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Student number: 6079075

Thesis Committee Members:
Chair: Dr. Ir. Milos Cvetkovic, IEPG, TU Delft

Core Member 2: Dr. Ir. Rudi Santbergen, PVMD, TU Delft
Advisor: MSc. Christian Doh Dinga, IEPG, TU Delft
First external supervisor: Arjan van Voorden, Stedin

June 27, 2025

To be defended in public on June 30, 2025



Acknowledgments
I would like to express thankfulness to Milos Cvetkovic and Christian Doh Dinga for their guidance and time
spent providing valuable insights and feedback. In addition, Arjan van Voorden from Stedin for always being
engaged in the project and sharing his professional expertise. Moreover, I thank Roald Arkesteijn from Eneco
for his input on the heat model data and validation. The help of the supervisors proved crucial in acquiring
the knowledge needed in energy systems modelling and optimisation, as well as understanding the operation of
heat and electricity networks.

I am incredibly grateful to my family for the continuous and endless support, that provides me with the freedom
to explore and learn. I hope that this work will be a good contribution to the scientific research community and
will help to transition to more sustainable energy systems.

During the writing of this work ChatGPT 4 provided by OpenAI and Le Chat by Mistral were used to improve
the structure of sentences, spelling and grammar. With the use of these services, the content was carefully
reviewed and edited as required.

Motiejus Cicėnas
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Abstract
The decarbonisation of district heating networks (DHNs) is one of key ways in achieving the net-zero climate
targets, especially in densely populated and energy consumption intensive regions like South-Holland in the
Netherlands. As DHNs transition from fossil-based to renewable and electrified heat sources, the interactions
with the electricity distribution network (EDN) becomes increasingly more critical. Nevertheless, current oper-
ational models and planning approaches often treat the development of heat and electricity networks separately,
not considering their interactions and overlooking the operational and infrastructural challenges that arise from
their growing interdependence.

This thesis addresses this gap by presenting an integrated modelling framework that combines an operational
optimisation model of the South-Holland DHN, developed using PyPSA, with a time-series power flow anal-
ysis of the South-Holland EDN using pandapower. The South-Holland case study is carried out in which the
implemented framework simulates hourly network operations across the future energy scenarios for the years
2030, 2040 and 2050. These scenarios are driven by real-world market data of electricity, natural gas and CO2
prices, weather patterns, as well as future heat and electricity demand profiles. This master thesis is part of the
TU Delft research project "DEMOSES" and is done in collaboration with Eneco and Stedin.

The results highlight that the large-scale introduction of electrified heat sources in the South-Holland DHN,
such as heat pumps, electric boilers and geothermal energy plants, substantially reshapes the operation of the
DHN and the loading patterns of the EDN. The operation of the DHN shifts from a more demand-responsive
to a market-driven network, with a large reliance on the electricity market signals. This flexibility and respon-
siveness is largely driven by strategically placed thermal energy storage, especially near electrified production
units. Moreover, the electrification of heat supply vastly reduces the reliance on gas and CHP units, resulting
in geothermal energy, industrial waste heat and waste incineration becoming the key heat supply technologies.
However, it also significantly increases the loading levels of key distribution network components, particularly
on medium voltage transformers and lines, leading to critical network stress under future demand scenarios.
Conversely, in future scenarios in times of high distributed energy generation, the addition of power-to-heat
sources reduce the loading levels of the critical EDN components. It was identified that in times of high dis-
tributed energy generation, which results in net negative demand, the power-to-heat sources can consume power
locally, lowering the amount of electrical power that needs to be transferred to the HV network, consequently
reducing line and transformer loading. The reinforcement of physical assets and coordinated planning efforts
between DHN and EDN operators are identified as key factors in mitigating these risks effectively.

Overall, this study provides a detailed description and analysis of the development of the integrated South-
Holland heat and electricity model. In addition, the models are applied to perform multiple experiments in the
case study, which allows to gain practical insights regarding the effect of large-scale electrification of the South-
Holland DHN on the heat network itself and the EDN. The need for spatial-temporal coordination between heat
and electricity network operators in the operational and network planning of integrated energy systems is high-
lighted. The proposed methodology serves as a practical tool for decision makers and policymakers seeking to
balance the decarbonisation goals of the DHN with the EDN reliability.
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1 | Introduction

In the European Union (EU), half of the energy consumption is used by the heating and cooling sector, of which
75% comes from fossil fuels [1]. In the Netherlands, residential heating is heavily dependent on natural gas,
covering 90% of demand [2]. However, the Dutch heating sector is dominated by individual boilers, which
comprise 83.5% of total heating installations, while district heating networks (DHNs) hold only 6.6% of the
share [3]. In the near future, a large portion of Dutch households and neighbourhoods will have to transition
from natural gas to other sustainable alternatives for their heating needs. According to the Collective Heat
System Act ("De Warmtewet 2"), 500,000 new district heating consumers will be connected to district heating
until 2030, approximately doubling the number of connections compared to 2020 [4]. As a result, the Nether-
lands is emerging as a large market for district heating, offering opportunities to deploy advanced and novelty
heating technologies on a large scale [5]. However, the effectiveness of the energy transition depends on how
effectively the DHN operators can implement these carbon neutral technologies to supply heat sustainably and
efficiently.

To achieve long-term sustainability of DHNs, multiple strategies can be selected for decarbonisation and re-
duction of greenhouse gas (GHG) emissions. These measures focus on reducing the carbon footprint by using
combined heat and power systems (CHP) with biomass, adopting innovative technologies such as waste heat
recovery systems, or lowering the temperatures of the heat supply by renovating buildings to enhance energy
efficiency. In addition, electrified power to heat (P2H) heating solutions can be implemented, including heat
pumps (HP) and electric boilers (EB) [6]. With the increasing capacity of variable renewable energy sources
(RES), such as solar and wind, the potential to achieve the electrification of heat supply sources is greatly in-
creased. For example, HPs can operate with a high coefficient of performance (COP) [7], which makes it more
effective and environmentally friendly to implement them compared to traditional gas-fired systems. Moreover,
the International Energy Agency (IEA) projects that almost half of total energy consumption will be met with
electricity generation in 2050 [8], hence cross-sector integration is expected to develop and increase at a high
rate in the upcoming decades.

As interactions between heat and electricity networks become more frequent, thorough examination of inte-
grated heat and electricity networks becomes a necessity. Despite the need to investigate the interactions of
heat and electricity networks, Liu et al. [9] argue that there is insufficient analysis conducted on how elec-
trification of heat supply units affects the broader energy system. It is clear that large-scale electrification of
DHNs will put additional pressure on electricity distribution networks (EDNs), while in the Netherlands, grid
congestion in transmission and distribution networks is already a serious issue [10]. Therefore, incorporating
additional electrified heat supply units must be done with a calculated and deliberate approach, as the electri-
cal network is technically restricted by insufficient transformer or line capacity. Therefore, establishing robust
methods to measure and determine the impact of heat and electricity sector integration is essential from a cur-
rent perspective.

Historically, finding the optimal decarbonisation approach for a DHN could involve developing an independent
optimisation tool, which is used to find the optimal operation and network planning strategies only for the
DHN. Furthermore, the EDN could also be investigated separately based on the projected electricity demand
scenarios, without considering the additional demand from the DHN. However, the separated network analysis
approach would result in a limited representation of how electrification of heat supply units would affect the
operation of integrated heat and electricity networks. Therefore, an integrated heat-electricity modelling ap-
proach is proposed to investigate DHN interactions with the EDN and to construct a modelling framework that
is capable of supporting a wide range of network analysis, including optimal operation and network expansion
planning. For heat and power network operators, it is necessary to understand the impact of heat supply elec-
trification, which would allow a calculated and deliberate analysis of optimal energy network operation and
development paths.
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1.1 Thesis objectives

This master thesis is part of the "DEMOSES" (Designing and Modelling Future Systems of Energy Systems)
research project at TU Delft, with the aim of developing "decision support models and tools for the redesign
of the Dutch energy system by coupling heat, electricity, and gas distribution grids, with a focus on the in-
terdependencies between them and the flexibilities that they provide" [11]. The objective of this thesis is to
investigate the direct electrification of the future DHN and its interaction with the local distribution network.
The research will focus on electrification of heat demand, through technologies like HP and EB, assessing their
techno-economic impact on both the DHN and electricity distribution network. The intended outcome of the
thesis is a developed a soft-linked heat-electricity model to investigate the pathways of electrifying the DHN
and the impact of electrified heat sources on the electricity network. From the DHN side, the operation of the
heat network is investigated, while on the distribution system operator (DSO) side, the operation and infrastruc-
ture reinforcement needs are examined. The resulting linked electricity and heat models of the thesis will allow
Eneco, the DHN operator, and Stedin, the DSO, to understand the scenarios for a sustainable development of
the DHN and the distribution grid and to determine their optimal operation and future outlook.

1.2 Scope

This thesis examines the physical DHN and electricity distribution network (EDN) infrastructures, which are
operated by Eneco and Stedin, respectively. The DHN model is structured according to an actual network lo-
cated in the South-Holland province, the Netherlands, which supplies heat to The Hague, Rotterdam and the
Lansingerland region. In parallel, the corresponding EDN model is designed to represent the electricity net-
work that supplies power to electrified heat sources within the same geographical boundaries. The case study
is carried out to simulate the DHN and EDN operation in 2030, 2040 and 2050, to provide insight to decision
makers in Eneco and Stedin regarding heat and electricity network operation and infrastructure reinforcement.

1.3 Research Questions

The primary research question of the thesis is as follows:

How does the decarbonisation of the DHN of South-Holland, facilitated by the electrification of the heat supply,
affect the electricity distribution network?

The following sub-questions are formulated to answer the main research question:

1. What modelling aspects must be considered when designing an integrated heat-electricity system to
investigate the DHN interactions with the distribution grid?

2. What are the different technology options for decarbonising heat demand (i.e. HP, EB, etc.), when
combined into a DHN and what is the optimal mix from the perspective of the DHN?

3. How can operators of heat and electricity networks understand the impact of electrification of heat supply
on their systems?

The first sub-question focuses on reviewing the existing modelling approaches and tools used for integrated
electricity-heat network analysis. The aim is to identify state-of-the-art methods for modelling integrated energy
systems and to explore how multiple tools can be effectively used to study the interactions between DHN and
distribution networks. The second sub-question focuses on identifying the optimal technology mix of heat
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supply and storage in a DHN. This includes evaluating the techno-economic feasibility of various heat energy
technologies, such as power-to-heat (P2H), geothermal, combined heat and power (CHP), waste incineration
(WI), IWH, biomass and gas heat boilers, and their role and operation in a large-scale DHN. Additionally, the
importance of thermal energy storage (TES) in the DHN is analysed. The third and final sub-question builds on
the previous analysis by evaluating how the optimal electrified heat technology mix would impact the networks
of Eneco and Stedin. This involves comparing the current DHN with future scenarios and evaluating the cost
and physical network expansion requirements. This will allow to test whether company-proposed scenarios
align with the optimisation model solutions. The impact on the distribution network, conducted with power
flow analysis (PFA), will be quantified by analysing the physical requirements of the network components, such
as lines and transformers. The influence of heat supply electrification on the heat network will be determined
from the costs analysis of the integrated heat-electricity models.

1.4 Outline

The remainder of this report is organised as follows. Chapter 2 introduces various concepts related to inte-
grated energy systems (IES) and their components. In addition, various modelling approaches discussed in the
literature are presented, focusing on the integration of district heating and distribution networks. Chapter 3
provides a detailed description of the current DHN model and the development and structure of the new DHN
and EDN models. The new models are applied in the case study, discussed in Chapter 4, which also presents
the experiment results. The interpretation of the results is presented in Chapter 5, while also the research
questions are answered and the limitations of the methodology are discussed. Chapter 6 presents the final
conclusions regarding the decarbonisation of the South-Holland district heating network and the constructed
models, respectfully.
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2 | Literature review

2.1 Energy networks

2.1.1 Heat networks

Space heating and hot water are key necessities in every household. In the Netherlands, more than 90% of
homes use individual natural gas boilers for heating, while 6% of the residential sector is connected to district
heating and 1% use fully electric or hybrid heating technologies [12]. The Dutch Climate Agreement has the
goal of phasing out natural gas in the built environment by 2050, while a transitional goal states that 1.5 out of
close to 8 million homes should use alternative heating sources by 2030 to meet the emission reduction targets
[13]. The expansion of the district heating infrastructure is one of the measures that could lead to a sustainable
and cost-effective heat supply in the domestic sector. DHNs supply centralised heat with a hot water pipeline
network to consumers. Most Dutch DHNs supply heat at high temperatures (90°C), with natural gas, geother-
mal, biomass or RES-based heat supply units. Heat pipeline losses over distance increases substantially; thus,
traditionally, DHNs have been developed on the municipal and neighbourhood level.

Most of the current operating Dutch DHNs are dominated by 3rd generation networks (3GDH) with high supply
temperatures, as most networks are dependent on CHP or heat-only gas boilers. This creates a strict operating
regime, which limits the use of renewable heat sources, which typically provide lower temperature heat [14].
The future DHN must rely on renewable, non-fossil fuel energy sources and align with smart thermal energy
and smart grid principles. An especially compelling opportunity lies in the development of combined district
heating and cooling networks; thus, a shift towards a new paradigm is appropriate. The next generation of DHN,
4th (4GDH), can supply heat at lower temperatures (30-70°C, see Figure 2.1) and is technically more suitable
for more renewable heat sources, such as large-scale EB, HP, IWH and TES. However, the transition to 4GDH
requires a highly developed infrastructure, primarily well-insulated buildings, efficient local heat exchangers,
seasonal TES, highly insulated pipes and decentralised substations to meet the standards for space heating
and warm water in buildings [15]. The transition calls for a complete overhaul of DHNs and simultaneous
integration of heating, cooling, electricity and even transport sectors.

Figure 2.1: DHN development by generation [16].

2.1.2 Electricity networks

The four main pillars of an electrical power system are electricity generation, transmission, distribution and
consumption. Generation units and consumers are distributed throughout the network at various voltage levels,
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with conventional generators operating at the highest voltage and smaller generators with loads at the lowest
voltage levels [17]. The power grid consists of three different voltage levels divided into high-voltage (HV),
medium-voltage (MV) and low-voltage (LV). The Dutch transmission system operator (TSO) Tennet manages
the HV transmission grid (110kV and above), while seven distribution system operators (DSO) manage ev-
erything below 110kV (voltage levels vary with DSO) [18]. In the Netherlands, around 16% of the total final
energy consumption is covered by electricity [2]. However, the rapid expansion of distributed RES and electri-
fication of demand have a direct effect on grid congestion, which occurs when technical limits of the equipment
in the electricity network are reached. Figure 2.2 illustrates network congestion in the Netherlands. Accelerated
installation of solar photovoltaic (PV), HPs and spreading use of electric mobility technologies are the main
reasons why the Dutch low-voltage network experiences bottlenecks [10]. DSOs are tasked with managing
the distribution network, but with shortages in manpower, capital investments, spatial planning challenges and
long-lasting grid reinforcement projects, DSOs resources are stretched thin; thus, long waiting lists for new
network connections are a consequence [19], [20].

(a) Network congestion of electricity supply (b) Network congestion of electricity demand

Figure 2.2: Netherlands electricity network congestion (April 2025) Red areas - existing waiting list with no available
transmission capacity. Orange areas - existing waiting list, being evaluated for available capacity. Yellow areas - limited
capacity. White areas - have available capacity [21].

Grid congestion is not unsolvable; as necessity is the mother of invention, DSOs have multiple solutions to
tackle it. The primary solution is physical network reinforcement, by upgrading the existing infrastructure or
expanding it. For example, creating new connection points in the network, increasing transformer capacity,
installing supporting equipment for voltage and frequency regulation. Nevertheless, these solutions require
high initial capital expenditure. An alternative to expansion of the grid is to take leverage of the flexibility of
the network by shifting loads from congested areas. This approach is called congestion management, which
involves active participants in the market, both producers and consumers, to prevent peak loads [22]. Currently,
congestion management comes with its drawbacks, as most devices cannot be controlled smartly and are there-
fore dependent on consumer behaviour. As stated in [22], implementation of curtailment algorithms by DSOs
may unevenly favour consumers located closer to the integral infrastructure, such as transformers. As a result,
electricity network operators must carefully plan the expansion of the network and implementation of load
management techniques, taking into account a tremendous number of variables to ensure optimal and reliable
operation.

2.2 Energy storage

The rapid increase in intermittent energy generation has made the need for excess energy storage more criti-
cal than ever, while also presenting significant challenges in its implementation. RES are relying on natural
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resources, such as solar irradiation, wind speed and geothermal energy potential, which are hardly predictable.
The implementation of RES in energy networks creates inconsistent dynamics, where sometimes more or less
energy is produced than is demanded. To reduce these irregularities, energy storage can be used to allow energy
networks to operate in a predictable and controlled way. Energy storage is categorised into electrical, thermal,
chemical, electrochemical and mechanical systems and, depending on the type, plays a different role in heat
and electricity networks.

2.2.1 Storage in heat networks

As indicated in [23], there are three main gaps between the supply and demand of thermal energy in DHNs:
first, the time difference between generation and consumption; second, the difference between the peak and off-
peak thermal energy costs (seasonal); third, the separation between the place of production and consumption.
If thermal energy is not consumed, it is depleted in the environment; hence, TES prevents the wastage of excess
heat until it is demanded in the network. Heat demand in DHNs follows an inherently seasonal pattern, as more
heat is demanded in the colder winter months. Energy prices are also higher in the winter, thus depending on the
scale of TES, it can not only be beneficial on a daily or weekly timescale, but it could also be applied as seasonal
storage. The three types of thermal energy storage are sensible, latent and thermochemical [24]. Sensible heat
storage is most commonly used in DHNs, as water is the main transport medium. Figure 2.3 indicates the
types of TES in large-scale district heating applications. The pit, borehole and aquifer thermal energy storage
(PTES, BTES and ATES, respectively) are used for long-term heat storage. The illustrated long-term storage
units typically range in 50-1000 MWh storage capacities; however, come with large space requirements and
significant energy losses. In contrast, short-term storage is usually supplied by tank thermal energy storage
(TTES) with storage capacities of 10-50 MWh, which requires less space, results in better efficiency and can
be applied as a supplementary asset in the electricity market, if combined with P2H technologies [25].

Figure 2.3: Large-scale TES applications [26].

2.2.2 Storage in electricity networks

Local distribution networks are experiencing a transition period, where integration of renewables brings not
only benefits, such as grid decarbonisation and reductions in greenhouse gas emissions, but also challenges, in-
cluding grid congestion and concerns about reliability. Figure 2.4 illustrates how energy storage systems (ESS)
can be categorised. Most of ESS applications come in the form of lithium-ion (Li-ion) batteries, other methods
such as flow batteries, flywheels and super-capacitors are also implementable. In the Netherlands, 410 MWh
of new storage capacity came from battery energy storage systems (BESS) in 2023, while 98% of installations
were less than 20 kWh [27]. Given the continuous increase in solar PV installations and their compatibility
with BESS, the trend of more BESS installations is likely to continue. BESS can provide a supporting role for
distributed RES by improving power quality, providing voltage and frequency regulation support, allowing load
management services (load shifting, peak shaving, load levelling) and allowing smooth network operation and
ensuring security of supply. Nevertheless, incorrect application of ESS can negatively affect the distribution
network, degrading the power quality, affecting the voltage and frequency, thus the optimal placement, sizing
and operation of ESS is critical [28], [29].
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Figure 2.4: Energy storage categories [30].

2.3 Modelling Integrated Energy Systems

2.3.1 Energy system integration

Integrated energy systems (IES) are defined as interacting renewable energy systems that operate in a coordi-
nated and interdependent manner, allowing organised production, delivery and consumption of energy. The
primary objective of IES is to allow an efficient and flexible supply of energy carriers, such as electricity, ther-
mal and cooling energy [31]. This is a modern approach for optimizing energy systems, which allows to lower
primary energy consumption, increase RES utilisation, reduce capital expenditure, increase productivity, flexi-
bility and reliability [32]. In literature, IES can also be named as sector-coupled, multi-energy or smart-energy
systems [33], [34].

Figure 2.5: Schematic of IES [35].

Traditional energy systems are managed individually by their respective operator; however, in IES a distributed
or decentralised control solution is preferred, as it improves the independence of network participants and in-
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creases computational efficiency [36]. Another key aspect of IES is the bidirectional flow of energy, which
enables the integration of prosumers who consume and supply energy to the networks. Figure 2.5 illustrates the
interconnection between the heat, electricity and gas grids. Although cooling networks are not included in the
diagram, they could be incorporated as well. Electricity and heat networks interact through P2H technologies,
solar PV thermal applications and hydrogen systems. Electricity, heat and gas networks have traditionally been
integrated with CHP. In Figure 2.5, thermal and electrical storage is shown to operate on a single grid; however,
pairing P2H technologies with ESS is becoming a general practice, so sector integration can also benefit from
ESS.

The main focus of this thesis is the integration of heat and electricity networks, mainly the integration of the
DHN and the low-voltage distribution network. The main coupling link of the two networks is P2H tech-
nologies, such as HP, EB and waste heat recovery systems; also integration of heat storage technologies is
considered. As indicated in [37], HPs can supply around 25% of energy in DHN. HPs are able to extract
low-grade heat from air, ground, various industrial applications, or data centres, and supply hot water to the
network. Another key functionality of HP is their ability to provide balancing services to the electricity net-
work, enable the use of low-temperature heat networks, and contribute to the decarbonisation of district heating
systems. The key difference between EBs is that they use electricity to generate heat, operating at a lower
coefficient-of-performance (COP) compared to HP, but can supply heat at higher temperatures. They also pro-
vide peak shaving and backup generation capabilities. TTES is commonly applied together with HP and EB,
which results in increased demand management flexibility, better efficiency, grid balancing opportunities and
cost-effectiveness.

2.3.2 Network operation and planning

In an IES, network operation refers to the management energy flows across the interconnected energy infras-
tructures, ensuring reliable and efficient delivery of electricity, heat and other energy carriers. It involves con-
tinuously balancing the dispatch of the generation and storage units, all of which are responding to fluctuations
in the markets and the required demand. On the other hand, network design deals with the long-term planning
of the network structure and evaluating the possible development of new infrastructure. With network planning,
calculated decision can be made regarding the new implementation of generation, transmission and distribution
systems, while considering the projected growth in future energy demand. By employing both conditions, an
operational strategy with a long-term holistic view of the energy system can be achieved, thus capital invest-
ments can be allocated in a coordinated and optimal manner for the networks to operate as intended.

Traditionally, energy network operation and planning was done by constructing operational dispatch models
and possible future demand and supply scenarios, allowing to determine the optimal network performance
and to allocate the required funds for investments [17]. However, when applied to IES this approach faces
a key obstacle of critical data sharing between the stakeholders. Due to privacy concerns, energy network
operators often rely solely on their own datasets, which excludes information from other market participants.
This situation limits the ability of the models or future scenarios to have an accurate representation of the
integrated networks, limiting their analysis. With the projected increase in the energy system integration, the
need to establish robust and accurate communication between network operators and modelling techniques with
respect to future network operation and development is paramount.

2.3.3 Modelling applications

The modelling of IES has become one of the essential techniques to plan and optimise the expansion of the
future energy network infrastructure. These models help energy companies and policy makers determine the
locations and capacity of new assets, while also help to find optimal operational settings of network compo-
nents. In particular, IESs of heat and electricity have been the subject of academic research, with various mod-
elling tools and approaches being applied. It is rare that independent development of separate network models
will produce meaningful results, as combined operation of multi-energy systems must be addressed. Hence, the
literature presented covers the attempts of academia in developing coupled heat and electricity network models.

8



The physical interactions of separate networks were modelled by Pan et al. [38], using integrated quasi-steady
multi-energy flow with Matpower. The findings emphasised the existence of physical interactions between heat-
ing and electricity systems, where a disruption in one network affects the other, thus requiring the examination
of coupled networks in future energy system modelling. To further explore the physical interactions of sector
coupling with Matpower, Liu et al. [39] developed two calculation methods based on quasi-steady hydraulic-
thermal and electrical power flow models, called decomposed and integrated. The decomposed method in-
cluded the sequential solving of the hydraulic, thermal, and electrical power flow equations, while the integrated
method combined the equations and solved at the same time. The integrated method demonstrated greater com-
putational efficiency, requiring fewer iterations, whereas the number of iterations in the decomposed method
increased proportionally with the size of the networks.

On the other hand, Kavvadias et al. [40] utilised an open-source unit commitment and dispatch Dispa-SET
model to study the European power network under electrified heat production scenarios. The study demon-
strated that HP, electric heaters and air conditioners can increase electricity demand by 20-70%, and in some
countries lead to instances of load shedding. Moreover, Magni et al. [41] applied the Dispa-SET model to
analyze DHN where heat is supplied via power-to-heat (P2H) and CHP units. The analysis found that DHN
coupled with P2H and TES provides greater flexibility in operation with the power network by maximising the
penetration of RES. Moreover, the inclusion of CHP units was associated with a lower integration of renewables
and higher carbon emissions. Furthermore, Brown et al. [42] used the PyPSA Europe model to evaluate sector
coupling strategies. The results indicate that in high-density areas DHN with TES can substantially reduce the
costs, while the best cost-saving option for the future European energy system includes increased cross-border
transmission capacity.

The national-level energy planning approach was adopted by Sørknaes [7], who applied the EnergyPLAN tool
to holistically analyse the effects of direct electrification (with HP and EB) on DHNs in Austria and Denmark.
Based on electrification scenarios, the respective impacts of technology mixes on network performance were
highlighted. The EBs were found to enable greater integration of variable RES because of their lower efficiency
and operational flexibility, making them less constrained by heat demand. However, HPs showed greater po-
tential to reduce biomass consumption, particularly by eliminating biomass-fired CHP boilers. Focusing on a
regional scale, Liu W. et al. [9] investigated the development of the DHN in Utrecht, the Netherlands. The find-
ings obtained by modelling future network scenarios with the EnergyPLAN model showed that a mix between
district and individual heating at the neighbourhood level results in the highest energy savings and the lowest
costs.

Javansir N. et al. [43] applied EnergyPro to simulate the operation of DHN to evaluate the pairing of P2H and
TES technologies to provide balancing services for the electricity network in Finland. The findings concluded
that HPs are well suited for automatic frequency restoration reserve (aFRR) due to their longer activation times,
while EBs, with their faster response capabilities, are more suitable for containment reserve (FCR) and fast fre-
quency reserve (FFR). Friedrich et al. [44] implemented mixed-integer linear and non-linear programming
models (MILP and MINLP, accordingly) in Python, using Pyomo, to focus on optimizing DHN operation by
coupling HP and CHP technologies. From a modelling perspective, the study examined whether the additional
development time required for a more complex MINLP model is justified compared to the results achieved
using a simpler MILP model. The non-linear modelling can reduce DHN operational costs by up to 16%, how-
ever, cost savings highly depend on network structure. Lastly, non-linear models improve planning accuracy,
but were shown to lead to unstable oscillations in network operation, displaying the need for further research
on non-linear model stability conditions.

These studies collectively highlight applied modelling tools to capture the complexity of coupled heat and
electricity networks. As seen, some researchers focus on simulating physical flows in network interactions,
some concentrate on the planning aspect of the future coupled energy networks, while others simulate optimal
operation of coupled networks to help reach better operational and optimal decisions. Each emphasises a
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tailored modelling method based on the scope of the network and various research goals. The selection criteria
for the preferred modelling tools for this thesis are discussed in the following section 2.3.4.

2.3.4 Modelling tool overview

Numerous models and modelling tools have been developed for analysing energy networks, with new methods
and approaches being released on a regular basis. Based on the modellers needs, the modelling software differs
in its accessibility (open-source or commercial), temporal resolution, technical complexity, spatial coverage,
analytical objectives and the employed optimisation methodologies. As indicated by Brown et al. [45], many
of the tools used for network modelling were created before sector coupling was a necessity. For this thesis, it
is essential to use tools that can accurately represent the interaction between heat and electricity networks, en-
compassing everything from long-term planning and system-wide optimisation to detailed operational analysis
and power-flow modelling. The main criteria for selecting the modelling tool for this thesis are:

1. Functionality to design coupled network topology;

2. Ability to easily adjust model parameters (objective function, constraints and variables);

3. Functionality to run network optimisation and optimal dispatch;

4. Functionality to run power-flow analysis (PFA);

5. Hourly time resolution and yearly time scale;

6. Free and open-source software, preferably Python based.

The software tool selected for the modelling in this paper must meet the essential criteria listed above. First, it
should be capable of modelling a coupled energy network, which involves heat, electricity, and gas networks,
to accurately reflect their interactions. Second, the tool must be flexible to construct and modify network com-
ponents, also allowing the modeller to define custom optimisation models with adaptable objective function,
constraints, and variables. Furthermore, the tool should enable operational optimisation and optimal dispatch
of generation and storage technologies across one calendar year, using hourly resolution. In addition, it must
offer PFA capabilities to model the electrical network. Lastly, to comply with the university and DEMOSES
research project guidelines, free and open-source software is preferred.

Table 2.1 shows the selected modelling tools to compare their strengths and weaknesses. Tools such as Mat-
power and pandapower offer robust electrical network modelling and PFA, however, lack long-term planning
and sector coupling capabilities. Moreover, EnergyPLAN and EnergyPRO tools are applicable for scenario-
based simulations that rely on having a heuristic approach but offer flexibility for system-wide optimisation.
Dispa-SET focuses on dispatch and unit-commitment (UC), but is insufficient for physical network modelling.
In contrast, PyPSA provides a powerful open-source Python-based platform for co-optimizing electricity, heat
and gas sectors over long time horizons, in addition with support for investment planning, storage and sector-
coupling through LP or MILP approaches. A drawback of PyPSA is that it cannot do state estimations and
short-circuit calculations. Therefore, once optimal dispatch and infrastructure layouts are derived from PyPSA,
pandapower can be employed for more detailed PFA, capturing voltage variations, line and transformer loading.
This integrated modelling approach takes advantage of the network-level optimisation strengths with PyPSA
and accurate electricity network operation with pandapower.
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Tool Time scale Resolution Optimisation Primary scope Network modelling

Matpower Snapshot Snapshot LP, PFA, OPF Operation Yes
Dispa-SET Annual Hourly MILP Operation No

PyPSA Lifetime User-defined LP, MILP Planning Yes
pandapower Snapshot User-defined AC/DC PFA Operation Yes

EnergyPLAN Lifetime Hourly Heuristic, rule-based Planning No
EnergyPRO Lifetime User-defined Simulation-based Operation No

Table 2.1: Comparison of energy system modelling tools

2.3.5 PyPSA and pandapower overview

Python for Power System Analysis, or PyPSA, is an open-source Python-based tool, designed to model and
optimise energy systems [45]. PyPSA provides a platform for modelling and optimizing the operation and
planning of energy systems. PyPSA leverages several well-established Python libraries, such as Linopy for
network optimisation, pandas for data handling and NumPy for numerical computations. Additionally, PyPSA
supports various optimisation techniques, including UC, economic dispatch and multi-objective optimisation,
which can be applied to centralised and decentralised energy networks. In general, PyPSA is capable of per-
forming large-scale and long-period simulations, making it suitable for both operational analysis and long-term
planning [46]. It is a particularly useful tool for analysing RES technologies in sector-coupled scenarios, in-
cluding heat and electricity, which allows to examine synergies across the sectors.

The components used to represent the energy systems are presented in Table 2.2. Each object, static or time-
dependent, is stored within the network container, which also has executable functions. Buses are the funda-
mental nodes to which every component must attach. They enforce the law of energy conservation, meaning
that the energy flowing in is equal to the energy flowing out. The carrier component is used to describe energy
carriers; for electricity networks AC and DC, while for other energy systems arbitrary energy carriers can be de-
scribed, such as heat, natural gas or biomass. Loads are components used to model energy consumption, while
generators represent energy production units. Furthermore, links represent a controllable connection between
two buses and are used to model energy conversion between different energy carriers or energy transfer. These
elements are highly flexible and are applied to simulate heat transfer in pipelines, CHP systems or P2H appli-
cations. Unlike generators, links in PyPSA are defined with specific efficiencies and can accurately model the
directionality of energy flows. Moreover, a store component functions as energy storage and is used to model
the optimal energy storage capacity independently of the storage power capacity. Lastly, storage units are used
to model storage systems with coupled energy and power capacity constraints, allowing for time-dependent
charge and discharge behaviour.
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Component Description
Network Represents the overall structure that contains all network ele-

ments
Bus A fundamental node, serving as a connection point to other com-

ponents
Carrier Energy carrier (e.g., wind, solar, gas, etc.)
Load Consumer of energy
Generator Supplies energy to the network
Store A component responsible for storing energy without charging and

discharging constraints
Storage Unit A storage unit with fixed nominal-energy-to-nominal-power ra-

tio.
Link A controllable connection between two buses, often used to

model heat pipes, CHP systems or EBs

Table 2.2: PyPSA network components [45].

Pandapower is another open-source, Python-based tool that focuses specifically on the analysis and optimisa-
tion of power networks [47]. This tool utilises pandas library for data analysis and integrates PYPOWER as
its underlying power flow solver. The network models in pandapower are based on electrical elements, such
as lines, transformers or circuit breakers. This allows performing power flow (PF), optimal power flow (OPF),
state estimation, and short-circuit calculations. Pandapower is particularly suitable for the detailed modelling
of distribution and transmission systems, making it valuable for the operational analysis of electricity networks.

The components used for power network modelling in pandapower are presented in Table 2.3. All network
components are organised within the empty network, which stores network topology data used for simulations.
Buses serve as essential nodes connecting all network elements. An external grid is used to model a higher-level
power network, acting as a constant voltage source with unlimited capacity. Loads represent power consump-
tion, while generators represent power production units. Lines are used to model overhead or underground
transmission and distribution lines that enable power transfer across the network. Transformers link buses op-
erating at different voltage levels, enabling connection between high-voltage transmission and lower-voltage
distribution systems.

Component Description
Empty network Represents the overall structure that contains all network ele-

ments
Bus A fundamental node, serving as a connection point to other com-

ponents
External Grid Represent the connection to the higher-level power grid
Load Consumer of power
Generator Supplies power to the network
Line Represents transmission or distribution lines that transfer power

across the network
Transformer A branch that connects two buses of different voltages

Table 2.3: Pandapower network components.
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3 | Modelling and optimisation

In this chapter, three models are discussed: the old DHN model, its new version and the newly developed
electricity distribution network (EDN) model. Initially, a brief analysis is done on the old DHN model struc-
ture. This is followed by a detailed description of the new DHN and new EDN model architectures, including
the modelling approach and configurations. The description involves all essential aspects required for model
development: network structure, input data, mathematical formulation, key assumptions, model validation and
verification, and the generation of outputs.

3.1 Old district heating network model

The old model was developed with the objective of accurately representing the South-Holland DHN to perform
operational optimisation of the heat network. Users can run scenarios related to network expansion and demand
or price changes, for the years 2018-2022. Table 3.1 lists the available scenarios, respectively. The original
version of the South-Holland DHN model was developed by Eneco using the Linny-R graphical specification
language, however, the second (old) version of the model was implemented using Pyomo and NetworkX [48].

Network expansion scenarios Demand scenarios Price scenarios

Base case Base case Base case
Case 1 - Additional sources 10% demand increase 25% demand increase
Case 2 - Additional storage 15% demand increase 50% demand increase

Case 3 - Additional sources and storage - -

Table 3.1: Old DHN model scenario choices.

3.1.1 Scope

The old model represents the South-Holland DHN, which supplies heat to customers in Rotterdam, The Hague,
and the Lansingerland regions. Figure 3.1 illustrates the geographical boundaries of the South-Holland DHN.
The heat distribution network connects industrial and domestic buildings with heat generation and storage
sources such as waste incineration, biomass, combined heat and power (CHP), geothermal, gas boiler and
waste heat recovery plants. The main purpose of the South-Holland DHN is to continuously meet end-user
heat demand while maintaining network stability. Heat demand within the DHN is divided into three main
components, space heating, hot water supply and thermal losses in the heat distribution network. Among the
listed, space heating holds the largest share, which is highly sensitive to weather conditions.

At the moment of writing the thesis (2025), the "Vlaardingen-Den Haag" pipe called "Warmtelinq" (WLQ) is
under construction [49]; however, in the old model the WLQ connection was modelled as operational. The
WLQ connection acts as the main linkage, allowing the heat networks of The Hague and Rotterdam to be con-
nected into one. In Rotterdam, the Rozenburg waste incineration plant is connected to the city through two
main pipelines: the northern "Leiding over Noord" (LoN) and the southern "Botlek/Pernis" pipes [50], [51].
The LoN pipeline passes through the municipalities of Vlaardingen and Schiedam before reaching the city of
Rotterdam. From there, the "Boszoom" pipeline extends further east, connecting the eastern part of Rotterdam.
Moreover, the greenhouses in Berkel en Rodenrijs, Bleiswijk, and Bergschenhoek (named "Tuinders") are con-
nected via a pipeline that extends south and connects to the eastern part of Rotterdam. In the Hague direction,
the Uniper "City Power Plant" with CHP units acts as the main heat supply and is connected to the Hague by
one pipeline called "CR Plein", while smaller geothermal heat supply units are connected via other pipelines.
When the real-world equivalent of the WLQ pipeline is complete, the main connection point will be located at
the Uniper CHP plant, connecting the heat networks of Rotterdam and The Hague [52].
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Figure 3.1: Representation of South-Holland heat network, [48].

3.1.2 Model inputs

The main inputs of the old DHN model include the network topology, hourly heat demand and price data for
CO2 gas and electricity, as shown in Figure 4.2. The network structure consists of heat distribution pipelines,
demand nodes, supply units and buffer points. Table 12 in Appendix C provides an overview of the heat sources
included in the DHN model of the base network scenario. The main heat supply units in the base network case
are the waste incineration (WI) plant, two industrial waste heat (IWH) recovery plants, five CHP units (two in
The Hague and three in Rotterdam), one biomass plant, seven heat only gas boilers and one geothermal plant.
In addition, four TES units are connected near the four demand nodes in the Hague, Rotterdam, and Tuinders.
The heat sources and storage are connected via heat pipelines to supply the heat to the demand nodes. In Case 3,
which has an expanded network configuration, additional heat and storage sources are incorporated: two HPs,
one EB, five geothermal sources and three additional TES units. Based on the desired scenario and research
objectives, the user prepares the corresponding Excel-based input data for use in the simulation.

3.1.3 Model formulation

The Python programming language was chosen to develop the old DHN model, with NetworkX and Pyomo
serving as the primary packages for network formulation and optimisation. NetworkX package was used to
study the dynamics and functions of complex networks [53]. The main components of NetworkX are edges
and nodes, symbolizing connection points and point objects, accordingly. Compared to the physical system, the
edges represent pipelines for transferring heat and all other component connections, while the nodes indicate
heat supply, demand and storage points. A graphical representation of the base DHN, plotted using NetworkX,
is shown in Figure 3.2. For the formulation and solving of the mathematical model the Pyomo library was used,
which is another open-source package used to define and solve optimisation problems [54].
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Figure 3.2: NetworkX representation of the old model, [48].

The old model was formulated as a multi-period unit-commitment (UC) problem using MILP. The optimisation
framework consists of decision variables (both continuous and integer), an objective function and a set of
constraints. In general, the primary objective is to minimise operational costs and maximise revenue from CHP
electricity production. As shown in 3.1, the objective function is the sum of all the node and edge-related costs.
The operating costs of the nodes (3.2) include variable CO2, natural gas and electricity costs. Additionally, start-
up (SU) and variable costs are applied specifically to CHP units, which implies that all other heat production
and storage units can run continuously with zero SU and variable costs attached. Edge costs are represented as
transportation costs (3.3), which account for connection costs per edge and the corresponding heat flow through
each edge. However, only one heat pipeline, connecting the WI plant with The Hague, has assigned seasonal
transportation costs; all other pipelines were modelled with zero transportation costs.

minCtotal =
T

∑
t=1

N

∑
n=1

E

∑
e=1

Cnodes
n,t +Cedges

e,t (3.1)

Cnodes
n,t =Cgas

n,t +CCO2
n,t +Celec

n,t +CSU
n,t +Cvar

n,t , ∀n ∈ N,∀t ∈ T (3.2)

Cedges
e,t =Cedge

e,t ∗ f lowe, ∀e ∈ E,∀t ∈ T (3.3)

*full description of given formula provided in [48].

3.1.4 Model settings

The old model operates with an hourly temporal resolution, aligning with the day-ahead market structure, where
prices are determined for each hour for the following day at noon. This resolution ensures consistency with
the heat demand and price data provided by Eneco, which is also in hourly time steps. As a result, the old
DHN model can accurately reflect market conditions and operational realities, capturing the major fluctuations
in price and demand. In addition, the model utilises a look-ahead period, enabling the solver to anticipate
the future implications of present decisions during the optimisation process. The look-ahead period of the
optimisation model is 12 hours, ensuring that the storage state-of-charge (SOC) is not zero at the end of each
optimisation period, maintaining operational flexibility. The old model also uses a rolling time horizon strategy,
meaning that it optimises over a 36-hour window, stepping forward each day while overlapping with the period
that passed. The overlap with the previous period ensures continuity in variables such as the storage level of
buffers and the unit commitment status of the supply units. The model is optimised over one year for each hour,
that is, 8760 time steps. Using a commercial Gurobi solver, the run-time of the old DHN model is around 20
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minutes for a full optimisation period with the rolling time horizon.

3.1.5 Model assumptions

The old DHN model is based on a set of assumptions and constraints, which shape the structure and final
the output of the model. The parameters of production and storage units used in the old model are described
in Tables 12 and 13, in Appendix C. These are the core data that describe the base network topology case
of the DHN and its operation. Furthermore, drawing from the supporting description of the old DHN model
[48] and the input files of the network, additional parameters and constraints are used in the model, which are
summarised in Table 3.2:

Scope Assumption

Seasonality Seasonal flow limits set to imitate IWH1 yearly production constraint
Heat production Annual contracted heat production of IWH1 unit
Heat production Minimum generation constraints, pmin,pu (applied to certain units)
Heat production Constant COP of EB, HP and geothermal units
Heat production Perfect efficiency of heat production units (biomass, IWH, WI)
Heat production Biomass unit turned of during August
Heat storage Perfect efficiency of all heat storage
Heat transport Heat losses in distribution pipes (applied to 4 out 15 pipes)
Costs SU and variable costs applied to CHPs only (all other units zero costs)
Costs Zero costs of heat storage
Costs Seasonal pricing of WI heat distribution to The Hague
Merit order RDAM CHP3 can operate when WI at max capacity

Table 3.2: Old model assumptions and constraints

The seasonal flow restrictions for IWH1 are enforced to simulate the annual contracted heat constraint, set at
170,833.33 MWh. The model enforces production limits on IWH1 unit based on the season: 39.18 MWh in
winter, 15 MWh in autumn and spring and 7 MWh in summer. Moreover, minimum generation constraints
(pmin,pu) are imposed for geothermal units, EB, HPs, WI, RDAM CHP1–3 and IWH2. For geothermal units,
pgeothermal

min,pu = 1, which results in continuous operation at maximum heat output each hour. The EB operates
with pEB

min,pu = 0.5, while the HPs have a minimum generation of pHP
min,pu = 0.3. For WI, the constraint is

set to pWI
min,pu = 0.375. RDAM CHP1 and CHP2 have a minimum generation level of pRDAM CHP1-2

min,pu = 0.6,
while RDAM CHP3 operates with a lower threshold of pRDAM CHP3

min,pu = 0.45. Finally, IWH2 is subject to a
pIWH2

min,pu = 0.2 minimum generation constraint. In addition, the COP values for geothermal, EB and HPs are
fixed: COPEB = 0.95, COPHP = 3 and COPgeothermal = 1. Next, the heat production efficiency is set at 100%
for WI, biomass, IWH1 and IWH2 units, while also the heat storage units are assumed to be perfectly efficient.
The old DHN model only includes heat distribution losses in 4 out of 15 pipelines, while other pipes do not
have associated heat losses. With regard to costs, SU and variable costs are only applicable to CHP units, while
all other units operate cost-free and are only exposed to market prices. Furthermore, heat storage and dispatch
incur zero costs. The distribution cost of heat produced by WI and transferred to The Hague varies seasonally:
0.773 C/MWh in summer and 2.442 C/MWh in winter. Additionally, the biomass unit is turned off during Au-
gust due to planned maintenance. Lastly, RDAM CHP3 is only allowed to operate when the WI is running at
maximum capacity. All of these constraints are part of the old DHN model. Although some have been retained
in the new DHN model, others have been discontinued, as discussed in Section 3.2.6.

3.1.6 Model outputs

The old DHN model optimises the operation of the DHN by minimising total costs and maximising electricity
revenues, hence the fundamental output data is the total heat dispatch costs of the network per optimisation pe-
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riod. The old model calculates the values of key variables for all time steps, such as heat supply unit production
levels, SU states, heat storage content, CO2 emissions and heat flow in distribution pipes. These variables are
used to calculate the operational costs, including those related to the operation of heat production units and their
start-ups, electricity revenue, CO2 costs, natural gas consumption costs. The output data are stored in Excel .csv
file format, which allow to easily extract the data and visualise the outputs. In the end, comparative analyses
can be performed across different years (e.g., from 2018 until 2022) and various network configurations based
on the selected simulation scenarios.

3.2 New district heating and electricity distribution network models

The new representation of the South-Holland DHN was developed with the aim of creating a more user-friendly
model with improved computational performance, suitable both for operational and long-term planning. To en-
able the modelling of integrated heat and electricity networks a new EDN model was also designed. The third
version of the DHN model leverages a well-structured and robust Python-based library, such as PyPSA, which
provides a comprehensive and structured toolbox for detailed modelling analysis of coupled energy systems.
The new EDN model applies the pandapower package to model the medium-voltage distribution network that
is connected to DHN heat sources. The development of the new models is carefully described, including the
description of the network structure, assumptions and methods applied. The results and various decarbonisation
scenarios can be found in Chapter 4, focusing on the case study of the South-Holland DHN and its interaction
with the EDN.

3.2.1 Conceptualisation

The previous version of the DHN model was developed to optimise the operation of the South-Holland heat net-
work. It provided an overview of heat supply distribution and analysed how various demand and price scenarios
affected the flexibility and long-term sustainability of the heat network. The model delivered valuable findings
regarding the heat network, but the addition of the electrified heat sources did not include an investigation on
how these heat sources integrated and affect the EDN that acts as the main linkage for power supply. In this
thesis, a new DHN model is implemented to more accurately model the operation of the South-Holland heat
network using a well-established open-source PyPSA library. Similarly to the previous version, the main focus
of the DHN model is still on the optimal operation of the heat network; however, the electrified heat supply
demand and CHP unit power production is considered as the main output of the DHN model. To address the
growing importance of modelling integrated energy networks, a separate EDN model was developed, allowing
a detailed analysis of the interactions between the DHN and the EDN. The addition of the EDN model allows
this study to analyse the integrated operation between heat and electricity networks. Overall, the new models
must provide a platform, which would allow multiple network simulations for operational optimisation and
long-term network planning. This would allow the strategical guidance of the decision makers towards decar-
bonised and flexible network operation with the required network reinforcements.

The South-Holland DHN is operated by Eneco, which supplies heat to its customers, while Stedin manages the
EDN, ensuring the distribution of electricity at the medium voltage level. Based on data provided by both com-
panies, the interactions points between the two networks were established, enabling a comprehensive analysis
of their integration and interdependencies. As illustrated in Figure 3.3, the primary network integration tech-
nologies include geothermal systems, P2H and CHP units. Geothermal and P2H systems require electricity to
produce heat for the DHN, while CHPs use natural gas to simultaneously generate heat and electricity for both
networks. Additional heat sources include gas and biomass boilers, waste incineration, waste heat recovery and
thermal storage. Although waste heat recovery often involves the use of HPs, in this study it is not considered a
sector-integrated option. In general, the new DHN and EDN models must be developed to represent the South-
Holland heat network and the accompanying local distribution network with the highest possible level of detail,
resulting in accurate operational optimisation of the DHN and PFA of the EDN.
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Capturing the structural and operational complexity of real-world heat and electricity networks is desired; how-
ever, for models to serve as a practical and flexible analytical tool, they must be constructed to include the capa-
bilities of scenario-based simulations. This includes the ability to simulate different network topologies, modify
input parameters, such as heat and electricity demand, market prices and temperature profiles, all depending on
the selected simulation year. The model must allow simulations to be run for both historical years (2018–2022)
and projected future years (2030, 2040 and 2050). This enables to compare the simulation scenarios, helping to
capture the impact of dynamic fuel and electricity prices, and growing heat and electricity demand over daily
and seasonal cycles. Moreover, the modelling tool must take advantage of open-source libraries, to model the
DHN and the EDN, accordingly. These Python libraries provide robust functionality, making them ideal for
modelling and optimizing large scale integrated energy networks. In addition, the tool must be user-friendly,
while the development process must be thoroughly described. Ultimately, the modelling framework should
function as a decision support tool for network operators, helping to identify the cost-effective and technically
feasible pathways for electrification and decarbonisation of the DHN and the development of the distribution
network. Hence, scenario-based modelling of coupled networks is instrumental in facilitating a smooth and
realistic transition towards sustainable energy networks.

Figure 3.3: Heat and electricity network interaction in South-Holland

In summary, the main requirements for the integrated heat and electricity models are as follows:

• To perform operational optimisation of the South-Holland DHN, taking into account the heat network
topology and input data (prices, heat demand and temperature);

• To perform PFA of the EDN, taking into account the distribution network topology and input data (elec-
tricity demand and supply from DHN and Stedin load profiles);

• To have the ability to simulate multiple scenarios by adjusting heat and electricity network topology and
input data (demand and supply, prices, temperature) depending on the selected year;

• To leverage the functionality of PyPSA and pandapower libraries, i.e. to create a model that would allow
the user to freely expand or simplify the network topology, making it possible to simulate the operation
and plan the future network investments, according to the selected research questions;

• To be well described, have distinct outputs and to ensure coherent structure;
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• To have the ability to precisely determine the impact of DHN electrification on the EDN to determine the
possible decarbonisation pathways.

3.2.2 Modelling approach

The modelling approach consists of three sections depicted in Figure 3.4. The first step is the development and
execution of the DHN model. Firstly, the DHN topology is created using the PyPSA library, which includes
defining all the network architecture and component parameters. Then the relevant input data can be assigned
to the network components and applied to the calculations necessary for the heat network optimisation. For
example, the hourly heat demand is assigned to the demand buses, air and ground temperature data is imported
to calculate the COP of HP and geothermal units, while natural gas, CO2 and electricity price data (provided
by Eneco) are assigned to production units. With additional constraints and functionality (discussed in Section
3.2.6) added to the heat network, the yearly operation of the DHN based on the selected year can be optimised.
The main output of the DHN operational optimisation is the time series data of electricity consumption and
production, which is then used as load and generation data in the EDN model.

The second step involves developing and modelling the EDN by accurately identifying and representing the
points of interaction between the heat and electricity network. The following interaction points are obtained
from expert knowledge from Eneco and Stedin side, allowing to construct only the part of the EDN topology
that feeds or receives power from the DHN sources. The EDN is constructed using the pandapower library.
Having the output profiles from the DHN optimisation, the substation load demand data (provided by Stedin)
and the distribution network topology, the time series PFA of the EDN can be performed for the entire year.
The third and last step involves the analysis of the results, meaning a visual and numerical comparison between
scenarios and analysis of the heat and electricity network component operation. Overall, the integrated network
models are produced to represent the real-life physical systems as closely as possible. Each assumption is made
with the help of industry expert knowledge, applied from the previous version of the DHN model or based on
open-source data and literature.

Figure 3.4: Summary of the intended modelling approach

3.2.3 Model Inputs

This section outlines the main input data utilised in the new South-Holland DHN and EDN models. First, the
input data of the DHN model is discussed, followed by the EDN input data discussion. At each step, the key
modifications made compared to the old DHN model are highlighted.
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3.2.3.1 DHN model

Initially, the heat network topology is created by importing the network files, with each network component
defined in a separate Excel .csv file. These files contain static parameters for elements such as buses, carriers,
generators, links, loads, storage units and stores. The full and base heat network topologies with all components
are presented in Appendix G. Moreover, Tables 3.3 and 3.4 summarise the key parameters of all the components
used in the DHN model. As shown, the same supply and storage units have been retained to ensure consis-
tency between the old and new models. In addition, due to PyPSA functionality, each network component
file includes dedicated columns for every applicable attribute, as defined in the PyPSA documentation [55].
This structure provides a high level of flexibility that allows the modeller to easily include or exclude optional
component attributes. As a result, the model can be modified to represent fewer or greater detail, depending on
the specific objectives and the selected constraints. Although between the old and new DHN models the same
supply and storage units have been used, some parameters were changed to have a more real-world represen-
tation of the heat production and storage units. The main numerical changes made in the new DHN model are
discussed in Section 3.2.6.

Compared to the old DHN model, the input data for heat demand and prices remain unchanged, as provided
by Eneco, the heat network operator. Before running the DHN optimisation model, the user can select the
historical simulation data for five calendar years, ranging from 2018 to 2022. In addition, the new DHN model
introduces year-specific weather data, including air and ground temperatures. Furthermore, the demand and
price data are adjusted to reflect projected scenarios for years 2030, 2040 and 2050, which offers flexibility
in conducting future and past scenario analysis based on the provided baseline data. In general, the input of
the DHN model is composed of multiple Excel .csv files, which collectively form the basis for the modelling,
optimisation and analysis of the DHN operation and planning. In the DHN model, the input data serve the
following purposes:

1. Defines the heat network topology (heat production plants, heat buffers, heat pipes and demand points);

2. Specifies technical and economic parameters for each component;

3. Provides time-series data of hourly prices (CO2 natural gas and electricity), weather data (ground and air
temperature) and heat demand profiles;

4. Includes scenario-specific parameters used to assess various decarbonisation pathways and network con-
figurations.

Storage Type Buffer Capacity (MWh) Rated Capacity (MW) Max SOC (Hours) Store eff. Dispatch eff. Marginal costs (C/MWh)

DH Storage1 TTES 347 40 8.675 0.98 0.98 1.656
DH Storage2 TTES 500 50 10 0.98 0.98 1.656
RDAM1 Storage1 TTES 700 700 1 0.98 0.98 1.656
RDAM1 Storage2 TTES 500 50 10 0.98 0.98 1.656
RDAM2 Storage TTES 53.3 53.3 1 0.98 0.98 1.656
B-triangle Storage TTES 500 50 10 0.98 0.98 1.656
Tuinders Storage TTES 750 750 1 0.98 0.98 1.656

Table 3.3: PyPSA network heat storage
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Production unit Heat. Eff. El. Eff. Min. prod. (MW) Max. prod. (MW) Gas con. (MW) CO2 factor (ton/MW) El. prod. (MW) SU cost (C) Marginal costs (C/MWh)

Rotterdam
WI 0.8 - 60 200 - 0 - 0 scenario based
IWH1 1 - 0 39.17 - 0 - 0 scenario based
IWH2 1 - 4 20 - 0 - 0 scenario based
RDAM Gas1 0.789 - 0 120 152 0.2325 - 0 var2

RDAM Gas2 0.801 - 0 25 31.2 0.2280 - 0 var2

RDAM Gas3 0.788 - 0 43.89 55.7 0.235 - 0 var2

RDAM Gas4 0.791 - 0 140 177 0.2329 - 0 var2

RDAM CHP1 0.487 0.214 34.17 56.94 117 0.2265 25 1652 var2

RDAM CHP2 0.487 0.214 34.17 56.94 117 0.2265 25 1652 var2

RDAM CHP3 0.4 0.38 90 200 500 0.4600 190 13500 var2

RDAM Geo var1 - 0 4 - 0 - 0 var3

RDAM HP var1 - 0 30 - 0 - 0 var3

Den Haag
DH CHP1 0.389 0.414 0 40 102.7 0.4725 42.5 5000 var2

DH CHP2 0.389 0.414 0 40 102.7 0.4725 42.5 5000 var2

DH Gas1 0.797 - 0 110 138 0.2300 - 0 var2

DH Gas2 0.791 - 0 25 31.6 0.2280 - 0 var2

DH Gas3 0.808 - 0 45 55.7 0.2267 - 0 var2

DH Geo1 var1 - 0 3.33 - 0 - 0 var3

DH Geo2 var1 - 0 4 - 0 - 0 var3

DH Geo3 var1 - 0 4 - 0 - 0 var3

DH Geo4 var1 - 0 4 - 0 - 0 var3

DH HP var1 - 0 30 - 0 - 0 var3

DH EB var1 - 0 20 - 0 - 0 var3

Tuinders
Biomass 0.8 - 0 43.22 - 0 - 0 scenario based
Tuinders Geo var1 - 0 4 - 0 - 0 var3

var1 −variable on air/ground temperature
var2 −variable gas and CO2 market price
var3 −variable electricity market price

Table 3.4: DHN sources and their parameters

3.2.3.2 EDN model

The input data for the EDN model in pandapower is taken from two main sources: the operational optimisation
results of the DHN model and substation data provided by Stedin. From the DHN optimisation, the EDN model
receives the hourly active power consumption and production profiles for P2H, geothermal systems and CHP
units, while Stedin provides the active power demand data of the 10 kV and 25 kV substations. The distribu-
tion network topology is defined with the help of professionals from Eneco and Stedin, since the heat operator
identified the locations of the planned heat sources, allowing the DSO to determine the possible substation
connection points. The EDN topology is defined using a single Excel .csv file, containing static parameters
for all network components, including buses, lines, transformers, loads and generators. The single Excel .csv
file adheres to the pandapower data format, allowing users to easily add and remove components while also
changing the specific component parameters. The distribution network structure is presented in Appendix H.
Despite the network topology illustrations for Rotterdam and The Hague being separate, both locations are
modelled within a single unified model, as they are connected to the same external grid component. Addition-
ally, pandapower requires to define physical parameters of lines and transformers or use standard types from the
pandapower library. Since the standard pandapower component types are not applicable for the South-Holland
distribution network, new line and transformer types are defined with the help of Stedin. The new standard
line and transformer types are defined in Appendix B. Regarding the line connections, the model utilises HV,
MV and LV lines, with specific line lengths obtained from open-source data in the HoogspanningsNet Netkaart
V6.5 [56]. The input data in EDN model serves the following purposes:

1. Defines the distribution network topology (lines, transformers, loads, buses and generation);

2. Specifies technical parameters for each component;

3. Provides time-series data of hourly active power demand and generation to specific components.

3.2.4 Model formulation

This section provides an overview on the structure of the underlying optimisation model of the DHN and the
time series PFA of the EDN. For script implementation, high-level Python programming is applied using the
PyPSA and pandapower libraries. The fundamental mathematical formulation and optimisation techniques of
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the PyPSA model are discussed in detail, highlighting how the optimisation problem is changed according
to varying DHN conditions. For the EDN model, the focus is placed on the pandapower time series PFA
method, which is used to assess the performance of the network under dynamic load conditions introduced by
the electrification of the heat supply.

3.2.4.1 DHN model

The DHN network optimisation problem is defined mathematically and consists of an objective function, deci-
sion variables (binary and continuous) and constraints. Equation 3.4 is used to represent the objective function,
as the main constituents are the operational cost of heat generation and transport of heat, plus the start-up costs
of the heat supply units. Additionally, the PyPSA library adds the capital costs term to the objective; how-
ever, in this thesis, capital investment costs are not considered, since only operational dispatch optimisation is
performed. Furthermore, the objective function can be expanded further into 3.5, where the cost components
are expanded to represent the minimisation of the operational costs of the heat production units (by links and
generators) and transmission, the maximisation of the revenue from electricity production and the minimisation
of the start-up of the CHP units. With the given objective, the optimisation is formed as a MILP problem, since
binary values determine the operation of the CHP units. Operational cost minimisation preferentially dispatches
those units with the lowest marginal costs, while also utilises heat pipes with the lowest distribution costs. Ad-
ditionally, the revenue maximisation element ensures that in preferable periods the CHP units are operational
to produce electricity for maximum profit. Overall, this is a well-ordered approach for solving a complex DHN
network structure, which optimises the network from several layers, resulting in a closer representation to the
real-life DHN operation.

Ctotal(x) = Operational Costs(x)+SU Costs(x) (3.4)

The mathematical representation of the objective function can be further expanded to Equation 3.5:

Ctotal(x) = ∑
t

wt

[
∑
n,g

Cgenerator +∑
n,s

Cstorage +∑
n,l

CCHP
link

+∑
n,l

Cgas boiler
link +∑

n,l
Clink +∑

n,l
Ctransport

]
+∑

t
CCHP

SU

(3.5)

where: Cgenerator = Generator operational costs, [C]

Cstorage = Storage operational costs, [C]

CCHP
link = CHP operational costs, [C]

Cgas boiler
link = Gas boiler operational costs, [C]

Clink = Link operational costs, [C]

Ctransport = Heat pipe transfer costs, [C]

CCHP
SU = CHP start-up costs, [C]

Equation 3.5 depicting the complete mathematical representation of the objective function can be expanded
further to 3.6 - 3.15. In the DHN model, the generator component in PyPSA is used to represent biomass,
external grid and waste heat recovery units, while the link component is used to model CHP units, gas boilers,
waste incineration, geothermal, P2H (HP and EB) and heat distribution pipelines. The generator costs in 3.6
are calculated as a product of the marginal costs of fuel On,g and the nominal power of the heat production
unit Pn,g,t . For biomass and waste heat recovery units, the costs of fuel are static, while the external grid has
attached market costs of electricity based on the selected simulation year. Equation 3.7 defines heat buffer
costs, which is a product of storage marginal costs On,s and heat dispatch Pn,s,t . For links, the costs of fuel vary
by technology, waste incineration plant has a static fuel price, CHP and gas boilers operate according to market
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prices of natural gas, while P2H with geothermal units take on the electricity market prices, since they are
attached to the eternal grid, and heat distribution pipes operate with zero costs except WLQ pipe connection the
waste incineration plant to The Hague. However, gas boilers and CHP units have predetermined CO2factors, in
addition, CHP units must consider the revenue from electricity. As a result, the costs of the CHP and gas boiler
units are separated from the rest of the link components and are represented with their own formulation. CHP
costs are defined as the sum of heat production costs On,lPth

n,l,t , minus the revenue from the produced electricity
On,lPel

n,l,t , plus CO2 costs CCO2,l,t , as in 3.8. Similarly, gas boiler costs follow the same logic, only the electricity
revenue term is not applicable, see 3.9. Natural gas costs are attached to a store component in PyPSA, however,
they are still defined as On,l , since link components are attached to the store component (which act as fuel
supply) take on the marginal costs of the store (linked to market price of natural gas) as their marginal costs.
However, the costs of waste incineration, geothermal and P2H units are determined by 3.10. The costs of heat
distribution (3.11) are calculated as a result of the marginal cost of transport On,l (since heat pipes are modelled
as links) and heat flow through the pipe Hl,t . Lastly, binary variables un,l,t are included to describe the on and
off status of CHP units and are used to include the fixed start-up costs SUCHP in the objective function, as in
3.12. In general, all operational costs in this simulation are based on the marginal cost of fuel (dynamic or
static) and exclude other variable costs, such as operation and maintenance (O&M). The exact assignment of
fuel prices is discussed in the South-Holland case study in Chapter 4.

Cgenerator = on,g · pnom
n,g,t (3.6)

Cstorage = on,s · pdispatch
n,s,t (3.7)

CCHP
link = on,l · pth

n,l,t −on,l · pel
n,l,t + cCO2,l,t (3.8)

Cgas boiler
link = on,l · pth

n,l,t + cCO2,l,t (3.9)

Clink = on,l · pnom
n,l,t ·ηl,th (3.10)

Ctransport = on,l ·hh,t (3.11)

CCHP
SU = SUCHP ·un,l,t (3.12)

CCO2,l,t = cprice,t ·gn,l,t ·FCO2,l (3.13)

pth
n,l,t = gn,l,t ·ηl,th (3.14)

pel
n,l,t = gn,l,t ·ηl,el (3.15)

Overall, the objective function and constraints are defined as:

minCtotal(x) = Operational Costs(x)+SU Costs(x) (3.16)

subject to (3.17)

gmin
n,g,t ·Gn,g ≤ pnom

n,g,t ≤ gmax
n,g,t ·Gn,g (3.18)

Glb
n,g ≤ Gn,g ≤ Gub

n,g (3.19)

0 ≤ pdispatch
n,s,t ≤ Hn,s (3.20)

0 ≤ puptake
n,s,t ≤ Hn,s (3.21)

0 ≤ socn,s,t ≤ Rn,s ·Hn,s (3.22)

socn,s,t = socn,s,t−1 +ηn,s,+puptake
n,s,t −ηn,s,−pdispatch

n,s,t (3.23)

−∞ ≤ pn, j,t ≤+∞ (3.24)

en, j,t = ηn, j,standen, j,t−1 − pn, j,t (3.25)

| hh,t |≤ Fl (3.26)

un,l,t · lmin
n,l,t ·Ln,l ≤ pn,l,t ≤ un,l,t · lmax

n,l,t ·Ln,l (3.27)

*Formulas adopted from PyPSA documentation [45].
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3.2.4.2 EDN model

PFA, also known as load flow analysis, is used to determine the steady-state operation of an electrical power
networks. In this thesis, it is assumed that the three network phases are balanced, allowing the network to be
represented as a single-phase equivalent circuit. The EDN model utilises the pandapower time series module,
which is specifically designed to execute time-dependent electrical networks behaviour. This function enables
the simulation of multiple time steps by running sequential full AC power flow calculations (referred to as
snapshots in pandapower) [47]. Each snapshot models the EDN statically at a given time step, accounting for
variations in load demand and power generation. Therefore, the EDN model involves solving the non-linear
AC power flow equations over a full year with varying substation data from Stedin, demand from electrified
heat sources and production from the CHP units.

In pandapower, the PFA model is based on the full AC formulation, which follows the formulas based on
Kirchhoff’s laws. At each bus i, the key variables are net active power injection Pi, net reactive power injection
Qi, voltage magnitude |Vi| and relative voltage angle θi [57]. The power balance at each bus is governed by the
following complex power Equation 3.28:

Si =ViI∗i =Vi

n

∑
j=1

Y ∗
i jV

∗
j (3.28)

This can be expanded into real and reactive power components:

Pi =
n

∑
j=1

|Vi||Vj||Yjk|cos(θi −θ j −δi j) (3.29)

Qi =
n

∑
j=1

|Vi||Vj|sin(θi −θ j −δi j) (3.30)

Where:

• Si = Pi + jQi is the apparent power injected at bus i and is a complex sum of real and reactive power,

• Vi = |Vi|e jδi is the complex voltage at bus i,

• Y ∗
i j = |Yi j|e jδi j = G jk + jBi j is the complex admittance between buses i and j, which consists of conduc-

tance G ans acceptance B,

• V ∗
j is the complex conjugate of the voltage at bus j,

• n is the total number of buses.

The output of the DHN model is the active power demand and production of electrified heat supply units
and CHPs. Stedin load profile data of the substations also contains only active power data, while reactive
power is estimated internally by the pandapower model. All input data are stored external pandas DataFrame
structures. These input values are indexed by time and linked to the corresponding network elements via
controllers. The controllers are used to update the network parameters at each time step before executing the
PFA. The simulation is essentially performed in a loop, where at each snapshot, the network values are updated
and full AC power flow is solved. The results are logged by OutputWriter object in pandapower, which stores
the selected output variables by the user. The main selected outputs of the EDN model include bus voltage
magnitudes, voltage angles, line loading and transformer loading. The EDN model setup enables to capture
both short and long term variations of the network, in particular the load variations added by the P2H and
geothermal technologies. With this approach, the impact of heat supply source electrification can be analysed
under various scenarios. The key output data used to assess the network performance are defined by 3.31 and
3.32:

Lineloading =

(
ika

Imax
ka ·DF ·Parallel

)
·100 (3.31)
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Trans f ormerloading = max
(

ihv,t · vhv,t

SNmva
,

ilv,t · vlv,t

SNmva

)
·100 (3.32)

V Mpu = |Vbus| (3.33)

VAdegree = ∠Vbus (3.34)

Equation 3.31 computes the line loading percentage used to reflect the utilisation of a line relative to the rated
current capacity. Line loading in pandapower is based on current loading compared to the maximum allowable
current (or ampacity) of the line. For this thesis, the maximum safe line loading conditions are assumed to occur
at 80% of the maximum allowable current. Temporary loading levels of 100-120% allowed to occur, but only
for very short time period (1-2hours), hence, all lines above this limit require reinforcement. Moreover, 3.32
calculates the transformer loading percentage by comparing the apparent power flow on the HV and LV sides
compared to the transformer nominal rating. Monitoring these outputs is crucial for identifying bottlenecks and
planning EDN reinforcement measures. According to the industry, [58] and [59], under normal operation a 20%
safety buffer is recommended for transformers, thus the transformer should not exceed 80% of its maximum
load capacity under normal loading conditions. Similar to lines, temporary loading levels of 100-120% are
allowed to occur for very short periods. In addition, the voltage magnitude per unit (p.u.) and the voltage angle
at each bus are captured using Equations 3.33 and 3.34, respectively.

3.2.5 Model settings

With PyPSA the heat network is translated into an optimisation model. The PyPSA library internally relies
on linopy as its optimisation framework, which defines the required objective function, decision variables and
constraints. Both commercial and open-source solvers can be used to solve the resulting Pyomo model, such
as Gurobi, CPLEX, HiGHS, GLPK or CBC. However, in this simulation, the commercial Gurobi solver was
utilised under an academic license because of its superior computational efficiency. On average, the full-year
simulation of the DHN model is completed in approximately 2.5 minutes, representing a significant improve-
ment compared to the previous model, which required approximately 20 minutes per scenario when solved on
a rolling horizon based manner.

With pandapower, the distribution network is structured to run the PFA. Nevertheless, the pandapower library
is primarily designed to perform static PFA for a single snapshot of the network. However, the modelling ap-
proach in this case requires to study the distribution network over a time period of a year. For this reason, a time
series simulation method is applied in the pandapower script, which performs a static PFA, solving the power
network equations for a given number of input data steps. The simulation tracks the critical elements of the
network over time, such as bus voltage magnitudes, line, and transformer loading, which are the main output
of the model. The time series simulation is set up to run with continue on divergence input set to True, which
results in time series calculation continuing even when the power flow analysis does not converge. Upon expe-
riencing a convergence error the given output of bus voltage is set to zero, while line and transformer loading is
calculated. With this input in the run time series function the network behaviour can be studied and the points
of failure clearly identified. The average solving time of the EDN model for 8760 time steps is approximately
2.5 minutes, thus the full results of integrated heat and electricity models can be obtained in around 5 minutes.

The solving time of the models are influenced by three key factors: temporal resolution, network simulation
period and the mixed-integer programming (MIP) gap (applicable only to the DHN model). The temporal reso-
lution determines the length of a single time step used in the model. Although a smaller time step will increase
the accuracy of the model and enable exploring new network dynamics (for grid balancing services, etc.), it will
also significantly increase the computational time. In this study, hourly time-steps are applied to both DHN and
EDN models to maintain compatibility with the available input data and to ensure consistency with the previous
DHN model version. Hourly resolution allows for a realistic representation of network component dynamics,
that captures the intra-day and seasonal fluctuations in correlation with electricity, fuel and CO2 prices, heat
and electricity demand, as well as differences in air and ground temperatures.
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For both models, the chosen optimisation period is 8760 hours, representing a full year. Nevertheless, the
models are flexible and support smaller time scales. This can be useful for focusing on component operation,
such as evaluating network performance during the coldest and warmest weeks of the year. Naturally, opting
for a reduced time horizon will result in faster computation. Lastly, the MIP gap parameter is used to control
the relative tolerance between the upper and lower bounds of the objective function. Essentially, this parameter
enforces an accuracy constraint on the solver, as it has to find the optimal solution within the specified gap.
The MIP gap is kept at 0.02 to balance computational efficiency and accuracy. However, for users with higher
computational capacity, the default MIP gap value of 0.001 is recommended for increased precision. The
computer which was used for running both models has the following specifications: AMD Ryzen 3750H CPU,
2.4 GHz.

3.2.6 Model assumptions

This section focuses primarily on outlining the constraints and new functionalities integrated into the DHN
model. In addition, the key assumptions for creating the EDN model as discussed.

3.2.6.1 DHN Model

The primary objective of introducing a new range of capabilities is to align the model’s operation more closely
with real-world behaviour. In addition to introducing new capabilities, several assumptions from the previous
model have been removed or altered to better reflect the dynamics and operation of the network.Table 3.5 lists
the key assumptions made in the new DHN model:

Scope Assumption

Heat production Annual contracted heat production of IWH1 unit
Heat production Minimum generation constraints, pmin

pu (applied to certain units).
Heat production Variable COP of HP and geothermal units, constant EB efficiency
Heat production Applied efficiency parameter to heat production units (biomass, IWH, WI)
Heat production Biomass unit turned of during August
Heat storage Applied efficiency parameter to heat storage
Heat transport Applied heat losses in distribution pipes
Costs SU costs applied to CHPs only (all other units zero costs)
Costs Applied costs of heat storage
Costs Seasonal pricing of WI unit heat distribution to The Hague

Table 3.5: Current model assumptions and constraints

Regarding the production of waste heat units, the annual production limit of 170,833.33 MWh per year is
maintained for the IWH1 unit. Instead of setting a seasonal heat output constraint, the PyPSA library allows
setting the maximum total energy produced (emax

sum) during the optimisation horizon. The efficiency of IWH1
and IWH2 is still set to 100%, while IWH2 unit has an assigned pmin

pu value equal to 0.2. It has been decided to
retain some similarity to the old model and to model the waste heat supply as the base heat supply that does not
fluctuate with the market prices. Moreover, the efficiency of the biomass and WI units is set to 80% to simulate
the production of heat with the losses that occur. The shutdown of the biomass plant during August is kept to
simulate the planned maintenance period. The shutdown time-steps are adjusted to for the month of August.
The constraint that links the production of RDAM CHP3 and WI is removed, to model independent operation
of the units. Furthermore, a 2% storage and dispatch loss is introduced as heat losses cannot be avoided. With
respect to heat distribution pipes, heat losses are now assigned to all pipes, while the seasonal distribution costs
for the WLQ pipeline remain. Additionally, pipe 10 and pipe 11 have been made bidirectional to utilise the
available storage not only to store heat but also to dispatch it. The SU costs are applied to CHP units only as the
previous version of the model did not include SU costs for other heat production units. Hence, the operation of
the CHPs are linked to SU and market prices of natural gas.
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The previous DHN model assumed that the COP values for HPs and geothermal heat sources were constant.
Specifically, HPs were assigned a COP of 3, while geothermal sources were stated to operate with a COP of 8,
however, in practice, a value of 1 was used. In the new model, hourly COP values for both geothermal and HPs
are calculated and applied. These values are based on the hourly ground and air temperature data, as well as
the sink temperature level, and are determined by applying 3.35 and 3.36. These COP formulations are based
on the methodology of the PyPSA-Eur model [60] and were used to model air-source heat pumps (ASHPs) and
ground-source heat pumps (GSHPs).

COPASHP(Tsource,Tsink) = 6.81−0.121∆T +0.000630∆T 2 (3.35)

COPGSHP(Tsource,Tsink) = 8.77−0.150∆T +0.000734∆T 2 (3.36)

,where ∆T = Tsink −Tsource is the temperature difference between the sink and the source [46], [60].

Figure 3.5 shows the hourly COP curves for HPs and geothermal heat sources based on air and ground tempera-
ture data from 2022. For air-source HPs, the COP is assumed to vary between 1.2 and 3.7, while for geothermal
systems, it ranges from 4.1 to 5.2 depending on the season. These numbers are a result of the chosen sink tem-
perature, which is 65°C for HPs and 45°C for geothermal systems. A higher sink temperature for HPs and for
geothermal systems leads to a reduced COP.

(a) Heat pump COP (b) Geothermal COP

Figure 3.5: COP values of HPs and geothermal heat sources in 2022

The old DHN model imposed a minimum heat production constraint on all geothermal units, EB, HPs, WI,
Rotterdam CHPs and IWH2. In contrast, the new DHN model links the operation of geothermal units, EBs
and HPs directly to electricity prices. This approach offers a more realistic representation of the operation, as
these units typically respond to market indicators, such as electricity price, to adjust their heat output. This
change allows for more flexible and economically driven heat dispatch behaviour, improving the ability of the
model to determine the required load to power these units. On the other hand, the minimum heat production
constraint was maintained for the WI, IWH2 and Rotterdam CHPs. However, this caused issues in the PyPSA
model during periods of low heat demand, as the enforced minimum heat output exceeded the heat requirement.
Because PyPSA does not allow heat dumping, such an oversupply of heat resulted in a failed simulation.
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Figure 3.6: Seasonality constraints

Two solutions were implemented to resolve this: first, adjustments were made in the modelling area in how the
components supply heat to the network; second, the model was assigned to operate seasonally, thus periods of
oversupply of heat could be managed or avoided. In Appendix G, the full representation of the DHN model is
presented. As seen, the units with minimal generation constraints have heat sinks for heat dumping. The heat
sink was modelled as a store component with 100% standing loss, thus the heat can be dumped instantaneously
(on the hourly basis) without the need for calculating the optimal size of the heat sink. A link component
was added to connect the bus (where both the heat sink and supply units are attached) to the heat distribution
network. This ensures that any heat not directed to the sink is routed into the heat network. For CHPs, the AC
sink is used to illustrate the power transferred to the power network. Regarding the heating seasonality, it is
assumed that the heating season starts at 15th of October and ends at 15th of April. During the warm season
the p_min_pu are set to zero, allowing the system to optimise the heat supply based on costs.

3.2.6.2 EDN Model

The key assumptions regarding the EDN model primarily concern the network topology. To accurately simulate
the operation of the electricity distribution network, it is required to include the higher level network as well.
In this thesis, both DSO and TSO network components are included, however, the analysis is done only for the
DSO part. Given that the South-Holland DHN covers a large geographical area, with electrified heat sources and
CHP units distributed across multiple locations, the EDN model adopts a focused approach by including only
those network components that either supply power to electrified heat sources or receive power from CHP units.
With this approach specific substation and line operations can be targeted and analysed. The EDN topology
has been validated and confirmed in collaboration with DSO Stedin, ensuring that the network representation
is both realistic and aligned with actual network structure. No other parameters or constraints are implemented
with regard to the EDN model, as standard line and transformer types are utilised, which are also validated
by Stedin. The operation of the EDN is directly linked to what constraints and scenarios are chosen to be
applicable in the DHN model.

3.2.7 Model validation

Model validation was performed to assess whether the old Pyomo model is comparable to the new PyPSA
model. For model validation, the base network scenario was taken, which does not have additional heat sources
and storage units, however, uses base heat demand and base price (gas, CO2 and electricity) data for 2022.
The new model configuration is shown in Appendix C, which replicates the architecture of the old base model.
Tables 12 and 13 in Appendix C show the parameters of heat sources and storage that were used to achieve
similarity between models.

As depicted in Figure 3.7, the old model is compared with two cases of the new model: first, without variable
costs assigned to the CHP units and second, with variable costs assigned to the CHP units. During model test
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runs, it was noticed that by replicating the exact parameters of the Pyomo model, the output of the PyPSA model
is different (represented by Fig. 3.7c). Only by removing the fixed variable cost parameters from the CHP units
do the two models show similarity (seen in Fig. 3.7b). Since variable and SU costs are only applicable to CHPs,
while all other heat generation units have zero variable and SU costs, the PyPSA model sees CHP generators
as too expensive to operate. Instead, a waste-incineration plant is used in combination with cheaper heat-only
gas boilers and heat storage to cover demand. Hence, the base and future models of the South-Holland DHN
network in PyPSA do not have variable costs assigned to the CHP generators. In contrast to the old model, the
CHPs operate based on CO2 and gas price of the market. Hence, the new PyPSA model is validated with the
settings described above.

(a) Pyomo model, base case (b) PyPSA model, base case (c) PyPSA model, with variable costs

Figure 3.7: Base model production per category in 2022

In 2022, the real-world South-Holland DHN had a different network structure compared to the base cases
modelled in Pyomo and PyPSA. The main difference is the lack of the WLQ connection between the Hague
and Rotterdam. Therefore, the real DHN consisted of two separate heating networks at the time. In addition,
the IWH2 industrial waste heat plant did not supply heat to the network at the time, therefore, it is also excluded
from the model compared to the real-world data. Figure 3.8 illustrates the difference in total heat supply by
category, while Table 14 in Appendix C provides a comparison of the numerical data. The heat supply of DH
Gas3 is added to the sum of the CHP supply in the real DHN data, hence, the same is done in the PyPSA
model. Moreover, there is uncertainty about the real-world industrial waste heat, biomass and geothermal data,
while RDAM Gas2 units data is missing. Therefore, precise comparison is not reachable, however, the main
operational trends are comparable as seen in Figure 3.8.

(a) Real-world (b) PyPSA model

Figure 3.8: Total heat supply per category in 2022 (without WLQ connection and IWH2).
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3.2.8 Model verification

Model verification was completed to evaluate the precision of the DHN and EDN models. Regarding the DHN
model, the examination was conducted by modifying the objective function and investigating whether the op-
timisation outputs logically align with the conceptual model. The EDN model was verified by altering the
structure of the distribution network by means of adding or removing network components and by running the
model with altered electricity demand profiles. Overall, verification of both models is essential in not only
measuring the accuracy of the models, but also understanding their dynamic operation.

3.2.8.1 DHN model

To ensure accurate verification of the DHN model, the same base network scenario used in the model validation
section was tested. This includes the base heat demand and prices (gas, CO2 and electricity) data for 2022, and
the network without additional heat sources and storage. Multiple test runs were conducted, during which a
specific parameter was removed or added, resulting in a modified objective function. The following verification
scenarios are listed in Table 3.6, while the visual and numerical results of each run are listed in Appendix D.

No.
1 Base model
2 No electricity revenue expression
3 No CO2 price (zero)
4 No TES units
5 No CHP start-up costs
6 No UC constraints (committable=FALSE)
7 No natural gas price (zero)
8 Added fixed marginal costs of production for CHP

Table 3.6: DHN model verification scenarios

To compare verification scenarios, the total production per time step per category was plotted for the first 15
days of January in 2022 (see Fig. 1 in Appendix D). For the first run, the expression of electricity revenue was
removed from the objective function. The results in Figure 1b indicate that the CHPs are not operating, while
the gas boilers cover the peak demand. This behaviour is expected, since gas boilers have zero SU costs and
can supply heat with higher heat efficiency. Moreover, the peak demand is also covered more by TES, which
is charged during off-peak periods. With zero CO2 price, the generation trend is similar to the base model,
seen in Figure 1c. However, CHPs tend to operate longer during peak demand times, which also coincides
with a high electricity price (shown in Fig. 3.9). This means that the revenue from electricity production is
maximised without the penalty of additional CO2 price. With removed TES, the heat production matches the
demand, which is the expected model performance, since for every time step the DHN must meet the required
heat demand and account for the losses in the network (illustrated in Fig. 1d).

Moreover, the lack of SU costs results in the CHPs being turned off and on more frequently (Fig. 1e), allowing
the CHPs to match their operation more favourably to electricity prices to maximise revenue from electricity
production. The consequences of removing the unit-commitment (UC) constraints from the PyPSA model
are that the SU costs are ignored and the model transitions from a MILP problem to LP problem (Fig. 1f).
This results in all generators running continuously and makes the model computationally simpler. With zero
natural gas price assigned to gas supply, the model maximises revenue from electricity production as indicated
in Figure 1g showing high usage of CHP. Lastly, with fixed marginal costs of production added to CHP units, it
results in no CHP operation, while peak demand for heat is covered by the gas boilers (as in Fig. 1h). The fixed
variable cost of production data was taken from the previous version of the DHN model developed with Pyomo
[48]. The combination of SU, fixed marginal cost of production and CO2 price for CHP is too high. Even with
the variation in electricity prices, the revenues cannot cover high operating costs.
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Figure 3.9: Heat demand and price data per timestep, 1st–15th of January 2022.

3.2.8.2 EDN model

Verification of the EDN model was performed to measure its accuracy and to analyze if the model behaves as
expected when certain conditions are set. The selected EDN model structure is linked to the base DHN network
expansion scenario in 2030, which implies that no additional heat and storage sources are added to the DHN.
Thus, the corresponding EDN model does not reflect the infrastructure connections to additional heat sources,
such as geothermal and P2H technologies, and uses the base network expansion case. The electrical network
structure used for the verification of the model is illustrated in Figures 7 and 9 in the Appendix H. Table 3.7
shows the experiments that were conducted to verify the correct operation of the EDN model.

No.
1 Run pandapower.diagnostic function
2 Remove critical components
3 Add network reinforcement components
4 Increase all loads by 20%
5 Reduce all loads by 20%

Table 3.7: EDN model verification experiments

The first step in verifying the model involved running the in-built pandapower.diagnostic function, which de-
tects common problems that cause simulation errors. This includes check for invalid values (negative indices),
voltage mismatches, disconnected elements, inconsistent or zero line impedance, missing external grid compo-
nent and checking whether multiple generators are connected on a single bus. In general, this function ensures
model consistency by finding any parameter mismatches. For the base EDN model under the 2030 scenario, no
errors were found. To further test the model behaviour, a critical 380/150 kV Waterningen transformer, which
feeds all substations in The Hague, was removed. As expected, this disrupted the power supply to The Hague,
while the PFA only converged for the Rotterdam region. The results of this test are presented in the Appendix
E, Tables 19 and 20, which represent loading levels of transformers and lines only for the Rotterdam branch.

In experiment No. 3, the base EDN case was simulated without any reinforcement, to receive the primary
outlook of the network operation. These base case results guided the addition of critical components to con-
firm whether the reinforcements can solve overloading issues. Figure 2 in Appendix E depicts the medium
voltage transformer loading with the unenforced and enforced base network in 2030. The numerical results
of both cases are summarised in Tables 19 and 20 in Appendix E, indicating the minimum and maximum line
and transformer loading throughout the simulation year of 2030. The corresponding tables indicate that for
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the unenforced base case all transformers and lines failed to converge at certain time steps (shown as 0% load-
ing). In other time steps, lines and transformers reached extremely high loading, which is operationally unsafe.
For example, the Voorburg 150/25 kV transformer in one time step reached 433.61% loading, while nominal
transformer and line operation occurs between 80-90%, with temporary levels of 100-120% allowed to occur.
Therefore, all high and medium voltage transformers for which loading levels exceed nominal loading were
reinforced with an additional transformer, by adjusting the parallel parameter to 2 in the pandapower network
file. After reinforcement, transformer loadings returned to nominal levels and line reinforcements were no
longer necessary due to current redistribution.

The No. 4 & 5 experiments were carried out to assess the model response to increasing and decreasing load
demand of 20%. For the simulations the enforced base EDN network with additional transformers was used.
Figure 3 in Appendix E illustrates the medium voltage transformer loading levels for increased and decreased
demand. Again, the numerical results are summarised in Tables 19 and 20. The results indicate that the
model responds as expected, as a higher demand results in increased loading and a lower demand reduces the
loading levels. All of the experiments performed confirm that the EDN model behaves as expected under varied
conditions.

3.2.9 Model outputs

The key output of the DHN model is the dispatch of heat by heat production and storage units, the electricity
demand of the P2H and geothermal units and electricity production of the CHP units. The output data of the
DHN model is structured in Excel .csv file format, while the simulation results are saved in .nc. Hence, the
network results can be investigated without the need to execute the simulation again. The data stored in Excel
can be applied to calculate operational costs, such as production costs or electricity production revenues. The
main output of the EDN is hourly bus, line and transformer data, which is stored in Excel .csv files. Before
running the PFA, the modeller can choose which component-specific data to extract by using the output writer
in pandapower (indicated in the dtypes sheet in the distribution network file). Overall, the output data for both
models is easily extractable and allows quick data investigation and visualisation of the outputs. Comparative
analyses can be performed for past and future years.
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4 | South-Holland case study

As described in Chapter 3, the primary goal of this thesis to develop integrated heat and electricity models
was achieved. These models can be applied in a variety of ways for the future research in the operational and
network planning of the real-world networks. To gain valuable answers to the research questions of this thesis,
a real-world case study of the South-Holland district heat and electricity distribution networks was performed.
This chapter describes how both heat and electricity models were applied to perform the analysis, based on
deterministic future scenarios approach for 2030, 2040 an 2050. At first, the construction of the future scenario
simulations is discussed, followed by the description of the scaling of the input data and the detailed analysis
of the simulation results.

4.1 South-Holland networks

Based on the economic, social and industrial policies adopted in the region, each DHN has evolved differently,
resulting specific operational patterns of the network. However, one attribute that all heat networks share is
their significant dependence on energy market prices, weather patterns and consumer demand. Fuel prices are
one of the primary variables in heat networks influencing their operational dynamics. Historically, the heat
network operators have aimed to hedge the fluctuations in fuel prices by signing long-term bilateral contracts
for fuel supply; therefore, not exposing the consumers to market fluctuations. Typical feedstock fuels for DHN
heat sources include natural gas, coal, biomass (peat or wood products), waste, oil or other alternative fuels, all
of which have established markets, linked to the operation of the heat networks.

However, due to sustainable energy transition goals the decarbonisation of heat supply sources in DHNs is
required. This creates a new environment where the heat network operators must look for alternative heat pro-
duction sources to meet the necessary heat demand. As outlined in Chapter 2, the decarbonisation of DHNs will
result in the large-scale integration of electrified heat sources, such as P2H, waste heat recovery and geothermal
technologies. Hence, the use of electricity as a primary energy source for the generation of heat will increase.
The link between heat and electricity networks will tighten, creating a new system in which heat network oper-
ators must rely on the distribution network operators for the required supply of power to meet the heat demand.
Thus, for heat network operators it essential to understand both the effect of the electrified heat sources on the
operation of the heat network and whether the infrastructure requirements can be met from the DSO side for
the integration of new heat production units.

Likewise, the state of the distribution networks depend on regional factors and by the established policies of
the DSO operating the network. The available infrastructure of substations, connection cables and supporting
equipment form the basis of each EDN. However, with the increasing decentralised generation and consumer
demand, the physical network components experience excessive loading, forcing the network operators to phys-
ically expand or reinforce the network. In addition to the physical expansion, the DSOs must apply sophisticated
algorithms to balance the operation of the network in real-time, often relying on market signals and flexibility
services to maintain operational stability. In addition to the already present challenges, the decarbonisation of
DHNs will require additional distribution network capacity and operational flexibility as more large-scale heat
sources must be connected to the network. Therefore, for the distribution network operators it is necessary to
understand the impact of the electrified heat sources on the operation and the physical infrastructure require-
ments on the distribution network.

Given the need to assess the impact of DHN decarbonisation on heat and electricity networks, a real-world
case-study of the South-Holland region in the Netherlands was conducted. Based on the constructed DHN and
EDN models described in detail in Chapter 3, the operation of the DHN was evaluated based on various network
expansion, price, demand and weather scenarios. Resulting from that, the operation and physical infrastruc-
ture requirements of the EDN are assessed. The application of linked heat and electricity models is aimed at
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analysing the operation of future networks and their investment strategies for 2030, 2040 and 2050.

4.2 Building of scenarios

To evaluate the impact of the electrification of heat supply, future scenarios for 2030, 2040 and 2050 were
constructed. The construction of simulations for each year is based on the heat network expansion and heat
demand projections. The following section describes the distinction between the network expansion and heat
demand scenarios and how were they applied in each year of the future scenarios.

4.2.1 Heat demand scenarios

With regard to the simulations based on the future heat demand projections, two schools of thought emerge.
On one side, heat demand is expected to drop due to the rising global temperatures, an increase in the built-
environment heat isolation quality and the implementation of of 4GDH networks with lower heat production
temperatures. Jansen [61] argues that the demand for space heating of Dutch DHNs is expected to decrease
by 0.8% annually. The primary reasons being improved insulation of buildings, reduced losses in the heat
distribution network due to pipe reconstruction and rising global temperatures. However, the situation in the
South-Holland DHN may prove to be divergent, as the large-scale Warmtelinq project to connect Rotterdam
with the Hague [49] is being completed and the Collective Heat System Act ("De Warmtewet 2") proposes to
transition to sustainable heat sources via heat networks. Therefore, the operational optimisation of the South-
Holland DHN was conducted based on low and high heat demand scenarios. For 2030, 2040 and 2050 low
and high heat demand scenarios are investigated. Section 4.2.8 describes the how the input data was scaled
accordingly.

4.2.2 Network expansion scenarios

Regarding the network expansion, two cases are considered called base and full. The base network configura-
tion represents the current structure of the South-Holland DHN, while the full network includes all additional
heat source and storage units planned for the future implementation by Eneco. Accordingly, two corresponding
electricity networks were constructed to match each network expansion scenario of the DHN. It is important to
note that the base DHN structure used for network validation, illustrated in Appendix F by Figure 4, is not used
in this case study. A revised version of the base network case was developed, depicted in Appendix G by Figure
5. In the revised case, the operation of the geothermal unit is linked to the electrical power network feeding the
source, while the WI unit is modelled as a link component in PyPSA. This way the energy conversion of waste
as a fuel source is modelled, while also allowing the WI unit to operate with a defined efficiency, which the
generator unit lacks as a feature.

Furthermore, the full DHN expansion case is shown in the Appendix G by Figure 6. The two structures of the
EDN are depicted in Appendix H: base configuration by Figures 7 and 9, while the full configuration by Fig-
ures 8 and 10. Under the base network expansion case, the EDN supplies power to only one geothermal source,
while the full expansion case includes a total of nine electrified heat sources. In both cases, the CHPs feed
power into the network, except for the RDAM CHP3 unit, which is connected to the HV grid on the Tennet side
and does not fall under the scope of this research. Note, that base and full network structures are split into The
Hague and Rotterdam branches. Both The Hague and Rotterdam branches are linked to the same external grid
component, indicating the 380kV Tennet transmission grid. The branches were split for the ease of illustration.

Having established the base and full DHN and EDN configurations, the PFA of the EDN is performed under
three distinct cases: unenforced, reinforced and no P2H. The "unenforced" case represents the default EDN
configuration aligned with each DHN setup, using a single transformer per substation and a fixed number of
lines, without any reinforcement. The "reinforced" case reflects the manually adjusted EDN configuration,
where the amount of transformers and lines are adjusted in locations with high loading levels to ensure stable
network operation. The "no P2H" case uses the same network setup as the reinforced case but excludes all
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electrified heat sources (HPs, EB and geothermal units) to isolate their impact. Figure 4.1 outlines experiment
workflow of the case study. The first choice is the scenario year followed by the heat demand case. Next, with
low and high heat demands both network expansion scenarios can be simulated. Based on the two previous
selections the DHN operational optimisation can be conducted, which is then followed by the corresponding
EDN analysis, which again is split into three PFA simulations: "unenforced", "enforced" and "no P2H".

Figure 4.1: Network expansion scenarios

4.2.3 Scenario overview

Table 4.1 summarises the case-study experiments that were performed for each scenario year. The experiments
with the DHN model were conducted based on low heat demand (referred as "Low") and high heat demand
(referred as "High") projections, as well as base and full (with additional heat and storage sources) network
expansion configurations. In all scenarios, the operational optimisation of the future DHN with low and high
heat projections was performed. However, only the DHN of 2030 with low and high heat demand was simu-
lated with base and full network expansion scenarios. It is assumed that in 2040 and 2050 all of the planned
electrified heat sources and storage units will be operational.

Heat demand scenario Full network expansion Base network expansion

2030 Low ✓ ✓
2040 Low ✓ –
2050 Low ✓ –
2030 High ✓ ✓
2040 High ✓ –
2050 High ✓ –

Table 4.1: Overview of DHN experiments

Table 4.2 summarises the PFA simulations that were conducted with the EDN model based on network expan-
sion and heat demand scenarios. The base network expansion case was simulated only with the 2030 low heat
demand scenario. The reason behind this choice is that the base network only has one electrified heat source
(DH Geo1), thus even with high heat demand the effects of one geothermal source on the operation of the DHN
and EDN remain similar. Moreover, the 2030, 2040 and 2050 full network expansion cases with high heat
demand did not include the "no P2H" simulations. Since the main variable in low and high heat demand cases
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is the electrified heat source demand, with all electrified heat sources removed the simulations will yield equal
results.

Heat demand scenario Base network expansion Full network expansion
Unenforced Enforced No P2H Unenforced Enforced No P2H

2030 Low ✓ ✓ ✓ ✓ ✓ ✓
2040 Low – – – ✓ ✓ ✓
2050 Low – – – ✓ ✓ ✓
2030 High – – – ✓ ✓ –
2040 High – – – ✓ ✓ –
2050 High – – – ✓ ✓ –

Table 4.2: Overview of EDN experiments

4.2.4 EDN Reinforcement methodology

The EDN infrastructure reinforcement was performed using a manual and iterative simulation approach. Since
transformers and lines can be damaged during short periods, maximum loading levels were used as key indica-
tors for identifying components that exceeded the nominal operational limits. The general procedure followed
in each scenario is presented below:

• Run the unenforced EDN simulation to determine the overloaded substations and lines;

• Add one component at the selected overloaded location;

• Re-run the yearly PFA simulation with the added unit and analyse the results;

• If overloading persists, add an additional unit at the same location. Otherwise, consider reinforcement at
a neighbouring location;

• Repeat the process until all components operate within their nominal limits.

Initially, the addition of reinforcements started from the MV network. However, the repeated simulations
showed that the addition of MV transformers and lines in the overloaded areas had a minimal impact. Over-
loading persisted even after multiple added units at the MV level. As a result, reinforcements were done on the
HV side, which proved significantly more effective, bringing down the loading levels of both transformers and
lines at the upstream and downstream level. The additional HV components were added one by one, starting
from the 380/150 kV transformers and followed by the 150/25 kV transformers, each time re-running the PFA
with an added unit to clarify the effect of the reinforcement. Only when upstream network reinforcement were
in place, the MV network was reinforced.

The greater effect of the HV network reinforcement compared to MV reinforcement is due to the external
grid component being modelled as the only voltage-regulating element. With such a model configuration, the
reinforced MV substations have limited ability to improve voltage profiles or reduce upstream congestion, as
voltage stability and power balance are primarily controlled at the HV level by the external grid component.
The reinforcement of the HV transformers effectively increases the capacity of the network to draw power
from the external grid and distribute it downstream, thus improving the overall performance of the network and
alleviating overloaded substations.

4.2.5 EDN Scenario analysis

During the analysis of the EDN scenario results, particular attention was paid to line and transformer loading
levels to assess the infrastructure requirements of the future EDN. For each network expansion case, three PFA
simulations were conducted: an "unenforced" case, representing the minimum medium-voltage (MV) network
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infrastructure, an "enforced" case, which includes additional network reinforcements with which nominal load-
ing levels are achieved, and a "no P2H" case where the electrified heat production units (geothermal and P2H)
are removed, but the reinforced distribution network structure remains. In the "unenforced" case, the operation
of the minimum EDN structure (with one transformer at each substation and a fixed number of lines) is eval-
uated under the electricity load profiles. Next, the "enforced" case is used to determine the requirements for
network infrastructure reinforcement, specifically identifying the number of additional lines and transformers
needed for nominal network operation. Lastly, the "no P2H" uses the reinforced network structure, but with
removed electrified heat sources. As a result, the direct impact of DHN decarbonisation and the large-scale
implementation of electrified heat sources can be measured on the EDN infrastructure.

The main physical components of the EDN that connects to the South-Holland DHN are MV lines and trans-
formers. This case study specifically analyses the operation of 25 kV, 23 kV and 10 kV lines, as well as 25/23
kV, 23/10 kV and 25/10 kV transformer types. However, to conduct an accurate simulation of the EDN using
pandapower, it is necessary to include the high-voltage (HV) levels of the power system, specifically the 150
kV and 380 kV transmission networks that supply power from the upstream external grid component. In sev-
eral instances (with base and full networks in unenforced cases), it was observed that insufficient transformer
capacity at these HV level transformers led to non-convergent PFA. To ensure the stability of the model, this
paper also includes the expansion needs of the HV network layers. The expansion of the higher-level network
is the direct consequence of the loading levels applied and experienced by the MV network.

4.2.6 Input data

To conduct the real-world simulation of the South-Holland networks, genuine input data must be used in the
models. Since the selected case study approach is deterministic, i.e., choosing one or several heat demand,
price and network expansion cases, the results of the case study are highly dependent on what input data is
fed into the models. As highlighted in Chapter 3, the main inputs of the DHN model are the historical hourly
price profiles of electricity, CO2 and natural gas and heat demand, provided by Eneco. On the other hand, the
input of the EDN model comes from the operational optimisation of the DHN and the future scenario electricity
demand profiles of the substations provided by Stedin. Figure 4.2 indicates the hourly price data of electricity,
CO2 and natural gas from 2018 to 2022. For the future scenarios, this data was applied for scaling according to
the projected price scenarios of the future.

Figure 4.2: Hourly price data of natural gas, CO2 and electricity prices, 2018-2022.

As depicted in Figure 4.2, from 2018 until the beginning of 2021 the price profiles are stable and without large
fluctuations, however, from the middle of 2021 to the end of 2022 prices exhibit large variations due to an
energy crisis in Europe. Natural gas and electricity prices are dynamic, therefore, for the scaling of dynamic
price profiles the data from the 2020 was used. In addition to electricity and natural gas, the DHN of the South-
Holland region uses biomass, waste heat and municipal waste the primary energy sources for heat production.
These fuel source have assigned static price profiles applied, as the fuel prices for these units historically exhibit
little variation. Additionally, the DHN model applies hourly air and ground temperature profiles to calculate
the variable COP values of HPs and geothermal sources. The static fuel prices and the temperature in the future
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scenarios were determined after an extensive literature review.
Historical weather data for 2018-2022 (shown in Fig. 4.3) were obtained from the Royal Netherlands Meteo-
rological Institute (KNMI). Specifically, air temperature measurements at an altitude of 1.50 meters were taken
from weather station No. 344, located near Rotterdam airport [62]. Ground temperature data, measured at a
depth of -1 meter, were sourced from weather station No. 260 in De Bilt [63]. These hourly temperature data
sets are used to calculate the COP of the HP and geothermal systems, allowing the DHN model to reflect how
seasonal and daily temperature variations affect the heat network.

Figure 4.3: Hourly air and ground temperature, 2018-2022.

4.2.7 Price scenarios

The following section covers the construction of future price, demand and weather profiles based on the histor-
ical data from Eneco and literature. The described input data are applied in the operational optimisation of the
South-Holland DHN. This case study applies is a deterministic approach for setting prices, future heat demand
and temperatures, meaning that all input parameters are predefined and fixed for each scenario year. The deter-
ministic approach assumes perfect foresight and no deviation from the specified input values (unlike stochastic
or probabilistic models, which incorporate uncertainty and variability), enabling direct comparison between
different network configurations and expansion planning strategies. It is important to consider that actual price
developments may vary significantly due to unforeseen events, such as technological breakthroughs or shifts in
policy frameworks.

4.2.7.1 Dynamic Prices

In the PyPSA library, heat supply units can be modelled as links or generators, depending on their character-
istics. Links represent controllable energy conversion units between buses and include directional efficiency.
They are used to model technologies that convert one energy carrier to another, such as P2H, gas boilers and
CHP systems. Conversely, generators are used to represent direct heat supply units, they lack an efficiency
parameter and function as fixed-output sources supplying heat to the DHN. In the DHN model configuration,
the CHPs, gas-boilers, geothermal and P2H systems are modelled as link components and are assumed to op-
erate with dynamic fuel prices. The operation CHP and gas boilers are linked to the prices of natural gas and
CO2 while the external grid component, which supplies power to the geothermal and P2H systems, is linked to
variable electricity market prices for the respective simulation year.

As previously depicted in Figure 4.2, 2021 and 2022 represent extreme cases of price variability due to the
energy crisis, with extreme fluctuations in both the electricity and natural gas markets. Moreover, even the
CO2market price, which historically is very stable, experienced increased variability. For that reason, the future
scenario price data of 2030, 2040 and 2050 are scaled according to 2020 data, which exhibits a more stable
variability pattern. As a result, with the scaling of 2020 price data the future scenarios maintain a realistic
market variability and avoid modelling worst-case scenarios. The scaling of the hourly data set is performed by
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using a normalised factor, which is calculated by dividing the average annual price of each future scenario by
the average annual price of 2020. Formula 4.1 depicts the scaling factor calculation:

Scaling factor =
Average annual pricescenario

Average annual price2020
(4.1)

Table 4.3 presents the mean annual prices for electricity, CO2 and natural gas in both past and future scenario
years. The mean future scenario prices were derived from the EU Reference Scenario 2020 and the EU Energy
Outlook 2050 reports [64], [65]. These sources provide official projections for energy markets, aligning with
the EU climate and energy policies. Future electricity prices are projected to be largely shaped by increasing
CO2 costs and the expansion of RES. The higher availability of solar and wind will lower the effect of high
CO2 prices, as negative power prices will become increasingly more frequent. However, the increased network
tariffs caused by electrical network expansion and reinforcement projects, will result in a marginal increase in
electricity prices, from approximately 69 C/MWh in 2030 to 78 C/MWh in 2050. Looking at the natural gas
projections, from 2027 onward, the EU market will gradually stop russian gas imports and shift towards the
global market of liquefied natural gas (LNG). This transition is expected to bring the prices levels to 22 C/MWh
by 2030 and rise to around 31 C/MWh by 2050. The carbon emission prices are a central policy tool used by
the EU to incentivise decarbonisation and internalise the environmental cost of emissions. The carbon price is
expected to increase from 110 EUR/MWh in 2030 to 165 EUR/MWh in 2050, placing more pressure each year
to transition to low-carbon technologies.

Year Mean electricity price, C/MWh Mean gas price, C/MWh Mean CO2 price, C/MWh

2020 32.19 9.31 24.72
20301 69.00 22.13 110.00
20401 72.00 28.47 140.00
20501 78.00 31.28 165.00
1 Based on [64] and [65].

Table 4.3: Average electricity, natural gas and CO2 prices.

4.2.7.2 Static Prices

Biomass and IWH are modelled as generators, while the WI unit is represented as a link component. All three
are assumed to operate with static fuel prices, as these fuel sources exhibit limited price variability. For the
biomass unit, it is assumed that wood chips are used as fuel with a fixed marginal cost of 22.32 C/MWh in
2020, consistent with the value used by Sifnaios et al. [66]. The Baltpool international biomass exchange
reports that wood chip prices fluctuate between 19.35 and 29.35 C/MWh (based on 2024-2025 data ) [67];
however, the fluctuations a minimal and biomass costs are treated as static. For industrial waste heat, a fixed
cost of 8.4 C/MWh is applied, as this value is derived by Van der Roest et al. [68], based on heat recovery from
an electrolyser. Although industrial waste heat can be dynamically modelled using a HP linked to electricity
prices, the heat recovery process is assumed to be continuous due to the stable waste heat supply temperature;
thus, a constant marginal cost parameter is appropriate. According to [69], the estimated lower heating value
(LHV) of the WI (AVR) plant is 9.2 GJ/tonne in 2018. According to the report published by the European
Commission [70], the treatment cost of waste for incineration is around 77 C/tonne, thus with these two values
a conservative cost of waste fuel for 2020 reference year is set to 30 C/MWh.
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Year Wood chips1, C/MWh Waste heat2, C/MWh Waste3, C/MWh

2020 22.32 8.40 30.00
2030 25.56 7.50 26.00
2040 27.36 7.00 24.00
2050 29.52 6.50 22.00
1 Based on [66], [67] and [71]
2 Based on [68] and [72]
3 Based on [69] and [70]

Table 4.4: Static fuel prices.

The price of biomass depends on local resource availability of the resource, transportation costs and specific
grade of fuel used at the plant. Many other variables are in play, as price trends vary by region. According to
the medium CIF (Cost, Insurance, and Freight) Danish port wood chip price projection in [71], biomass prices
are expected to increase slightly, reaching 29.52 C/MWh by 2050. According to [72], the rising demand for
energy efficient solutions and increasing fossil fuel costs are expected to bolster the wider adoption of IWH
in district heating applications. As a result of these market dynamics, it is assumed that the cost of IWH will
decline, reaching 6.50 C/MWh by 2050. In [69], the key trends of waste incineration include improved waste
processing and a greater emphasis on recycling, hence a limited drop in price is expected to occur, dropping to
22.00 C/MWh by 2050.

4.2.7.3 Heat storage

In this thesis, thermal heat storage is assumed to be TTES systems, characterised by a high round-trip efficiency
of 0.96% for both charging and discharging. By design TES systems do not generate heat, instead these units
are used to store surplus thermal energy from other production sources. Thus, the minimal operational energy
requirement comes from operating the electric pump needed to transfer heat into or out of storage. The actual
cost of using TES largely depends on the characteristics and marginal costs of the heat sources used to charge
it. However, PyPSA does not currently support the calculation of dynamic input source dependent costs of
storage units. Therefore, within the model a fixed marginal cost must be assigned to storage unit components.
Based on the findings of Jongsma et al. [73], the variable cost of charging TTES systems with residual heat is
estimated at 1.656 C/MWh. This value reflects the lowest cost scenario and is adopted in all modelled cases of
the case study as the marginal cost of storage. This is a reasonable approximation for all scenarios in which WI
and IWH and other low cost and emission sources are used to fill the TTES systems.

Year Type Marginal costs (C/MWh)

2030, 2040 and 20501 TTES 1.656
1Based on [74].

Table 4.5: Thermal heat storage costs

4.2.8 Demand scenarios

The heat demand scenarios are structured to represent both cases of annual decrease and increase in heat demand
by 0.8%. Table 4.6 shows the average annual heat demand values in the four demand nodes in the DHN. For
the scaling of high and low demand scenarios 2022 heat demand data from Eneco was used. Equation 4.2 is
applied to calculate the future values of the heat demand by applying a annual compound reduction and increase
formula, where "n" is the number of years after 2022:

Scaling factor = (1±0.008)n (4.2)
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Year Den Haag, MWh Rotterdam, MWh Rotterdam RoCa, MWh Tuinders, MWh

20221 37.28 75.62 42.27 18.96
2030 Low2 34.96 70.91 39.64 17.78
2040 Low2 32.27 65.44 36.58 16.41
2050 Low2 29.77 60.39 33.76 15.14
2030 High3 39.74 80.59 45.06 20.21
2040 High3 43.04 87.28 48.80 21.89
2050 High3 46.60 94.52 52.84 23.70
1 Reference year applied for scaling
2 Based on [61] with 0.8% annual decrease
3 With 0.8% annual increase

Table 4.6: Average heat demand by year

Using the low heat demand scenario, from 2022 the heat demand will decrease by -6.2% in 2030, -13.46% in
2040 and -20.14% in 2050. With the high demand scenario, from 2022, the projected increase of 6.58%, 15.4%
and 24.99% in 2030, 2040 and 2050 is calculated, accordingly.

4.2.9 Temperature scenarios

The temperature scenarios for 2030, 2040 and 2050 are derived from the Shared Socioeconomic Pathway
2–4.5 (SSP2-4.5), also known as the “middle of the road” scenario, developed as part of the Coupled Model
Intercomparison Project (CMIP) [74]. SSP2-4.5 states that by following moderate climate policy and socioeco-
nomic tendencies, a global average temperature increase of approximately +2°C is projected by 2050 relative
to pre-industrial levels. Based on this trajectory, the projected average temperature increases used in this study
are +0.1°C for 2030, +0.4°C for 2040 and +0.9°C for 2050, since the IPCC Sixth Assessment Report (AR6)
states that at 2020 the global temperature already increased by +1.1°C. To generate future temperature profiles,
the 2020 hourly temperature data set is used as a reference. Following the method used to adjust the energy
price data, the future temperature scenarios are scaled according to the projected average annual temperature
increases. Table 4.7 presents the average annual air and ground temperatures for both past and future scenarios.

Year Mean air temperature, °C Mean ground temperature, °C

20201 11.97 12.02
20302 12.07 12.12
20402 12.37 12.42
20502 12.87 12.92
1 Based on [62] and [63].
2 Based on [74].

Table 4.7: Average air and ground temperature
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4.3 DHN Scenario results

This section describes the results of the South-Holland DHN operation. At first the 2030 vs. 2050 with high
heat demand case is discussed. Next, the 2030 scenario with low heat demand is described to highlight the
differences base and full network expansion cases and the effect of the addition of the electrified heat sources.
The results comparing all cases of the DHN are summarised in Section 4.5, while results of all DHN cases are
presented in Appendix I.

4.3.1 DHN 2030 vs. 2050 with High heat demand

4.3.1.1 Hourly production

The variation in total heat production per category of supply at each time step throughout 2030 and 2050 with
full network expansion and high heat demand are illustrated in Figure 4.4, where sub-figure 4.4a refers to 2030
case, while sub-figure 4.4b depicts the 2050 case. Both scenarios have the same network, structures, while only
the change in heat demand separates the operation of the networks. The main observables differences are the
utilisation of the biomass plant, which operates more continuously in 2050 during the winter, while also, larger
production of HPs and gas boilers are observed during the same period. Operational dynamics in the summer
remain largely unchanged.

(a) 2030

(b) 2050

Figure 4.4: Heat production per time step in 2030 and 2050 (high heat demand)

4.3.1.2 Total production per category

The annual heat supply per category is illustrated by Figure 4.5. In the 2030 scenario, the majority of heat
was produced by geothermal energy sources, resulting in 35% of total heat production. IWH and WI plants
produced 23% and 21%, respectively. The remaining parts were split between HPs (13%), biomass and gas
boilers (both with 3%) and CHPs with only 2% of the total. In contrast, in 2050, the rise in heat demand

42



resulted in higher share of the total production for gas boilers, biomass and WI plants. WI produced 27%, gas
boilers 6%, while the biomass 4%. In 2050, the heat production of gas boilers reached 110,671 MWh, which is
59,360 MWh more than in 2030. In both scenarios, the gas boilers in The Hague remained inactive. However,
in the Rotterdam RoCa heat and power production plant, RDAM Gas4 became the primary unit to meet the
local peak heat demand, producing 96% of all heat production from gas boilers. In addition, the RDAM Gas2
unit produced 4,513 MWh, which represents just 4% of the total gas boiler output.

(a) 2030 (b) 2050

Figure 4.5: Total heat supply per category in 2030 and 2050 (high heat demand)

4.3.1.3 Load duration curves

The load duration curves depicted in Figure 4.6 highlight the operational behaviour and supply dynamics of the
DHN under two network expansion scenarios in 2030 with the low heat demand case. The curves indicate the
relationship between heat production capacity and its utilisation. The production data is not ordered chronolog-
ically, but rather in a descending order of total heat production. Thus, the height of each production category
measures the dispatched heat capacity, while the width indicates the capacity factor of the production category.
In general, the load duration curves can depict how the optimisation model dispatches the heat production units
and can indirectly reflect the actual heat demand. However, due to TES and market-based CHP dispatch, the
shape of heat demand can only be approximated.

Again, the difference between two cases are reflected by the utilisation rate of gas boilers, biomass and WI
plants. The Rotterdam RoCa demand node has no heat sources that are directly connected to it, meaning that
all heat supply has to come via the heat distribution network from the Rotterdam node and the RoCa power
plant. The maximum heat capacity that can be transferred from Rotterdam is 60 MW (via Pipe8 and Pipe12),
meaning that in times when heat demand in Rotterdam RoCa exceeds 60 MW additional heat supply must be
generated locally from the RoCa power plant. However, since its three CHP units are dispatched based on
revenue maximisation and have start-up costs, they cannot offer continuous heat output. Therefore, the RDAM
Gas4 unit becomes the source of heat with the lowest dispatch costs. The same applies for the biomass plant,
as it acts as the primary peak demand suppler for the Tuinders demand node.

This outcome suggests that gas boilers remain critical in high-demand conditions, particularly in areas lacking
local heat generation options or sufficient distribution capacity. To reduce dependence on natural-gas powered
gas boilers, the expansion of Pipe8 and Pipe12 capacities could enable WI and RDAM HP units to supply
heat to Rotterdam RoCa during peak heat demand hours. Furthermore, adding an additional electrified heat
production plant closer to the Rotterdam RoCa node or enabling the multidirectional flows in the DHN, could
significantly reduce the reliance on fossil-fuel based heat generation backup.
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(a) 2030

(b) 2050

Figure 4.6: Load duration curves in 2030 and 2050 (high heat demand)

4.3.1.4 DHN model output

As stated above, the main output of the DHN model is the production of electrical energy from the CHPs and
the consumption from P2H and geothermal units. In the EDN model, this output data of the DHN is referred
to as electricity demand and generation. Figure 4.7 presents the aggregated data of the electricity demand and
generation to be used as input in the EDN analysis. It should be noted that the electricity production of the
RDAM CHP3 unit is not included in both cases. The RDAM CHP3 unit has a 190 MW electrical power pro-
duction capacity and such a large system is assumed to supply power directly to the TSO network, which falls
outside the scope of the EDN analysis. In theory, electrified heat production should be considerably higher in
the 2050 scenario with the increased heat demand.

Nevertheless, as indicated in Figure 4.7, the load demand profiles of electrified heat sources remain similar. The
main differences can be observed in the month of January, where in the 2050 scenario, electrified heat sources
draw power in a more stable manner, while in 2030 more variation is observed. Overall, comparing the two
cases, in 2050 only 28 GWh additional electricity demand will be required annually, increasing from 229 GWh
to 257 GWh (see Table 21 in Appendix I). This indicates that the utilisation rate of the electrified heat sources
is restricted by the capacity and directionality of the heat distribution network. Four out of six geothermal units,
as well as one HP and EB supply The Hague, which creates a highly competitive environment, as heat cannot
be transferred to Rotterdam. Thus, the largest change in the electricity demand is observed in RDAM HP, which
requires 18 GWh of electricity more in 2050.
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(a) 2030

(b) 2050

Figure 4.7: Electricity demand and production in 2030 and 2050 from heat supply units (high heat demand)

4.3.2 DHN 2030 Base vs. Full network expansion

4.3.2.1 Hourly production

The variation in total heat production per category of supply at each time step throughout 2030 is illustrated
in Figure 4.8, where sub-figure 4.8a refers to the base DHN expansion case, while sub-figure 4.8b depicts the
network operation under full DHN expansion with additional heat production and storage sources. In the base
case, the WI plant in Rotterdam operates as the primary base load unit, frequently producing at its maximum
capacity during the winter months. In contrast, during the summer months with low heat demand the minimum
operation constraint is not binding; thus, the WI plant is dispatched based on its cost competitiveness relative
to the biomass and IWH units. The 99% of the WI heat production is supplied to the Rotterdam direction, as
a result of Pipe4 that connects the WI plant to The Hague being the only heat distribution pipe with assigned
marginal costs. Consequently, the heat demand in The Hague is primarily met with local heat sources, with
some support provided by the WI and IWH1 heat sources.

Moreover, both IWH and biomass plants demonstrate similar production patterns to WI, operating continuously
at full capacity during winter. The IWH2 unit connected to Rotterdam operates at maximum capacity annually.
In addition, the IWH1 plant is capable of supplying even more heat to the network but is limited by a fixed
contractual agreement for annual supply of 170,833 MWh per year. The biomass plant is the main supplier for
Tuinders demand node, shutting down in August for planned maintenance. CHPs and gas boilers are primarily
utilised to meet the peak heat demand. In addition, during periods of elevated electricity prices (observed in the
month of September), the CHP units are utilised in combination with TES systems to maximise revenue from
electricity sales while storing the surplus heat for later use. Furthermore, the single geothermal unit DH Geo1
is a key heat supplier in The Hague with a very high CF of 0.92. Despite being temporarily shut down during
periods of high electricity prices, it operates almost continuously throughout the year.
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(a) Base network

(b) Full network

Figure 4.8: Heat production per time step in 2030

In the full network case, integration of additional heat production and storage sources significantly alters the
operation of the DHN. The implementation of the heating season constraint is evident with the WI plant starting
and stopping the operation on October 15th and April 15th, respectively. The role of WI as the primary base
load supplier is reduced, as periods of maximum output rarely occur even during the heating season. Instead,
the distributed geothermal heat sources become the primary base load source. With a total installed capacity of
23.33 MW and COP ranging between 4.2 and 5.2, geothermal units are capable of dispatching over 120 MW
of thermal energy, representing a substantial contribution to the overall heat supply. In addition, HPs play a key
role: in winter, they supply heat directly to demand nodes, while in summer they operate in tandem with TES,
storing heat during periods of low electricity prices. In contrast, the EB in The Hague operates exclusively
during low electricity price periods, supplying heat solely for storage. Due to superior COP, geothermal units
and HPs are prioritised for filling storage over the EB.

Moreover, the role of IWH units remains unchanged compared to the base case with both IWH units producing
the same total amount of heat. The role of the biomass plant in the Tuinders region shifted to serving as a
peak load unit due to the implementation of Tuinders Geo geothermal plant which operates with a high CF of
0.69. Gas boilers continue to function as peak load units. but with lower utilisation rate, while CHP units are
dispatched only when revenue from electricity production is higher than marginal production costs. Throughout
the summer, the electrified heat sources produce more heat than is demanded. The integrated operation with
TES enables the overproduction and storage of heat during low electricity price periods and the dispatch of
storage during peak price intervals. In the absence of TES, this operational flexibility would considerably
reduce as heat demand would have to be met directly and heat could not be stored during summer.

4.3.2.2 Total production per category

The annual heat supply per category is illustrated by Figure 4.9. In the base network scenario, nearly half of
the total heat was produced by the WI plant, which accounted for approximately 49% of total production. IWH
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systems contributed 23%, while the remaining part was distributed among the biomass plant (10%), geothermal
plant (8%), gas boilers (6%) and by CHP (4%).

In contrast, the full DHN network expansion scenario demonstrates a significant shift in the heat generation
mix, reflecting the impact of additionally integrated electrified heat sources. Geothermal heat sources supplied
the majority of heat demand, resulting in 36% of the total annual production. The shares of heat produced by the
WI and IWH units were almost equal, accounting for 24% and 23%, respectively. Moreover, HPs contributed
to 10% of produced heat, an outcome coming from the flexible operation with coupled heat storage, which
optimises the production during low electricity price periods. Due to low efficiency of the EB (98%) unit
compared to geothermal and HPs in The Hague, the optimisation model limited its use, contributing to only
0.00124% of total heat production. Furthermore, the contributions from CHP units, biomass and gas boilers
declined in the full network case. CHP amounted to only 2% of the produced annual heat. Due to high
carbon price and high penetration of electrified heat units the number of favourable dispatch hours dropped
significantly. The total heat production of the biomass plant dropped by 7% due to the additional geothermal
plant built to supply the heat demand of Tuinders. The usage of gas boilers fell to 2%, keeping their role as
peak heat demand suppliers.

(a) Base network (b) Full network

Figure 4.9: Total heat supply per category in 2030

4.3.2.3 Load duration curves

The load duration curve of the base DHN expansion case in 2030 is illustrated by sub-figure 4.10a. During
high heat production periods the WI plant supplies the majority of heat, followed by the IWH, biomass and
geothermal units, all of which operate near their maximum capacity and provide a continuous heat output. The
primary peak-shaving units are gas boilers, seen from the parabolic shape of the load curve. The CHP units
are dispatched throughout the year in combination with TES to take advantage of electricity price peaks, thus
CHP utilisation is irregular and occurs selectively during periods when with high electricity prices revenue can
be generated. During periods of low heat production, the WI, IWH, biomass and geothermal units are the main
heat suppliers, following a similar pattern with WI producing the majority of heat. Overall, the base network
expansion case displays relatively low operational variability, as most units are not price sensitive (such as
units with static prices: WI, IWH and biomass), with only the geothermal and CHP heat sources responding
to fluctuations in the electricity market. Still, due to high COP the DH Geo1 holds a very high capacity factor
acting as an almost constant source of heat. Consequently, it can be argued that the behaviour of the DHN
without electrified heat sources is more driven by heat demand rather than by market conditions. The use of
TES and market-responsive CHPs introduced some variability and distortions, still, the parabolic decline in the
load duration curve reflects a production profile that closely follows the heat demand patterns.
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(a) Base network

(b) Full network

Figure 4.10: Load duration curves in 2030

In the full network expansion case, depicted in sub-figure 4.10b, the production structure becomes significantly
more dynamic, due to the addition of electrified heat sources that are driven by market prices and variable
efficiencies. The expansion in the geothermal energy capacity, shifts the geothermal units into the role of
primary base load production units, supported by the WI and IWH plants. In addition, in times of low electricity
prices, HPs contribute significantly, lowering the utilisation rate of the WI. The role of the biomass plant also
changes significantly - i.e., from a continuos heat production source to primarily serving as a peak-shaving unit
together with gas boilers during high heat demand. As in the base network case, the CHPs are operational when
electricity market conditions are favourable for dispatch. In general, the implementation of P2H and geothermal
technologies with inherent variable efficiencies and market-driven behaviour, results in a more dynamic and
responsive heat production structure. The DHN with additional electrified heat sources and storage is therefore
highly market-driven, as heat sources are dispatched to fill the heat buffers when the price and calculated
efficiency factors are satisfactory. This shift is reflected in the lack of the parabolic declines in the load duration
curve. When the market conditions are unfavourable, the heat sources with static price parameters and TES
can temporarily assume the role of the main heat providers, for example, in low heat demand periods (close to
6000th hour in sub-fig. 4.10b) the WI and IWH plants with TES are covering the heat demand.

4.3.2.4 Thermal heat storage

The differences in the utilisation of TES in both network expansion cases are observable in Figure 4.11, indicat-
ing the state-of-charge (SOC) of the heat storage systems. During the high heat demand periods both network
cases illustrate similar TES usage profiles, with storage units being often charged and discharged. However,
the charge and discharge of heat buffers is more rare in the base network case, especially in the summer sea-
son, when heat demand is met directly from the heat sources (done to avoid both heat distribution and storage
losses). With additional electrified heat production and storage units the TES is utilised more and on a shorter
time scales. The effect of additional infrastructure is particularly seen with RDAM1 Storage1 and Tuinders
Storage units, as they start being charged and discharged more frequently and during the heating, while are also
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utilised during the summer.

Conversely, lower SOC variability is seen with DH Storage1, indicating its changed role to a long-term storage
system. DH Storage1 is fed by two CHP and one gas boiler source in The Hague and with elevated production
from electrified heat sources it utilisation rate drops. Hence, the changes in the TES utilisation patterns can
be attributed to the location of these sources. Overall, storage units directly linked with electrified heat pro-
duction systems experience more varied SOC levels, while fossil-fuel supplied heat storage systems see lower
variability due to limited gas boiler and CHP use. Therefore, with electrified heat sources, the operational time
scales of TES systems are lowered due to fast response and availability requirements. On the other hand, the
use of heat storage units that are supplied by fossil-fuel driven systems is observable, but their role is limited to
long-term storage of heat with seasonal to monthly variability.

(a) Base network (b) Full network

Figure 4.11: TES state of charge in 2030 (low heat demand case)

4.3.2.5 DHN model output

Figure 4.12 presents the electricity demand of heat supply units and CHP production. In the base network
expansion case, only a single geothermal source in The Hague draws power from the distribution network,
resulting in electricity demand of 26.7 GWh. The opposite is true with respect to the fully expanded DHN, as
in some cases the P2H and geothermal sources require close to 100 MW of electrical power, while the total
electricity demand of all electrified heat sources is 187 GWh. In addition, electrical power generation occurs
less in the full DHN expansion case, a result of the CHPs being less cost competitive due to the high carbon
prices and the integration of electrified heat sources.

The structural changes caused by the implementation of additional heat production and thermal storage sources
result in two distinct networks with vastly different operational dynamics and production profiles. The major
change between the base and full network cases is observed in the utilisation of the WI plant, as the integration
of additional geothermal and HP units with thermal storage results in halving the total annual heat production
of the WI plant. IWH sources maintain identical levels of heat output in both scenarios. Furthermore, the elec-
trification of the DHN results in the zero operation of six gas boilers (DH Gas1, DH Gas2, DH Gas3, RDAM
Gas1, RDAM Gas2 and RDAM Gas3). Only RDAM Gas4 remains operational, continuing to serve as a peak
load provider for Rotterdam and Tuinders regions in both scenarios. Similarly, the utilisation of CHP units
declines sharply in the full network expansion case, as the total heat supply drops by close to 50%. At the
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Tuinders demand node, the commissioning of the Tuinders Geo geothermal plant removes the biomass plant
from its role as a base load unit to cover only peak heat demand periods, resulting in 105,354 MWh less heat
output. The addition of HPs results in 144,536 MWh of annual heat supply, of which 91% is produced by the
RDAM HP due to less competition with other heat sources in Rotterdam. The EB only produced 1,839 MWh
of heat in 2030 due to competition with other electrified heat sources.

(a) Base network

(b) Full network

Figure 4.12: Electricity demand and production in 2030 from heat supply units

The integration of three additional TES units significantly enhances the operational flexibility of electrified
heat sources in the full DHN case. The heat supply of each storage unit in the 2030 scenario is summarised
in Table 4.12. Among the additional units, DH Storage2 is especially critical, serving as the main heat storage
hub for four geothermal units, one HP and one EB, resulting in DH Storage2 supplying more than 40% of
all TES heat supply. Furthermore, the DH Storage1 and RDAM2 Storage units are supplied by CHP units
and gas boilers, thus in the full network case the use of these units shifts towards long-term storage, with
reduced utilisation levels. In contrast, the heat supply of the RDAM1 Storage1 and Tuinders Storage units
increased by approximately 50%, reflecting their expanded role in supporting local geothermal and biomass
production. Moreover, the use of the B-Triangle storage unit is limited due to heat transfer losses through the
heat distribution pipeline for charging and discharging. However, while it is not exploited to its full potential,
it still contributes as a flexibility inducing asset. In general, the inclusion of additional TES units is essential to
enable a higher share of electrified heat production in the DHN. Storage assets allow flexible sources to operate
optimally by shifting heat production to periods of low electricity prices; thus, heat supply is decoupled from
instantaneous demand, which mitigates the variability introduced by dynamic market behaviour.
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4.4 EDN Scenario results

This section describes the results of the South-Holland EDN operation. As in the previous DHN results section,
at first, 2030 vs. 2050 with high heat demand case is discussed, followed by 2030 scenarios with two network
expansion cases. The results comparing all cases of the EDN are summarised in Section 4.6. Moreover, the full
results of all EDN cases case summarised in Appendix I.

4.4.1 EDN 2030 vs. 2050 with High heat demand

The comparison between transformer loading levels in 2030 and 2050 under high heat demand scenarios reveals
a significant rise in loading levels across most MV substations and lines in the unenforced network. Figure 4.13
depicts the 2030, while Figure 4.14 the 2050 case with unenforced and enforced scenarios. In the 2050 case,
the PFA model failed to convergence a total of 2,664 times, compared to the 660 in 2030, indicating an increase
infrastructure overloading in the future EDN. In 2030, most network failures occurred during the winter period,
while in 2050, transformer loading is distributed more evenly throughout the year. substations experience the
highest loading levels during summer (for example, transformer C3 with 401.05% loading in July), primarily
due to large increase in distributed energy generation. Table 26 in Appendix I lists the number of hours with
negative demand (net power generation from loads). On average, the number of hours with negative demand
is projected to increase by 48%, increasing from 1,741 hours in 2030 to 2,587 in 2050. This indicates that at
the MV network level, the reverse power flows will significantly increase. As a result, this trend will lead to
overloading of local transformers and lines, requiring reinforcements to maintain network stability and avoid
curtailment of renewable generation.

(a) Unenforced network

(b) Reinforced network

Figure 4.13: 25/10 kV transformer loading in 2030 (high heat demand)

In both cases, reinforcement measures were shown to be effective in keeping the network operation within
safe margins. The exact number of reinforcements applied in 2030 and 2050 cases is listed in Tables 4.15 and
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4.16 in section 4.7. Note that for, low and high heat demand cases the same number of reinforcement were
found to be necessary. Although more electrical power throughout the year is required, the peak electricity
load times remain unchanged due to the same Stedin load profiles used in both scenarios. Looking at the
average transformer loading in Table 4.8, it can be reflected that on average the transformer loading does
increase. Nevertheless, with maximum loading at the MV level remaining unchanged, no additional network
reinforcements are required for the higher heat demand case. This experiment comparison suggests that the
EDN has a large operational flexibility if reinforcements are implemented and the change in the DHN heat
demand has only marginal effects on the EDN.

(a) Unenforced

(b) Reinforced

Figure 4.14: 25/10 kV transformer loading in 2050 (high heat demand)

With the removal of electrified heat sources, higher maximum transformer loading levels were achieved. In
2030, the addition of the Tuinders Geo source, results in a peak loading decrease of 1.26%. In 2050, the same
is observed with the A transformer, which the maximum loading reduces by 1.61%. Determining the correla-
tion between electrified heat sources and distributed RES generation from the maximum loading time steps is
limited in showing the real impact. Only by looking at the Stedin load profiles and the two EDN simulation
cases (enforced and "no P2H") side-by-side, the true repercussions can be seen. Looking at all time steps were
the electrified heat source demand and distributed energy generation coincide, the removal of electrified heat
sources always increases the substation loading. For example, in February 26th when the highest RES genera-
tion reaches -48.9 MW, E2 substation reaches 6.2% lower loading level (70.24% to 76.44%), as Tuinders Geo
is demand 4 MW of power for heat supply.
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2050 Low 2050 High
Full Full

Type Avg (%) Avg (%)
A 25/10 kV 26.43 26.96
B 25/10 kV 5.48 7.65
C1 25/23 kV 18.10 18.38
C2 23/10 kV 2.19 3.02
C3 25/10 kV 21.96 22.25
E1 25/10 kV 9.35 12.96
E2 25/10 kV 23.06 23.38

Table 4.8: Average transformer loading in 2050 with low and high demand, (%)

Tables 4.9 and 4.10 summarise the maximum loading levels of transformers and lines in each scenario with
high heat demand.

2030 2040 2050
Unenforced Enforced No P2H Unenforced Enforced No P2H Unenforced Enforced No P2H

Transformer Transformer Max (%) Max (%) Max (%) Max (%) Max (%) Max (%) Max (%) Max (%)
Waterningen 148.41 67.08 65.27 173.09 64.91 63.39 168.58 71.05 69.85
Krimpen 62.90 59.50 56.85 76.06 93.70 86.10 78.25 49.54 45.46
Rijswijk 261.52 78.01 76.60 350.99 88.84 87.72 370.13 80.84 79.97
s’Gravenhage 160.97 75.61 63.61 190.93 96.74 85.81 192.90 66.04 61.50
Voorburg 352.67 79.91 78.01 428.34 82.68 80.65 347.94 72.95 73.68
Ommoord 209.91 65.61 62.94 254.51 89.46 86.59 257.76 95.08 92.31
Zuidwijk 101.77 53.65 39.77 125.17 83.65 69.34 126.94 87.70 73.63
A 149.38 60.45 53.11 360.24 88.89 81.25 359.37 70.21 71.82
B 16.07 13.82 0.20 16.72 13.92 0.20 16.80 13.75 0.20
C1 87.27 30.56 25.74 63.65 54.89 84.89 92.59 86.20 86.20
C2 38.16 5.54 0.07 14.15 5.57 0.07 13.32 5.46 0.07
C3 401.05 69.57 63.48 509.48 63.62 59.10 500.36 74.26 75.60
E1 15.47 13.71 0.20 18.92 14.02 0.20 18.93 13.88 0.20
E2 173.66 75.19 76.45 382.16 82.45 76.49 456.12 84.74 79.96
Number of failures1 660 0 0 1867 0 0 2664 0 0
1 Number of PFA snapshots that did not converge

Table 4.9: Transformer loading with full network expansion in 2030, 2040 and 2050 (high heat demand case)

2030 2040 2050
Unenforced Enforced No P2H Unenforced Enforced No P2H Unenforced Enforced No P2H

Transformer Max (%) Max (%) Max (%) Max (%) Max (%) Max (%) Max (%) Max (%)
25kV_Substation_A_Trafo_A(1) 31.29 25.33 22.25 75.47 37.24 34.04 75.28 43.99 45.01
25kV_Substation_A_Trafo_A(2&3) 32.59 26.37 23.17 78.58 38.78 35.45 78.39 45.81 46.86
25kV_Substation_A_Trafo_A(4) 32.90 26.63 23.40 79.35 39.16 35.79 79.16 46.26 47.32
25kV_DH_CHP_Cables 35.04 32.75 32.75 33.78 32.87 32.87 33.46 32.81 32.81
25kV_Substation_C_Trafo_C1 100.77 35.29 29.58 73.37 63.23 62.23 106.81 49.69 49.69
25kV_Substation_C_Trafo_C3(1) 170.72 59.23 54.04 216.87 81.25 75.48 212.98 63.05 64.19
25kV_Substation_C_Trafo_C3(2) 176.59 61.27 55.90 224.87 84.05 78.07 220.31 65.21 66.40
25kV_Substation_E_Trafo_E2(1&2) 75.20 65.11 66.02 165.48 71.40 66.24 197.47 73.39 69.24
25kV_Substation_E_Substation_D(1&2) 71.98 70.04 70.07 72.69 70.78 70.58 70.73 70.65 70.35
25kV_Substation_B_DH_HP 102.94 90.51 0.04 108.32 91.03 0.04 111.89 44.27 0.04
25kV_Substation_B_DH_EB 63.70 58.23 0.00 66.66 58.15 0.00 65.81 57.50 0.00
23kV_Substation_F_RDAM_HP 99.18 47.54 0.05 100.56 48.39 0.05 100.97 47.80 0.05
10kV_Trafo_A_DH_Geo3 57.78 40.92 0.02 689.75 41.68 0.02 360.03 41.36 0.02
10kV_Trafo_B_DH_Geo2 45.92 39.32 0.00 47.81 39.63 0.00 48.03 39.11 0.00
10kV_Trafo_C2_DH_Geo4 293.54 42.15 0.03 108.67 42.40 0.03 102.32 41.51 0.03
10kV_Trafo_C3_DH_Geo1 671.68 34.99 0.02 450.86 35.61 0.02 315.87 34.52 0.02
10kV_Trafo_E2_Tuinders_Geo 52.23 42.69 0.02 500.69 44.31 0.02 124.60 43.93 0.02
10kV_Trafo_E1_RDAM_Geo 44.14 38.99 0.01 54.20 39.91 0.01 54.23 39.51 0.01

Table 4.10: Line loading with full network expansion in 2030, 2040 and 2050 (high heat demand case)
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4.4.2 EDN 2030 Base vs. Full network expansion

4.4.2.1 MV transformers in base network expansion

Figure 4.15 indicates the loading percentages of the 25/10 kV transformers in the base network expansion sce-
nario for both the unenforced and enforced cases. In the unenforced case, the PFA simulation failed to converge
in 596 time steps, clearly indicating the need for network reinforcement. The non-convergence of the PFA is
represented by zero values in the output of the transformer, line loading and bus voltages, thus the exact amount
of complete network failures can be identified. In 2030 cases, all non-convergence occurred during winter when
electricity demand reaches its peaks and the network lacks sufficient strength. In other extreme instances, the
network remained operational but exhibited severe overloading. This is evident in sub-figure 4.15a, where the
C3 transformer experienced a maximum loading level of 351.97% (for summarised values, refer to Table 22).
Similarly, transformers A and E2 reached loadings of 123.74% and 158.17%, respectively. Significant over-
loading also occurred in the HV network. For example, the 380/150 kV Waterningen and 150/25 kV Voorburg
transformers reached peak loading of 146.15% and 345.54%, accordingly.

These loading conditions greatly exceed the standard operating limits. Sustained overloading causes trans-
former overheating, which accelerates equipment degradation, reduces service life and increases risk of equip-
ment failure. To address this, the base network was reinforced with the additional three MV transformers, one
at each of the affected locations. Furthermore, to maintain stable operation under peak conditions, HV network
reinforcement was also required, which led to the need for an additional 380/150 kV transformer in Waternin-
gen and multiple 150/25 kV transformers (refer to Table 4.15 in Section 4.7). Sub-figure 4.15b indicates the
operation of the MV transformers in reinforced configuration, where the maximum transformer loading levels
were significantly reduced to 53.13% at transformer A, 69.85% at transformer C3 and 76.45% at transformer
E2.

(a) Unenforced network

(b) Reinforced network

Figure 4.15: 25/10 kV transformer loading in 2030 with base network
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Although the A and C3 substations share similar load profiles, the C3 25/10 kV substation is connected to the
DH Geo1 heat source, resulting in an additional annual average power consumption of 3.05 MW. With the DH
Geo1 in operation, the maximum loading level of the C3 transformer occurred at time step 8225 with a loading
level of 69.85%. Conversely, without the electrified heat source, the maximum loading level of 63.48% was
reached at the same time step, indicating a marginal reduction of 6.37%. Overall, the base network expansion
scenario in 2030 demonstrates that even in the absence of multiple electrified heat sources the reinforcement
of both MV and HV infrastructure is required to mitigate overload risks in response to increased electricity
demand.

4.4.2.2 MV transformers in full network expansion

Figure 4.16 presents the loading level of the 25/10 kV transformers in the full network expansion case for both
unenforced and enforced case. Compared to the base network expansion case, this scenario incorporates eight
additional electrified heat sources, necessitating the integration of two new MV substation (transformers B and
E1) and the installation of eight new MV lines for connection. In the unenforced configuration, the integration
of additional heat sources is noticeable, with the PFA simulation failing to converge at 647 time steps, an
increase of 51 additional failures from the base network configuration.

(a) Unenforced

(b) Reinforced

Figure 4.16: 25/10 kV transformer loading in 2030 with full network

Moreover, the maximum observed loading levels of the MV substations reached 149.38% at transformer A,
408.13% at transformer C3 and 172.72% at transformer E2. The newly added substations, exhibit much lower
maximum loading levels of 15.96% transformer B and 15.46% at transformer E1 (see sub-fig. 4.16a and Table
22). The lack of overloading is expected, as both substations are exclusively dedicated to geothermal integra-
tion and provide power to one electrified heat source each (DH Geo2 for transformer B and RDAM Geo for
transformer E1). In contrast, transformers A, C3 and E2 serve the geothermal heat sources together with the
aggregated demand profiles from Stedin, leading to significantly higher loading. To alleviate the overloading
of the substations, both MV and HV reinforcements were implemented, resulting in the addition of a second
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transformer at each overloaded MV substation.

Sub-figure 4.16b depicts the impact of these reinforcements, where the maximum loading levels drop to 60.45%
at transformer A, 69.57% at transformer C3 and 71.56% at transformer E2. The loading percentages for trans-
formers B and E1 remained relatively unchanged due to the absence of local demand, although benefits are
seen from upstream HV reinforcements. Compared to the base network configuration, the reinforcements were
similar, with the exception of adding an additional 150/23 kV transformer at Zuidwijk substation and a 23 kV
line for RDAM HP connection reinforcement. Next, with the completion of the "no P2H" case, the reduction
in the loading levels is evident across most substations due to the removed electrified heat sources. An excep-
tion to this trend is observed at the 25/10 kV E2 transformer, which supplies Tuinders Geo geothermal unit
and is also connected to an aggregated load profile from Stedin. When this heat source is removed, the maxi-
mum loading of the E2 substation increases by 4.89%, from 71.56% to 76.45%, respectively (refer to Table 22).

The highest recorded loading without the geothermal source occurs at February 26th at noon, which coincides
with -48.9 MW electricity demand due to local electricity export to the MV grid, likely from solar PV genera-
tion. In the aggregated profile of the E2 substation there are 4,427 time steps (half of the total time steps in the
year) where the aggregated demand is negative, indicating power generation by the prosumers. If the Tuinders
Geo is removed, at each of the time steps when power is fed into the distribution network the E2 substation is
subjected to higher loading as the power must be transferred upstream. This indicates that in the future South-
Holland EDN, in which the distributed generation amount will increase due to more solar PV and possibly
battery storage (due to negative demand occurring at night hours), the integration of electrified heat sources
can help mitigate substation loading by consuming the locally produced power. As a result, the electrified heat
sources can contribute not only to decarbonise the DHN but also to stabilise the operation of the EDN.

4.4.2.3 Other MV transformers in base and full network expansion

The base EDN configuration includes an additional 25/23 kV transformer at the C1 substation. In the base
network case, this transformer is only connected to the aggregated load profile provided by Stedin. As depicted
by sub-figure 4.17a, the loading levels in the unenforced base case are within nominal limits, thus no additional
transformer capacity was deemed necessary.

(a) Base network, unenforced (b) Base network, reinforced

(c) Full network, unenforced (d) Full network, reinforced

Figure 4.17: 25/23 kV and 23/10 kV transformer loading in 2030
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However, with reinforcement of the surrounding network, the loading profile excludes zero values resulting
from complete network failures, thus the profile is less saturated at the winter months (see sub-fig. 4.17b).
In the full network scenario, and additional 23/10 kV C2 transformer is integrated to connect the DH Geo4
geothermal source to the distribution network. As in the base case, the C1 and C2 branch operates within nom-
inal limits (sub-fig. 4.17c), with an exception of a single instance of increased loading observed in February.
However, no reinforcement was implemented in both C1 and C2 substations, due to the introduction of an
upstream HV transformer effectively reduced loading levels across the branch, as illustrated in the sub-figure
4.17d.

4.4.2.4 MV lines with base and full network expansion

Table 24 in Appendix I summarises the maximum loading levels of MV lines under both network configura-
tions and their respective cases in 2030. In the base network scenario, the reinforcement of the substations
resulted in a reduction in the 10 kV line loading, which connects the DH Geo1 source to the C3 transformer
(from 693.33% to 34.92% in the enforced case, accordingly). The substantial reduction can be attributed to the
increased capability of the reinforced substations to serve local demand, thus decreasing the need for power
flow from the upstream external grid through the transmission and distribution lines. Moreover, reinforced sub-
stations have lower electrical impedance, hence local power exchange with the network is facilitated, lowering
the stress on the distribution lines. With removal of the geothermal source, the 10 kV line is not utilised and the
highest loading of 0.02% is observed. This minimal residual line loading is the result of minor reactive power
flows, inherent to the operation of the EDN.

In the full network scenario, a similar operation trend is observed to that of the base network, as the reinforce-
ments of the substations causes reduced line loading levels. However, additional reinforcement was needed for
the 25 kV line that connects substation to the DH HP unit. With an additional line, the maximum observed
line loading dropped to 90.46%. Despite the improvement, the operational warning threshold is reached, but
the implementation of a third line was deemed unnecessary due to the operational characteristics of the DH HP
unit, which does not run continuously due to price competition with four other geothermal sources and one EB
in The Hague. Moreover, in the scenario where the electrified heat sources are removed, the utilisation of 25
kV, 23 kV and 10 kV lines that connect the heat sources to the EDN drop nearly to zero. The minimal observed
loading under this case is primarily attributed to reactive power flows within the network, rather than active
power transmission.

4.5 Summary of DHN results

4.5.1 Heat distribution pipes

The PyPSA package offers the functionality to optimise both the operation and optimal size of the DHN com-
ponents. In the South-Holland DHN, a total of fifteen heat distribution pipes are operational, of which only two
are bidirectional (Pipe10 and Pipe11), meaning that the South-Holland DHN is directional. The fixed capacities
of only eight pipes were known prior to simulation, leaving seven other pipes with undefined capacities. Within
the DHN optimisation model, pipes with unknown capacities were defined extendable, which means that the
PyPSA optimisation model optimally sizes these heat distribution pipes based on the required heat flows in
the network. Figure 4.18 presents the increase in the optimal pipe capacities in network expansion and heat
demand comparison scenarios.

Regarding the sub-figure 4.18a, Pipe1 in The Hague is used for intracity heat transfer, while Pipe2 connects
The Hague with IWH1 and W1 heat sources. The optimal capacity of Pipe1 in the base network was 94 MW,
while in the full network configuration the optimal sizing increased to 108 MW. Moreover, Pipe2 capacity
decreased significantly, from 72 MW to 43 MW. The changes in optimal pipe capacities reflect the increased
independence of the heat network in The Hague, which requires more distribution capacity for intracity heat
transfer via Pipe1 and less intercity capacity for heat imports from Rotterdam via Pipe2. Furthermore, in both
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network expansion scenarios the optimal capacity of Pipe6 was determined to be 160 MW. This corresponds
to the maximum production level of the WI unit and with the fixed capacity of Pipe7, also with 160 MW size,
which is connected to Pipe6 and supplies heat to Rotterdam. Thus, a larger capacity of Pipe6 is unreasonable.

Moreover, Pipe10 shows a reduced capacity by 20 MW, from 263 MW to 243 MW, respectively. This can
be attributed to the integration of the Tuinders Geo geothermal unit, which lowers the requirement for the
distribution of heat through the network to meet the demand in Tuinders. This implies that with the addition
of a geothermal source heat is produced and consumed locally, minimising the need of heat transfer from other
production units. Additionally, in the base scenario, Pipe11 was not utilised due to the absence of the B-Triangle
Storage unit, but in the full network configuration the inclusion of B-Triangle Storage results in Pipe11 being
sized at an optimal capacity of 52 MW. Optimal size of 60 MW for Pipe12 was determined in both cases,
corresponding to the fixed capacity of Pipe8 with 60 MW. Lastly, in the full network scenario, Pipe14 capacity
is decreased by 12 MW, a direct consequence of the lower use of gas boiler and CHP plants due to the new
geothermal and HP units in Rotterdam.

(a) 2030 with base and full network (low heat demand) (b) 2030 and 2050 with full network (high heat demand)

Figure 4.18: Increase in pipe capacity under various scenarios

4.5.2 Summarised results

Tables 4.11 and 4.12 summarise the results of all the experiments performed with the future DHN of South-
Holland. Moreover, Table 21 and Figure 4.20 depict the electricity demand of the P2H units and the electricity
production of the CHP plants, the main output of the operational optimisation of the DHN. The key takeaway
from all simulations of the DHN scenarios is that in the future DHN configuration with additional heat supply
and storage source and with low or high heat demand, the primary heat production units are the geothermal en-
ergy plants, which on average supply 34.6% of heat demand in all full network expansion scenarios. Moreover,
the amount of heat produced by the IWH units remains the same in all scenarios. With decreasing heat demand,
the use of CHP units declines sharply, while with increasing heat demand the increase is marginal, showing that
with the applied DHN model setup CHP units are being slowly phased out. With the reduction in heat demand
the utilisation of HPs drops, while with a higher heat demand the production levels increase, which is a result
of the change in heat demand in Rotterdam and Tuinders area. In addition, with increasing heat demand, the
RDAM Gas4 gas boiler capacity factor increases to cover the peak heat demand period in the Rotterdam RoCa
demand bus.
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Figure 4.19: Total production per category by scenario, GWh

2030 Low 2040 Low 2050 Low 2030 High 2040 High 2050 High
Base Full Full Full Base Full Full Full

WI 744,175 352,110 350,610 344,381 825,696 394,894 448,152 528,889
IWH 346,033 346,033 346,033 346,027 346,033 346,033 346,033 346,033
CHP 57,897 31,302 7,821 7,025 71,374 38,128 14,978 15,418
Biomass 145,505 40,151 34,017 26,578 158,439 54,212 63,957 72,913
Gas boilers 94,151 30,994 28,243 19,071 185,595 51,311 84,552 111,374
Geothermal 123,188 534,981 497,561 448,475 126,944 583,650 613,341 637,640
Heat pumps - 144,536 101,330 71,088 - 211,885 246,019 256,799
E-Boiler - 1,839 1,838 1,837 - 1,854 1,881 1,924
Total 1,510,949 1,481,946 1,367,453 1,264,482 1,714,081 1,681,967 1,818,914 1,970,990

Table 4.11: Total production per category of supply, MWh.

2030 Low 2040 Low 2050 Low 2030 High 2040 High 2050 High
Base Full Full Full Base Full Full Full

DH Storage1 9,580 1,061 890 1,387 7,958 892 942 2,681
DH Storage2 - 83,172 83,087 81,274 - 86,389 90,367 91,293
RDAM1 Storage1 22,257 41,616 37,778 34,087 17,037 46,448 57,906 56,668
RDAM1 Storage2 - 40,178 36,279 28,417 - 43,633 43,625 40,178
RDAM2 Storage 3,660 2,447 904 773 3,406 2,721 971 38,925
Tuinders Storage 12,906 26,248 25,377 26,157 12,485 27,576 27,210 28,847
B-Triangle Storage - 2,318 2,151 2,479 - 1,765 2,167 2,658
Total 48,404 197,041 186,466 174,574 40,888 209,424 223,188 261,250

Table 4.12: Total storage supply, MWh.

Figure 4.20 indicates the total electricity demand and production of the heat supply units. As seen in the figure,
with decreasing heat demand, the electricity demand from electrified heat sources decreases, while the opposite
is seen with the increase in heat demand, showing that the electrified heat sources in the DHN can be utilised
at a larger rate when heat demand rises. Moreover, whether the heat demand increases or rises the production
of CHP units decreases, which is a result of rising carbon prices, making their use financially unfeasible.
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Figure 4.20: Total electricity demand and production from heat supply units, GWh

4.6 Summary of EDN results

Figure 4.21 presents the number of non-converged snapshots across unenforced EDN cases. In general, with
each scenario the EDN experiences increasing loading levels due to the evolving aggregated Stedin load pro-
files. Moreover, the rising heat demand for the DHN translates into a higher annual electricity demand from
electrified heat sources, which contributes to more frequent occurrences of elevated loading in the EDN. Delib-
erate and strategic reinforcement of the EDN can significantly reduce the overloading of components, resulting
in nominal loading levels. In some cases, reinforcements can even enable additional network connections,
especially in substations dedicated to supplying a single geothermal heat source.

Figure 4.21: Number of snapshots for which the PFA did not converge in each scenario

Figure 4.22 illustrates all scenarios in which the removal of the electrified heat sources ("no P2H") results in
a higher maximum transformer loading. As identified previously, during time steps with net negative demand
(surplus electricity from distributed energy sources), electrified heat sources can consume electricity locally,
without the need to transfer the electrical power upstream through MV and HV networks to the external grid.
However, this figure only reflects the change in maximum loading, which may occur during a single time
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step. For example, in the 2030 scenario with full network expansion and low DHN heat demand, the E2
substation transfers power upstream in roughly half the time steps. With the addition of the electrified heat
source (Tuinders Geo), power is consumed on-site, effectively reducing transformer stress if the Tuinders Geo
is operational.

Figure 4.22: All cases showing higher maximum loading levels with "no P2H" case

Figure 4.23 shows transformer loading in the unenforced cases across all scenarios with high heat demand. As
mentioned before, the number of non-convergent calculation rises from 660 in 2030, to 1867 in 2040 and 2664
in 2050. In 2030, the winter period is saturated as most failures occur during that time indicated by values
going to zero. By 2050, the whole load profile is saturated with 0 values, indicating that transformer loading
will not only be limited to peak heat and electricity demand time steps in the winter.

(a) Unenforced case in 2030 (b) Unenforced case in 2040

(c) Unenforced case in 2050

Figure 4.23: 25/10 kV transformer loading with full network expansion with high heat demand, unenforced
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4.7 Investments in reinforcements

This section provides a financial analysis of the network reinforcements required in all EDN scenarios. The
capital investment costs of the additional transformer and line units under different scenarios are evaluated.
The analysis highlights the capital investment amount for the MV and HV components of the distribution and
transmission network. The rough costs of the transformers (C/MVA) and lines (C/km) are expressed in Tables
8 and 9 in Appendix .1, which were confirmed by Stedin.

4.7.1 Connection infrastructure costs

Not all reinforcement costs in EDN scenarios are the result of transformer or line overloading. In the full
network expansion scenario, the integration of new electrified heat sources requires new critical infrastructure
to ensure a reliable power supply. These infrastructure additions represent the induced costs, which arise not
from the additional load on the network, but from the necessity to connect and operate the new heat production
units. The associated capital investment includes both new substations with transformers and line connections.
Table 4.13 presents the costs related to the installation of new transformers, while Table 4.14 outlines the new
distribution line costs in the MV network. The combined costs of this new critical infrastructure amount to a
capital investment of C4,704,500.

Name No. Cost (C)
Trafo_B 1 750,000
Trafo_C2 1 2,000,000
Trafo_E1 1 750,000
Total C3,500,000

Table 4.13: Cost of additional transformers for connection

Name Length (km) No. Cost (C)
25kV_Substation_B_DH_HP 2.4 1 300,000
25kV_Substation_B_DH_EB 0.1 1 12,500
23kV_Substation_F_RDAM_HP 3 1 360,000
10kV_Trafo_A_DH_Geo3 1.5 1 142,500
10kV_Trafo_B_DH_Geo2 0.1 1 9,500
10kV_Trafo_C2_DH_Geo4 2 1 190,000
10kV_Trafo_E1_RDAM_Geo 0.5 1 47,500
10kV_Trafo_E2_Tuinders_Geo 1.5 1 142,500
Total C1,204,500

Table 4.14: Cost of additional lines for connection

4.7.2 EDN in 2030

The results of EDN reinforcement for the 2030 scenario are presented in Table 4.15, where the optimal number
of transformers and lines for both base and full network configurations are presented. In total, the base net-
work requires C43.9 million capital investment, while with the full network expansion scenario C51.7 million
would be needed. Based on the results provided in Appendix I, the transformer and line loading levels with
low and high demand remain within the nominal limits; hence, for the full network with low and high heat
demand, the same reinforcements were applied. The three scenarios are separated by an additional investment
of C7,814,500. The difference is a result of the requirement to build a new infrastructure to connect electrified
heat sources. Moreover, the full network expansion case requires an additional 150/23 kV transformer in Zuid-
wijk substation and an additional 23 kV line for the RDAM HP power supply. In general, even with the base
network expansion scenario that only has one electrified heat source, a substantial investment is required.
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Base network 2030 Low Full network 2030 Low & High
Name Type (kV) Initial No. Final No. Cost (C) Initial No. Final No. Cost (C)
Waterningen 380/150 1 2 17,500,000 1 2 17,500,000
Krimpen 150/25 1 1 0 1 1 0
Rijswijk 150/25 1 3 6,900,000 1 3 6,900,000
s’Gravenhage 150/25 1 2 3,450,000 1 2 3,450,000
Voorburg 150/25 1 3 6,900,000 1 3 6,900,000
Ommoord 150/25 1 3 6,900,000 1 3 6,900,000
Zuidwijk 150/23 1 1 0 1 2 2,750,000
A 25/10 1 2 750,000 1 2 750,000
B 25/10 - - - 1 1 0
C1 25/23 1 1 0 1 1 0
C2 23/10 - - - 1 1 0
C3 25/10 1 2 750,000 1 2 750,000
E1 25/10 - - - 1 1 0
E2 25/10 1 2 750,000 1 2 750,000
23kV_Substation_F_RDAM_HP 23 - - - 1 2 360,000
Total C43,900,000 C51,714,5001

1 plus connection infrastructure costs

Table 4.15: Additional reinforcement costs in 2030

4.7.3 EDN in 2040 & 2050

In the 2040 scenario, it is assumed that the critical infrastructure and network reinforcements built in 2030
are operational. Likewise, in the 2050 scenario, the network reinforcements added in 2040 are carried over.
Therefore, the total capital investment for 2040 network reinforcement does not include the costs of the 2030
scenario, while the same is true for the 2050 scenario. Table 4.16 presents the optimal number of components
for reinforcement in both future scenarios. For both cases of heat demand, the necessary reinforcement capacity
was proved to be equal. In 2040, the main investment costs come from the need to strengthen the HV network,
resulting in only 8.72% of total capital costs going to direct reinforcement of the EDN (C2.5 million in total).
Moreover, in 2050, EDN investments represent a slightly large sum of C3,098,750, representing 9.4% of the
total investment.

Full network 2040 Low & High Full network 2050 Low & High
Name Type (kV) Initial No. Final No. Cost (C) Initial No. Final No. Cost (C)
Waterningen 380/150 2 3 17,500,000 3 3 0
Krimpen 150/25 1 1 0 1 2 17,500,000
Rijswijk 150/25 3 4 3,450,000 4 5 3,450,000
s’Gravenhage 150/25 2 2 0 2 3 3,450,000
Voorburg 150/25 3 4 3,450,000 4 5 3,450,000
Ommoord 150/25 3 3 0 3 3 0
Zuidwijk 150/23 2 2 0 2 2 0
A 25/10 2 2 0 2 3 750,000
B 25/10 1 1 0 1 1 0
C1 25/23 1 1 0 1 1 0
C2 23/10 1 1 0 1 1 0
C3 25/10 2 3 750,000 3 4 750,000
E2 25/10 2 3 750,000 3 3 0
E1 25/10 1 1 0 1 1 0
150kV_Waterningen_Rijskwijk(1&2) 150 2 3 1,202,400 3 4 1,202,400
150kV_sGravenhage_Rijskwijk 150 1 2 540,000 2 2 0
23kV_Substation_F_RDAM_HP 23 2 2 0 2 2 0
25kV_Substation_B_DH_HP 25 1 1 0 1 2 300,000
25kV_Substation_C_Trafo_C3(1) 25 1 1 0 1 2 563,750
25kV_Substation_C_Trafo_C3(2) 25 1 1 0 1 2 545,000
25kV_Substation_C_Trafo_C1 25 1 1 0 1 2 865,000
25kV_Substation_E_Trafo_E2(1&2) 25 2 3 1,000,000 3 3 0
Total C28,642,400 C32,826,150

Table 4.16: Additional reinforcement costs in 2040 and 2050 (low and high demand scenarios)
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4.7.4 Financial investment summary

The overall accumulated investment costs of the in the full network expansion case in 2040 are C80.3 million,
while by 2050 the total accumulated costs result in C113.18 million. Of the latter amount, 4.16% is required
for the new substations and lines to supply power to the additional electrified heat sources, 7.85% of the total
accumulated investment is reserved for the reinforcement of the EDN and the remaining 87.99% goes toward
the reinforcement of the HV transmission network. Figure 4.24 shows the cost accumulation, while Table 4.17
presents the exact costs required for reinforcement by 2050.

The final costs provide a rough estimate of the required investments. Actual costs may be higher following a
detailed market analysis of equipment suppliers and contractors. In general, the comparison between enforced
and "no P2H" cases shows that in some cases the electrified heat sources can reduce transformer loading by
enabling local consumption of electricity. In other instances, the addition of these sources results in a marginal
increase in the maximum loading levels of the critical network infrastructure. This indicates that reinforcements
are primarily driven by the future load demand profiles provided by Stedin. Nevertheless, total accumulated
capital investment costs are largely influenced by the overloading at the MV distribution level. This highlights
the importance of coordinated planning across all voltage levels of the network, as their interdependence is
critical to ensuring stable and efficient network operation.

Scope Accumulated costs
MV connection infrastructure C4,704,500
MV network reinforcement (EDN) C8,883,750
HV network reinforcement C99,594,800
Total costs C113,183,050

Table 4.17: Total accumulated investment costs by 2050 (low and high demand scenarios)

Figure 4.24: Total accumulated investment costs in each scenario
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5 | Discussion

This chapter provides an interpretation of the case study results, while also answers the research questions
that were raised in the beginning of the thesis. Moreover, a general observation and evaluation of the thesis
methodology is presented and discussed.

5.1 Interpretation of case study results

5.1.1 DHN in 2030

The results of the 2030 scenarios demonstrate the impact of the transition towards electrified heat source inte-
gration in the future DHN, revealing a clear shift from a more demand-driven to a flexible and market responsive
network. The operation of the future DHN not only depends on heat demand, natural gas and CO2 prices, but
also on the weather conditions and largely electricity market conditions. Due to the decarbonisation of the
DHN a near complete phase-out of gas boilers occurs if the low heat demand projections are true. On the other
hand with high heat demand scenario the RDAM Gas4 operates to supply heat to one of the key heat demand
nodes of Rotterdam RoCa. Moreover, the utilisation of CHP units declines sharply in both heat demand cases,
operating only during the hours when revenue from electricity sales can be made. The operation of the CHP’s
are largely limited by the carbon prices, which are projected to increase in the upcoming decades. In the full
network expansion cases the geothermal energy plants take the primary role as base load providers followed by
significant heat dispatch by WI and IWH units, the latter two each serving around a quarter of heat demand in
each scenario.

In addition, the implementation of geothermal sources shifts the role of the biomass plant from the base load
supplier to a peak-shaving heat production unit in the Tuinders region. With increasing heat demand the utili-
sation rate of the HP units (primarily RDAM HP) increases significantly. Conversely, decreasing heat demand
results is lower RDAM HP utilisation as its dispatch is limited by the heat distribution network capacity and
price completenesses with the WI and IWH units. With more TES units the decoupling of heat supply from
the instantaneous demand is achieved, mitigating the variability introduced by the new dynamic market be-
haviour. Furthermore, due to the specific directionality of the DHN, the placement of TES near the electrified
heat production units vastly increases the utilisation of heat buffers, providing additional flexibility to the DHN.
Otherwise, TES placed near fossil-fuel powered systems shows low usage rates with low operational variabil-
ity. Lastly, in 2030, with the integration of electrified heat sources, close to 100 MW of electrical power at
peak times is required from the EDN to meet the heat demand, thus the ability of the EDN support this power
demand is critical.

5.1.2 DHN in 2040 and 2050

The 2040 and 2050 DHN scenarios maintain similar operational dynamics to the full DHN scenario in 2030.
Although the underlying input profiles remain structurally consistent, changes in the economic parameters, heat
demand and climate data introduce new operational patterns. With the increase in heat demand the proportions
of heat dispatch by category remain largely similar to the low heat demand cases, except for the HP, WI and
gas boilers, which all increase their heat output due to demand increase in the Rotterdam and Tuinders regions.
Also, the biomass plant keeps its role as a stable heat source in both scenarios with high heat demand In the low
heat demand case, the utilisation of the RDAM HP drops due to price and efficiency competition with the nearby
sources in Rotterdam. Moreover, heat supply from certain TES systems (RDAM1 Storage1 and RDAM1 Stor-
age2) drops slightly due to lower heat demand and lower electrified heat source production (mainly RDAM HP).

On the other hand, in the high demand case, the same reduction in heat supply happens for both mentioned
TES units. Due to increased heat demand it become more efficient to meet the heat demand directly than to
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have transmission, charge and storage of the storage combined. Further findings suggest that an expansion
to a multidirectional heat network could allow a better utilisation of the distributed heat production sources
and certain heat buffers (especially the ones connected to CHP and gas boiler system). Meaning that either
multi-directionality of the DHN or the placement of storage systems near the electrified heat sources are the
solutions that would allow better integration. In addition, the total heat output from the geothermal plants
remains largely similar between 2040 and 2050 cases. Four out of six geothermal sources are placed in The
Hague, which results in curtailment of the these units as heat cannot be transferred to the wider network (only
The Hague can receive heat from Rotterdam via the WLQ connection). With the high heat demand case, the
power demand at peak times remain around 100 MW, however, on average more power is required for the
operation of the electrified heat sources.

5.1.3 EDN in 2030

The 2030 EDN scenario highlights how the addition of multiple electrified heat sources affect the MV distri-
bution network infrastructure. With the base network topology applied in 2030 it was identified that a single
geothermal source only marginally increases the substation loading. More importantly, it was discovered that
even in the absence of multiple electrified heat sources reinforcing the HV and MV networks is still required.
This suggests that future load profiles from Stedin have larger impact on the reinforcement selection, which
will stay evident in other scenarios as well. Moreover, it was shown that with the taken reinforcement measures
a successful reduction in transformer and line loading can be achieved.

The maximum loading levels indicate that in cases of large local electricity production the electrified heat
sources can reduce the substation overloading. This highlights the role of electrified heat sources as not only
electricity consumers that create higher loading, but in some instances as systems that consume the electrical
power locally, reducing the loading on the upstream components and balancing the network. Overall, whether
with base or full network expansion scenarios, the 2030 case underlines the importance early investments in the
network expansion ahead of widespread electrification. Even with low number of electrified heat production
units, reinforcements are required, which highlights that the broader network planning must accommodate not
just the DHN expansion, but also the general electrification trends in the South-Holland region.

5.1.4 EDN in 2040

By 2040, the EDN becomes increasingly more vulnerable to failures if no reinforcements are done in 2030.
Although 2040 could be considered as a transitional year to 2050, a threefold increase in the number of non-
convergent PFA calculations in the unenforced cases shows the anticipated increase in the future electrical
power consumption and distributed generation. The pressure on the continues to increase with the growth in
electrification and distributed electrical energy generation. In terms of network reinforcement, on top of the
reinforcements that are assumed to be implemented in 2030, the reinforcement of two MV transformers and
one line is required. Nevertheless, the majority of the capital investments result from the need to upgrade the
upstream HV network. On the other hand, the 10 kV lines dedicated to geothermal integration show stable
loading patterns during the year, revealing that geothermal energy sources require stable supply power. Over-
all, in the 2040 scenarios the importance of strategic network infrastructure planning is highlighted.

5.1.5 EDN in 2050

In the 2050 EDN scenario, the new complexity introduced by the increased penetration of distributed energy
generation changes the seasonal loading patterns. This results in shifted peak load times, with a notable increase
in peak loading in the summer due to large distributed energy generation, which results in more critical network
failures if not reinforcements are implemented. Moreover, reinforcement of MV voltage lines connecting the
150/25 kV and 25/10 KV substations as well as two MV transformer was identified as a necessity to achieve
nominal component loading. Similar to the EDN in 2040, the majority of the capital investments come from
the need to reinforce the HV network. The continuation of the reinforcements in the 25 kV level, highlight that
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distribution infrastructure remains one of the key constraints in achieving nominal network operation. Again,
the 10 kV lines linked to geothermal sources required no reinforcement, reaffirming the reliability of local
geothermal integration.

5.2 Sub-questions

5.2.1 SQ1

What modelling aspects must be considered when designing an integrated heat-electricity system to investigate
the DHN interactions with the distribution grid?

The design of integrated heat-electricity networks inherently comes with a plethora of modelling factors that
must be considered, including both institutional and technical modelling aspects. As highlighted in Chapter 2,
a key starting point is the establishment of a collaborative frameworks between network operators where data
is strategically shared and aligned to plan the operation and execution of network investments in a coordinated
manner. The modeller is thus tasked to act as a mediator and translator between the professional knowledge of
the network operators and the mathematical models required to simulate the integrated networks. This study,
as part of the DEMOSES project, has shown the multiple stages of development of the integrated heat and
electricity network models of the South-Holland region that aim to act as a decision support tools in helping the
transition towards decarbonised networks. The construction of such models is a multi-step process that begins
with definition of network boundaries, relevant input data and infrastructure constraints, all of which are critical
to model real-world networks as realistically as possible. Moreover, choosing the right software tools that can
be specifically applied to model interconnected multi-carrier energy networks is pivotal.

With the achieved institutional and conceptual alignment, the technical modelling aspects can be addressed.
In this study, the DHN model was built using the PyPSA library, while the EDN model utilises pandapower
framework, which both allow for detailed simulation of integrated energy systems. To provide a realistic and
functional representation of the integrated heat and electricity networks, multiple modelling elements must be
taken into account. At first, the temporal resolution of the input data must be considered. In this study, hourly
resolution was chosen to capture the seasonal and intra-day variations in prices, temperatures and demands
(heat and electricity), critical for the operation of both networks. Next, the behaviour of each component must
be considered to achieve greater realism of the model. For example, HPs and geothermal sources must have
variable COP values that reflect seasonal and daily temperature variations. Moreover, the operational time-
frames of certain heat production units must be taken into account, such as seasonal operation of WI and CHP
plants. Given the lack of PyPSA heat dumping functionality a custom modelling approach was considered
to account for components with a minimum production limits. Furthermore, carefully defining the objective
function is crucial, as it determines how the DHN balances the economic and technical variables. With regard to
the EDN model, the accurate spatial mapping of the electrified heat sources is required to determine the exact
connection points to the EDN. This enables a more accurate assessment of their impact on transformer and
line loading, enabling accurate operation under future scenarios. Ultimately, the usefulness of such integrated
models depends not only on the technical refinement, but also on how well they support the real-world network
operation and reinforcement strategies.

5.2.2 SQ2

What are the different technology options for decarbonising heat demand (i.e. HP, EB, etc.), when combined
into a DHN and what is the optimal mix from the perspective of the DHN?

To decarbonise heat demand, multiple technology options exist, particularly as electricity and other alternative
low-carbon options are more widely applied in DHNs, offering unique operational characteristics. The key
technologies in future DHN of South-Holland include the electrified heat sources like geothermal energy and
HPs, as well as other low-carbon systems, such as WI, biomass and IWH systems and fossil-fuel powered gas
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boilers. In addition, the CHPs and EBs were considered. In this thesis, HPs, EBs and geothermal energy repre-
sented electrified heat production technologies that facilitate the integration of the heat and electricity sectors.
In the South-Holland case study, the optimal mix for future scenarios is derived from cost-based optimisation
modelling in PyPSA, where heat production units are selected based on dynamic energy prices, emission costs
and operational flexibility.

The results indicate that overtime the optimal energy mix for the South-Holland DHN shifts toward greater
reliance on geothermal energy sources, supplying one third of the heat demand. On the other hand, HPs supply
around one tenth of the heat demand in the future scenarios, while EB contribution to the final heat output was
found to be marginal. HPs and EBs are primarily utilised during periods of low electricity prices, indicating
their potential role in electricity network balancing. WI and biomass act as low-carbon heat supply units, with
WI unit supplying the majority of heat to Rotterdam. With decreasing heat demand, the biomass unit shifts
to a peak-shaving production, while increased heat demand allows the unit to operate steadily. Furthermore,
in the future scenarios of the DHN it was discovered that the gas boilers remain a key production unit, which
indicates a need for more electrified heat sources or a multi-directionality of the DHN. The evolution of the
optimal energy mix demonstrates that in the future the most cost-optimal units will also be the low-emission
ones. Future scenarios show that the South-Holland DHN will prioritise electrification, while the base load
will be supported by low-carbon technologies and flexible heat storage units to balance seasonal and daily
variability.

5.2.3 SQ3

How can operators of heat and electricity networks understand the impact of electrification of heat supply on
their systems?

The South-Holland case study demonstrated that heat and electricity network operators can understand and
quantify the impact of electrified heat technologies through integrated network modelling and scenario-based
simulations. By applying an operational optimisation dispatch model in PyPSA the study depicted the opera-
tion of the future DHN. Crucially, the operation of the electrified heat technologies was modelled, namely HPs,
EBs and geothermal energy systems, that interact with both heat and electricity networks. The results show that
increased direct electrification of heat supply units raises the dependence on low-voltage electricity networks,
especially during peak heat demand periods. The situation creates a dual challenge, where the supply of heat
to end-consumers now requires the management of two integrated networks simultaneously. The integrated
models suggest that geothermal energy and HP units are becoming dominant heat suppliers under the future
scenarios, contributing to a significantly increased electricity demand. To address this, the study evaluated
the electricity network reinforcement needs, mainly line and transformer number upgrades, enabling Stedin to
plan future operation and reinforcement investments accordingly. Meanwhile, Eneco can use the insights of
the model to align their network operation targets. Overall, with a flexible network modelling framework both
parties can understanding the integrated operation and the critical infrastructure needs of both networks.

5.3 Main research question

How does the decarbonisation of the DHN of South-Holland, facilitated by the electrification of the heat supply,
affect the electricity distribution network?

The decarbonisation of the South-Holland DHN, primarily driven by direct electrification of heat supply units,
alters future electricity load profiles by introducing new peak demand periods and increasing overall electricity
demand. While this results in additional stress on the EDN components, during periods of high distributed
generation levels these sources were shown to reduce transformer loading by locally consuming excess elec-
tricity. As such, the real impact of the electrification of the DHN is mixed. With the operational optimisation
model of the South-Holland DHN it was shown that around 40% of total heat demand will be met by electrified
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heat supply units, primarily by geothermal energy and HPs, which produce around 30% and 10% of the total
heat demand, respectively. Electrification of the heat supply units transforms the operation of the DHN, as
heat production units become closely tied to electricity market prices or weather patterns; thus, introducing
new operational variability, which is not dominant in the current heat network. Depending on the heat demand
scenario, the total electrical power demand from the DHN ranges from 131 to 257 GWh annually.

This increased and variable demand adds further complexity to the balancing and load forecasting for the elec-
tricity distribution network operator, requiring Stedin to reevaluate their projected substation electricity demand
profiles to prevent congestion and maintain supply security. The integration of electrified heat technologies es-
sentially shifts the role of EDN with respect to the DHN i.e., from a passive (ensuring power supply to heat
production plants as to regular customers) to a more active role that must adapt to a dynamic electricity de-
mand. As was shown in the South-Holland case study, no distribution network reinforcement will result in an
increasing number of critical network failures (non-convergence) every decade, from around 600 to over 2600.
Moreover, the instances of when such critical failures occur is becoming more increasing in the summer and
shoulder months due to increased distributed energy generation levels. As mentioned before, the network load-
ing resulting from high distributed RES generation can be reduced by electrified heat supply units consuming
the power locally. Moreover, with applied network reinforcements it was shown that the distribution network
can operate within safe limits. By 2050, a total of C113 million of investments will be required to effectively
integrate the electrified heat sources and meet the projected electricity demand of the local loads. Overall, with
the anticipation of both networks becoming more tightly integrated, the impact of heat source electrification
will not only be felt on the network scale, but also on the company scale, requiring more specialists working
together to transform the DHN and EDN according to the heat transition and electricity network expansion
goals.

5.4 Evaluation of Methodology & Limitations

5.4.1 DHN model

The new South-Holland DHN model represents a significant step forward in modelling its operation. The
model effectively utilizes the open-source PyPSA library, allowing the user to define the variables, constraints,
the objective function and scenario assumptions more intuitively, without the need to hard-code the optimisa-
tion model extensively. The performed case-study focused on addressing the operational side of the network,
however the research conducted with the model could be extended to address network planning, assessment of
future investments or sensitivity analysis. This inherent flexibility with PyPSA makes the model a valuable tool
for the heat network operators that seek to investigate various decarbonisation pathways.

Nevertheless, the DHN model remains subdued to several limitations that affect its operational dynamics and
lower its ability to achieve real-world operation conditions. Firstly, coherent input data regarding the attributes
of heat production, storage and distribution pipelines is missing, leading to many simplifications. For example,
only the CHP units have fixed start-up costs, making them the only unit-committable components. It results
in all other heat generation units operating purely on marginal cost dispatch without cycling constraints. This
reduces the operational realism of heat supply technologies that are typically not flexible, such as WI, biomass
and gas boiler plants. Moreover, PyPSA introduces the ability to include many other attributes, such as stand-by
costs, ramp-up and ramp-down times, shut-down costs and many others, without which the variability of heat
dispatch is exaggerated in heat supply and storage units.

Moreover, some components have operational constraints, which greatly simplifies their behaviour or affects
the network-wide operation. For instance, only a single heat distribution pipe connecting the Rotterdam WI
plant to The Hague has assigned seasonal marginal costs of heat transfer. This results in the vast majority
heat produced by the WI plant (99% of it) to be dispatched to Rotterdam, as heat transfer to The Hague is
not optimal by cost. All other heat distribution pipes have zero marginal cost of heat transfer, which likely
results in over-utilisation of certain heat pipes. In addition, the WI and biomass heat production units do not
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have a defined CO2factor, which does not associate them with the carbon price market. Moreover, the IWH1
unit operates with a fixed maximum annual heat production limit in each scenario, resulting in curtailment of
heat production. With regard to IWH units, an alternative approach could have been selected to model them
as electrified heat source units (same as HP or geothermal units) with a variable COP value, allowing the IWH
to be dispatched based on price and efficiency competition with other electrified units. This was not done,
assuming that IWH units have a waste heat source with a stable temperature. In terms of storage, only TTES
type is considered, while long-term storage options are not specifically model.

5.4.2 EDN model

The introduction of the corresponding EDN in South-Holland is also a significant step in analysing the inte-
grated operation of heat and electricity networks. Nevertheless, the model also hold a few limiting factors that
lower the realistic representation and operation of the network. At first, the EDN model cannot be validated,
as no equivalent model of the EDN exists. Moreover, the 380 kV external grid component is the only volt-
age regulating source, modelled as a slack bus, and no other voltage regulation is applied in the downstream
network, which in some simulations results in bus voltages that exceed the safety margins. The external grid
supplies power to the two main branches: one in The Hague and one in Rotterdam. In The Hague, the 150/25
kV transformers form a loop, which accurately reflects the real-world topology. In Rotterdam, the substations
supplying electrified heat sources are more dispersed. Moreover, there are multiple substations and lines that
located The Hague and Rotterdam, that connect the two areas and are not included in the model, for example, in
Delft or Rotterdam West. This simplification limits the full representation of the South-Holland DHN and only
takes the parts of it that connects to the electrified heat sources. Therefore, the model represents a conceptual
network structure that approximates the real network topology. Overall, the simplified voltage control, network
spatial generalisation are the factors that should be considered when interpreting the results.

5.4.3 Scenarios

The future scenarios were structured based on price, temperature, heat and electricity demand projection for
2030, 2040 and 2050. The future scenarios are of deterministic nature, rely on fixed assumptions and do not
include uncertainty or stochastic variation in the simulations. Only heat demand is simulated with low and high
assumptions, meaning that the results from integrated models reflect only a narrow range of possible conditions.
Moreover, all time-dependant price data was scaled from the historic data of 2020 scenario, while heat demand
was scaled based on 2022, which was a relatively mild year. As a result, scaling the 2022 data to represent high
or low demand scenarios can underestimating potential peak load conditions in colder years. Still, with the use
of low and high demand scenarios, the operational tendencies are covered in detailed.

With regard to the network expansion of the DHN, it is yet unclear whether all proposed additional heat produc-
tion sources and storage units will be implemented in the future. Even if these units are eventually implemented,
the infrastructure build-up timeline remains unclear. This study leans heavily on the fact that the electrified heat
production units will become operational at once, as the primary goal was to determine their interactions with
the EDN. However, this assumption brings uncertainty with regard to the real-world network development
plans and their projected timing. If the integration of these units experience delays, are scaled down or are not
implemented at all, the necessity of EDN infrastructure expansion and reinforcements to accompany the DHN
demand may be significantly reduced or postponed.
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6 | Conclusion

This Chapter provides the final conclusions of the research. In addition, the recommendations for further
research are provided.

6.1 Conclusion

This master thesis studied the decarbonisation of the South-Holland DHN through direct electrification and
evaluated its impact on the EDN. This goal was achieved by developing integrated heat and electricity models:
an operational optimisation model of Eneco South-Holland DHN and a PFA model of Stedin EDN. To improve
the accuracy and the usability of the DHN model, it was implemented with an open-source energy systems
modelling tool PyPSA, while also included new attributes, such as seasonal heating schedules and coefficient
of performance (COP) calculations for heat pumps (HPs) and geothermal systems. The corresponding EDN
model was constructed with the pandapower library to represent a realistic distribution network, which is capa-
ble of supplying power to the electrified heat generation units and local loads. In the South-Holland case study,
it was shown how these models can be applied to determine the operation of the future networks for the years
2030, 2040 and 2050, and to measure the impact of heat supply electrification on both heat and electricity net-
works. The constructed case study explored future scenarios by incorporating variable hourly data projections,
including electricity, natural gas and CO2 prices, air and ground temperatures, as well as projected heat and
electricity demand.

Future scenarios demonstrated that electrified heat sources have the potential to produce a major part of the total
heat supply, but that will also require high amounts of electrical energy to be supplied by EDN. The inclusion
of TES sources alongside electrified heat supply units was identified as essential helping to lower the impact
of electricity market variability and enabling higher utilisation of electrified heat sources. In addition, the case
study demonstrated how the future EDN will face increased electricity demand and operational complexity,
which will require strategically planned grid reinforcements to maintain reliable supply and to accommodate
electrified heat production units and future increase in distributed energy generation. Overall, the creation of
the integrated heat and electricity models in this study enables network operators to evaluate both networks in
an integrated manner. The joint operational and infrastructure planning with shared and established technical
priorities is highlighted. The results of this research can provide valuable insights to the decision makers at
Eneco and Stedin, helping to coordinate operational strategy and formulate investment plans, as both networks
are bound to pass through the energy transition and decarbonisation efforts.

6.2 Recommendations

• The future research should apply the capabilities introduced by PyPSA and pandapower, which allow
to include extensive details with regard to network component operation attributes and fixed parameters.
As mentioned before, only the CHPs have assigned start-up costs in the DHN model, while other units
should also have this data included. Therefore, with the help of the professional from Eneco and Stedin,
the current input data of network component parameters should be improved to achieve a more realistic
representation of network operation.

• It this study, the unidirectional structure of the South-Holland DHN was found to constrain the heat
dispatch and the utilisation rate of certain heat production and storage units. Future studies should inves-
tigate the feasibility and benefits of expanding the South-Holland DHN to a multi-directional network.
Moreover, the comparison could be made between the relocation of the planned heat production and
storage assets of the future to improve their operational flexibility and utilization rates.
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• In the DHN model of South-Holland, the integration of large-scale electrified heating sources was the
main focus. However, the impact of decentralised and smaller-scale heating and cooling units could be
investigated in the future research. How would the integration of large number of electrified heat and
cooling sources on a building level affect the flexibility and robustness of the distribution network should
be further analysed.

• With regard to the EDN, the current model is limited by the geographical scope and voltage control
functionality. The future model could be expanded to include more substations in the region (for example,
Delft, Rotterdam West) to simulate the interconnections between Rotterdam and The Hague, which will
increase model complexity, but could yield more accurate results that represent the real-world operation
of the network. Moreover, implementing more realistic voltage control mechanisms in the EDN model,
such as tap changers or local voltage regulators, would greatly enhance the model.

• In this study, a manual reinforcement methodology of the EDN was used. This approach could be im-
proved through automating this approach, instead of relying on a step-wise approach, which is prone to
human error. Maximum transformer and line loading levels could be identified to add reinforcements for
the next simulation. Moreover, the validation of the EDN model remains an important step, which was
not achieved in this thesis. Collaborating with network operators to acquire real-world operational data
for comparison would enhance the credibility of the model and make it a more reliable tool for decision
makers.

• The future DHN and EDN of South-Holland model development could benefit from incorporating other
integrated energy systems beyond heat and electricity. Rotterdam Port is emerging as a key hub of the
hydrogen economy. The integration of hydrogen production facilities and waste heat recovery systems
could be investigated, as electrolysers will demand large amounts of electrical power supply from the
EDN, while waste heat could be collected and distributed in the DHN. This would contribute to a more
holistic view of the network operation and planning of the South-Holland region.

• With regard to the uncertainty introduced by deterministic scenarios, future research could utilise stochas-
tic modelling approaches, which account for variability in weather, prices (natural gas, CO2 and electric-
ity) and future energy demand data. With this approach the robustness of the two network models could
be investigated in more detail, which could improve the operational and investment strategies of the future
networks.
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Appendices
A Model configuration

Old model New Model Modelled as
AVR W1 Link
WBR IWH1 Generator
SNR IWH2 Generator
GasDV RDAM Gas1 Link
GasWSG RDAM Gas2 Link
GasAC RDAM Gas3 Link
RoCa-ketel RDAM Gas4 Link
RoCa1 RDAM CHP1 Link
RoCa2 RDAM CHP2 Link
RoCa3 RDAM CHP3 Link
Heatpump RDAM RDAM HP Link
Geothermal RDAM RDAM Geo Link
Rotterdam Rotterdam Load
Rotterdam RoCa Rotterdam RoCa Load
STEG1 DH CHP1 Link
STEG2 DH CHP2 Link
GasBezuidenhout DH Gas1 Link
GasAdh DH Gas2 Link
Gas-CR DH Gas3 Link
GeoHAL DH Geo1 Link
Geothermal DH1 DH Geo2 Link
Geothermal DH2 DH Geo3 Link
Geothermal DH3 DH Geo4 Link
Heatpump DH DH HP Link
E-boiler DH DH EB Link
Den Haag Den Haag Load
TBM Biomass Generator
Geothermal B3hoek Tuinders Geo Link
Tuinders Tuinders Load

Table 1: DHN model heat supply units

Old model New Model Modelled as
Rotterdam-buffer RDAM1 Storage1 Storage unit
Storage RDAM RDAM1 Storage2 Storage unit
RoCa-buffer RDAM2 Storage Storage unit
CR-buffer DH Storage1 Storage unit
Storage DH DH Storage2 Storage unit
Tuinders-buffer Tuinders Storage Storage unit
Storage B3hoek B-Triangle Storage Storage unit

Table 2: DHN model heat storage units
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Name From bus To bus Pnom, MW Efficiency Bidirectional
Pipe 1 Bus_CR_plein Bus_DenHaag EXT 0.98 No
Pipe 2 Bus_WLQ Bus_CR_plein EXT 0.947 No
Pipe 3 Bus_Point_V Bus_WLQ 75 0.947 No
Pipe 4 Bus_W1_DH Bus_Point_V 100 0.98 No
Pipe 5 Bus_Point_V Bus_LoN 160 0.975 No
Pipe 6 Bus_W1_RDAM Bus_LoN EXT 0.98 No
Pipe 7 Bus_LoN Bus_Rotterdam1 160 0.975 No
Pipe 8 Bus_Rotterdam1 Bus_Boszoom 60 0.98 No
Pipe 9 Bus_Boszoom Bus_To_Tuinders 25 0.98 No
Pipe 10 Bus_To_Tuinders Bus_Tuinders EXT 0.97 Yes
Pipe 11 Bus_To_Tuinders Bus_B_Triangle EXT 0.98 Yes
Pipe 12 Bus_Boszoom Bus_Rotterdam2 EXT 0.98 No
Pipe 13 Bus_RoCa Bus_To_Tuinders 250 0.97 No
Pipe 14 Bus_RoCa Bus_Rotterdam2 EXT 0.98 No
Pipe 15 Bus_RoCa Bus_Rotterdam1 25 0.98 No

Table 3: DHN model heat transfer pipelines, modelled as links

Name Purpose Modelled as
ExternalGrid Feeds power to links (geothermal, EB and HPs) Generator
Waste_supply Acts as waste fuel source for waste incineration plant Store
Gas_supply Acts as waste fuel source for links (CHPs and gas boilers) Store
RDAM_CHP1_heat_sink Heat sink1 Store
RDAM_CHP2_heat_sink Heat sink1 Store
RDAM_CHP3_heat_sink Heat sink1 Store
IWH2_heat_sink Heat sink2 Store
W1_heat_sink Heat sink2 Store
Electricity_sink Acts as external grid where power is fed to Store
LinkBus_RDAM_CHP1 Heat sink bus Bus
LinkBus_RDAM_CHP2 Heat sink bus Bus
LinkBus_RDAM_CHP3 Heat sink bus Bus
LinkBus_IWH2 Heat sink bus Bus
LinkBus_W1 Heat sink bus Bus
RDAM_CHP1_output Heat supply controller3 Link
RDAM_CHP2_output Heat supply controller3 Link
RDAM_CHP3_output Heat supply controller3 Link
IWH2_output Heat supply controller3 Link
W1_RDAM_output Heat supply controller4 Link
W1_DH_output Heat supply controller4 Link
1 used when electricity can be produced due to low prices, but heat demand is very low
2 used for generated heat when heat demand is very low
3 used to supply the fraction of heat that does not go into the heat sink
4 used to control the maximum allowable heat supply to Den Haag and Rotterdam

Table 4: DHN model auxiliary components
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Name CO2 factor (t/MW)
DH Gas1 0.2300
DH Gas2 0.2280
DH Gas3 0.2267
DH CHP1 0.4725
DH CHP2 0.4725
RDAM Gas1 0.2325
RDAM Gas2 0.2280
RDAM Gas3 0.2347
RDAM Gas4 0.2329
RDAM CHP1 0.2265
RDAM CHP2 0.2265
RDAM CHP3 0.4500

Table 5: CO2 factor of gas-consuming heat supply sources

Name Standard Type Length (km)
150kV_Waterningen_Rijskwijk(1&2) 150kV CS 500mm2 3.34
150kV_sGravenhage_Rijskwijk 150kV CS 500mm2 1.5
150kV_sGravenhage_Voorburg 150kV CS 500mm2 5.96
150kV_Voorburg_Waterningen 150kV CS 500mm2 11.56
150kV_Krimpen_Ommoord(1) 150kV CS 500mm2 11.9
150kV_Krimpen_Ommoord(2) 150kV CS 500mm2 11.61
150kV_Krimpen_Zuidwijk 150kV CS 500mm2 11.33
25kV_Substation_A_Trafo_A(1) 25kV CS 240mm2 4.29
25kV_Substation_A_Trafo_A(2&3) 25kV CS 240mm2 4.12
25kV_Substation_A_Trafo_A(4) 25kV CS 240mm2 4.08
25kV_DH_CHP_Cables 25kV CS 630mm2 0.1
25kV_Substation_B_DH_HP 25kV CS 240mm2 2.4
25kV_Substation_B_DH_EB 25kV CS 240mm2 0.1
25kV_Substation_C_Trafo_C1 25kV CS 240mm2 6.92
25kV_Substation_C_Trafo_C3(1) 25kV CS 240mm2 4.51
25kV_Substation_C_Trafo_C3(2) 25kV CS 240mm2 4.36
25kV_Substation_E_Trafo_E2(1&2) 25kV CS 240mm2 8.0
25kV_Substation_E_Substation_D(1&2) 25kV CS 240mm2 2.77
23kV_Substation_F_RDAM_HP 23kV CS 240mm2 3.0
10kV_Trafo_A_DH_Geo3 10kV CS 150mm2 1.5
10kV_Trafo_B_DH_Geo2 10kV CS 150mm2 0.1
10kV_Trafo_C2_DH_Geo4 10kV CS 150mm2 2.0
10kV_Trafo_C3_DH_Geo1 10kV CS 150mm2 1.5
10kV_Trafo_E1_RDAM_Geo 10kV CS 150mm2 0.5
10kV_Trafo_E2_Tuinders_Geo 10kV CS 150mm2 1.5

Table 6: Full EDN model line components
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Name Standard Type Rated apparent power (MVA)
Waterningen 380/150 kV 500
Krimpen 380/150 kV 500
Rijswijk 150/25 kV 115
s’Gravenhage 150/25 kV 115
Voorburg 150/25 kV 115
Ommoord 150/25 kV 115
Zuidwijk 150/23 kV 110
Trafo_C1 25/23 kV 40
Trafo_E2 25/10 kV 30
Trafo_C3 25/10 kV 30
Trafo_A 25/10 kV 30
Trafo_B 25/10 kV 30
Trafo_E1 25/10 kV 30
Trafo_C2 23/10 kV 80

Table 7: Full EDN model transformer components

Standard Type *Rough Cost (C/MVA)
380/150 kV 35,000
150/25 kV 30,000
150/23 kV 25,000
25/23 kV 30,000
25/10 kV 25,000
23/10 kV 25,000
*Confirmed by Stedin

Table 8: Transformer CAPEX costs

Standard Type *Rough Cost (C/km)
150kV CS 500mm2 360,000
25kV CS 240mm2 125,000
25kV CS 630mm2 170,000
23kV CS 240mm2 120,000
10kV CS 150mm2 95,000
*Confirmed by Stedin

Table 9: Line CAPEX costs
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B Line & Transformer Standard Types

Name c (nF/km) r (/km) x (/km) max_i (kA) type q area (mm²) alpha Voltage Rating
150kV CS 500mm2 13 0.05 0.3 1.2 cs 500 0.004 HV
25kV CS 630mm2 40 0.1 0.08 1 cs 630 0.004 MV
25kV CS 240mm2 30 0.2 0.15 0.8 cs 240 0.004 MV
23kV CS 240mm2 30 0.2 0.15 0.8 cs 240 0.004 MV
10kV CS 150mm2 45 0.4 0.12 0.6 cs 150 0.004 LV

Table 10: Line parameters

Name i0 (%) pfe (kW) vkr (%) Prated (MVA) vk (%) Vector group Shift degree
380/150 kV 0.035 180 0.4 500 11 Yy0 0
150/25 kV 0.03 120 0.35 115 19.2 YNd5 150
150/23 kV 0.03 120 0.35 110 10 YNd5 150
25/23 kV 0.02 50 0.22 40 4.5 YNyn0 0
25/10 kV 0.025 60 0.25 30 12.4 YNd11 330
23/10 kV 0.025 55 0.25 80 7.5 Dyn5 150

Table 11: Transformer parameters
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C DHN model validation

Production unit Heat. Eff. El. Eff. Min. prod. (MW) Max. prod. (MW) Gas con. (MW) CO2 factor (ton/MW) El. prod. (MW) SU cost (C) Variable cost (C)

Rotterdam
WI 1 - 60 160 - 0 - 0 0
IWH1 1 - 0 39.17 - 0 - 0 0
IWH2 1 - 4 20 - 0 - 0 0
RDAM Gas1 0.789 - 0 120 152 0.233 - 0 0
RDAM Gas2 0.801 - 0 25 31.2 0.228 - 0 0
RDAM Gas3 0.788 - 0 43.89 55.7 0.235 - 0 0
RDAM Gas4 0.791 - 0 140 177 0.233 - 0 0
RDAM CHP1 0.487 0.214 34.17 56.94 117 0.227 25 1652 101
RDAM CHP2 0.487 0.214 34.17 56.94 117 0.227 25 1652 101
RDAM CHP3 0.4 0.38 90 200 500 0.46 190 13500 413
Biomass 1 - - 21.67 - 0 - 0 0

Den Haag
DH CHP1 0.389 0.414 0 40 102.7 0.4725 42.5 5000 110
DH CHP2 0.389 0.414 0 40 102.7 0.4725 42.5 5000 110
DH Gas1 0.797 - 0 110 138 0.2300 - 0 0
DH Gas2 0.791 - 0 25 31.6 0.2280 - 0 0
DH Gas3 0.808 - 0 45 55.7 0.2267 - 0 0
DH Geo1 1 - 3.33 3.33 - 0 - 0 0

Table 12: Base model generation sources and their parameters.

Storage Buffer Capacity (MWh) Rated Capacity (MWh) Max SOC (Hours) Eff.

DH Storage1 347 40 8.675 1
RDAM1 Storage1 700 700 1 1
RDAM2 Storage 53.3 53.3 1 1
Tuinders Storage 750 750 1 1

Table 13: Base model TES and their parameters used for model validation.

Heat source Real-life data (MWh) PyPSA model
(MWh)

Change in share of
total production (%)

Waste Incineration 787,512 739,457 0.1
Waste heat 201,265 170,833 -1.1
CHP and DH Gas3 543,362 484,129 -1.6
Biomass 38,864 120,129 5.4
Gas boilers 60,769 2,504 -3.5
Geothermal 17,846 27,410 0.7
Total 1,649,618 1,554,461 -6.4

Table 14: Model validation: Total heat supply per category in 2022 (without WLQ connection and IWH2).

Heat source Pyomo model (MWh) PyPSA model
(MWh)

Change in share of
total production (%)

Waste Incineration 933,997 826,161 -0.6
Waste heat 312,435 309,156 1.9
CHP 337,185 265,656 -2.3
Biomass 112,616 124,443 1.5
Gas boilers 13,424 1,202 -0.7
Geothermal 27,490 27,410 0.2
Total 1,738,740 1,554,027 -10.54

Table 15: Model validation: Total heat supply per category in 2022.
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Heat storage Pyomo model (MWh) PyPSA model
(MWh)

Change in share of
total supply(%)

DH Storage1 25,969 68,691 16.7
RDAM1 Storage1 76,648 89,202 -5.8
RDAM2 Storage 11,120 21,689 3.4
Tuinders Storage 42,070 26,012 -14.3
Total 155,806 205,594 31.95

Table 16: Model validation: Total supply by storage in 2022.
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D DHN model verification

(a) Base model

(b) No electricity revenue expression

(c) No CO2 costs

(d) No TES

Figure 1: Model verification. Total production per time step, 1st–15th of January 2022.
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(e) No SU costs

(f) No UC constraints

(g) No gas costs

(h) Added variable costs

Figure 1: DHN model verification. Total production per time step, 1st–15th of January 2022.
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Base No el. revenue No CO2 price No TES No CHP SU costs No UC No gas price Added fixed CHP costs
WI 826,161 1,026,231 743,932 858,497 822,675 683,867 354,932 1,026,379
IWH 309,156 235,270 302,815 280,662 308,995 303,033 232,245 235,051
CHPs 265,656 0 364,270 281,711 267,925 415,494 826,318 6,755
Biomass 124,443 67,274 121,475 95,117 124,972 121,909 121,726 67,308
Gas boilers 1,202 200,737 604 12,314 1,201 0 0 191,624
Geothermal 27,410 29,167 16,122 26,606 27,410 27,410 582 29,164
Total 1,554,027 1,558,679 1,549,219 1,554,906 1,553,179 1,551,712 1,535,803 1,556,282

Table 17: DHN model verification. Total production per category in 2022, MWh.

Base No el. revenue No CO2 price No TES No CHP SU costs No UC No gas price Added fixed CHP costs
DH Storage1 68,691 81,096 88,656 0 72,970 47,117 100,520 82,155
RDAM1 Storage1 89,202 217,654 81,559 0 86,830 60,982 58,727 213,963
RDAM2 Storage 21,689 10,651 25,516 0 25,838 29,099 4,366 10,534
Tuinders Storage 26,012 56,375 25,539 0 26,550 6,857 7,774 56,648
Total 205,594 365,777 221,271 0 212,188 144,056 171,387 363,301

Table 18: DHN model verification. Storage supply per unit in 2022, MWh.
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E EDN model verification

(a) Enforced, 25/10 kV (b) Enforced, 25/23 kV

(c) Unenforced, 25/10 kV (d) Unenforced, 25/23 kV

Figure 2: Medium voltage transformer loading with enforced and unenforced base network in 2030, (experiment No. 3)

(a) Increased demand, 25/10 kV (b) Increased demand, 25/23 kV

(c) Decreased demand, 25/10 kV (d) Decreased demand, 25/23 kV

Figure 3: Medium voltage transformer loading with enforced base network in 2030, (experiment No. 4 & 5)
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Name Type No. 2 No. 3 No. 4 No. 5
No trafo (%) Unenforced (%) Enforced (%) Demand increase (%) Demand decrease (%)

Max Max Max Max Max
Waterningen 380/150 kV - 146.15 66.95 82.91 52.41
Krimpen 380/150 kV 63.32 60.89 57.82 70.59 45.66
Rijswijk 150/25 kV - 255.71 117.65 145.77 92.05
s’Gravenhage 150/25 kV - 133.94 63.94 78.07 50.50
Voorburg 150/25 kV - 345.54 121.65 151.42 94.90
Ommoord_HV 150/25 kV 222.95 202.51 96.68 119.04 75.91
Zuidwijk 150/23 kV 80.70 74.41 80.24 96.98 63.82
A 25/10 kV - 123.74 54.38 67.59 42.45
C1 25/23 kV - 27.19 25.90 30.96 20.80
C3 25/10 kV - 351.97 65.33 82.34 50.52
E2 25/10 kV 164.27 158.17 76.59 91.54 61.61

Table 19: Transformer loading with base EDN network in 2030, verification experiment results

Name No. 2 No. 3 No. 4 No. 5
No trafo (%)r Unenforced (%) Enforced (%) Demand increase (%) Demand decrease (%)

Max Max Max Max Max
150kV_Waterningen_Rijskwijk(1&2) - 78.97 73.96 93.29 59.05
150kV_sGravenhage_Rijskwijk - 84.67 68.92 85.99 54.81
150kV_sGravenhage_Voorburg - 49.04 31.16 38.86 26.49
150kV_Voorburg_Waterningen - 81.79 64.08 81.14 51.07
150kV_Krimpen_Ommoord(1) 40.61 36.89 34.63 43.37 27.66
150kV_Krimpen_Ommoord(2) 41.62 37.81 35.49 44.45 28.35
150kV_Krimpen_Zuidwijk 28.47 26.25 28.26 34.22 22.52
25kV_Substation_A_Trafo_A(1) - 25.92 22.26 28.32 17.79
25kV_Substation_A_Trafo_A(2&3) - 26.99 23.18 29.49 18.52
25kV_Substation_A_Trafo_A(4) - 27.26 23.41 29.78 18.70
25kV_DH_CHP_Cables - 34.92 32.75 33.46 32.61
25kV_Substation_C_Trafo_C1 - 31.39 29.74 36.60 23.86
25kV_Substation_C_Trafo_C3(1) - 149.83 59.47 70.11 43.02
25kV_Substation_C_Trafo_C3(2) - 154.98 61.52 72.52 44.49
25kV_Substation_E_Trafo_E2(1&2) 71.13 68.40 66.02 79.09 53.17
25kV_Substation_E_Substation_D(1&2) 73.36 72.32 70.27 71.64 70.22
10kV_Trafo_C3_DH_Geo1 - 693.33 34.92 41.90 27.94

Table 20: Line loading with base EDN network in 2030, verification experiment results
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F Validation DHN model structure

Figure 4: DHN of South-Holland used for model validation

90



G Final DHN model structure

Figure 5: Base DHN of South-Holland
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Figure 6: Full DHN of South-Holland
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H Final EDN model structure

Figure 7: Base EDN, Den Haag branch
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Figure 8: Full EDN, Den Haag branch
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Figure 9: Base EDN, Rotterdam branch
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Figure 10: Full EDN, Rotterdam branch
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I South-Holland case study results

Total production per category in DHN scenarios

(a) 2030 Full network (b) 2040 Full network (c) 2050 Full network

Figure 11: Total heat supply per category in 2030, 2040 and 2050 (low heat demand case)

(a) 2030 Full network (b) 2040 Full network (c) 2050 Full network

Figure 12: Total heat supply per category in 2030, 2040 and 2050 (high heat demand case)

Main DHN model outputs

2030 Low 2040 Low 2050 Low 2030 High 2040 High 2050 High
Base Full Full Full Base Full Full Full

Demand 26,754 187,254 157,343 131,116 27,506 229,890 250,348 257,902
Production∗ 22,273 11,491 2,914 2,633 28,296 14,154 5,611 5,871
∗ Without RDAM CHP3

Table 21: Total electricity demand and production from heat supply units, MWh.
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Transformer and line loading with low heat demand

Base network 2030 Full network 2030
Unenforced Enforced No P2H Unenforced Enforced No P2H

Transformer Type Max (%) Max (%) Max (%) Max (%) Max (%) Max (%)
Waterningen 380/150 kV 146.15 65.67 65.26 150.07 67.08 65.27
Krimpen 380/150 kV 60.89 57.22 57.22 62.75 57.69 56.85
Rijswijk 150/25 kV 255.71 76.62 76.60 261.52 78.01 76.60
s’Gravenhage 150/25 kV 133.94 63.61 63.58 154.63 75.61 63.61
Voorburg 150/25 kV 345.54 79.17 77.99 362.21 79.91 78.01
Ommoord 150/25 kV 202.51 63.37 63.37 209.63 64.16 62.94
Zuidwijk 150/23 kV 74.41 80.11 80.11 96.85 53.02 39.77
A 25/10 kV 123.74 53.13 53.11 149.38 60.45 53.11
B 25/10 kV - - - 15.96 13.81 0.20
C1 25/23 kV 27.19 25.88 25.89 87.27 30.56 25.74
C2 23/10 kV - - - 38.16 5.54 0.07
C3 25/10 kV 351.97 69.85 63.48 408.13 69.57 63.48
E1 25/10 kV - - - 15.46 13.68 0.20
E2 25/10 kV 158.17 76.45 76.45 172.72 71.56 76.45
Number of failures1 596 0 0 647 0 0
1 Number of PFA snapshots that did not converge

Table 22: Transformer loading with base and full network expansion in 2030 (low heat demand case)

2040 2050
Unenforced Enforced No P2H Unenforced Enforced No P2H

Transformer Type Max (%) Max (%) Max (%) Max (%) Max (%) Max (%)
Waterningen 380/150 kV 175.90 64.55 63.29 172.13 71.05 69.85
Krimpen 380/150 kV 70.05 88.09 86.10 74.33 46.42 45.46
Rijswijk 150/25 kV 356.53 88.84 87.72 374.74 80.84 79.97
s’Gravenhage 150/25 kV 185.42 89.05 85.81 182.73 62.74 61.50
Voorburg 150/25 kV 405.36 82.68 80.65 409.42 72.95 73.68
Ommoord 150/25 kV 234.41 89.46 86.59 231.40 94.42 92.31
Zuidwijk 150/23 kV 112.11 81.46 69.34 112.28 73.76 73.63
A 25/10 kV 360.24 88.89 81.25 355.02 70.21 71.82
B 25/10 kV 16.91 13.85 0.20 16.70 13.75 0.20
C1 25/23 kV 63.65 54.89 54.89 91.10 86.20 86.20
C2 23/10 kV 15.69 5.57 0.07 12.06 5.46 0.07
C3 25/10 kV 509.44 63.62 59.10 509.26 74.26 75.60
E1 25/10 kV 16.59 14.02 0.20 18.67 13.88 0.20
E2 25/10 kV 238.40 82.45 76.49 456.00 84.74 79.96
Number of failures1 1821 0 0 2629 0 0
1 Number of PFA snapshots that did not converge

Table 23: Transformer loading with full network expansion in 2040 and 2050 (low heat demand case)
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Base network 2030 Full network 2030
Unenforced Enforced No P2H Unenforced Enforced No P2H

Transformer Max (%) Max (%) Max (%) Max (%) Max (%) Max (%)
25kV_Substation_A_Trafo_A(1) 25.92 22.26 22.25 31.29 23.33 22.25
25kV_Substation_A_Trafo_A(2&3) 26.99 23.18 23.17 32.59 26.37 23.17
25kV_Substation_A_Trafo_A(4) 27.26 23.41 23.40 32.90 26.63 23.40
25kV_DH_CHP_Cables 34.62 32.75 32.75 35.04 32.75 32.75
25kV_Substation_C_Trafo_C1 31.39 29.74 29.74 100.77 35.29 29.58
25kV_Substation_C_Trafo_C3(1) 149.83 59.47 54.08 173.74 59.23 54.04
25kV_Substation_C_Trafo_C3(2) 154.98 61.52 55.90 179.71 61.27 55.90
25kV_Substation_E_Trafo_E2(1&2) 68.40 66.02 66.02 74.79 65.11 66.02
25kV_Substation_E_Substation_D(1&2) 73.32 70.27 70.27 71.98 70.07 70.07
25kV_Substation_B_DH_HP - - - 99.92 90.46 0.04
25kV_Substation_B_DH_EB - - - 63.64 58.22 0.00
23kV_Substation_F_RDAM_HP - - - 99.08 47.53 0.05
10kV_Trafo_A_DH_Geo3 - - - 57.78 40.92 0.02
10kV_Trafo_B_DH_Geo2 - - - 45.59 39.30 0.00
10kV_Trafo_C2_DH_Geo4 - - - 293.54 42.15 0.03
10kV_Trafo_C3_DH_Geo1 693.33 34.92 0.02 676.61 34.99 0.02
10kV_Trafo_E1_RDAM_Geo - - - 44.12 38.99 0.01
10kV_Trafo_E2_Tuinders_Geo - - - 51.92 42.69 0.02

Table 24: Line loading with base and full network expansion in 2030 (low heat demand case)

2040 2050
Unenforced Enforced No P2H Unenforced Enforced No P2H

Transformer Max (%) Max (%) Max (%) Max (%) Max (%) Max (%)
25kV_Substation_A_Trafo_A(1) 75.47 37.24 34.04 74.37 43.99 45.01
25kV_Substation_A_Trafo_A(2&3) 78.58 38.78 35.45 77.44 45.81 46.86
25kV_Substation_A_Trafo_A(4) 73.35 39.16 35.79 78.20 46.26 47.32
25kV_DH_CHP_Cables 33.78 32.87 32.87 33.46 32.81 32.81
25kV_Substation_C_Trafo_C1 73.37 63.23 63.23 105.08 49.69 49.69
25kV_Substation_C_Trafo_C3(1) 216.86 81.25 75.48 216.78 63.05 64.19
25kV_Substation_C_Trafo_C3(2) 224.31 84.05 78.07 224.23 65.21 66.40
25kV_Substation_E_Trafo_E2(1&2) 103.23 71.40 66.24 197.42 73.39 69.24
25kV_Substation_E_Substation_D(1&2) 43.10 70.58 70.58 21.95 70.35 70.35
25kV_Substation_B_DH_HP 102.76 89.49 0.04 98.64 43.75 0.04
25kV_Substation_B_DH_EB 66.13 58.10 0.00 65.33 57.46 0.00
23kV_Substation_F_RDAM_HP 99.06 48.18 0.05 98.85 47.58 0.05
10kV_Trafo_A_DH_Geo3 691.17 41.68 0.02 404.20 41.36 0.02
10kV_Trafo_B_DH_Geo2 48.34 39.42 0.00 47.76 39.11 0.00
10kV_Trafo_C2_DH_Geo4 120.54 42.40 0.03 92.60 41.51 0.03
10kV_Trafo_C3_DH_Geo1 117.31 35.61 0.02 503.14 34.52 0.02
10kV_Trafo_E2_Tuinders_Geo 63.43 44.31 0.02 165.35 43.93 0.02
10kV_Trafo_E1_RDAM_Geo 47.43 39.91 0.01 53.47 39.51 0.01

Table 25: Line loading with full network expansion in 2040 and 2050 (low heat demand case)
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(a) Unenforced case in 2030 (b) Unenforced case in 2040

(c) Unenforced case in 2050

Figure 13: 25/10 kV transformer loading with full network expansion with high low demand, unenforced

(a) Enforced case in 2030 (b) Enforced case in 2040

(c) Enforced case in 2050

Figure 14: 25/10 kV transformer loading with full network expansion with low heat demand, enforced
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Transformer and line loading with high heat demand

(a) Enforced case in 2030 (b) Enforced case in 2040

(c) Enforced case in 2050

Figure 15: 25/10 kV transformer loading with full network expansion with high heat demand, enforced

Negative electricity demand hours in each scenario

Substation 2030 2040 2050
A 994 1,484 1,965
B 0 173 531
C2 2,195 3,864 4,832
C3 1,091 1,783 2,277
E2 4,427 3,111 3,334
Average 1,741 2,083 2,587

Table 26: Total number of hours in a year with net generation from distributed energy sources at MV substations
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