 60-140 kg/s is
considered suitable [18] for a low temperature district heating system to circulate heated working fluid,
as indicated in a corresponding figure. These fluctuations in mass flow rate during simulations are
expected to be adjustable through iterative processes. The graph in Figure 4.2 shows the relationship
between the mass flow rate of heated fluid supplied to a district heating system and the load rate of the
system. In the context of a district heating system, the load rate refers to the percentage of the system’s
maximum capacity that is currently being utilized. As you can see, the mass flow rate decreases as the
load rate increases. This is because the system requires less heated working fluid to meet the demand
when the load rate is lower. The graph starts at the point (40, 137.5) which indicates that at 40% load
rate, the system requires 137.5 kg/s of heated working fluid. As the load rate increases, the mass flow
rate decreases, with a steep decline at the beginning and flattening out towards the higher load rates.
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Figure 4.2: Mass flow rate of heated water supplied to the district heating system [18]
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At first glance, it might seem counterintuitive that the mass flow rate of heated water decreases as the
load rate increases. However, there’s a scientific reason behind this phenomenon. In a district heating
system, the mass flow rate of heated water is directly related to the heat transfer rate required to meet
the heating demand. When the load rate increases, the system needs to provide more heat to the
buildings to maintain a comfortable temperature.

As we can see the Figure 4.3 here the mass flow rates ranges from 140 to 50 kg/s (yellow depicting
the supply pipe), whereas the lower values corresponds to the return pipe flow rate. This was used as
an initial starting condition to aid the iterative process of flow analysis.

Final finCentral heat pump net: network_elements
140

120 4

100 +

Supply Fluid mass flux (ka/s)

10000

Time [h]

Figure 4.3: Scenario 1: mass flow rate (kg/s) of heated working fluid supplied to the district heating system (current project)

Considering the daily fluctuations in the graph, the mass flow rate increases as the demand is recog-
nized. This flow rate is then reduced and adjusted as the heating demand peaks, to allow better heat
exchange at the SINK. The flow rates drops highly when the space heating demands are really low for
the houses/establishments. For the months experiencing summer the space heating demand touches
the bar to almost negligible, this can also be seen translated to the obtained graphs as the mass flow
rates of the network are negligible for that period of time. Thereby the corresponding heated working
fluid supply velocities does not exceed 1.6 m/s, as can be seen from the figure 4.4 below. The lower
velocities in the bottom represent the return pipe velocities.
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Figure 4.4: Scenario 1: flow velocity (m/s) of heated working fluid supplied to the district heating system (current project)

4.1.3. Pressure drop/difference

Measurement of pressure differences plays a pivotal role in the development and enhancement of Low
Temperature District Heating (LTDH) networks. Through a comprehensive grasp of the pressure dif-
ferentials across the pipeline, designers are empowered to engage in well-informed decision-making
processes concerning various aspects such as pipe dimensions, pump choices, valve and fitting se-
lections, network configuration, heat exchanger design, insulation strategies, leak identification, and
system equilibrium. This, in turn, culminates in the establishment of a more effective, dependable, and
economically viable LTDH network. Considering the Pressure losses at various components as per
the data collected from the initial iterative processes for the central heat pump system, the outlet node
pressure for the SOURCE was kept to be around 5 bar as shown in the figure 4.5 below.
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Figure 4.5: Scenario 1: Outlet node pressure Source (Bar) (current project)
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The Figure 4.6 below shows the pressure loss at various pipe elements when the supply pipeline deliv-
ers the heated fluid to the SINK. As depicted from the obtained graph it is clear that the pressure loss
per major element does not exceed a maximum od 0.4 bar.
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Figure 4.6: Scenario 1: Pipeline supply and return element Pressure difference (Bar)

It can be seen from the graph, that if focused on a few day cycle the pressure drop going down (if we
zoom it into a small time interval) corresponds to reduced flow. This is directly related to the minimised
space heating demand during those instances.

To get a much clear idea of the total pressure drop as the fluid travels from the SOURCE point to the
SINK and is fed back to the network from the SINK after heat exchange, we will look at the outlet node
pressure for the supply and the return. This result further helps us to adjust with the provided head for
the central circulation pump after going through various simulations. We will look at Figure 4.7 for the
above mentioned.

As demonstrated in the Figure 4.7 below, the lighter hues correspond to the supply pipe outlet node
pressure, while the darker tones on the graph signify the return pipe outlet node pressure. The overall
head loss can be readily construed to be approximately 3 to 3.5 bar (indicated by the red arrow) as the
simulation spans a year with hourly data interpolation. Here the outlet node pressure ranges from 5 to
3.5 bar for the supply side whereas for the return pipeline the outlet node pressure ranges from 2 to
1.3 bar.
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Figure 4.7: Scenario 1: Pipeline supply and return outlet node Pressure (Bar)
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If we closely look at the graph shown in Figure 4.7, the topmost yellow colour represents the initial
backbone of the network whereas the orange and the green colour represents the extended branches
further down stream in the network. The fluctuations in the outlet nodes vary on a daily basis as per
demand and mass flow rates. Similarly for the return pipes the pressure of 2.2 bar represents the initial
fed in pressure to the return whereas the lower pressures of faint pink shows the return pipe pressure

further downstream of the network.

The total pressure drop over the central heat pump system — SOURCE is around 0.7 bar which matches
with the data of commercially available [30] components corresponding to the ones used in the simula-
tion at the start of the heated working fluid supply system. This is represented by the graph shown in

the figure 4.8 below.
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Figure 4.8: Scenario 1: Central source system pressure drop (Bar)
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4.1.4. Temperature and temperature difference

The graph in Figure 4.9 below shows the temperature of the heat pump outlet over time. The temper-
ature is relatively constant at around 51°C, with a few spikes up to 52 degrees Celsius. This suggests
that the heat pump is operating normally. The absurd spikes in the graph during summer months are
due to simulation gap of the current project which will be discussed later in conclusions.
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Figure 4.9: Scenario 1: Supply pipe — outlet node temperature (°C)

This graph in Figure 4.10 shows the temperature of the return pipe elements in a district heating network
over time. The return pipe is the pipe that carries the working fluid back to the heat source after it
has circulated through the network and heated the buildings. The graph shows that the return pipe
temperature varies significantly over time, ranging from about 32°C to 47°C, (ignoring the summer
months when space heating demands are negligible). As expected the temperature is lowest during
the early morning hours and highest during the evening hours. Similarly, the temperature is lowest
when the space heating demand is at peak and high otherwise. The temperature drop in this graph is
typically between 10 - 18°C during day peak demand for space heating and around 3 - 5°C during off
peak hours.
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Figure 4.10: Scenario 1: Return pipe — outlet node temperature (°C)

The graphin Figure 4.11 given below shows the temperature difference at the condenser side of the heat
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pump. The supply temperature to the district heating network is 51°C, and the return pipe temperature
varies between 35°C and 47°C.

Also the graph 4.11 below shows that the temperature difference at the condenser side of the heat pump
is between 7°C and 14°C. In other words, the heat pump is rejecting heat from the condenser side to
the district heating network at a temperature difference of 7°C to 14°C. This temperature difference
is a key parameter in determining the performance of the heat pump, as it affects the coefficient of
performance (COP) and the overall efficiency of the system.
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Figure 4.11: Scenario 1: Condenser temperature difference — Central heat pump (°C)

The graph in Figure 4.12 below shows the temperature difference across different heat exchangers in
a district heating network over a year’s time. The temperature difference is the difference between the
inlet and outlet temperature of each heat exchanger. This can tell us about the amount of heat being
transferred in each part of the system, and how the system responds to changes in demand over time.

For the different colored lines, each color represents a different heat exchanger (HE) in the network,
each labeled with its ID.

Heat exchangers HE-154 (ID=28), HE-187 (ID=43), and HE-260 (ID=42) have a high temperature
difference in the beginning of the year, indicating they were transferring a lot of heat. This is likely due
to the colder weather during the winter months. As the year progresses, the temperature difference
decreases, indicating reduced heat transfer. This could be due to warmer weather and less demand
for heating. Overall, this graph can be used to understand how the district heating network performs
over a year, identifying potential areas for improvement in efficiency and performance.

In the following graph shown by Figure 4.12 the daily cycle shows a higher value of temperature differ-
ence for certain hours of the day. This is in correspondence to the higher heat exchange rate during
the peak load hours when the space heating demand is high. Whereas the temperature difference
shows lower values for the lower demand hours thus indicating lower heat exchange requirements
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during those hours of the day.
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Figure 4.12: Scenario 1: Various Heat exchangers’ temperature difference (°C)

4.1.5. Heat load and Electrical power input

The graph here shown by Figure 4.13 shows the total space heating demand over a year for the district
heating network. The demand is highest in the winter months (December-February) and lowest in the
summer months (June-August). If we now closely look at the daily cycle we observe that the demand
peaks in the early morning hours and late evening hours.
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Figure 4.13: Scenario 1: Total space heating load (MW)
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Heat pumps and circulation pumps require electricity to operate. In fact, all pumps run on electricity,
and they are highly efficient because of this. The electricity powers the heat pump’s compressor, fan,
and valve, which work together to transfer thermal energy from one location to another. In this section
the amount of electricity input required for the current setup is discussed. As we can see in the graph
below, the amount of electric power required for the central circulation pump uninterrupted operation
throughout the year, sums to around 79kW. This is shown by the graph in Figure 4.14(a). Although, as

depicted in graph shown by Figure 4.14(b) the amount of electric power required for the central heat
pump is 0.8MW or 800kW (maximum).
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Figure 4.14: Scenario 1: Electrical power input (a)Central circulation pump, (b)Heat pump
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4.2. DISTRIBUTED HEAT PUMP SYSTEM

4.2.1. Sized pipe network

The following figure (Figure 4.15 below) shows the result of applying pipe sizing algorithm to Scenario
2, where each colour depicts a different pipe diameter discussed earlier in the report.

Figure 4.15: Results after pipe sizing for the DHN — Scenario 2

4.2.2. Maintained flow

The maintained flow requirement initial conditions were provided as described above by Graph in Figure
4.16. As the iterative process was moved through after simulating the network, it was realised that a
lower flow rate is required for the current setup of the distributed heat pump system (explained in
the methodology). As we can see from the graph the supply velocities range from 0.5 to 1.2 m/s as
simulated over the year with hourly heat load profile. Whereas the return velocities are lower to around
0.4 m/s if taken as an average. This difference in the velocity requirement from the central heat pump
system (scenario 1) is further discussed in conclusions section later.
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Figure 4.16: Scenario 2: flow velocity (m/s) of heated working fluid supplied to the DHN
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Analyzing the daily variations depicted in the graph reveals that the mass flow rate escalates upon the
identification of demand. Subsequently, this flow rate undergoes a reduction and modification when the
heating demand reaches its peak, facilitating enhanced heat transfer at the SINK point. A significant
decrease in flow rates occurs when the space heating requirements diminish considerably in residential
and commercial structures. During the summer months, the space heating demand dwindles to nearly
negligible levels, a trend that is also reflected in the graphical representation showing minimal mass
flow rates within the network during this specific timeframe.

As already mentioned the velocities the following graph in Figure 4.17 represents the mass flow rates of
the supply and the return pipes for the current distributed heat pump system scenario. As we can see
here the top band ranging from 40 kg/s to around 85 kg/s depicts the supply pipeline flow. On the other
hand the lower band ranging from 10 kg/s to around 40 kg/s shows the return pipe flow. These values
are considerably lower than the results accumulated in the Scenario 1 - Central heat pump system.
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Figure 4.17: Scenario 2: Mass flow rate (kg/s) of heated working fluid supplied to the DHN

4.2.3. Pressure drop/difference

As already explained before, the measurement of pressure variations plays a crucial role in the ad-
vancement and improvement of Low Temperature District Heating (LTDH) systems. By obtaining a
thorough understanding of the pressure variances along the pipeline, designers are enabled to partici-
pate in well-informed decision-making procedures relating to various factors such as pipe sizes, pump
selections, valve and fitting choices, network layout, heat exchanger planning, insulation approaches,
leak detection, and system balance. Consequently, this leads to the establishment of a more efficient,
reliable, and financially feasible LTDH network.

To account for a better one-on-one comparison of the two scenarios for the current setup, , the outlet
node pressure for the SOURCE was kept to be around 5 bar after considering the Pressure losses at
various components as per the data collected from the initial iterative processes for the network setup.
The graph below shows the pressure losses at various pipe elements considering both supply and
return pipeline network respectively. The graph in Figure 4.18 clearly depicts the pressure differences
ranges from 0.05 bar to 0.2 bar for the supply side. Whereas this difference reduces much for the
return pipelines. This lower pressure loss can be partially attributed to the lower values of velocity/flow
required by the distributed heat pump setup for the low temperature district heating network.
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Figure 4.18: Scenario 2: Pipeline supply and return element Pressure difference (Bar)

Though as per the simulation results the total pressure loss across the network was around 2 bar to 3
bar. Thus the maximum of 3 Bar was considered for any further calculations in the simulations. The
same can be clearly seen from the graph in Figure 4.19 below, as the lighter colour band corresponds
to the supply pipe outlet node pressures, while the darker tones below on the graph (2 Bar — 2.5 Bar)
signify the return pipe outlet node pressures. This overall Pressure drop seems higher than individual
pipeline pressure drops as it also accounts for the heat pump pressure loss as the heated supply side
working fluid provides the heat to the SINK points and returns back to the return pipeline network, with
one heat pump present at each SINK point for the current setup.

It is evident from the graph that when focusing on a short-term cycle, the decrease in pressure (when
examining a narrow time frame) corresponds to a decrease in flow rate. This phenomenon is closely
linked to the decrease in demand for space heating during those specific time periods.

In order to gain a clearer understanding of the overall pressure drop as the fluid moves from the
SOURCE to the SINK and is returned to the network from the SINK post heat exchange, an analy-
sis of the outlet node pressure at the supply and return points is necessary. This outcome further aids
in the adjustment of the head provided for the central circulation pump following multiple simulations.

fullFinal distributed heat pump: network_elements

bl
+ L
| 1

outlet node pressure pipes (Bar)
L
i

10000

Time [h]

Figure 4.19: Scenario 2: Pipeline supply and return outlet node Pressure (Bar)
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If we closely look at the graph shown in Figure 4.19 , the topmost blue and yellow colours represent the
initial backbone of the network whereas the orange, green and pink colours represents the expanded
branches further downstream in the network. The fluctuations in the outlet nodes vary on a daily basis
as per demand and mass flow rates adjusted accordingly. Similarly for the return pipes the pressure
of 2.4 bar represents the initial fed in pressure to the return network, whereas the lower pressures of
blue and faint pink shows the return pipe pressure further downstream of the network.

4.2.4. Temperature and temperature difference

To account for the working of the complete distributed heat pump district heating network setup, it is
important to look into how the temperatures are varying at the various substations set-up modelled and
fed in the SIM-VIICUS software. In the present network the heat is circulated as soon as it is recovered
from the SOURCE. This recovered heat, as previously mentioned in the report is available at 30°C
which is a combination of primary waste heat from datacentre AM5 and a part of waste heat from AMC
hospital.

As for the present simulation the focus was to estimate the maximum capacity and working effi-
ciency of the proposed network, the distribution pipes are considered to be with high effective
insulation (minimum heat exchange with the environment).

In the graph shown below (Figure 4.20), it is clearly depicted how the available pipe temperatures
(depicted by the colourful band ranging from 24°C to 30°C is up-levelled to the required temperature
of 51°C needed for space heating. This shows a proper working of the heat pumps at each available
substation.

55

504

oy
(8]
1

-
]
1

3]
¥, ]
|

Ll
(=]
1

w ooy

Termperature(C)

e
Ln

o]
(]

—
¥, ]

—
(=]

T T T T
4000 6000 8000

Time [h]

T
2000

[ ]

Figure 4.20: Scenario 2: red — HP outlet node temperature (°C), yellow — Datacentre recovery temperature(°C ) and Blue —
Supply pipe refed stream temperature(°C)

As already discussed above, that the heat is circulated as soon as it is recovered from the SOURCE
which is available at 30°C. This heat is not upgraded until it reaches the SINK substations, where
the heat pumps are installed. This heated working fluid reaching to the SINK ranges in temperature
from 29°C to 30°C because of the presence of exceptionally effective insulation (already discussed
assumption previously in the report).

As the temperature of the working fluid is upgraded by the heat pump and supplied to the SINK, the next
graph shown by Figure 4.21 accounts for the return pipe temperatures as the working fluid flows back
to into the pipe network. As interpreted from the graph below, the return pipe temperatures ranges from
25°C to 28°C considering when the network is working with an acceptably higher loads (not considering



4.2. DISTRIBUTED HEAT PUMP SYSTEM 45

the band representing the summer months with negligible space heating demands.

As expected the temperature is lowest during the early morning hours and highest during the evening
hours. Similarly, the temperature is lowest when the space heating demand is at peak and high oth-
erwise. The temperature in this graph is typically around 5 - 10°C during day peak demand for space
heating and around 27 - 25°C during off peak hours.
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Figure 4.21: Scenario 2: Return pipe — outlet node temperature (°C)

4.2.5. Heat load and Electrical power needed

Heat pumps and circulation pumps rely on electricity as the primary energy source for their functioning.
An example of this is seen in heat pump system that combines waste heat and electricity to elevate
the temperature by using electricity externally to boost the pressure of low-pressure vapor and a dilute
solution of a working fluid, thus improving the efficiency of waste heat utilization. Likewise, in the context
of a heating system, a circulation pump is powered by an electric motor, with the stator positioned in
a motor casing that is linked to the pump casing, underscoring the dependence on electricity for the
operation of the pump. To sum up, electricity plays a pivotal role in driving both heat pumps and
circulation pumps, thereby enabling their operation in diverse settings.

Thus now we will look into the amount of electric power that is needed for the smooth operation of the
current setup — Distributed heat pump system for a low temperature district heating network.

The first to focus on is the central circulation pump integrated in the SOURCE system. As clearly
interpreted from the graph shown in Figure 4.22 below, the electric power needed for the circulation
pump utilised in the current setup is 26.5kW. Again the lower values attribute to the requirement of
lower velocities partially and also the fact that a heat pump is setup at each SINK site, as it typically
covered by the Heat pump provided at each SINK site. This reasoning and great difference in operation
conditions is further discussed in the section conclusions of the report later.
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Figure 4.22: Scenario 2: Electrical power input - Central circulation pump

As for the Scenario 2 — distributed heat pump system, the heat pumps are present at each SINK point,
thus the electric energy required is presented separately for the heat pumps.

HP - 260, peak load 500 kW

In the graph presented by Figure 4.23 below we can see how the electrical input varies for a day cycle.
The peak corresponds to the peak hours, whereas the non-peak region corresponds to the hours of the
day when space heating demands are low. Also as per the complete simulation of a year, the maximum
needed electrical input for the heat pump is around 500kW.
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Figure 4.23: Scenario 2: Electrical power input — HP260
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HP - 187, peak load 250 kW

The graph depicted by Figure 4.24 below shows the electrical energy input cycle closely for HP —
187. The peak on the graph aligns with the peak hours, while the off-peak zone corresponds to the
periods of the day characterized by reduced space heating requirements. Furthermore, based on the
comprehensive year-long simulation, the highest necessary electrical power input for the heat pump is
approximately 250kW. Which occurs for a week in the time slot of 3 weeks period of February, being
the coldest month of the year in the Netherlands.
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Figure 4.24: Scenario 2: Electrical power input — HP187

Similarly we can see the graphs shown bby Figure 4.25 and 4.26 below, for the heat pumps — HP154
and HP120 and interpret the electricity input needed as a data sheet of hourly values for over the year.
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Figure 4.25: Scenario 2: Electrical power input — HP154
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Figure 4.26: Scenario 2: Electrical power input — HP120
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From the heat pump graphs (as the data observation is made on a complete year as time interval), it
is well evident that the peak electrical energy input is usually higher than the average electrical energy
input. This suggests that the network is working with peak loads for 1 or 1.5 months where the electricity
requirement is much high but overall the electricity input is considerably in acceptable range and can
be covered by renewables in a combined system.

During a week within the three-week period of February, which is considered the coldest month of the
year in Netherlands, these peaking demand phenomenon takes place. January, and February are
identified as the coldest months of the year in the Netherlands. The average temperatures on the
chilliest days range from 0°C (33°F) to 5°C (42°F) and 6°C (43°F). In the event of a winter visit to the
city, encountering snowfall is highly likely [8].

4.2.6. Heat load per Heat pump and COP

The heat load is the amount of heat energy required to meet the building’s heating or cooling demand.
It's typically measured in kilowatts (kW) whereas the COP is a dimensionless value that represents the
ratio of the heat output to the electrical energy input. It's defined as:

_Q
COP = = (4.1)

where W is the electrical power input to the heat pump.

As we gathered the values of heat load and the COP of the heat pumps also shown herewith by Figure
4.27, we see that the values correspond to the above relationship. Thus ensuring the heat pump model
is working correctly.
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Figure 4.27: Scenario 2: Heat pumps COP value

The peak corresponds to the heat pump working on a peak demand on a daily basis and thus has
a higher COP value during that period. The lower points correspond to lower demands where the
heat pumps are working with much lower temperature differences and thus cannot perform to their full
potential. Operating a heat pump under part-load conditions signifies that the system is not achieving
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its maximum capacity, but rather generating a reduced level of heating or cooling, which occurs when
the building’s demand for heating or cooling is below the heat pump’s maximum capacity.

The heat load is discussed and shown by Figure 4.28 herewith. As discussed earlier we can clearly
see the correspondence and relation that the COP holds with the heat load experienced by each Heat
pump and the electrical input required by each heat pump separately.

The heat load depicted in Figure 4.28 is specifically shown by a negative axis. The downward peaks
corresponds to the higher heat loads whereas the upward peaks represents partial load hours on the
heat pump. This is complementing the daily heat demand cycle when the space heating demands are
higher and lower. The graph in Figure 4.28 shown below was generated for 280 hours to have a much
clear idea of each heat pump behaviour as the load varies over the day on a hourly basis, also requiring
the heat pumps to efficiently work with partial loads.
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Figure 4.28: Scenario 2: Heat load average — heat pumps

Also as very evident from the graph shown by Figure 4.28 we can see that the heat load experienced by
different heat pumps are varying. This is an obvious result of working with different heat loads. Lower
the peak downwards, more is the heat load experienced by the heat pumps per hour.



Qualitative study on Financial aspects

When examining the financial implications of a decentralized heat pump system versus a centralized
heat pump system for low-temperature district heating networks, it is essential to take into account the
subsequent factors:

Installation Expenses: Typically, decentralized heat pump systems entail greater installation expenses
compared to centralized heat pump systems. This is attributed to the additional infrastructure, such as
piping and duct work, that is necessary to be implemented in each building.

Operating Costs: Decentralized heat pump systems have the potential to exhibit higher energy effi-
ciency than centralized heat pump systems, leading to reduced operational costs. This is due to the
decentralized systems focusing on heating or cooling only the spaces in use, rather than the entire
building, thereby enhancing climate control efficiency.

Maintenance Expenditure: The maintenance costs associated with decentralized heat pump systems
might be lower than those of centralized heat pump systems. This is because decentralized systems
feature fewer components that are susceptible to failure, and maintenance can be conducted on indi-
vidual units rather than the entire system.

Resilience: Decentralized systems demonstrate greater resilience to flood damage as a majority of
the equipment is situated above the basement level, diminishing the likelihood of flood-related harm.
Consequently, this can lead to decreased expenses pertaining to repairs and replacements over time.

Sub-Metering Capability: Decentralized systems allow for the sub-metering of heating and cooling
energy, offering advantages in specific scenarios. This capability can culminate in enhanced precision
in billing and cost distribution.
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Table 5.1: Scenario comparison — Qualitative financial aspects

Factor Distributed Heat Central Heat Pump
pump System System

Installation Costs Higher Lower

Operational Costs Lower Higher

Maintenance Costs Lower Higher

Resilience Higher Lower

Sub-Metering Possible Mot possible

Summary More Favourable Less Favourable

In conclusion, decentralized heat pump systems may entail higher costs in terms of installation, op-
eration, maintenance, and repairs as opposed to centralized heat pump systems designed for low-
temperature district heating networks. Furthermore, decentralized systems can facilitate more precise
billing and cost distribution through sub-metering. This conclusion is also represented by the Figure
5.1 as an overview shown below.

Distributed HP system

Central HP system ma

Much high installation costs

Figure 5.1: Schematic - Qualitative aspects of the 2 scenarios considered in the project



Conclusions and future scope

6.1. Pipe network sizing

The significance of pipe sizing within low-temperature district heating (LTDH) networks is rooted in its
influence on the overall effectiveness and cost-efficiency of the system. The proper sizing of pipes is
essential for the minimization of heat dissipation, reduction of pressure fluctuations, and enhancement
of the system’s operational efficiency.

Within LTDH networks, pipes are commonly dimensioned according to a specified pressure drop target
per unit length of the pipe. Nonetheless, this method can result in the installation of excessively large
pipes, leading to heightened heat losses, particularly evident during periods of low heating demand and
in pipes with smaller diameters. Conversely, the utilization of undersized pipes may culminate in es-
calated electricity consumption required for flow circulation, especially when facing elevated demands
and larger pipe diameters.

The pipe sizes allotted using the pipe sizing algorithm were found to be almost similar for both the
cases. If looked closely, the pipe sizes received as a result of the simulation for distributed heat pump
system (scenario 1) were still a bit lower than the central heat pump system (scenario 2). This can be
justified with the presence of heat pumps at each SINK station to maintain and suffice the demand at
each time interval. The same is depicted in the Figure 6.1 below. As a summary the optimal pipe sizing
can assist in addressing these challenges through the following:

Decreasing thermal losses: By careful selection of the appropriate pipe diameter, thermal losses can
be mitigated, resulting in energy efficiency and decreased emissions of greenhouse gases.

Minimizing pressure variations: Adequate pipe sizing can mitigate pressure fluctuations, thereby re-
ducing energy consumption for pumping and decreasing operational expenditures.

Enhancing system efficiency: Optimal pipe sizing can contribute to maintaining the system’s opera-
tion within the specified temperature parameters, lowering the risk of Legionella contamination, and
enhancing the overall reliability of the system.
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Central HP system

Distributed HP system

Figure 6.1: Pipe sizing comparison for both scenarios

6.2. Maintained velocity

As it can be interpreted from the graphs shown by Figure 6.2 below, that the working velocity for the
central Heat pump system (1.5 m/s) is much higher than the 0.75 m/s for the distributed heat pump
system. This can be attributed to the following factors:

* Presence of Heat pumps at each SINK substation to cover for the required pressure difference
needed

» working with a lower temperature in the whole pipe network until the working fluid reaches the
heat pumps at SINK

+ Different modules/substations adjusting with the heat demands when needed independently.
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Figure 6.2: Minimum needed velocity comparison for both scenarios

Lower velocities in low-temperature district heating (LTDH) networks may offer advantages compared
to higher velocity for multiple reasons:

* Reduced Thermal Losses: Lower velocities lead to decreased heat losses by diminishing turbu-
lence and friction within the pipes, ultimately enhancing system efficiency and reducing energy
consumption.

Minimized Pressure Fluctuations: Lower velocities help in minimizing pressure drops, thereby
lowering the energy needed for pumping fluid through the network. This leads to decreased
operational expenses and enhanced system dependability.

Extended Pipe Durability: Lower velocities mitigate the likelihood of pipe erosion and corrosion,
consequently prolonging the pipes’ lifespan and reducing maintenance expenditures.

Enhanced System Regulation: Lower velocities facilitate improved system regulation, as the flow
rate becomes more consistent and manageable. This, in turn, allows for more precise tempera-
ture regulation and enhanced system operation.

Diminished Noise and Vibrations: Lower velocities contribute to reducing noise and vibrations
within the pipes, creating a more comfortable system for users and decreasing the likelihood of
pipe impairment.
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6.3. Pressure drop

From the graph comparison represented by Figure 6.3 below, it is very evident that the pressure drop in
the pipelines for the supply and the return is much lower for the distributed heat pump system (scenario
2), when compared to the central heat pump system.

Final finCentral heat pump net: netwark_slements

g8 ' > | | 036-0.156
0.204 bar

4000 s000 10000
Tme[h]

FullFinal distributed hgat-pGmp: network_elements

--""""'if).istributed;HP system

10000

Figure 6.3: Supply and return pipe pressure difference comparison for both scenarios

The reduced pressure drop in a hydraulic network with lower fluid velocity is attributed primarily to the
diminished friction between the fluid and the pipe walls. Within the realm of fluid dynamics, the pressure
drop is intricately linked to both the velocity of the fluid and the level of friction encountered during its
passage through the pipe.

When working fluid traverses a pipe, it encounters opposition from the pipe walls, resulting in the gen-
eration of friction. This friction is responsible for the decline in pressure along the length of the pipe.
Greater velocity corresponds to heightened frictional forces, consequently leading to an increased pres-
sure drop. The Darcy-Weisbach equation, a cornerstone equation in fluid dynamics, delineates the con-
nection between pressure drop, fluid velocity, and friction. Figure 6.4 ddescribes the Darcy-Weisbach
equation.

Here, the friction factor (f) is influenced by the flow regime (whether laminar or turbulent) and the
relative roughness of the pipe. In the case of laminar flow, it is determined by the expression f=64/Re,
where Re denotes the Reynolds number. However, for turbulent flow, the value of friction factor is
commonly obtained through empirical relationships or by referencing the Moody chart. This formula
is widely utilized for estimating pressure losses in round pipes for both laminar and turbulent flows,
playing a crucial role in the planning and evaluation of piping networks. The Darcy-Weisbach equation,



6.4. Return pipe outlet node temperature 57

by quantifying the friction-induced energy dissipation, facilitates the creation of effective piping systems,
guaranteeing that pumps and other elements are suitably dimensioned to sustain desired flow rates.

Darcy Welsbach Equation
hi=(f=L=vA2) [(2xg=D)

i Heod koss due ko frichion maters [m] et [Fi]

L] Darcy Iricisn factar | dimenusnlzin I gamienticrioLn

i Fipee lergih : mwiters [ Tt (i)

v | Florey worlocity | mfe | oot por second (fpa)

8 larth's gravitsksnal aeceleration I'l'lllll‘ feet par second squared | ipe’)
[+] | Pipss dioemeei e | i tera [ B P [l )

Figure 6.4: Darcy-Weisbach equation

The head loss due to friction (hf) is directly proportional to the square of the fluid velocity (V2), as
the equation illustrates. Because of the decreased frictional forces, a lower velocity causes a smaller
pressure drop.

Although this lower pressure drop as the heated working fluid is distributed over the network length
might not effect the overall pressure drop of the two systems considred in scenario 1 and scenario 2,
as both the vaules when computed are comparable to each other. This can be explained as the number
of heat pumps increase additionally to other components in a distributed heat pump system and thus
covering up the lower distribution losses.

6.4. Return pipe outlet node temperature

As clearly demonstrated from the graphs shown by Figure 6.5 below, the return pipe temperatures for
the scenario 2 — distributed heat pump system (25°C — 28°C) were lower compared to the scenario 1 -
central heat pump system (32°C - 47°C).

Lower return temperatures are typically more favorable than higher return temperatures in the context of
a district heating network. The advantages of lower return temperatures encompass enhanced energy
efficiency, diminished heat losses, and enhanced operational efficacy.

Various renewable energy sources and waste heat sources demonstrate higher efficiency levels or are
only viable at lower temperatures. Through the operation of the district heating system at reduced
return temperatures, these sources can be more effectively utilized, thereby decreasing dependency
on fossil fuels and elevating the overall efficiency of the system.

When the return pipe temperature decreases, there is a rise in the temperature differential (AT) between
the supply and return pipes. This heightened AT facilitates a more effective heat transfer process,
enabling the heat exchanger to extract a greater amount of heat from the supply pipe and convey it to
the heating system.

Also, lower return temperatures have the potential to decrease the necessary pumping energy. With
lower return temperatures, the system can function with a reduced flow rate for the same heat transfer,
thereby lowering the energy required for pumping and improving the overall operational efficiency of
the network.
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Figure 6.5: Return pipe outlet node temperature (°C) comparison for both scenarios

Moreover, lower return temperatures play a role in curbing heat losses within the distribution network.
Heat losses exhibit a direct correlation with the temperature differential between the pipe and its sur-
rounding. By decreasing the return temperature, the temperature differential diminishes, consequently
leading to reduced heat losses.

Additionally, lower return temperatures aid in mitigating the likelihood of buildings connected to the
district heating network overheating. Overheating scenarios may transpire when the return temperature
surpasses a certain threshold, prompting the heating system to dispense excessive heat. Lower return
temperatures contribute to sustaining a more equitable and pleasant indoor climate.

To recapitulate, lower return pipe temperatures within district heating networks can engender escalated
energy efficiency, minimized heat losses, and heightened system functionality.

6.5. Central circulation pump — Electrical power

A clear representation of the electric power capacity required for the smooth working of the central
circulation pump for both the scenarios is given by the graph comparison shown by Figure 6.6 below.
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As it is clear from the graphs here the electric power capacity is much higher for the scenario 1 (78 -
79Kw) compared to a 26.5 kW needed for the distributed heat pump system.
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Figure 6.6: Electrical power input — central circulation pump(kW) comparison for both scenarios

From a scholarly standpoint, the pump power needed to facilitate fluid flow in a low-temperature district
heating (LTDH) network is intricately linked to the pressure loss within the system. This decrease in
pressure is instigated by the frictional hindrance caused by the pipes, connectors, and other elements
present in the network. Further the decrease in supply temperature results in a decline in fluid density,
thereby causing a reduction in pressure loss within the system. Consequently, the pump is required
to combat lower pressure levels in order to circulate the fluid, consequently diminishing the necessary
pump power.

The installation cost will be significantly higher due to the larger pump size and potential complexities in
the installation process. A rough estimate for the installation cost of an 80kW the circulation pump could
be in the range of $10,000 to $20,000 [13] or more, depending on factors such as the complexity of the
installation, labor costs, and materials required. However, this is a very rough estimate and should be
taken as a ballpark figure.

6.6. COP of heat pumps used

A water source heat pump with a Coefficient of Performance (COP) of 9 is deemed to be of exceptional
quality. Generally, a COP ranging from 3 to 4 is classified as satisfactory, whereas a COP of 5-6 is
regarded as highly commendable. We can see this for the values obtained for Heat pumps in the
second scenario with a distributed heat pump system. Pictorially shown by Figure 6.7 below.
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Figure 6.7: Scenario 2 —Distributed HP COP
On the other hand The COP of 9 significantly surpasses the average, indicating the heat pump’s ex-

ceedingly efficient operation. This is in reference to Figure 6.8 below.
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Figure 6.8: Scenario 1 — Central HP COP

In perspective, a COP of 9 signifies that for each unit of electricity consumed, the heat pump has
the ability to generate 9 units of heat energy. This level of efficiency is noteworthy, particularly when
compared to traditional heating systems dependent on fossil fuels, which typically exhibit a COP of
approximately 0.8-1.0. A COP as elevated as 9 offers advantages by leading to decreased energy
expenses, diminished greenhouse gas emissions, and an environmentally sustainable heating system.

Although a COP of 9 is theoretically attainable, it is highly improbable to achieve in a practical heat
pump setup. Theoretical COP values are derived from idealized circumstances, assuming flawless
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heat transfer, absence of losses, and optimum component performance. Nevertheless, real-world heat
pumps are susceptible to numerous inefficiencies and losses, including:

1. Heat exchanger inefficiencies: Heat exchangers do not operate at full efficiency, resulting in
losses due to temperature differentials, flow rates, and other variables.

2. Losses from compressors and pumps: The compressor and pump in a heat pump system con-
sume energy and release heat, thereby diminishing overall efficiency.

3. Losses through pipes: Heat dissipation occurs through pipes during transmission, particularly if
they lack proper insulation.

4. Defrosting losses: Defrosting cycles in air-source heat pumps can diminish efficiency.

5. Inefficiencies in components: Real-world components like compressors, pumps, and valves do
not perform at 100% efficiency.

Taking into account these inefficiencies, a more realistic COP for a high-efficiency water-source heat
pump may fall within the range of 4-6. Even the most advanced heat pumps available in the market
typically exhibit COPs in the vicinity of 5-6.

In a conclusion the coefficient of performance for a central heat pump is higher than that of heat pumps
used in distributed heat pump system. The peak and drop in the COP over few hours each time during
simulation can be justified by the nature of the heat pump not optimised for part load function. Operating
a heat pump under part-load conditions signifies that the system is not achieving its maximum capacity,
but rather generating a reduced level of heating or cooling, which occurs when the building’s demand
for heating or cooling is below the heat pump’s maximum capacity. There are several factors that can
result in a decrease in the Coefficient of Performance (COP) when a heat pump is operating at part-load
conditions:

» Compressor inefficiency: When operating at part-load, the compressor may not be functioning at
its peak efficiency level, as compressors are typically designed for optimal efficiency near their
maximum capacity. Hence, a reduction in load may prevent the compressor from reaching its
optimal operating point, leading to reduced efficiency.

* Increased compression ratio: Under part-load conditions, the compressor might need to work at
a higher compression ratio to maintain the necessary pressure difference between the evaporator
and condenser. This situation can escalate energy consumption and lower COP.

* Reduced refrigerant flow rate: At part-load, the refrigerant flow rate may decrease to align with
the diminished heating or cooling demand. However, this adjustment can result in diminished
heat transfer rates in the evaporator and condenser, diminishing the overall system efficiency.

* Increased pressure drops: Part-load operation can cause an increase in pressure drops within
the system due to decreased refrigerant flow rate, leading to escalated energy consumption and
reduced COP.

 Defrosting challenges: With air-source heat pumps, operating at part-load can trigger defrosting
issues, particularly when the outdoor coil struggles to defrost adequately at lower loads. Such
issues can lower COP and escalate energy usage.

» Fan and pump inefficiencies: When operating under part-load conditions, the fan and pump mo-
tors may not be functioning at their optimal efficiency levels, resulting in heightened energy con-
sumption and reduced COP.

 Control system limitations: Inadequate optimization of the control system for part-load operation
can lead to decreased efficiency and COP.
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6.7. Heat pump — Electrical power input

Using a distributed heat pump system helps us to reduce the size of individual heat pumps used in the
network. This also help to introduce modularity to the system which comes with further benefits. As
expected we can see from the obtained graph comparison shown in Figure 6.9 below, that the electric
power capacity required for the system heat pump to work for a central heat pump system is much
higher, thus attributing to a larger heat pump requirement.

Whereas for the scenario 2 although we need smaller heat pumps to suffice the job, in total 13 units of
such heat pump are required to be installed at each station. This brings us to a total of approximately
180kW ( 13.5 * 13) of electrical capacity requirement for the scenario 2 as a total for all the required
heat pumps installed at the SINK substations in the District heating network.
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Figure 6.9: Electrical power input — Heat pump(kW) comparison for both scenarios

The benefits of utilizing a smaller electrical capacity heat pump in comparison to larger heat pumps
within a low-temperature district heating network include the following:

+ Lower initial expenses: Generally, smaller heat pumps are more cost-effective to purchase and
set up, a factor advantageous for smaller structures or residences with lower heating require-
ments.

» Enhanced effectiveness: Smaller heat pumps can achieve higher efficiencies compared to larger
ones (considering the real case scenario with the heat pumps — not theoretical COP values),
particularly under partial loads, a circumstance frequently encountered in district heating networks.
This is due to the ability of smaller heat pumps to sustain a more consistent operating temperature,
thereby minimizing energy wastage.

* Increased adaptability: Smaller heat pumps can be easily adjusted to cater to fluctuating heating
needs, rendering them more appropriate for district heating networks with diverse loads.

* Reduced maintenance: Smaller heat pumps usually possess fewer moving components and
are less intricate than their larger counterparts, leading to reduced maintenance expenses and
downtimes.
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+ Ideal for low-temperature networks: Smaller heat pumps are often engineered to function effec-
tively at lower temperatures, making them well-suited for low-temperature district heating net-
works.

The heat pump graphs clearly indicate that the maximum electrical energy input typically exceeds the
average electrical energy input. This observation implies that the system operates under peak loads
for a duration of 1 to 1.5 months, during which the electricity demand is significantly high. However, the
overall electricity input remains within an acceptable range and could be met by renewable sources in
a combined system. These peak is an effect seen in a specific week occurring within the three-week
span of February, which is renowned as the coldest month in the Netherlands. We can see this more
clearly in graph shown below by Figure 6.10
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Figure 6.10: Peak value of Electrical power input
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6.8. Future scope

As the global community moves towards a more sustainable and effective energy framework, the signif-
icance of district heating networks in curbing greenhouse gas emissions and advocating for renewable
energy sources grows significantly. Within the realm of low-temperature district heating networks, the
strategic planning and configuration of forthcoming systems will play a pivotal role in unleashing the
complete capabilities of these networks.

Thus the future investigations should concentrate on the innovation of new arrangements and enhance-
ment strategies for current systems, while also tackling the technological obstacles hindering the incor-
poration of sustainable heat sources. Furthermore, the creation of top-notch heat maps and the efficient
design of communal heating systems will play a crucial role in stimulating the extensive acceptance of
these networks. In this particular section we will discuss the future potential that the project holds and
the research it can undergo to come forth with a practical solution to the present energy crisis.

6.8.1. Incorporating an ATES system

An Aquifer Thermal Energy Storage (ATES) system represents an innovative and sustainable tech-
nological approach that leverages subterranean aquifers for purpose of thermal energy storage and
regulation. This system functions through a dual-well configuration, comprising both warm and cold
wells, enabling the transfer and storage of excess heat from buildings into the warm well during sum-
mer, while the cold well facilitates the absorption of heat from buildings by cold groundwater in winter.
This cyclic operation enables the seasonal equilibrium of energy requirements by employing heat ex-
changers and pumps to facilitate the exchange of thermal energy between the building’s HVAC system
and the aquifer. [36]

The principal advantages associated with ATES encompass heightened energy efficiency, diminished
environmental footprint, and substantial financial savings. Through the accumulation of thermal energy
during surplus periods and its retrieval during peak demand, ATES systems diminish the dependency
on traditional heating and cooling methodologies, consequently leading to reduced greenhouse gas
emissions and operational expenses. Particularly beneficial in densely populated areas with elevated
heating and cooling needs, such as commercial infrastructures, medical facilities, and residential com-
plexes, these systems, despite their considerable initial installation expenses and prerequisites for ge-
ological appropriateness and regulatory consent, offer a compelling resolution for sustainable energy
administration.

The utilization of the Aquifer Thermal Energy Storage (ATES) system is of paramount importance within
a low-temperature district heating network due to its capability to offer a promising and efficient solution
for balancing the supply and demand of renewable energy across different seasons. Specifically tai-
lored for low-temperature district heating networks, the ATES system plays a key role in storing thermal
energy in the aquifer during warmer months and extracting it during the colder months, consequently
mitigating the peak demand on the heating infrastructure. This functionality yields various advantages,
such as enhanced efficiency by diminishing the energy needed for water heating in winter, thereby
resulting in decreased energy consumption and cost savings.

Furthermore, by harnessing renewable energy sources and curbing the energy demand for heating
purposes, the ATES system aids in lowering greenhouse gas emissions and fostering the development
of a more sustainable energy framework. Additionally, the ATES system bolsters the reliability of the
overall system by ensuring a stable supply of thermal energy, consequently minimizing the likelihood
of system breakdowns and enhancing the dependability of the district heating network.

Within the framework of a low-temperature district heating network, the ATES system emerges as a
particularly potent tool for diminishing the energy demand for heating, leveraging the inherent thermal
storage capacity of the aquifer. The same is depicted by Figure 6.11 below.
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Figure 6.11: ATES system incorporation

6.8.2. Incorporation of other local renewable sources

In a district heating network with low temperatures, renewable sources may be utilized to supply elec-
trical energy for pumps. Among the renewable sources suitable for this purpose are solar power, wind
power, and geothermal power. Possibilities considering the present project are discussed herewith.

+ Solar power production involves the utilization of photovoltaic (PV) panels, which transform sun-
light into electrical energy. The electrical power generated by these panels can then be employed
to operate the pumps within the district heating network.

» Wind power generation entails the use of wind turbines, which convert the wind’s kinetic energy
into electrical power. The electricity produced by these turbines can be harnessed to operate the
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pumps in the district heating network.

» Geothermal power generation is achieved through the extraction of heat from the earth’s interior,
which is then converted into electricity. The electrical energy produced by the geothermal power
plant can be used to operate the pumps in the district heating network.

The presence of the available wind energy very close to the Amstel lll area (marked by the green circle
in the Figure 6.12) is further a promising factor for the AM5 project to get to practical grounds in near
future. Here in the figure the yellow marked box shows the AM5 datacentre and the area highlighted
in pink is the target audience for the heat distribution for space heating.

b 4

=

Bijlmer west

Gaasperdam
Amstel 111 o Driemond
N »
L0 s ne 5 |
= o
¥ =

B woningbouwontwikkelingen gerealiseerd voor 2024
/ - Wwoningbouwontwikkelingen geplande realisatie na 2024

Figure 6.12: Possible renewable energy sites in the vicinity of the area oof interest

This incorporation of the available nearby local renewable energy sources and further boost the overall
efficiency of the whole system.

6.8.3. Heat Pumps

To address the issues caused by the necessity of operating the heat pump at part load, manufacturers
and designers have the capability to incorporate a range of strategies:

« Utilization of inverter-driven compressors: These compressors possess the ability to regulate
their velocity in order to correspond with the fluctuating load, thereby upholding an ideal level of
efficiency and COP.

+ Employment of multi-stage compressors: These compressors can function at various stages,
enabling them to adapt to varying loads and sustain an optimal level of efficiency.

* Integration of load-matching controls: These controls can modify the speed of the compressor,
the flow rate of refrigerant, and other variables to align with the changing load, thereby maintaining
an ideal level of efficiency and COP.
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» Development of part-load optimized system design: The system can be structured to enhance
performance under part-load conditions, considering the specific application and load profile.

Through the implementation of these solutions, heat pump manufacturers and designers can enhance
the efficiency and COP of their systems, even when operating at part-load conditions.

6.8.4. Some other final recommendations

» Considering non-adiabatic (close to real) environment for the pipes
It is very important for the network simulation to take a next step further in the current project
setup and just focus on the heat exchange between the pipes and surrounding soil. This will
require collecting the underground soil temperature data in the target area and a proper model
of pipes separately with material specifications. Thus this will rule out the assumption of having
minimum heat loss with exceptionally perfect pipe insulation, in the current research.

» More data from Data centre possible recovery and heating demand
In the present research the data used for simulations was old data manipulated as per the new
heating guidelines published and provided by the Gemeente Amsterdam. As procuring hourly
space heating demands intrudes in the privacy law setups of the people, there is a need to find
out an alternative way to work with real time data which is close to the real values.

* Results with integration of above-mentioned possibilities, ensuring greener future

Low temperature district heating (LTDH) networks are emerging as a promising solution in the effort
to decrease carbon emissions and advance towards a more environmentally friendly future. Through
their operation at reduced temperatures, LTDH networks have the capability to make use of waste heat,
renewable energy sources, and excess heat from different industries, thus diminishing the dependence
on fossil fuels and lowering CO2 emissions. Furthermore, LTDH networks have the potential to inte-
grate with other sustainable technologies like heat pumps, biomass boilers, and solar thermal systems
to further decrease their carbon footprint. As a summary, the introduction of LTDH networks has the
potential to result in substantial reductions in CO2 emissions, particularly in urban areas with high heat
demand. By utilizing local renewable energy sources and waste heat, LTDH networks can lessen the re-
quirement for fossil fuels, leading to decreased greenhouse gas emissions. Moreover, LTDH networks
can also enhance energy efficiency by minimizing heat losses during the process of transmission and
distribution.
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Data collected : demand graphs

Total space heating demand:

10
g H | H |
||||| T
=
=
=
= L
4 ‘ ! R I \ I R, -]
: ‘ || W AN
||
|
u} T T — - Sl i T
0 2000 4000 @000 8000 10000
Time [h]
m total

Figure A.1: Total space heating demand curve kW vs hour
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Commercially available pipes:[21]

Figure A.2: Commercially available pipes

The PE pipe roughness ¢ [34] was taken to be - 1.5 1076

SDR 41 SDR 33 SDR 28 SOR 21 SDR 17 SDR 136 SDR 11 SDR9 SDRTA4 SDRE
PN 4 PN5 PN 6 PN 8 PN 10 PN 12,5 PN 16 PN 20 PN 25 PN32 -7
DN | Tomranaar(+)* | S m|S m|S m 5 m |5 m| S m|S m|S m|S m|S m
mmj A* | B 0'mns‘wmm5'wmmn5'hme'wmms‘kmmmS'wmmS'wmms-mmns‘wms'hg-m
1 0.3 | 0.3 1.2 * + . . . - * . . = = - = = = = = = = 20 jo3|ooe g 23| 30| ot i0 | 04 [RF]
20 03 | 03 1.2 = = = = = = 5 . . = - = = = = = 20 | 03] on 23|04 |03 30| 04| Oe ] 34 | 05 0,18
n3 o3 |12 - B - . -1 - 1.]. - |20 Joslorsfaafoa] onr Jaofosfonfasfosfoaafaz]os]| o
[2Jo3foa]ea] - - | - . » -1 - JaoJosJow] 24 Joafozx oo [oa] car Jao|osf{owfasfoo]oss]su]or]| ous
&0 04 04 14 - - 20 | 23] 024 | 24|04 ] 029 30 05| 03 AT |05 )| o4z Jas |osjosopss|orjoso) er | o8 o
04 |04 [14] -] . . 20 03] 03 |24 |oa] ose Joo os]oas ] ar Jos| o Jun |on]| oo [se|or]omfesfonfosa]ms|10] 1o
83 ] 04 (o4 | 15| rafoa] o | 20 03] o |25 o0a] our J a0 oafosr Janfosfom | ar oo owr Jsa[or] 1oa [71|oefrasfas] o] rasfus] 2] 1o
75 | o4 (o5 | wofrofos] oss |23 Joa] ose |20 [o0a] oms | 3o Joafom Jasfos]1on] se Jor|rzafenon] a6 [os|nofrrsfos] r2]20sfras] 14| 2400
00 J o6 | o8 | 1a2aloa] ome | 28 Joafara a5 |os] oo Jaslos] s salor]| 145 ] a7 Jon| vre a2 | 10| 200 frar] 02| 2sallozal val2eefmn] 17 381
190) o7 [ os | 22 27| oa] osa | 34 [os] soe [ a2 [os] 138 |83 Jos] sva Jes[os] zis | as [ o] 260 fren]aa] ans [r2a]ra]amefoss] or] aar[raa] 20] s22
125) op | o8 | 25 fanfos] vz [ a0 Jes] osofan [es] om0 JeoJor| 2as [ vafoo] ame | o2 [ o] aos Qooafoa] soe Jrao]oafasrfore] solsrefoon]22] en
1400 o0 | 09 28 § 35|05 15 43 |08 188 | 54 | OF .8 B |OB]| 287 J A3 | 10| 344 | 103 ) 13| 420 Q12T 14 S08 ST AT | 600 02| 21| 723 J 323 ) 25 845
180] 10| 10| a2 Janfos] e ) asfon] aso ] ez foal aoe | 77 joe] sse ] os faa]| asofma] s3] sasJoaa] 18] ses Jarafro| ramfare] aafoaz el 26 | noa
ﬁ 40 ] 10| 36 Jes]os]| 248 | 55 Jor| apa | &n | as] am | a8 [io] <8 Joor] 12 see ] 1as | 15| aes JiEa] 1a | a0 [200] 23 | ronafes] 2B zms ] 2 1354
200] 12 | 12 | a0 |sofos| 300 | 82 Jos| am | 77 (oo ] s Jos|os] sasfvis|ns] 70a] ar ] vo | asa | ezl z0] sose]zea] el r2azfera] 20 ]rara]saz] as | 1o
o8l 12| 14| as ls5lor]| 322 | 80 Jos]| are | &6 [ 90| =17 JoBli2] 728 Qaa4] 15| 6eo | 188 | 16| w08y | 70= | 22| 1200 | 2521 27 | 157208 32l es 4] 28 | 1me
m 15 15 S0 fez|os] 4am 7.7 Jou)| Saa | s6 | 10 7.9 M1 acd Jrad] e | 0] Aa | 20 | B3 22T| 24 ma2 | 27el 20wz 382208415 | 43 2087
17 | 1.7 | on Jenfon] Bes | s [so] 7o [ oar] 12l ane Poaafaa] vnalras] 1o el zon a2 Tsaralasalzr] 201 [ 3] aa]oaze]ses] ao]zam]ees] an | san
B8] 1o | 19 i vrfoo]| ree | or foa] ene foaa] aa] sior | eso] s o 20 | 1r38 25 | B0 an 352 072043 asanflaza| 54 | anes
22 | 22 a8 [ w12 nzalae] 15 e Jran|rr]meelaia] 23 zzoe] 260 [ 28 [ 20ar {322 2a | s2ar [ 3er] e [owefass] sofaeas]sen] en | s
'_-I"L 24 | 24 123 fral o fsa] | e e el o] as e ] 4 |20 | Mor s as ]| an s Jaar] s |amanlsar] sa | sars
E ar a1 EEYEE B AR D R BRI L ER L R ESTH T AT 14nﬁ 42| 822 | 803 42 |aaselens| 63 | Tadd
500 10 | 20 153 [ o] 2 w21 | 20as [ 230 | 2a] 3856 207 31| hdpe-pipes-kuzeybory fesa | a7 [ saaz [ ssa]sr |2
560 34 | 34 [mwefrar|rs|avsa|wz|ro]ese]za] 22 ] 3575 Jaer] 27| sase [30z] as (RO any [ a5 [ oomi [ sen | 52 [ eoro [ezs| ea|oaa
B3 an | a8 |22 e sl s walaaaror2e0] 28| ase |00 30| smoaaral ae|eexa] asa | an | saassrz| se | so22s] roa] 72| 1328
TI0) 04 | 04 |2a0]ira] 10| v |28 [23]aroa]272] 20| 5780 [ 200 ]33] mrsefaza] aa | wrer ] s22 | 84 [107.28] eas | a7 [ 12007] 73] a,1] read
[806] 72 [ 72 [ 200 [ves] 21 [ a0 [2as [2o] wse [0 22 [ a0z [aa1 ] ar[wose [ara] s [vinss] san | oo [vaeoe]7ae [ 74 [ veas [waa] o [2002]
900 8.1 | 81 | msfazo] 23| e0ss | v [20] 7sar ] 3aa] 20 | ses Jaze] 42| 1narr]sas] s [s1] e | ar [irezn] oy | 03 | 2005
[1000] 0.0 [ 9.0 | 350 |745] 26| 7a%e [ 205 | 32| w206 | 34| a0 | 11ass | 477 | 47| w183] 5e3] 61 |17am] 724 | 75 |2vzea] w08 | 9z | 213
1 108 | 808 | 420204 30 Jr07E3] 0T (IR 1T 450 | 45 | 10430 | 572 | 52 |09 71 68 |enss] B8 | 50 | 30
M B E T DM EE E0E EE e MR EG ER e
% Tdd | M4 | 580392 41 | VN E0) 400 | S0 (237 B0) 812 | B3 | 20290 | TR | 85 | MOIT 4] BS | AE055] 10T | 110 E164




Space heating demand for various SINK substations:
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Appendix B

fullFinal distributed heat pump: network_elements
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Figure B.1: Recovery source temperature
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fullFinal distributed heat pump: network_elements
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Figure B.2: COP HP-120

fullFinal distributed heat pump: network_elements
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fullFinal distributed heat pump: network_elements
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