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Executive Summary

The rapid transition towards a renewable-based electricity system in the Netherlands creates signif-

icant challenges for the national transmission grid. With increasing shares of wind and solar power,

the variability in generation leads to mismatches between electricity supply and demand, causing con-

gestion and curtailment risks. This thesis investigates to what extent Short-Duration Energy Storage

(SDES) and Multi-Day Energy Storage (MDES) technologies can contribute to deferring costly trans-

mission grid expansion while supporting system flexibility.

A quantitative modelling approach was applied using the PyPSA-Eur cost-optimisation framework to

simulatea2040scenario. In this scenario, the installed renewablegenerationcapacity isoptimisedsuch

that it can meet an electricity demand that is estimated to be three times higher than 2023 levels. The

model optimises investments in generation, transmission, and storage tominimise total system costs.

Themodelling results indicate that deploying a combined capacity of 19.4 TWh of SDES andMDES sig-

nificantly reduces the required expansion of theDutch transmission grid from 86.2GW (in a no-storage

case) to just 11.8GW . This translates into grid investment savings ofe1613billion. Annual systemcosts

are also reduced from e1 934 billion to e321 billion, not only due to avoided transmission investments

but also by reducing curtailment, avoiding overdimensioned generation capacity, and improving utilisa-

tion of renewable output.

Importantly, the analysis confirms the complementary roles of SDES and MDES. Lithium-ion batteries

(SDES) are well-suited for addressing intra-day fluctuations, particularly solar variability, due to their

fast response and high power output. In contrast, iron-air batteries (MDES)managemulti-day and sea-

sonal supply deficits, especially alignedwithwind variability, by providing long-duration energy storage

at lower energy capital costs. The joint deployment of both technologies maximises system efficiency

bymatching storage characteristics with different forms of renewable variability.

While the quantitative modelling provides valuable system-level insights, its validity is inherently lim-

itedbysimplifications. A sensitivity analyseswasemployed to test robustnessacrossa rangeof technol-

ogy parameters and shows greater sensitivity to external factors such as grid expansion costs, CO2 tar-

gets, and future demand levels. Moreover, themodel abstracts fromreal-world actor behaviour, regula-

tory barriers, and market dynamics. To complement these quantitative findings, qualitative interviews

were conductedwith employees from TenneT and ACM.

The qualitative insights reveal that the ownership and operation of storage assets should primarily rest

withmarketparties, as theycanoptimiseassetutilisationacrossmultiplemarkets suchas theday-ahead

or intra-day markets. Allowing Transmission System Operators (TSOs) to directly own storage would

likely result in underutilisation, as regulatory restrictions prevent them from participating in energy

markets. However, the interviews also identify several persistent barriers to realising large-scale stor-

agedeployment for congestion relief. Chief among these are potentially insufficient financial incentives

formarket actors to prioritise congestionmanagement, complex regulatory requirements to guarantee

grid-supportive behaviour without limiting flexibility, and a lack of spatial coordination guiding optimal

siting of flexible assets.
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The interviews indicate that while the current market structure provides several incentives for the de-

ployment of storage systems, it is unclear whether these incentives are sufficient. If market-driven de-

ployment proves insufficient to deliver the required system-wide flexibility, further regulatory adjust-

ments may be necessary. Policymakers may need to consider targeted incentive schemes that specif-

ically value long-duration storage services, to ensure that the energy mix converges to the most cost-

effective one.

The limited scopeof the interviews,whichdid not includemarket parties or policymakers, leaves impor-

tant questions unanswered regarding the commercial viability of MDES under the current and future

market design. Future research should engage market actors to better understand their willingness

to invest in MDES, and explore how regulatory frameworks can be adapted to create viable business

models for long-duration storage. In addition, more work is needed to assess how spatial coordination

mechanisms can support the optimal siting of both SDES andMDES assets, ensuring their contribution

to grid stability and efficient integration of renewable generation.

Keywords: Batteryenergy storage, transmissiongridexpansiondeferral, Short-DurationEnergyStorage (SDES),

Multi-Day Energy Storage (MDES), long-duration energy storage, grid congestion, renewable energy integra-

tion
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Glossary

Battery: A device that stores energy through electrochemical processes. In this thesis, the term refers

to all types of electrochemical storage, including but not limited to short-duration technologies.

BatteryDischarge time: The time it takes for a storage technology to release all its stored energy at its

maximum rated power capacity. Often used to distinguish between SDES andMDES systems.

BatteryDuration: In this thesis, ”batterydischarge time” is consideredasynonymfor ”batteryduration”.

Due to personal preference, ”battery discharge time” is used in this thesis.

Collocation: The practice of placing an energy storage system at the same site as a generation facility

(e.g., wind or solar farm).

Congestion: Acondition in the electricity gridwhere the demand for transmission capacity exceeds the

available capacity.

Curtailment: The reduction of output from renewable generators (such as wind or solar) due to grid

constraints or oversupply.

Flexible Asset: Any resource (such as energy storage or demand response) that can adjust its output or

consumption in response to grid needs, providing system flexibility.

Transmission Grid Expansion: The process of upgrading or adding new transmission infrastructure to

increase capacity and improve reliability of the electricity grid.

Intermittency: The characteristic of variable renewable energy sources, such aswind and solar, to pro-

ducepower inconsistentlyduetochangingweatherconditions, leadingtochallenges inbalancingsupply

and demand.
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1 Introduction

1.1 Background

The growing electrification of society and integration of renewable energy, driven by efforts to reduce

CO2 emissions, is placing increasing pressure on electricity grids and exposing challenges in managing

supplyanddemand. Reducingemissions is crucial topreventglobalwarmingand reaching climategoals.

To do so, more andmore processes and activities are being electrified, which increases the demand for

electricity. Besides, the integration of renewable energy farms, such as offshore wind and solar farms,

ensures that we can meet this demand in a environmental friendly way. However, the intermittency of

these energy sources causes fluctuations in the energy supply, making it harder to predict the supply.

The demand is connected to supply via transmission and distribution grids, which should ensure that

supplymeets the demand. However, these grids experience bottleneckswhen the volume of electricity

to be transmitted exceeds the grid’s capacity. This issue of grid congestion prevents electricity supply

frommeeting demand, potentially leading to the curtailment of renewable energy farms because of the

inability to transport the electricity.

Solving the congestion issue can be done by expanding the grid capacity or increasing grid efficiency.

Expanding the capacity can be done by increasing the capacity of grid lines and substations, which is an

expensive endeavour. Besides, this increased capacity is not constantly used by the renewable energy

suppliers, due to the intermittency of their energy sources. Therefore, reducing the fluctuations in sup-

ply anddemandviaEnergyStorageSystems (ESS) canmitigate theneed for transmission grid expansion

and hence solve the issue of congestion (Bazelaire et al., 2024). Peaks in the electricity supply can be

stored and transported during times when the grid is less heavily loaded, hence preventing congestion

and ensuring efficient grid usage.

1.2 Literature Review

1.2.1 Energy Storage Systems: Categorisation Based onDuration

Energy Storage Systems (ESSs) play a crucial role in electricity distribution by helping tomeet peak en-

ergy demand, improving the efficiency of renewable energy integration, ensuring stable power quality,

andminimising the expenses associatedwith expandingdistribution networks (Das et al., 2018). Awide

range of storage technologies exists, making it essential to group thembased on their characteristics to

address the diverse requirements of the applicationsmentioned above.

ESSs are often grouped in five different storage technology types: chemical, electrochemical, mechani-

cal, electrical and thermal storage, as illustratedbyOuldAmroucheet al. (2016),GuneyandTepe (2017)

andAndrijanovits et al. (2012). Thermochemical storage is seenas sixth storage technology typebyDas

etal. (2018), yet this type isnotwidelyadoptedorcommonly referenced inother literature. Thismethod

of classification organises technologies by type, suggesting that each category shares broadly similar

characteristics, thereby simplifying the process of selecting suitable energy systems for specific appli-

cations. However, technical characteristics can vary significantly within these technology type groups.

Das et al. (2018) shows that efficiency, (dis)charge time and capital costs are not uniform within the

1
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groups.

Another commonly used grouping method is plotting the rated power against stored energy as done

byGuney and Tepe (2017) andWagner (2014), essentially grouping the technologies by their discharge

time. This time metric represents the time it takes for the system to fully charge or discharge at maxi-

mum power and hence can be used to classify technologies as short-term or long-term storage (Andri-

janovits et al., 2012). Next to these classes,Masaudet al. (2010) distinguishes real long-termas an extra

classification group. The naming and time framing of these groups are inconsistent across studies, lead-

ing to varieddefinitions. Yet, to enable a reliable energy systembasedon renewables,weneedadiverse

mix of storage technologies with various discharge durations.

Table 1.1 showsanoverviewof thedischarge time classifications for variousESSs as proposedbyAndri-

janovits et al. (2012), Masaud et al. (2010), and Guney and Tepe (2017). The table highlights the incon-

sistencies in categorisation across different studies, particularly in the classification of batteries. An-

drijanovits et al. (2012) identifies themas short-term (seconds/minutes) storage, whileGuney and Tepe

(2017) categorises them as long-term (minutes/hours) storage. This can be explained by the fact that

multiple battery technologies exist, which are all grouped into one classification. Yet, none of these pa-

pers classifies them as amulti-day storage solution.

Table 1.1: Inconsistent ESS classification based on discharge time, comparison of Andrijanovits et al. (2012), Masaud
et al. (2010) and Guney and Tepe (2017). The green cells indicate where authors classify specific technologies.

Short Term (seconds) Long-term (minutes) Long-term (hours) Real long-term (days)
Andrij. Masau. Guney Andrij. Masau. Guney Andrij. Masau. Guney Andrij. Masau. Guney

Flywheel
Super caps
SMES
Batteries
Hydrogen
Compressed Air
Pumped Hydro

yes yes yes yes
yes yes yes
yes yes yes
yes yes yes yes yes yes

yes yes yes yes yes
yes yes yes yes yes
yes yes yes yes yes

yes (pow yes (ener
N.A. N.A. N.A. N.A.

To conclude, classification is often done based on technology type. This causes the technical character-

istics within the group to vary significantly. Some studies group the systems based on discharge time,

but often overlook individual technologies within these groups. This is problematic when new storage

technologies with different characteristics are being developed. These new technologies can lead to a

change in classification. For example, as was also shown in Chapter 1, the iron-air battery allows for

Multi-day Duration Energy Storage (MDES) in batteries, which is unusual for batteries. However, ex-

isting literature still does not recognise batteries as potential for multi-day storage, which limits our

understanding regarding these new technologies.

1.2.2 Impact of Energy Storage on Grid Investment Deferral

Scholars agree that ESSs can reduce network expansion costs by reducing the issue of network con-

gestion (Martínez et al., 2024; Virasjoki et al., 2016), though their cost-effectiveness is often bound to

specific circumstances. Martínez et al. (2024) states that BESS are a cost-efficient investment under

low load growth circumstances, even though they are only used a few days per year for peak shaving.

Congestion Relief using Short andMulti-Day Duration Energy Storage Systems. Page 2
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Cost-efficiency diminishes in high load growth scenarios as the BESS capacity becomes insufficient to

support the grid infrastructure. Mallapragada et al. (2020) show a different cost-effective scenario in

which (lithium-ion) storage is sized between4%and16%of peak electricity demand for various scenar-

ios. Lastly, Spiliotis et al. (2016) show that BESS reduce the total costs of the Distribution System Op-

erator (DSO) by 28%, due to a decreased need for grid expansion investments and fewer curtailment

occurrences.

Current studies differ slightly in the application types ofBESS and are limited in the fact that only short-

duration BESS are included. Martínez et al. (2024) largely focusses on using batteries to smooth peaks

at the demand side of the electricity market, whereas Mallapragada et al. (2020) and Gal et al. (2021)

utilise batteries to dampen peaks caused by the integration of renewable sources at the supply side. An

overview of the studies that assess the impact of ESSs on deferral of grid investments is presented in

Table 1.2 and shows the underrepresentation of multi-day duration battery energy storage systems in

the literature.

Table 1.2: Overview of the studies done on the impact of ESSs on deferral of grid investments.

Author Energy Storage
System

Summary of Impact of Energy Storage System

(Martínez et al.,
2024)

BESS (4h
lithium-ion)

BESS can defer distribution grid upgrades by absorbing peaks in
electricity demand but are only cost-effective under small load growth
rates.

(Mallapragada
et al., 2020)

BESS (2h, 4h, 8h
lithium-ion)

The value of storage increases with a variable renewable energy
generation from 40% to 60%, but declines as BESS penetration
increases. The long-run value can be lower than current battery
technology costs.

(Tsagkou et al.,
2017)

BESS (3.6h
lithium-ion)

Modular investments are preferred for distribution investment
deferral, especially in combination with other services as frequency
regulation and energy arbitrage.

(Gal et al., 2021) BESS (unknown
discharge time)

Energy storage can reduce the costs of grid development by locally
storing and time-shifting energy that cannot be transmitted due to grid
congestion. In the case of Israel, the required additional storage
capacity for transmission grid deferral is maximum 170% of the
currently installed PV capacity.

(Tarashandeh &
Karimi, 2021)

PHS&CAES ESSs can relieve congestion, thereby deferring investments in new
transmission lines.

(Spiliotis et al.,
2016)

BESS (unknown
discharge time)

Local BESS can defer investments in distribution network expansions
by 28% of the total cost of the DSO.

1.2.3 Research Gap

The use of energy storage systems for congestion relief and transmission grid deferral has beenwidely

researched; however, most studies primarily focus on the most adopted battery type: lithium-ion bat-

teries with a discharge time of approximately four hours. These studies rarely consider or quantify the

impact of batteries with longer discharge durations (see Table 1.2). This narrow focus may be partly

explained by the inconsistent classification of storage technologies (see Table 1.1), as earlier systems

typically had fixed and relatively short discharge times.

Congestion Relief using Short andMulti-Day Duration Energy Storage Systems. Page 3
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However, the growing share of renewable energy sources and increased electrification are intensify-

ing the need for a broader range of grid-scale energy storage technologies. Emerging solutions, such

as iron-air batteries, enableMDES through the reversible rusting of iron. MDES is particularly promis-

ing in addressingmulti-day variability in wind power generation, which often involves prolongedwindy

periods followed by days of lowwind.

While recent literature, such as Mantegna et al. (2024), emphasises the importance of properly mod-

elling MDES in deeply decarbonized energy systems, these studies do not systematically assess the

combined and comparative impact of SDES and MDES on the deferral of transmission grid expansion

investments. This gap is significant because the interaction between SDES andMDES could lead to syn-

ergiesor trade-offs that arehighly relevant forTSOsandpolicymakers. Moreover, overlookingMDES in

techno-economicanalysesmayhinder informed investmentdecisionsanddelay theadoptionofpromis-

ing new storage technologies.

1.3 ResearchObjective andQuestions

This research aims to deliver an assessment of the impact of Short-Duration Energy Storage (SDES)

andMulti-dayDuration Energy Storage (MDES) technologies on deferring transmission grid expansion

investments in the Netherlands. The study utilises desk research to characterise the technological and

regulatory landscapeof SDESandMDES integration for congestion relief, quantifies their effectiveness

in deferring grid investments via aPython forPower SystemAnalysis (PyPSA)model, andemploys qual-

itative research to identify thebusiness implications and remaining implementationbarriers associated

withMDES technologies.

The scope of this research has been narrowed to focus on the transmission grid of the Dutch energy

system under conditions of increased penetration of renewable energy sources. This increased pene-

trationensures thatenergysystemmeets theDutchclimate targetof2030andmakes theoutcomesrel-

evant for policy-making, since they represent anear-future stateof theenergy system. The research fo-

cuses on the transmission grid, sinceNetbeheerNederland (2019) encourages renewable energy farms

to cluster in centralised locations, in order to reduce the need for extensive additional grid infrastruc-

ture. Hence, they advocate for larger utility-scale renewable energy farms in our future energy system,

which are often connected to the high-voltage transmission grid directly without requiring a connec-

tion to the distribution grid. Therefore, this research focuses on deferring transmission grid invest-

ments, while neglecting the expansion of the distribution grid. The role of the distribution grid is also

acknowledged, particularly inmanaging the energy influx caused bywidespread residential solar adop-

tion. However, the residential energy supply is likely to be a fraction of the utility-scale farms (Netbe-

heer Nederland, 2023c), hence this research focuses on the deferral of transmission grid investments.

This research seeks to explore the role of energy storage for grid congestion relief by addressing the

followingmain research question:Towhat extend can Short-Duration Energy Storage (SDES) andMulti-Day

Duration Energy Storage (MDES) technologies defer transmission grid expansion investments in the Nether-

lands under conditions of increased penetration of renewable energy sources? The sub-research questions

that are used to fill this research gap are:

1. Whatare thekeycharacteristics, technological distinctions, and regulatorybarriersassociatedwithSDES

Congestion Relief using Short andMulti-Day Duration Energy Storage Systems. Page 4



1 Introduction Public Version

andMDES systems?

This question aims to clarify the technological differences between SDES andMDES systems and

toprovide adeeper understandingof the advantages anddisadvantages of each. In addition, criti-

cal parameters such as technology investment costswill be examined, as these serve as input vari-

ables for the model used in the next sub-question. Regulatory barriers will also be addressed by

identifying the key actors involved in employing Battery Energy Storage Systems (BESS) for con-

gestion relief. All analyses will be conducted through desk research.

2. How do different energy storage scenarios — SDES, MDES, and a combination – affect the deferral of

transmission grid expansion investments under increased renewable energy penetration?

This sub-question is the core of the research and researches towhat extent the storage technolo-

gies can defer grid investments. APyPSAmodelling approach is used to answer this sub-question.

3. How do variations in model input parameters and modelling assumptions influence the outcomes of en-

ergy storage scenarios for deferring transmission grid investments?

This sub-question examines the validity of modelling results by comparing them to other studies,

conducting a sensitivity analysis, anddiscussing themodelling assumptions. The sensitivity analy-

sis allows to determine boundaries inwhich the results are robust, aswill be explained in Chapter

4.4.

4. What are the business implications and remaining implementation barriers associated with using BESS

for grid congestion relief?

The PyPSAmodel solely focuses on minimising the total energy system costs, however, other as-

pects in choosing energy storage systems may play a role as well. This sub-question assesses the

business implications of the PyPSAmodel results by interviewing experts from stakeholders.

1.4 Relevance forManagement of Technology

This thesis is closely related to the Management of Technology (MOT) master programme, as it com-

bines both the technological and business perspectives of using Short-Duration Energy Storage (SDES)

and Multi-Day Duration Energy Storage (MDES) technologies to defer transmission grid investments.

During the programme, I have learned how important it is to not only understand the technical funda-

mentals of a technology—such as how different battery systemswork—but also the business and regu-

latory environment in which these technologies are implemented.

Theprogrammeteaches thatmost technically advanced solution is not always themostwidely adopted.

Various barriers can stand in the way, and regulation is one of the factors that can block mass scale

adoption of a technology (Ortt & Kamp, 2022). This thesis focuses on both the technology as well as

the relevant regulation. This is relevant, since SDES andMDESmay be technically capable of deferring

grid investments, their actual deployment also depends on the dynamics of the energy market and the

roles of different stakeholders. Regulations shape whether batteries can realistically be used for this

purpose.

This research, which explores howactors in the energy systemmight use SDES andMDES technologies

to defer grid investments, fits well with the MOT objective of understanding how technology can be

used and managed as a strategic resource. It connects the technical capabilities of energy storage to
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the wider innovation system, and considers both implementation barriers and system-level impact.

1.5 Structure of the Report

Figure 1.1 shows the structure of this thesis. Chapter 2 focuses on the first sub-question by providing

a technological characterisation of SDES andMDES systems, discussing their underlying technologies,

cost characteristics, and regulatory barriers. The technological characterisation is used as input for the

model. The research approach is outlined in Chapter 3. This chapter discusses the setup of the PyPSA-

EURmodel, themodel validation steps aswell as the setup of the qualitative interviews. Chapter 4 then

discusses themodelling results anddetermines the influenceof SDESandMDES technologiesupongrid

investment deferral. Besides, it conducts a sensitivity analysis to assess how variations in key input pa-

rameters, such as technology costs, and model assumptions influence the model outcomes. Chapter

5 further investigates the regulatory barriers (as identified in Chapter 2) and presents insights gained

from expert interviews, discussing the business implications and practical challenges associated with

the adoption of these storage technologies. This thesis closeswith a discussion (Chapter 6) and conclu-

sions (Chapter 7).

Technology characteristics 
and stakeholder landscape

Chapter 2

Quantitative model
Chapter 4

Qualitative interviews
Chapter 5

Incentive issues for 
deployment of flexible 

assets

Technology parameters

The impact of SDES and 
MDES technologies 
upon grid investment 
deferral

Regulatory and TSO 
implications of the 

results

Discussion 
Chapter 6

Conclusion
Chapter 7

Research approach
Chapter 3

Figure 1.1: Overview of the report structure and flow of results between chapters.
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andMDES Systems

This chapter discusses the key characteristics and technological distinctions between SDES andMDES

systems. The chapter begins by analysing the intermittency of renewable energy sources to outline the

necessity of both storage technologies. Afterwards, an overview of both SDES andMDES technologies

is given. For each category, we select one technology as themost promising technology. Key character-

istics of these technologies arediscussed, since they serveas important inputs for thePyPSAmodel that

is employed in Chapter 4. The section concludes with an overview of the stakeholders and regulatory

barriers for energy storage deployment.

2.1 The Connection Between Battery Discharge Time and the Frequency

of Renewable Energy Intermittency

The frequency of the intermittency of renewable energy sources differs per technology, as these tech-

nologies aredependenton theweather. Figure2.1 shows theenergygenerationof a scenariowith three

renewable energy farms with an installed capacity of 1 GW each. The plot has been made by utilising

thePyPSA-eur software,which determines the generation capacity of renewable energy sources based

onweather data (Hoersch et al., 2018). It can be observed that the variations in power output differ be-

tween the various technologies. The solar PV technology shows a clear 24-hour pattern, which can be

explained by the rotation of the earth. Wind farms show more multi-day generation fluctuations; sev-

eral days with high wind speeds are followed bymultiple days of minimal wind activity.
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Figure 2.1: Energy generation of fictional renewable energy farms placed in the Netherlands with 1 GW installed
capacity each. The energy generation depends on the weather and shows peaks and declines.

The renewable energy farms require grid transmission capacity to transfer the energy, but the required

capacity is not constant due to their intermittency. In the case of favourable wind and solar conditions,
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the energy generation rises which increases the stress on the transmission grid. Without storage, the

grid should be capable of transmitting themaximumpower output of the renewable energy farms, oth-

erwise energy will be lost. However, during days of low renewable energy generation, less grid capac-

ity is needed. Hence, extending the transmission grid capacity to allow for transferral of the maximum

power output of the renewable energy farms is inefficient. Surplus energy can be stored and transmit-

ted during periods of low stress on the grid, which increases grid efficiency. A frequency analysis is

employed in the next paragraph to determine which storage type suits best to facilitate this increase in

grid efficiency.

Figure2.2 showstheresultsofa frequencyanalysis,whichplots theamplitudeof thevariations inpower

generation against the frequencyof the variations and showcases theneed for energy storage solutions

with a diverse discharge duration. This analysis ensures that these observations hold over a longer pe-

riod, since it uses data from the entire year instead of just 15 days in January as seen in Figure 2.1. This

data is again fetched from the PyPSA model. A Fast Fourier Transform has been applied, which allows

to identify the frequencies that are present in the power output of the renewable energy farms. As

described earlier, the 24-hour pattern of solar PV is clearly visible in the graph. The storage of these en-

ergy fluctuations advocates for Short-Duration storage, as both charging and discharging should hap-

penwithin 24 hours.
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Figure 2.2: Frequency analysis of electricity generation of renewable energy farms with 1 GW installed capacity for each
technology, presented in a stacked area plot. The figure plots the amplitude of the fluctuation over its frequency. The
analysis shows low frequency components for wind generation, which advocates for Seasonal andMulti-day Duration

storage. Solar PV, on the other hand, exhibits mainly 24 hour fluctuations.

Table 2.1 flows from the frequency analysis and shows the share of signal powerwithin three frequency

bands: SDES,MDESandseasonal storage. It showshowmuch thefluctuations in these frequencybands

contribute to the total signal power. We observe that 73.1% of the signal power of solar PV can be at-

tributed to short-duration fluctuations. For onshore and offshore wind, this is only 6.6% and 7.5%, re-

spectively. Theonshoreandoffshorewind farmsexhibit fluctuationswith lower frequency components

and hence advocate for the need ofMulti-dayDuration and even Seasonal Storage. A comparable anal-
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ysis approach employed by Clerjon and Perdu (2019) shows similar results and the need for both SDES

andMDES is also supported in the paper byWoodford et al. (2022).

Table 2.1: Share of total signal power across storage-relevant frequency bands (Seasonal Storage, MDES, SDES) derived
from the FFT analysis of normalised power output time series of 1 GW solar PV, onshore wind, and offshore wind
generators. Note that the typical duration for SDES is often much shorter (2 to 8 hours); however, for the table below, we
have chosen to extend it so that all categories are sequentially connected.

Technology
Seasonal Storage

> 240 hours
MDES

26 - 240 hours
SDES

< 26 hours

Solar PV 9.4% 5.3% 85.3%
Onshore wind 43.4% 47.3% 9.3%
Offshore wind 37.5% 52.2% 10.3%

Effective storage requires the discharge time of the battery system tomatch with the frequency of the

fluctuations of the power output that is to be stored and discharged. Batteries have a fixed maximum

capacity and maximum power output. The capacity over power ratio is called the discharge time and

represents the time it takes to discharge the battery from 100% to 0% at full power. Effective sizing of

the battery system is such that the battery can charge to full capacity at full power, and fully discharge

at the same rate immediately after. Hence, all battery capacity and power is being used. To do so, the

battery discharge time must match with the frequency of the fluctuations of the energy to be stored

by following Equation 1. For example, a battery with a discharge time of 12 hours would be optimal to

storefluctuationswitha frequencyof1cycleperday, as this allows to chargeanddischargeatmaximum

power and capacity.

Battery discharge time [h] =
0.5 · 24

Frequency of fluctuations to be stored [cycles per day]
(1)

The existence of low frequency components in the frequency analysis of the renewable energy farm

output (Fig. 2.2) implies the need for multi-day storage. Efficiently sized storage should have discharge

times that match with these frequencies, roughly in between 13 to 125 hours. Yet, the high-frequency

solar PVpeak demands short-duration storage, i.e. energy storage systemswith a discharge timebelow

13 hours. Therefore, both SDES andMDES systems are needed to effectively store the energy gener-

ated via wind and solar farms.

Asimilar frequencyanalysis approachcould inprinciple alsobeapplied to thedemandsideof theenergy

system, such as industrial electricity consumption or general load patterns. Like renewable generation,

electricity demand exhibits fluctuations over different time scales, including daily, weekly, and seasonal

cycles, which can be characterised in terms of their frequency components. However, this study delib-

erately did not investigate these demand-side characteristics. The reason lies in the nature of the en-

ergy transition itself: the shift from conventional generators to renewable energy sources introduces

newchallenges primarily on the supply side, as the intermittency of renewables represents a novel phe-

nomenoncompared to the largely controllable output of conventional powerplants. In contrast, thede-

mand side of the electricity system remains relatively unaffected in terms of its underlying fluctuation

patterns, and thus does not introducenew frequency characteristics as a consequenceof the transition.
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Consequently, the focus of this work has been placed on understanding and addressing the supply-side

intermittency introduced by renewable energy sources.

2.2 Short-Duration Energy Storage Technologies

This chapter provides an overview of key SDES battery technologies, highlighting their advantages and

limitations for grid-scale applications. By comparing these technologies, we determine the most suit-

able option for grid storage applications. Afterwards, key characteristics of this technology are dis-

cussed, since these characteristics are used in themodelling phase discussed in Chapter 4.

2.2.1 Overview of Short-Duration Energy Storage Technologies

Table 2.2 shows that various battery technologies fall under the SDES classification and that their char-

acteristicsvarysignificantly. Lithium-ion,NaS,andNiMHtechnologiesareconsideredhigh-cost,whereas

leadacidand lithium-air technologiesare low-costalternatives. The latter technologyhasanevenhigher

energy density than lithium-ion, however, it is still very immature. This is a disadvantage compared to

the other technologies as their supply chains and performance records have already been established

andarewell known. Leadacidcanbeconsidereda low-cost,maturealternativebut ithasdisadvantages,

such as low specific energy, short shelf life and the presence of toxic substances.

Table 2.2: Overview of Short-Duration Energy Storage (SDES) Battery Technologies.

Battery
Technology

Positive Aspects Negative Aspects

Lead Acid • Mature, low-cost technology 1

• Available in large quantities with
various sizes/designs 2

• High recyclability of battery
components 2

• Contains toxic substances 1

• Short shelf life 1

• Low specific energy 1

Lithium-ion • High energy density 1

• Rapid charge capability 2

• Long cycle & shelf life 2

• Broad operational range 2

• Widely applied in mobile & stationary
applications 3

• Relatively high cost 1

• Poor recyclability 2

Lithium-air • Higher energy density than lithium-ion 1

• Non-toxic 1

• Low cost 1

• Immature technology 1

NaS • Relatively long cycle life 2

• High energy density 2
• High cost 2

• Highworking temperature 2

NiCd • Long cycle life 2

• Lowmaintenance 2
• Contains toxic and caustic elements 2

NiMH • Relatively high energy density 2

• Long cycle and shelf life 2

• Environmentally acceptable, recyclable
materials 2

• Relatively high cost 2

1 Data fromRahman et al. (2022), 2 Data from Fan et al. (2020), 3 Data from Sahoo and Timmann (2023).

Several key factors are of importance for SDES technologies to be suitable for renewable energy stor-

age. Storage systemswith small capacities are considered irrelevant for storing energy from renewable
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energysystems (Andrijanovitsetal., 2012;Guney&Tepe,2017). Other important factorsare lowpower

capital costs, high power and efficiency ratings, fast response, long lifetime and fast charging time (Das

et al., 2018). These factors are taken into account during the selection of the most suitable technology

for grid storage applications.

Lithium-ion technology is regarded as the optimal SDES battery technology for grid-scale applications,

as its characteristics largely align with the requirements discussed above. It offers high energy density,

high power and efficiency ratings, fast response, fast charging times, and a long lifespan. Its only draw-

back is the high power capital costs. Nevertheless, lithium-ion technology is considered a key compo-

nent in facilitating the integration of renewable energy sources into the grid (Chen et al., 2020), and

hence the remainder of this research will focus on lithium-ion as optimal SDES battery technology.

2.2.2 Key Characteristics Lithium-Ion Batteries

TheCapEx, FixedOperating andMaintenance costs (FOM), RoundTrip Efficiency (RTE) and lifetime are

of importance for a successful representation of the battery in the PyPSAmodel. Hence, these charac-

teristics are deemed the key characteristics of lithium-ion and discussed in this chapter. The CapEx

refers to the total installed project costs, including installation and grid integration. The FOMcosts are

expressed as a percentage of the CapEx per year. They account for any operating costs that are fixed,

and hence not dependent on the amount of energy charged and discharged into the battery. Values for

these parameters are discussed below and derived by comparing sources via desk research.

Figure 2.3 shows howvarious factors influence the total cost of a grid-scale lithium-ion storage project.

It can be observed that the cost projections vary over time; costs can be influenced by factors such as

increased global manufacturing or raw material prices (IRENA, 2024). Besides, the discharge time in-

fluences the total project costs, since batteries with a shorter discharge time require more expensive

high-power components. Lastly, the differences in estimated total costs can be caused by the use of

varying data sources andmodelling approaches across studies.

2015 2020 2025 2030

250

300

350

400

450

Discharge time

6 hours

2 hours

4 hours

1 hours

Year of Cost Projection

(E
st

im
a

te
d

) 
T

o
ta

l 
P

ro
je

ct
 C

o
st

s 
[€

/k
W

h
]

Giovanniello and Wu (2023)

Viswanathan et al. (2022)

Viswanathan et al. (2022)

Cole & Karmakar (2023)

Irena (2024)

Irena (2024)
Irena (2024)

Cole & Karmakar (2023)

Mongird et al. (2020)

Cole & Karmakar (2023)
Viswanathan et al. (2022)

Figure 2.3: Overview of (estimated) total project CapEx for lithium-ion grid-scale storage.
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To establish a final value for the total lithium-ion project costs, the average of the projections by IRENA

(2024) and estimates for 2025 and beyond are used, thus excluding all projections from before 2022.

This is done because the research focuses on a future state of the energy systemwith increased renew-

able penetration. As a result, historical values are deemed irrelevant. One could argue that using 2030

estimates alone would be even more suitable, given this focus on the future state. However, it is im-

portant to acknowledge that current technology costs influence that future state, making them highly

relevant. The inclusion of the current price projections of IRENA (2024) is done to improve accuracy,

since these projections rely on existing data and historical trends rather than future assumptions and

models used to determine these estimates.

The literature review revealed that the variation in values for other key characteristics is significantly

smaller. The final selected values are presented in Table 2.3, while a comprehensive comparison can be

found in Appendix C, Figure C.1.

Table 2.3: Key characteristics of grid-scale lithium-ion storage

Characteristic Value Unit Source

Total project CapEx 300.15 €/kWh See Fig. 2.3

Round Trip Efficiency 84.55 % See Fig. C.1

FixedOperating &Maintenance costs 0.35 % / year See Fig. C.1

Lifetime 12 years See Fig. C.1

2.3 Multi-day Duration Energy Storage Technologies

This chapter provides a comparable overview and analysis to the previous chapter, but now focuses on

energy technologies suitable formulti-day storage. It includes an overviewof existing technologies and

examines the key characteristics of themost promisingMDES technology.

2.3.1 Overview ofMulti-day Duration Energy Storage Technologies

Literature shows that the potentialMDES battery technologies are limited tometal-air and redox-flow

technologies, each with distinct characteristics. An overview is presented in Table 2.4. The metal-air

technology has been around since 1878, but significant technical barriers such as corrosion and ineffi-

ciencies have hindered large-scale diffusion (Olabi et al., 2021). These issues made other battery tech-

nologies, such as lithium-ion, more commercially available. Metal-air technologies regained attention

due to their potential to offer high energy density, cost-effective, and safe energy storage (Wang et al.,

2019). The redox-flow technology, on the other hand, is a developed technology that offers high effi-

ciencies. Other strong aspects are its strong modularity, easy transportability and scalability. Down-

sides are its relatively high energy cost compared tometal-air and significant space requirement.

The requirements for MDES integration with renewable energy systems largely overlap with the re-

quirements for SDES systems, as mentioned in Chapter 2.2.1. However, there is a greater emphasis on

energy capacity costs for long-duration storage. For a storage resource to be economically viable for

multi-day storage, the energy capacity cost should be approximately $20/kWh, while seasonal energy

shifting requires a cost of around $1/kWh (Mantegna et al., 2024). This is primarily because systems
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with longer discharge durations can perform fewer charge-discharge cycles, thereby reducing poten-

tial revenue.

Metal-air batteries align better with the MDES requirements, due to their lower energy capital cost.

Their energy capital cost is in the range of 10-60 $/kWh, whereas the costs for redox-flow are often

between150and1000$/kWh (Argyrouet al., 2018). Oneof thepromisingmetal-air technologies is the

iron-air battery technology. It is known for its abundance of rawmaterials, environmental friendliness,

and cheap cost (Olabi et al., 2021). Besides, research shows that iron-air is a potential option for large-

scale, long-termenergystorage (Woodfordetal., 2022). Hence, theremainderof this researchwill focus

on iron-air as optimalMDES battery storage technology.

Table 2.4: Overview of Medium-Duration Energy Storage (MDES) Battery Technologies

Battery
Technology

Positive Aspects Negative Aspects

Metal-air • Low energy capital costs 1

• High energy density 4

• High level of safety 4

• Technology is developing 1

• Low energy efficiency (±50%) 1
• Relatively low cycle life 1

Redox-Flow • Strongmodularity, easy transportability
and scalability 3

• High efficiency 3

• Economies of scale make them
cost-effective, allowing applications
from kW toMW range 3

• Relatively high energy costs (compared
tometal-air) 1

• Requirement of large space 2

1 Data fromArgyrou et al. (2018), 2 Data from Fan et al. (2020), 3 Data from Sahoo and Timmann (2023), 4 Data fromWang et al. (2019).

2.3.2 Key Characteristics Iron-Air Batteries

The cost characteristics of iron-air batteries are presented in Figure 2.4. Scientific literature typically

provides only broad ranges, likely because the technology has not yet beenwidely adopted. Thismakes

it challenging to determine accurate cost estimates, as factors such as economies of scale and learning

curves must be taken into account. Exact figures are available from battery developers (Form Energy,

2023;OreEnergy, 2025) and consultancy reports produced in collaborationwith industry stakeholders

(McKinseyandCompany,2021). However, thesesourcesmay introducebias, as theymaynotbeentirely

impartial. Nevertheless, their projected capital costs fall within the range given byArgyrou et al. (2018)

andNarayananetal. (2012)andare thereforeconsidered realistic. Afinal value for theestimatedCapEx

for iron-air batteries is found by averaging the cost projections from 2025 and beyond. This selection

has been used for similar reasons as discussed in Chapter 2.2.1.
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Figure 2.4: Total project CapEx for iron-air storage. The red dotted line represents the final value that is determined by
averaging the cost projections from 2025 and beyond. Please see Confidential Appendix A for the full version of this

graph.

Thefinalvalues for thekeycharacteristicsof iron-airbatterystoragearepresented inTable2.5,whereas

the full comparison can be observed in Figure C.2 in Appendix C. Important to note is that the iron-

air technology has not been widely adopted. This may influence the results shown in the table, since

characteristics must be estimated with data that is currently available, for example from lab or pilot

testing. The actual characteristics of the technology, once it has been diffused at large-scale, may differ

from these estimates.

Table 2.5: Key characteristics of grid-scale iron-air storage. Please see Confidential Appendix A for the full version of this
table.

Characteristic Value Unit Source

Total project CapEx Confidential €/kWh See Fig. 2.4

Round Trip Efficiency Confidential % See Fig. C.2

FixedOperating &Maintenance costs Confidential % / year See Fig. C.2

Lifetime Confidential years See Fig. C.2

2.4 Stakeholder Analysis for Energy Storage Deployment

The integration of energy storage solutions into the Dutch electricity system requires the involvement

of several stakeholders. This section outlines the key actors relevant to the deployment of energy stor-

age and examines their roleswithin the broader energy system landscape. It also discusseswhich actor

is responsible for installing theseflexibleassets, alongwith theassociated incentiveandregulatorychal-

lenges. Lastly, a power-interest matrix has been employed to identify themost influential stakeholders

with whom close engagement is vital to overcome the aforementioned barriers.
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2.4.1 Stakeholder overview

Grid Operators (TSOs and DSOs) Grid operators are responsible for the transmission of electricity

between supply and demand. In the Netherlands, the electricity market is fully regulated, with Ten-

neT serving as the sole Transmission System Operator (TSO) and regional Distribution System Oper-

ators (DSOs) – such as Liander, Stedin, and Enexis – operating exclusively in their own regions. The

responsibilities of grid operators include connecting producers and consumers to the grid in a non-

discriminatory manner. This implies that every customer must be treated equally, and that prioritisa-

tion – regardless of potential benefits to the TSO – is not allowed. Other responsibilities of grid opera-

tors are: maintaining grid reliability, and expanding infrastructure to meet future demand (Netbeheer

Nederland, 2019). Additionally, the TSO is uniquely responsible for ensuring the continuous balance

between electricity supply and demand. Storage technologies are a great tool to facilitate this balance,

however current regulation prevents TSOs and DSOs from the storage of energy. Exemptions to this

regulation can be granted by the ACM (VanDen Boom, 2023).

Regulators The Autoriteit Consument enMarkt (ACM) is the national regulatory authority responsi-

ble for overseeing the activities of grid operators in the Netherlands. As the market lacks competition,

ACMplays a crucial role in guaranteeing efficiency and fairness. It supervises both the TSO and the re-

gional DSOs, by evaluating their performance to ensure they operate cost-effectively. One of ACM’s

functions is to compare DSOs with eachother as a benchmark for operational efficiency. In addition,

ACM sets themaximum tariffs that grid operators can charge for electricity transport, thereby limiting

excessive costs to end-users (Netbeheer Nederland, 2019). Lastly, ACMalso protects consumer rights.

ACM is part of ACER, the European cooperation of energy regulators. Hence, ACER can be identified

as stakeholder as well, however with decreased influence. The primary role of ACM is to test if the grid

operators obey to the national and European legislation. In certain cases, the lawpermits ACM to grant

certainexemptions. Next to this, ACMcandefinecodes inwhichadditional rules for actors in theenergy

system are specified.

Governments and policy-makers The Dutch parliament is responsible for the creation of new legis-

lation. The Ministry of Economic Affairs (EZK) holds formal authority over economic policy issues, in-

cluding the development of energy policies (Van Rooijen & VanWees, 2006). In addition, the Ministry

of Finance is responsible for the establishment and approval of the overall government budget. This

ministry is also involved when fiscal instruments are implemented (Van Rooijen & Van Wees, 2006).

The Netherlands Enterprise Agency (RVO) oversees the allocation of subsidies, but only under the di-

rections of the ministries. All legislation must comply with EU directives; therefore, the EU can also

be identified as a stakeholder. The creation of new legislation is a time-consuming process that often

begins only after problems are observed, whichmay pose a barrier when immediate action is required.

PublicNGOs SeveralNon-GovernmentalOrganisations (NGOs)withdifferingobjectivesoperatewithin

the energy system landscape. Firstly, NGOs can influence the policy process through lobbying, though

the role of environmental NGOs in policy making has been relatively limited (Van Rooijen & VanWees,

2006). Secondly, NGOs such asNetbeheerNederland aim to improve communication between grid op-

erators and represent their interests to other stakeholders. Lastly, organisations such as TNO and the
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PlanbureauvoordeLeefomgeving (PBL) conduct researchonenvironmental issues and relatedpolicies,

providing advice to the government.

Energy Market Participants From the grid operator’s standpoint, all entities in this actor group in-

teract with the grid as users of its infrastructure. First, it includes energy producers - companies such

as Nuon and Essent - that generate electricity using (renewable) sources, including wind farms or com-

binedcyclegas turbine (CCGT)plants. Second, energysuppliersarepartof this actorgroup. Companies,

likeEnecoandBudgetEnergie, are responsible forpurchasingelectricity fromproducers and selling it to

end-users. Somecompanies, suchasEnecoandEssent, functionasbothproducers and suppliers. Lastly,

energy consumers are included in this group, representing end-users such as industries or households.

This entire groupof actors operateswithin a liberalisedmarket,which grants them fundamentalmarket

freedomswhich are discussed below (TenneT, n.d.-b).

1. FreedomofDispatch: generatorsandconsumershavetheright toproduceorconsumetheamount

of electricity that they choose, within the limits of their connection and the contractual limits of

their connection agreement.

2. Freedom of Transaction: market parties can enter into any form of contractual agreements with

regard to their demand and supply.

3. Freedom of Connection: all demand and supply resources can connect into the grid on a non-

discriminatorymanner (e.g. independent of location).

2.4.2 Challenges in Incentivising Energy Storage Integration for Grid Congestion Relief

The integration of renewable energy sources into the Dutch electricity grid can be enhanced through

the use of flexible assets such as batteries, which help to address the intermittency of these energy

sources. However, various incentive-related challenges and legal barriers hinder the deployment of

such assets, as will be discussed below.

The rights of EnergyMarket Participants do not incentivise this actor group to offer flexibility or invest

into flexible assets such as Energy Storage Systems. Their freedom of dispatch and freedom of connec-

tion implies that grid operators are not permitted to discriminate and are obligated to connect all users

to the grid, even if the requested location or electricity production/consumption is suboptimal for the

grid operator. For example, energy producersmay select rural areas with relatively inexpensive land to

place their renewable energy farm, however the grid capacity in these locations is often limited (Net-

beheerNederland, 2019). Next to that, renewable energy producers contribute to large fluctuations in

supply, yet they have the right to produce any amount of electricity they choose. Energymarket partici-

pants are not obligated to offer flexibility and grid operators cannot prioritise projects that they favour,

for example because of location. However, the ACM has introduced exemptions to this rule, allowing

grid operators to prioritise projects that contribute to resolving congestion issues (ACM, 2023). This

is a good start, however these projects are not always profitable which decreases the interest from the

market to install these, as will be discussed in the next paragraphs. The burden to deal with flexibility is

therefore shifted back onto grid operators.

The TSO is responsible for maintaining balance in the electricity market and can determine the means

by which this is achieved, as long as they act within the limits of the law. Storage facilities are a great
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balancing tool, however currently grid operators are prohibited from owning storage facilities unless

specific exemptions are granted by the ACM. Therefore, an electricity market design combining a spot

and imbalance market has been established to incentivise the free market to address these imbalance

issues (Tanrisever et al., 2015). This approachworkedwell for energy systemswith a lowpenetration of

renewable energy generators, as generation from conventional sources is largely predictable and can

be planned in advance. However, this has become increasingly challenging with the rising share of re-

newable energy sources in the energy system. Moreflexible assets are required to effectively integrate

these sources, but current instruments do not sufficiently incentivize market parties to install and use

such assets to prevent congestion (VanDenBoom, 2023). As a result, energy prices havebecomehighly

volatile, renewable energy sources must be curtailed, and grid capacity must be expanded to facilitate

the transport of peaks in supply and demand.

A possible explanation for the insufficiency of current instruments in incentivising market parties to

install flexible assets is provided by Van Den Boom (2023). Storage solutions such as batteries only al-

leviate congestionwhen charged and discharged at appropriate times; otherwise, theymayworsen the

issue. However, to maximise the return on battery investments, it is important for market parties to

operate these batteries on imbalance and other energy markets. Relying solely on batteries used for

congestion management and enhancing grid transmission capacity without participation in the energy

markets is unlikely to be profitable. Consequently, there is limited interest frommarket participants in

installing batteries exclusively for congestionmanagement purposes.

Tosolve this issuepolicy-makersandregulatorscanproperly incentivisemarketparties to installflexible

assets for congestion relief. Another option is to grant exemptions for the TSOs to operate batteries, as

they already have an incentive to install them – namely, their responsibility to manage the balance in

the transmission grid.

2.4.3 Identifying Key Stakeholders via the Power-InterestMatrix

To further analyse the role of each stakeholder in resolving the incentive and regulatory challenges

around energy storage, a Power-Interest Matrix has been applied. Building on the approach initially

described byMendelow (1981), this matrix helps us to identify which stakeholders require close atten-

tion and engagement in order to remove the barriers around energy storage deployment. To create the

matrix, a list of actors and their power and interest has to be known. Information from the sections

above is used to assess each actor’s ability to influence the rules of the game (power) and their level of

concern or investment in seeing congestion alleviated and energy storage deployed (interest).

Energy Market Participants have a mid-level interest because curtailment directly impacts their rev-

enue streams, yet they face insufficientfinancial drivers to install storage solutions. Their power ismod-

erate, as they generally abide by market rules set by regulators and policy-makers and have to obey to

the grid operators when it comes to queuing rules for new grid connections. Grid Operators demon-

strate high interest, since they bear direct responsibility for system balance and congestion manage-

ment. Nevertheless, they possess less regulatory power than government institutions and regulators

— who define the legislative framework within which grid operators must operate. Public NGOs tend

to have a relatively limited role in policy-making since their ability to shape regulations (and thereby

power) is smaller compared to governmental bodies (VanRooijen&VanWees, 2006). They exhibit high
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Figure 2.5: Power-Interest matrix for implementation of Energy Storage Systems to be used for grid congestion relief.

interest since theseNGOs are often groups of actors with the same issue, for exampleNetbeheer Ned-

erlandwhich is an association for grid operators. Lastly, Regulators andGovernment andPolicy-makers

occupy a position of high power, as they establish the rules and design the playing field. Their interest

in resolving grid congestion is considerable, but not as acute as that of the grid operators, whose core

function is maintaining system reliability.

From this assessment, it becomes clear that grid operators, regulators and government/policy-makers

can be categorised as having both substantial power and a high degree of interest. Hence, these parties

must be closely engaged to overcome current incentive and regulatory barriers for energy storage de-

ployment to be used for congestion relief. Consequently, these stakeholder groups will be approached

for interviews to address the business implications for energy storage as outlined in the fourth sub-

question.
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This chapter describes the approach used to answer the second and third sub-question via a Python

model. It starts with the definition of the policy and modelling question, followed by modelling imple-

mentation details, and closes with the identification of the system boundaries and modelling assump-

tions.

3.1 Policy andModelling Question

Knowing how SDES and MDES technologies can influence grid investment deferral, gives insight into

the composition of a cost-effective future energy system. This knowledge can be used by policymakers

to ensure their regulations favour such a cost-effective system. This especially relevant during the tran-

sition phase to an energy system fully reliant on renewable energy sources, since this requires the in-

stallation of storage technologies to deal with the intermittency of these energy sources, as previously

discussed in Chapter 2.1. Which storage technologies to use and how these may influence required

transmission grid expansion is vital information for policymakers and grid operators, such that they can

assure a cost-effective, stable energy system fully reliant on renewable energy sources.

Policy Levers (L)
Availability of SDES and MDES 

technologies
Relationships in System (R)

Performance Metrics (M)
Required Grid Expansion, 

Total system costs

External Factors (X)
Electricity Demand, Generation 
technology mix, Emission target

Figure 3.1: Modelling question presented in XLRM framework (Lempert et al., 2003).

Figure 3.1 shows the modelling question conform the XLRM framework (Lempert et al., 2003). In this

framework, the policy levers (L) represent the decisions under themodeller’s control — in this case, the

inclusion and deployment level of SDES and MDES technologies in the Dutch electricity system. We

assume that the implementation of these technologies is under our control, since policy instruments

can be used to facilitate or block the implementation of these technologies, when necessary. The exter-

nal factors (X) include uncertain elements such as future electricity demand, the renewable generation

mix, weather variability (which affects generation and load profiles), and CO2 emission targets. These

are outside the scope of direct control but may significantly influence the outcomes. The CO2 target is

considered to be fixed, since this has been set in the European Climate Law. The performance metrics

(M) by which scenarios are evaluated are the total system cost and the extent of required transmis-

sion grid expansion. Lastly, the relationships (R) are represented by the PyPSA-EURmodel itself, which

captures the techno-economic interactions between the technologies and elements in the electricity

system. This results in the following modelling question: ”What is the impact of the availability of SDES
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and MDES technologies (L) on total system costs and the need for transmission grid expansion (M), given the

external factors (X) and the dynamics of the electricity system as simulated in PyPSA-Eur (R)?”

3.2 Modelling Framework and Implementation Details

Whether SDES andMDES technologies can defer transmission grid investments depends on the inter-

actions between policy levers, external factors, and system relationships. For each possible configura-

tion of storage availability (L), given the external conditions (X), we aim to determine the most desir-

able systemoutcome in terms ofminimising total energy system costs (M). This requires identifying the

cost-effective mix of generation, storage, and transmission infrastructure that satisfies all system con-

straints. The problem is inherently an optimisation problem, since it involves finding the best solution

among a large number of possible system configurations, given a set of inputs and constraints. There-

fore, we use an optimisation algorithm to determine the most cost-effective energy system configura-

tion for each configuration scenario.

The PyPSA-EUR (Hoersch et al., 2018) Python framework is a cost optimisationmodel that can be used

toassesses the impactofSDESandMDESupontransmissiongrid investments. PyPSA isanopen-source

software library that allows to simulate and optimise power systems. It uses several input parameters

to calculate themost cost-effective energymix, whilemeeting certain constraints such as ensuring that

supply meets demand. The most cost-effective power system is calculated by minimising both capital

expenditure (CapEx) and operational expenditure (OpEx). It allows for the inclusion or exclusion of var-

ious technologies in themodel, hence several scenarios can be simulatedwhich allows to determine the

impact of storage technologies upon the total energy system costs. A schematic overview of the PyPsa

workflow is presented in Figure 3.2. A more in-depth analysis of the modelling approach follows in the

chapters below.

This study builds upon the existing PyPSA-EUR framework by tailoring it to simulate SDES and MDES

storage deployment scenarios. While the core optimisation model was already available, my contribu-

tion consisted of selecting the appropriate input parameters (step 1 in Figure 3.2) to reflect realistic

system conditions. As the input parameters have a substantial impact on themodelling outcomes, they

were retrievedwith precision, as detailed in Chapter 3.5.

Step 1: Input parameters

Storage technology
parameters

Generator technology
parameters

Transmission technology
parameters

Weather data

Electricity demand

Step 2: Constraints

Ensure supply
meets demand

Cap CO2 emissions
(optional)

Step 3: Calculation

Adapting technology
and grid capacities
tominimise CapEx

andOpEx

Step 4: Output

Capacities of storage,
generation and trans-
mission technologies

CO2 emissions

Total system costs

Figure 3.2: Visualisation of inputs and outputs of the PyPSAmodel.
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Nodes

InPyPSA, all calculations areperformedonanodebasis. Nodes represent geographical locationswhere

supply, demand, and storage technologies interact. Input parameters – such asweather data for renew-

able generation and electricity demand profiles – are assigned to these nodes and the optimal genera-

tion and storage capacity are calculated for that node, as illustrated in Figure 3.3. Bymodelling the sys-

tem at the nodal level rather than at every specific point in space, PyPSA reduces the spatial resolution

of the problem. This is done to simplify the optimisation process and ensures that themodel converges

to theoptimal solutionwithin reasonable computation times. Thenumberofnodes can influence the re-

sults, as a simulationwithmore nodes has a higher spatial resolution. Figure C.7 in the Appendix shows

how the number of nodes affects the simulation results. Our simulation uses 55nodes, the highest level

of spatial resolution provided by PyPSA-Eur for the Dutch electricity grid.

Node

Input parameters

Weather Data

Electricity Demand

Installed Generation Capacity

Installed Storage Capacity

Available Land

Model objective

Optimal Generation Capacity

Optimal Storage Capacity

Figure 3.3: Representation of a PyPSA node with inputs and optimized outputs.

Batterymodel

PyPSAallows tomodel storage technologiesbyutilising fundamental components: a charger link, a store

and a discharger link (see Figure 3.4). The two links connect to a node and ensure that the electricity can

flow from the grid into the store element of the battery. Constraints are added that set the ratio of the

power between these two link elements. For lithium-ion batteries, it is assumed that the input power

(p0,charger) is equal to the output power (p1,discharger) (Hoersch et al., 2018). To finish the battery model

by utilising two links and a store element, a last constraint is added which ensures that the size of the

store scales linearly with the input power, following: enom = p0,charger · discharge time. This ensures
that batteries stick to their capacity-power ratio, which results in their characteristic discharge time.

This approach, as also described by PyPSA (n.d.-a), allows the model to determine the optimal storage

capacity, while the constraints ensure that the charger and discharger power follow from this optimal

capacity.

Store
e_nom

From grid To gridCharger link Discharger link

p0 (p_nom) p0 (p_nom)p1 p1Efficiency Efficiency

Lithium-ion: 1kW 92% 0.92kW 1.1kW 92% 1kW

Figure 3.4: Schematic overview of battery model in PyPSA. A full version of this schematic is available in Confidential
Appendix A.
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Transmission Lines andMultiple Nodes

Nodes can be connected via lineswhich represent the high-voltage transmission grid. A representation

of the electricity grid can be created bymodellingmultiple nodes, inwhich electricity can flowbetween

nodes. Themodel optimises the generation and storage capacities attached to each node and optimises

the transmission capacity between the nodes.

Input parameters Model objectiveN1

N2

HVAC lineInstalled transmission capacity Optimal transmission capacity

Figure 3.5: Two-node setup with transmission line and technology characteristics.

Objective

The objective of PyPSA is to minimise the total system cost of the electricity network, while satisfying

two constraints: supply must meet demand and CO2 emissions may not exceed a certain limit. This

is done by optimally determining the investment and dispatch decisions for generation, storage, and

transmission infrastructure over a predefined time horizon. In essence, PyPSA seeks the most cost-

effective configuration of the energy system under given boundary conditions.

As shown in Equation 2 (PyPSA, n.d.-b), the objective function consists of both capital expenditures

(CapEx) and operational expenditures (OpEx). Capital costs arise from investments in generation ca-

pacities (gn,s), storage capacities (hn,s), and transmission capacities (Fl). This is done by summing for all

nodesn, all technologies s and all lines l. These costs are annualised over the lifetime of the technology.

Operational costs include the variable costs of dispatching generation and storage technologies (gn,s,t

and hn,s,t), as well as startup and shutdown costs (sun,s,t and sdn,s,t) where applicable. A time weight-

ing factor (ωt), with unit hours per year, is included such that the operational expenses are expressed in

Euros per year.
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min

(∑
n,s

cn,s · gn,s +
∑
n,s

cn,s · hn,s +
∑
l

cl · Fl

+
∑
t

wt

[∑
n,s

on,s,t · gn,s,t +
∑
n,s

on,s,t · hn,s,t

]

+
∑
t

[sun,s,t + sdn,s,t]

) (2)

• n: Node (location)

• s: Technology type (e.g. offshore wind, iron-air)

• l: HVAC transmission line

• t: Time step [h]

• cn,s , cl: Annualised CapEx [e/MW]

• gn,s , hn,s: Installed generator and storage capacities

[MW]

• Fl: HVAC transmission line capacity [MW]

• wt: Timeweight [h/year]

• on,s,t: OpEx [e/MWh]

• gn,s,t, hn,s,t : Generation and storage dispatch

[MW]

• sun,s,t , sdn,s,t: Startup/shutdown costs [e]

This formulation allows PyPSA to perform co-optimisation of generation, storage, and transmission in-

vestments and can therefore be used to answer how SDES andMDES technologies affect investments

in transmission infrastructure.

3.3 Model Assumptions

A number of assumptions are made to obtain results within the given time frame. The implications of

these assumptions are discussed in Chapter 6.2.

1. Spatial scope: themodel covers theDutch electricity grid, represented through a 55-node spatial

resolution. Interconnections with neighbouring countries are excluded from this model due to

time constraints.

2. Temporal scope: the simulation runs at an hourly resolution over the course of a single year us-

ing 2023 data, which is the most recent year for which full hourly demand and weather data are

available.

3. Technological Scope: the study focuses exclusively on Battery Energy Storage Systems, differen-

tiating between SDES andMDES systems. This technological focus is based on a gap in the exist-

ing literature and aligns with the research objective of assessing their potential in deferring grid

expansion. Therefore, other storage technologies, such as hydrogen, pumped hydro, or thermal

storage, are excluded from the coremodel. However, hydrogen storage is included in the sensitiv-

ity analysis due to its prominence in policy discussions. Besides, themodelmodel has been scoped

to the Transmission SystemOperator (TSO) level, since large-scale renewable energy sources are

typically connecteddirectly to thehigh-voltage grid,makingTSO-level grid planning themore rel-

evant under conditions of increased renewable penetration (see Chapter 1). Grid expansion on

distribution level is neglected.

4. Energy System Boundaries: the model is electricity-only, meaning that it does not include sector

couplingwithheat, gas, ormobility sectors. As such, the impactof storage is assessed solelywithin

the context of electricity supply and demand.

5. Weather conditions in future years are assumed to be the same as in 2023.
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6. Future electricity demand is assumed to follow the current hourly load pattern, scaled by a uni-

form multiplier. This simplification was chosen because while projections for future electricity

demand typically provide estimates in annual totals (in TWh/year), detailed hourly demand pro-

files are not readily available. To account for the expected increase in demand, the current hourly

demand profile is scaled using a single multiplier.

7. The model assumes that the optimal energy mix is the most cost-effective one, neglecting other

requirements such as security of supply.

8. The model does not incorporate social or policy dynamics. Decisions are assumed to be made

based on cost-optimisation principles. Stakeholder behaviour, market structures, or regulatory

constraints are neglected. This implies thatwe assume a flexible allocation of grid capacitywhere

generators can dispatch power as long as capacity is available and are curtailed when it is not, in

contrast to real-world systems that often rely on rigid contractual arrangements granting fixed

grid access regardless of actual utilisation.

9. Themodel focuses exclusively on the electricity sector, neglecting sector coupling (e.g., with heat-

ing, industry, or transport).

10. Flexible technologiesother thanSDESandMDES (e.g., interconnection, demand-side response, or

power-to-X solutions) are neglected and assumed to have negligible influence on grid expansion

or storage needs.

11. Lithium-ion and iron-air batteries are assumed to represent the SDES and MDES categories, re-

spectively, and their characteristics are assumed to be equal to current or near-future estimates.

12. Spatial constraints for installing new storage assets are not considered.

13. The modelling framework uses an ”overnight” optimisation approach, assuming all investments

and system changes can be implemented at once, without considering iterative steps or invest-

ments over time.

3.4 Model Validation

ThePyPSA-Eurmodel has been usedwithoutmodifying its internal components. Therefore, the valida-

tion previously conducted by Hoersch et al. (2018) can largely be relied upon. The paper validates the

model based on four key characteristics. First, it compares total circuit lengthswith ENTSO-E statistics

for all European countries, showing a mean absolute error for the 300 kV and 380 kV lines of 7% and

9%, respectively. Second, network topology is assessedbycomparingPyPSA-Eur tootheropenGerman

grid datasets, which revealed a high correlationwhen comparing the line volume across sources. Third,

theassumptions regardingwindandsolar generationexpansion inGermanyarevalidatedbycomparing

themwith values fromexisting literature, which fell within published ranges, accounting for differences

in land use assumptions and exclusion zones. Lastly, a linear optimal power flow simulation was con-

ducted for the European peak load hour, revealing some load shedding—an indication that the model

was unable tomeet demand in certain regions, despite the real-world systemhaving done so. This high-

lights a mismatch between the model and reality. However, the paper reports no such issues for the

Dutch grid, only for several other European countries; thus, this does not affect the accuracy of the re-

sults in this study.
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This study utilises the PyPSA-Eur model but changes several input parameters, hence the contribution

of this study lies in the selection of appropriate parameters that represent a realistic scenario for as-

sessing the impact of SDES andMDES technologies on grid investment deferral in theNetherlands. The

selection of these input parameters (as discussed in Chapter 3.5) introduces some uncertainty. There-

fore, a sensitivity analysis is employed, as further elaborated in Chapter 4.4, which also includes a dis-

cussion on the effect of assumptions inherent to the PyPSA-Eur model. In addition to the sensitivity

analysis, the results are validated by comparisonwith a similar study. This is done to validate the usage

of the PyPSA-Eurmodel in general and improves validity by comparing the results to anothermodelling

method.

The sensitivity analysis, which discusses the influence of input parameters, is determined by system-

atically varying input parameters conform a one-at-a-time (OAT) approach, where each parameter is

individually adjusted to its minimum andmaximum values as reported in the literature (see Figures C.1

to C.6). We consider a change in model results exceeding 10% compared to the benchmark scenario

significant. This value has been chosen based on an educated guess. If results remainwithin a 10%mar-

gin, this indicates robustness, assuming all other parameters are held constant. The analysis does not

consider simultaneous changes in multiple parameters but helps test the consistency of results across

a possible range of inputs.

3.5 Input Parameters

3.5.1 Technology Input Parameters

Finding accurate values for the input parameters is of substantial importance, since these parameters

determine the resulting output of the model. Parameter values for well-known technologies are in-

cluded in the PyPSA library, but can be changedmanually. Parameters that are likely to have a substan-

tial influence on the results of this research (such as SDES,MDES technology parameters) are retrieved

via desk research. First conceptual results are used to determine which parameters have a substantial

influence and should therefore be gathered by thorough research. Data from several sources is com-

pared and triangulated to find final values for the input parameters. Parameters that are considered to

be less significant are copied from the PyPSA library, though their sources are validated and values are

changed when deemed necessary. The sections below discuss individual technology parameters, while

an overview is presented in Table 3.1.

Storage Technologies Identifying accurate parameter values for storage technologies is often chal-

lenging due to substantial discrepancies across sources. These variations may stem from applying the

same technology in a different scale or context (e.g., residential versus grid-scale applications), from

technological advancements suchas improvedefficiency through learning effects, or fromdiffering sys-

temboundaries—such aswhether components like grid connections and balance-of-plant elements are

included. In this study, all relevant components, including the grid connection, are incorporated into

the calculation of storage technology capital expenditures (CapEx). Next to that, we have assumed an

average discharge time for lithium-ion of four hours.
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Table 3.1: Complete list of relevant input parameters. Please see Confidential Appendix A for the full version of this table.

Technology Parameter Value Unit Remarks

Lithium-ion Total project CapEx 300.15 €/kWh See Fig. 2.3
Lithium-ion RTE 84.55 % See Fig. C.1
Lithium-ion FOM 0.35 %per year See Fig. C.1
Lithium-ion Lifetime 12 years See Fig. C.1
Lithium-ion Discharge time 4 hours

Iron-air Total project CapEx Confidential €/kWh See Fig. 2.4
Iron-air RTE Confidential % See Fig. C.2
Iron-air FOM Confidential %per year See Fig. C.2
Iron-air Lifetime Confidential years See Fig. C.2
Iron-air Discharge time Confidential hours

Solar Total project CapEx 586.45 €/kW See Fig. C.3
Solar FOM 1.77 %per year See Fig. C.3
Solar Lifetime 31.6 years See Fig. C.3

Onshore wind Total project CapEx 1 380 €/kW See Fig. C.4
Onshore wind FOM 1.58 %per year See Fig. C.4
Onshore wind VOM 2.02 €/MWh See Fig. C.4
Onshore wind Lifetime 27.3 years See Fig. C.4

Offshore wind Total project CapEx 2 352 €/kW See Fig. C.5.
Offshore wind FOM 2.2 %per year See Fig. C.5
Offshore wind VOM 3.93 €/MWh See Fig. C.5
Offshore wind Lifetime 30 years See Fig. C.5

Transmission grid
expansion

Total project CapEx 5 884 803 €/Km See Fig. C.6

Generator Technologies Capital costs for generator technologies vary considerably, driven by tech-

nology choice, installation configuration and local site conditions. In theDutch sectionof theNorth Sea,

shallowwatersenable theuseofcheaperfixed-bottomfoundations, so themodeladopts theNetherlands-

specific cost benchmark from IRENA (2024) for offshorewind rather than thehigherEuropeanaverage.

These offshore wind CapEx include the costs for offshore substations and underwater export cables.

Solar photovoltaic prices have dropped in recent years and two different types can be distinguished:

the more expensive, yet more efficient single-axis tracker systems and fixed-tilt arrays (IRENA, 2024).

Accordingly, a 2023 European average CapEx, including grid connection and representing a blend of

fixed and tracker installations, is employed. Existing renewable plants are imported automatically from

PyPSA-EUR, which draws on data from CBS (2023). The current coal and combined-cycle gas turbine

generator plants are included into the model with their present capacity, yet any further expansion of

these carbon-intensive generators is prohibited due to themodel’s emission constraints.

Grid Transmission Investments Estimating the capital costs of grid transmission investments is par-

ticularly complex due to the wide range of influencing factors and the limited availability of detailed

commercial data. Public sources, such as annual reports from TSOs, often provide only aggregated fig-

ures, thus hiding the cost structure of individual projects. Besides, grid expansion projects can differ

substantially in their characteristics: some projects involve building entirely new infrastructure, while

others reuse existing pillars through rewiring or adding electricity lines, if the existing infrastructure

permits. Location and the specific type of support structure further influence the investment require-
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ments, making cost generalisation difficult across the grid. Figure C.6 shows an overview of the cost

estimates of grid expansion projects. An average has been used as final value for the PyPSAmodel.

Uncertainty in Input Parameters Several of the final input parameter values used in this study carry a

high degree of uncertainty due to significant differences between sources. These deviationsmay result

from variations in technology scale, geographic context, system boundaries, or differing assumptions

across studies. Averaging values across multiple sources improves the robustness of the input param-

eters to some extent, yet it does not fully resolve the inconsistencies. Consequently, parameters with

substantial variation in sources havebeen included in the sensitivity analysis. The approachof this anal-

ysis is further described in Chapter 4.4.

3.5.2 Weather and Electricity DemandData

Weather and electricity demand data are fetched from standard PyPSA-EUR sources (Hoersch et al.,

2018). Forweatherdata, PyPSA-EURutilises twosources: theSARAH-3 solar surface radiationdataset

by CM SAF (2023) and the ERA5 reanalysis dataset provided by ECMWF and Copernicus (2023).

SARAH-3 provides the surface-irradiance that is converted into a capacity factor for the PV solar tech-

nology, while ERA5 supplies wind speeds for on- and offshore wind calculations and temperature data

for dynamic line rating calculations of high voltage lines. These datasets form the basis for generat-

ing spatio-temporal cutouts that represent weather conditions specific to theNetherlands for the year

2023, aligning the simulation year with themost recent available electricity demand data.

Regarding electricity demand, PyPSA-EUR by default retrieves load profiles fromOPSD (2020), which

itself is based on ENTSO-E Transparency data. However, the most recent load profiles in the OPSD

database are from the year 2020. In order to enhance the accuracy and relevance of the simulations,

these demand profiles were replaced with data for the year 2023, manually obtained from ENTSO-

E (n.d.). Since both the OPSD dataset and the newly used 2023 data come from the ENTSO-E Trans-

parency platform, replacing this data ensuresmore up-to-date inputwhile keeping the data source con-

sistent. The total aggregated electricity demand can be observed in Figure 3.6. This total demand is

allocated to the simulation nodes in proportion to their population and gross domestic product (Hoer-

sch et al., 2018).
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Figure 3.6: Total electricity demand in the Netherlands for the first week of January 2023.
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3.5.3 Constraints

LimitingEmissions In linewith theDutch climate targets for2030, themodel imposes anannual emis-

sions cap of 13 megatonnes CO2 equivalent for the electricity sector (CBS, 2025). This constraint en-

sures that the electricity generationmix complies with national decarbonisation goals.

Space Constraints The availability of land is important, as placing utility-scale renewable energy

farms in the centre of cities is not realistic. To account for this, the Corine Land Cover Database (Euro-

peanEnvironmentAgency, 2019) is usedbyPyPSA-EUR,which categorises land in theNetherlands into

various types suchasUrbanFabric andAgriculturalAreas. Theavailable land canbe limitedby selecting

which land categories in the Corine database are eligible for renewable energy farm development. In

the simulation, the available land is limited toCorine’s ”Agricultural Areas arable land” and ”Agricultural Ar-

eas heterogeneous agricultural” area categories, ensuring that renewable energy farms are not placed in

urban, forested, or protected natural regions. The share of available land is visualised in Figure 3.7. Ad-

ditionally, a utilisation factor of 10% is applied. This factor determines which ratio of the available land

can be used for new generator farms, such as onshore wind farms. Although PyPSA defaults to 30%, a

lower value is chosen. The choice to lower this factor from 30% to 10% is based upon first, conceptual

modelling results that showed excessive installation of renewable energy farms in densely populated

areas of the Netherlands, for example because of the presence of villages within Corine’s ”agricultural

zones” categories. The value of 10% is basedupon an educated guess. It is difficult to determine a defini-

tive value, as it ultimately depends on political and societal decisions regarding howmuch agricultural

land should be allocated for renewable energy development.

For offshorewind, the default constraints of PyPSA on sea depth and distance to shore are removed, as

upcoming grid plans indicate futurewind farmswill be located further offshore. Lastly, land restrictions

are not applied to battery installations, ensuring the model’s optimisation of storage capacity is not in-

fluenced by spatial limitations. The feasibility of physically siting these batteries in the Netherlands is

discussed later.
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Figure 3.7: Share of available land for the Onshore wind and Solar PV technologies

3.6 Scenario Design

Twocases and four scenarios for each casearemodelled toanswer the researchquestion. The casesdif-

fer from demand; one uses the current electricity demandwhile the other implements a 2040 forecast.

This forecast assumes that the electricity demand is tripledwith respect to the current demand (Netbe-

heer Nederland, 2023b). For each case, we run several scenarios by changing the availability of certain

technologies. Table 3.2 shows the scenarios that will be modelled to give answer to the research ques-

tion. The scenario without storage is used as reference point, as these results show the required grid

transmission expansion without any storage technologies in the power system. The impact of adding

SDESandMDES technologies upon transmission grid investments can bedeterminedby comparing the

results of the other three scenarios with the base-case.

Table 3.2: The four scenarios that will modelled and used to answer the research question.

Scenario Technologies

NoBESS Transmission grid expansion only, no storage technologies.

SDES only Transmission grid expansion + SDES systems (lithium-ion batteries)

MDES only Transmission grid expansion +MDES systems (iron-air batteries)

All Technologies Transmission grid expansion + SDES systems +MDES systems

3.7 Qualitative Interviews

To explore the implications of the quantitative findings for stakeholders and assess the challenges they

may face in adopting SDES andMDES technologies, three semi-structured interviewswere conducted.

These interviews also serve to complement the PyPSA-based modelling results by incorporating per-

spectives from domain experts.
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Participantswere selectedusing judgement sampling, targeting individualswith the expertise in energy

storage system integration. The selectionwas guided by the actor analysis inChapter 2.4.3, focusing on

high-power, high-interest stakeholders. Interviewees included two employees from TenneT with ex-

pertise in grid planning and one employee from the Dutch regulator ACM, offering both technical and

regulatory perspectives.

The interviews were structured around two key themes:

1. Differences Between Flexible Assets and Ownership Challenges: this part assesses whether

MDES (and battery energy storagemore broadly) is considered a necessary solution compared to

other flexibility options. Thismay raise any barriers or business implications regarding theMDES

technology. Besides, it explores stakeholder views on ownership barriers, particularly the limi-

tations TSOs face in owning batteries for congestion relief, and whether the incentive issues for

market parties may limit adoption (as discussed in Chapter 2.4.2).

2. Model Validation: the second part validates themodelling approach and results, and seeks to un-

derstand divergences from reality. This is achieved by presenting a comparison between the re-

sults of this study (referred to asModel A) and those of a similar study used as a validation source

(referred to as Model B). Interviewees are asked to comment on the sources of the differences

and the realism of bothmodels.

The semi-structured format enabled deeper exploration of emerging topics during the conversations.

Interviews were conducted either online via Microsoft Teams or in person, depending on the prefer-

ences of the interviewee and interviewer, and each lasted approximately 60minutes. With the intervie-

wees’ consent, conversations were recorded; otherwise, detailed notes were taken. Given the limited

number of interviews, no formal coding procedure was applied. Instead, interviews were transcribed,

summarised, and analysed by aggregating findings under the two thematic areas described above. Only

aggregated results are reported to ensure participant privacy. The interview protocol can be observed

in Appendix B.
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This chapter dives into answering the secondand third sub-researchquestion via thePyPSA-eurmodel.

A future state of the energy system is definedwhich consists of themost cost-effective generation and

storagemix based on themodelling input parameters. The role of SDES andMDES is analysed by quan-

tifying their ability to defer transmission grid investments in this future state of the energy system. The

third sub-research question is addressed by presenting results related to themodel’s validity, including

a sensitivity analysis and a comparison with findings from other studies.

4.1 Defining the Composition of the Future Energy System

The results of this and following subchapters have been split into 2023 and 2040 demand cases. Dif-

ferent sets of graphs are presented for each scenario to reflect findings relevant to each case; however,

full visualisations for all scenarios are provided in Appendix C.

2023Demand Case

Figure 4.1 shows the most cost-effective installed capacities of generator technologies. These repre-

sent the optimal capacities required to ensure that electricity supply meets the 2023 demand within

the CO2 constraint of 13 megatons. The installed capacities do not differ substantially across the vari-

ous scenarios, indicating that thepresenceofdifferentbattery technologiesdoesnot significantlyaffect

the generationmix for the 2023demand scenario. This can be explained by the fact that coal andCCGT

generators are still available to generate electricity in periods of lowwind and little sun, decreasing the

need for battery storage technologies. Yet, the usage of these conventional technologies is limited to a

CO2 emission of 13megatons.

Offshorewind and solar PV capacities have been extended by 12.2GW and 9.9GW , respectively, com-

pared to the currently installed capacities in the Netherlands. Although these technologies still offer

potential for further expansion, such investments are not considered cost-effective according to the

model. No new CCGT or coal generators are built; the capacities shown are already present in the ex-

isting energy system. Similarly, the installed capacity of onshore wind farms is not increased, as the

technology has reached its maximum capacity of 6.2GW due to land availability constraints.
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Figure 4.1: Optimal generation capacities for 2023 demand scenarios

The actual electricity generation from the installed generation capacities is strongly influenced by the

availability and characteristics of storage technologies. As shown inFigure4.2, generation technologies

such as CCGT and coal are not always used at full capacity. The integration of battery systems signif-

icantly increases the generation from renewable sources, even though the installed capacity was sim-

ilar across the different scenarios. Hence, the inclusion of storage reduces curtailment of renewable

energy sources and allows to generate more electricity with the same installed capacity. This is also

shown when comparing the electricity dispatch plots for the scenarios without and with energy stor-

age, as can be seen in Figures 4.3 and 4.4, respectively. It can be observed that the scenario withMDES

and SDES shows a reduced curtailment of renewable energy farms. Notably,MDES leads to a rise in the

output from both onshore and offshore wind, which aligns with expectations discussed in Chapter 2.1;

its discharge profile better matches the variability of wind production.

Interestingly, the addition of MDES results in a drop in CCGT usage, while coal generation increases

slightly. CCGT plants have relatively high marginal costs but are efficient and able to respond quickly

to demand fluctuations. Coal, on the other hand, typically has higher capital costs — though these are

not considered in themodel for already installed capacities— alongwith lowmarginal costs, lower effi-

ciency, and a slower response time. In this context, batteries can take over the role of CCGT in provid-

ing fast-response flexibility, allowing coal to be dispatchedmore frequently as a source of cheap, albeit

less flexible, electricity. Overall, the inclusion of storage technologies contributes to a reduction in total

systemcosts. This is likely due to improvedutilisation of installed renewable generation capacity, as the

system can capture and dispatch more energy that would otherwise be curtailed — leading to a lower

overall cost per kilowatt-hour. A breakdown of transmission-related expenses is provided later in the

chapter.
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Figure 4.2: Total electricity generation for 2023 demand scenarios.
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Figure 4.3: Energy Dispatch for 7 days in January with above-average electricity demand, no battery storage scenario
with 2023 demand.
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Figure 4.4: Energy Dispatch for 7 days in January with above-average electricity demand, bothMDES and SDES
scenario with 2023 demand.

Figure 4.5 presents the most cost-effective storage capacities selected by the model. These are ex-

pressed in termsof energy capacity (KWh), representing the total amount of energy each storage tech-

nology can hold. While this is a useful metric, it is important to note that for technologies such as SDES,

thepower atwhich they can charge anddischarge (knownas thepower capacity,measured inKW )may

be more relevant. A comparison based on power capacity would show a different distribution, as Iron-

Air storagewould bedividedby100,whereas lithium-ionwould bedividedonly by4. This is due to their

difference in discharge time, which is the relation between battery capacity and power. Nevertheless,

evaluating capacity is still insightful, as it reflects the total potential for energy balancing and storage

over time.

Themodel shows that the installed power capacity is similar for theMDES-only and SDES-only scenar-

ios — 6.98 GW and 5.60 GW respectively. Yet, due to their difference in discharge time the installed

energy capacity is different. This could suggest that the system requires a certain minimum amount of

available power to effectively integrate variable renewable generation. Dimensioning the battery such

that it can deliver this power can result in over-dimensioning its capacity. This is especially a risk for the

iron-air technology, as it requires 100 kWh of storage capacity to achieve 1 kW of dispatchable power

due to its long discharge time characteristic. However, Figure 4.6 shows the state-of-charge (SoC) of

the battery technologies and indicates that all installed capacity is actively used. This plot also shows

thecontrastbetween iron-air and lithium-ion technologies; iron-air exhibits longerdischargedurations,

resulting in slower and lower-frequency SoCfluctuations compared to themore responsive lithium-ion

batteries.
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Figure 4.5: Optimal storage capacities for 2023 demand scenarios.
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Figure 4.6: State of charge of batteries for a scenario with both SDES andMDES with 2023 demand

2040Demand Case

Figure 4.7 illustrates the installed generation capacities for the 2040 demand scenario, where electric-

ity demand is tripled relative to 2023. Unlike the 2023 case, the scenario without any battery storage

shows a substantial increase in installed capacity. This is due to the tripling of the baseload, which coal

and CCGT are no longer able to supply due to CO2 constraints. Meeting baseload demandwith renew-

ables alone requiresexcessiveoverbuildingandcurtailment, as canbeobserved inFigure4.8. Thefigure

shows that there is no storageavailable to shift generation toperiodsof highdemandor lowsupply. This

drastically increases the generator capacity that is required, as theymust provide the baseload demand

in lowwind and low sun conditions as well. When battery storage is introduced, the total installed gen-

eration capacity decreases significantly. This installed capacity does not differ substantially across the

battery scenarios, indicating that both SDES andMDES storage can reduce the need for excessive gen-
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eration capacity. However, the type of storage does influence the total system costs. Besides, these

total system costs are lower in the scenariowhen all technologies are combined, indicating that the dif-

ferent technologies supplement each other.
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Figure 4.7: Optimal generation capacities for 2040 demand scenarios

17 Jan 19 Jan 21 Jan 23 Jan 25 Jan
0

50

100

150

200

250

300
Technology

CCGT

Offshore wind

Onshore wind

Solar PV

Offshore wind curtailment

Onshore wind curtailment

Solar PV curtailment

Demand

Time

P
o

w
e

r 
(G

W
)

Figure 4.8: Energy Dispatch for 7 days in January with above-average electricity demand, no battery storage scenario
with 2040 demand.

Figure 4.9 shows the power dispatch over time for an above-average demand period in the 2040 case

that includes both SDES and MDES technologies. The dispatch pattern reveals that short-term, high-

frequency solar peaks are primarily stored in lithium-ion batteries, while iron-air batteries are used to

store and discharge baseload energy. This supports the idea that SDES and MDES complement each

other due to their difference in discharge time.
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Figure 4.9: Energy Dispatch for 7 days in January with above-average electricity demand, bothMDES and SDES
scenario with 2040 demand. Negative power indicates charging batteries.

Figure 4.10 shows the state of charge over time for the scenario with both storage technologies and

highlights the seasonal role of iron-air batteries. They charge gradually during the summermonths and

discharge over the winter, acting as long-duration or seasonal storage. This is different from the 2023

demand case, where the iron-air technology cycled roughly five times per year (see Figure C.11). The

difference can likely be explained by the increased dependence on storage in 2040, as fossil-based gen-

erators such asCCGTand coal cannot provide the fullwinter baseloaddue toCO2 limitations combined

with higher overall demand.

Figure 4.10 also shows that when a combination of both SDES andMDES technologies is deployed, the

batteries cycle through their full energy capacity range. This is not the case in scenarios where only

one storage technology is deployed (as shown in the Appendix in Figures C.26 to C.31). When both

technologies are combined, the state of charge bettermatches the installed battery capacity, indicating

more effective utilisation and reducing the risk of over-dimensioning.
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Figure 4.10: State of charge (SoC) of batteries for a scenario with both SDES andMDES with 2040 demand.

4.2 Determining the Deferral in Grid Investments

2023Demand Case

The results suggest that, under the modelling assumptions, the existing transmission grid is capable of

accommodating the 2023 electricity demand via renewable energy integration while remaining within

the CO2 emissions cap of 13 megatons. As shown in Figure 4.11, there is a small increase in average

line loadingwhen battery storage technologies are included in the energymix, indicatingmore efficient

use of existing infrastructure. However, evenwithout BESS themodel shows that transmission grid ex-

pansion is not cost-effective and hence not needed tomeet 2023 demand via integration of renewable

energy sources (see Table 4.1).

Important to note is the difference in grid capacity allocation between the PyPSA modelling approach

and the real-world scenario. Currently, actors with a grid connection are entitled to draw their full con-

tracted capacity at any time, even if they seldom do so, leading to a perceived grid saturation. PyPSA,

however, models only the capacity that is actively used, effectively simulating an ideal system in which

grid access is dynamically allocated according to actual need. This theoretical optimum showswhat the

grid is capable of, if handled in a flexible way. This difference is further explored in Chapter 4.4.
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Figure 4.11: Average HVAC line loading for two scenarios with 2023 demand. The loading of a line is averaged over
time, the count represents the number of lines with that loading.

Table 4.1: Transmission Grid Deferral for the 2023 demand case

Scenario Battery Capacity [TWh] Added Grid Capacity
[GW]

Grid Investment [Billion
€]

NoBESS 0 0.0 0.0
SDES only 0.02 0.0 0.0
MDES only 0.70 0.0 0.0
Both SDES andMDES 0.69 0.0 0.0

2040Demand Case

In the 2040 case, Figure 4.12 shows an increased average line loading when compared to 2023 scenar-

ios, due to the greater volumes of generation and demand that must be transported. Within 2040, the

scenario with battery storage again exhibits a higher average line loading than the one without BESS,

signallingmore effective utilisation of the networkwhen storage is available. This occurs becauseBESS

technologies enable storedenergy tobedispatchedduringperiodsof lower line loading, thereby raising

the average loading.
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Figure 4.12: Average HVAC line loading for two scenarios with 2040 demand.

Table 4.2 shows that the model deems grid expansion to be cost-effective: without battery storage,

86.2GW of new capacity must be installed, whereas with both SDES and MDES only 11.8GW of ad-

ditional grid capacity is required. It is important to emphasise that themodel’s cost-minimisation objec-

tive results in a tendency to fully utilise the capacity of the transmission lines. This effect is illustrated in

Figure 4.13, which presents the total number of congested hours across the transmission network. The

figure reveals that the inclusion ofBESS increases congestion,whichmaybeundesirable froma reliabil-

ity standpoint. However, it also implies amore efficient use of the available transmission capacity, while

ensuring that supply meets demand in the meantime. Lastly, Figure 4.14 displays the specific locations

where grid expansion is required. The figure indicates that the cable linking offshore wind to onshore

demand requiresby far thegreatest reinforcement (6GW ). A fewadditional lines in thenorthern region

also call for modest upgrades, but overall only a limited number of transmission lines need expansion.

This is different for the scenario without any battery storage, as can be seen in Figure C.41. It shows

that the grid requires muchmore expansion, but also at different locations.

Table 4.2: Transmission Grid Deferral for the 2040 demand case

Scenario Battery Capacity [TWh] Added Grid Capacity
[GW]

Grid Investment [billion
€]

NoBESS 0 86.2 1849.5
SDES only 1.89 18.8 357.3
MDES only 20.55 19.9 378.4
Both SDES andMDES 19.40 11.8 236.1
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Figure 4.13: Sum of congested hours for all HVAC lines (in total: 59) across various scenarios.

(no expansion necessary)

Figure 4.14: Expansion of TSO network for a scenario with both SDES andMDES storage. The colour of the line
represents the required expansion. The width of the line represents the optimal line capacity.
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4.3 Comparing the impact of SDES andMDES Technologies

This section compares the role and performance of SDES andMDES technologies across both the 2023

and2040demandscenarios, basedontheirability todefergridexpansionandreducetotal systemcosts.

In the 2023 demand case, the inclusion ofMDES results in a noticeable increase in wind energy output.

This outcome aligns with expectations outlined in Chapter 2.1, as the discharge profile ofMDES better

matches the variability of wind production. Despite similar installed generation capacities across all

scenarios,MDES allows formore effective utilisation of both onshore and offshorewind, improving the

overall efficiency of renewable integration without requiring additional generation infrastructure.

In the 2040 scenario, where electricity demand triples compared to 2023, both SDES and MDES indi-

vidually contribute to significant deferral of transmission grid investments. When deployed separately,

each technology reduces the required transmission grid expansion from 86.2GW in the no-storage sce-

nario to 18.8GW for SDES only and 19.9GW forMDES only. However, themost cost-effective system

outcome is achieved when the two technologies are deployed together. In this combined scenario, to-

tal annual system costs are reduced from e451 billion (MDES-only case) to e320 billion, underscoring

the economic benefits of integrating both storage types. Additionally, the required grid expansion falls

further to 11.8GW , highlighting the complementary nature of these technologies inmaximising invest-

ment deferral while enhancing system performance.

Thedispatchpatterns further illustrate thedistinct rolesplayedbySDESandMDES. Lithium-ionbatter-

ies, representingSDES, primarilymanageshort-term, high-frequencyfluctuations—suchas solar gener-

ation peaks. In contrast, iron-air batteries, representingMDES, are used to store and discharge energy

aligned with baseload demand. This functional differentiation allows each technology to operate in its

optimal range. Due to their large energy capacity and long discharge duration, iron-air batteries grad-

ually charge during summer and discharge during winter, effectively functioning as seasonal storage.

Attempting long-term energy storage with lithium-ion would require substantial over-dimensioning of

power capacity, since its discharge time is not suited to long-duration use. Conversely, using iron-air for

short-duration balancing would result in an oversized energy capacity. Therefore, a mixed deployment

avoids such inefficiencies and improves the utilisation of installed storage assets.

These findings highlight the complementary nature of SDES andMDES technologies in creating a cost-

efficient andflexible energy system. Their distinct technical characteristics—particularlywith regard to

their discharge time—enable them to serve different functions. Lithium-ion batteries (SDES) are well-

suited formanaging fast, high-frequencyfluctuations inelectricity supplyanddemanddue to their rapid

response and high power output, but they are less economical for long-duration storage. In contrast,

iron-air batteries (MDES) offer a cost-effective solution for storing large volumes of energy over ex-

tended periods, making them ideal for addressingmulti-day or seasonal mismatches in renewable gen-

eration, although their low power output limits their usefulness for short-term balancing. By deploying

both technologies together, the system can efficiently reduce curtailment, improve renewable integra-

tion, displace fossil-based generators such as CCGT and coal, and defer transmission grid expansions.

This reduces the overall system costs under these scenarios with high renewable penetrations.
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4.4 TestingModel Validity

Themodel validity is addressed by comparing the resultswith findings fromother studies and perform-

ing a sensitivity analysis. This chapter starts with the results of the comparison, for which the sector-

coupled study from Netbeheer Nederland (2023c) is used. Afterwards, the sensitivity analysis is pre-

sented. This is done by presenting the impact of changes in Policy Levers, followed by the impact of

changes in External Drivers (this is conform the XLRM framework discussed in Chapter 3.1). This chap-

ter closes with a definition of input parameters ranges for which the model results are robust. This

supports answering the third sub-question: How do variations in model input parameters and modelling

assumptions influence the outcomes of energy storage scenarios for deferring transmission grid investments?

4.4.1 Comparisonwith Sector-Coupled Study

We validate our modelling results by comparing them with the future scenarios developed by Netbe-

heer Nederland (2023c). These scenarios are particularly relevant as they are based on the same tar-

get of a 55% reduction in CO2 emissions by 2030. Yet, the scenarios use a different electricity de-

mand, hence the results of this study have been scaled linearly such that the demand of the two studies

matches. The validation scenario is produced by aworking group operating under the umbrella of Net-

beheer Nederland, with input from a broad range of external stakeholders. Among the three scenarios

discussed, the KlimaatAmbitie (Climate Ambition) scenario serves as the reference point for our valida-

tion step, since the others explore alternative pathwayswith greater emphasis on either electrification

or the use of sustainable gases. NetbeheerNederland has performed an assessment to ensure the real-

ismand feasibility of the scenarios across both supply anddemand sectors, whichmakes thema reliable

benchmark for validating our own outcomes.

Table 4.3 presents a comparison between the results of this study and those of Netbeheer Nederland.

Thegeneration technology capacities arebroadly similar. In the2023case, this studyuses less solar and

onshorewind compared to the validation source, but compensateswithmore offshorewind. For 2040,

the total installed generation capacity is higher in this study than in the Netbeheer scenario. However,

themost notable differences lie in thedeploymentof flexible assets. In 2023, our studyassumesa lower

total capacity for theseassets,whereas in2040, the capacity is significantlyhigher than in thevalidation

source. Finally, there is a clear divergence in the assumed TSO grid expansion capacities. In 2023, grid

expansionswere considered not cost-effective in ourmodel, resulting in a reliance on alternatives such

as batteries to balance supply and demand. For 2040, ourmodelling results indicate a grid expansion of

8.4GW , compared to 64.8GW in the Netbeheer scenario.
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Table 4.3: Validation of the 2023 and 2040 case by comparing the electricity demand, generation, flexible Assets, and
grid expansion to the KlimaatAmbitie scenario fromNetbeheer Nederland (2023a, 2023c). Results from this study were
scaled such that the demand equals the validation demand.

2023 case 2040 case

Unit This
study

This
study,
scaled

Validation This
study

This
study,
scaled

Validation

Year 2023 – 2025 2040 - 2035

Demand
Electricity TWh 109.2 136 136 327.6 234 234

Generation
Onshore wind GW 6.2 7.7 7.3 6.2 4.4 10.6
Offshore wind GW 14.2 17.7 6.1 44.6 31.9 30.5
Solar GW 23.2 28.9 38.7 139.8 99.9 75.9
Nuclear GW 0.0 0.0 0.5 0.0 0.0 0.5
Coal GW 6.9 8.6 4.0 6.9 4.9 0.0
CCGT GW 10.4 13.0 17.5 21.7 15.5 12.3
Total generation GW 60.9 75.8 74.1 219.2 156.6 129.8

Flexible assets
Batteries GW 7.0 8.7 2.7 304.8 217.7 22.7
Interconnection GW – – 9.2 – – 12.8
Demand Side
Response

GW – – 0.8 – – 2.0

Power-to-heat GW – – 1.5 – – 5.3
Power-to-gas GW – – 0.5 – – 4.0
Total flexible assets GW 7.0 8.7 14.7 304.8 217.7 46.8

Transmission grid
HV grid GW 0.0 0.0 0.0 4.0 2.8 31.3
Interconnection grid GW - - 3.4 – – 7.0
Grid at sea GW 0.0 0.0 5.2 7.8 5.6 26.5
Total TSO expansion GW 0.0 0.0 8.5 11.8 8.4 64.8

The differences between theNetbeheer scenarios and the results of this study can be largely explained

by differences in system scope. While the Netbeheer scenarios focus on a sector coupled model of the

total energy system — integrating electricity, heat, transport, and industry — this study concentrates

solelyon theelectricity sector. Asa result, theNetbeheermodelhasaccess toabroader rangeofflexibil-

itymechanisms. For instance, excess electricity in their scenarios can be exported or absorbed through

industrial Demand Side Response (DSR), where factories scale up operations when electricity supply is

abundant. More than half of the surplus electricity in their 2035 scenario is handled via DSR or export,

with only 15% being stored in batteries (see Table 4.4).
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Table 4.4: The usage of flexible assets in the 2035 scenario fromNetbeheer Nederland (2023a).

Category Electricity converted Unit % of total converted electricity

Export 38.3 TWh 34.9%
Demand Side Response 21.1 TWh 19.2%
Battery storage 17.0 TWh 15.4%
Conversion to hydrogen 14.5 TWh 13.2%
Conversion to heat for industry 11.6 TWh 10.6%
Losses 7.3 TWh 6.6%

Netbeheer thus leans heavily on increasing demand or exporting electricity, which in turn requires sub-

stantial transmission capacity. This likely explains their much higher grid expansion estimates. Their

modellingapproachprioritisesgridextensionsoverbattery installations. Incontrast, this studyassumes

fixeddemandanddoesnot account for importor exportof electricity,which limitsflexibilityoptionsand

placesmore pressure on internal balancingmechanisms such as batteries.

When flexibility options are reduced, our modelling outcomes begin to align more closely with existing

projections. Specifically, in the 2040 scenario without battery storage, we calculate a required TSO ex-

pansion capacity of 86.2GW . This figure is in the same range as the 64GW projectedbyNetbeheer. The

convergence of these results suggests that the inclusion or exclusion of flexible assets, such as battery

storage, has a significant impact on required grid infrastructure. This points to a potential policy deci-

sion: increasing flexibility in the energy systemmay substantially reduce the need for transmission grid

expansion. Our results depend heavily on the deployment of batteries as flexible assets, whereas Net-

beheer places greater emphasis on expanding grid capacity to meet future demands while using other

flexible assets.

While DSR may seem like a promising option, it likely involves significant changes to industrial pro-

cesses. Thiswould require these actors tooperatemoreflexibly—something that, as discussed inChap-

ter 2.4.2, faces several barriers. Similarly, although import and export can help stabilise the grid, relying

on neighbouring countries also transitioning to renewables introduces uncertainty due to increased in-

termittency and the risk of overlappingDunkelflauteperiods. Besides, the transport of this electricity to

in- and outside of the Netherlands also requires transmission capacity.

Another keydifference lies in how transmission grid expansion is treated. ThePyPSAmodel used in this

study does not consider long-term reliability planning. It optimises for cost in a single scenario, leading

to minimal grid expansion—just enough to meet demand efficiently within the scenario’s constraints.

While thismay result in lower investment costs, itmaynot reflect the grid operator’s perspective,which

must also account for future resilience and system flexibility.

The distinction between the capacity allocation of PyPSA and current grid practices can explain a dif-

ference in the results as well. In reality, grid users are entitled to access their full contracted capacity

at any given time, regardless of actual usage patterns. This static allocation contributes to grid conges-

tion and inefficiencies. In contrast, PyPSA allocates capacity dynamically based on real-time utilisation,

effectively modelling a more flexible and efficient system. Although this may appear overly optimistic,

it aligns with recent developments in Dutch grid policy. The introduction of time-bound transmission

rights (TDTR)marks a shift towardsmore flexible grid usage in practice (TenneT, 2025). These new con-
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tracts, enable businesses to secure transport rights for a fixed number of hours per year, with TenneT

retaining the ability to curtail access during peak moments. The TDTR initiative has already revealed

9 GW of grid capacity that would otherwise be unused. This number is similar to the 8.5 GW required

transmission expansion modelled by Netbeheer Nederland for the 2025 case, and hence these expan-

sion investments may be unnecessary due this new regulation. This policy shift suggests that grid op-

erators are beginning to embrace principles similar to those modelled in PyPSA, potentially narrowing

the gap between theoretical optimal, flexible usage of the grid and the actual real-world scenario.

4.4.2 Sensitivity Analysis of Policy Levers

This chapter discusses the effect of changes in the characteristics of lithium-ion and iron-air technol-

ogy, and analyses the impact of the addition of hydrogen cavern storage asMDES technology. The val-

ues that are tested in this sensitivity analysis and a naming clarification of the scenarios is given in the

first five columns of Table 4.8. The 2040 case is used as benchmark scenario, as no grid expansion was

modelled in the 2023 case, which limits its suitability.

The effect of changes in iron-air parameters Table 4.5 shows that changes in the technology param-

eters of the iron-air battery do not result in a substantial difference in required grid investments nor in

a difference in the installed capacity of the iron-air battery. However, a decrease in the round-trip effi-

ciency of the iron-air battery does lead to a compensatory increase in the optimal installed capacity of

lithium-ion batteries. This indicates a substitution effect: as the iron-air battery becomes less efficient,

the system shifts towards technologies that can deliver flexible energy more efficiently. However, the

installed capacity of iron-air itself is only marginally affected, suggesting its role as long-duration stor-

age remains important despite reduced efficiency.

Table 4.5: Sensitivity analysis summary for iron-air parameters. Highlighted values indicate deviations of more than
10% from the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Costs max 17.75 0.48 11.84 334.84
Costs min 19.53 0.45 11.71 312.36
FOMmax 18.72 0.47 11.78 323.42
FOMmin 19.01 0.46 11.74 319.59
RTEmax 19.40 0.41 10.99 309.47
RTEmin 18.48 0.54 12.52 336.24
lt max 19.12 0.46 11.72 318.47
lt min 18.67 0.47 11.78 324.37

The effect of changes in lithium-ion parameters The required grid investment and installed capac-

ity of the iron-air battery is also not significantly affected by changes in the technology parameters

of lithium-ion batteries. However, lower costs and longer lifetimes of lithium-ion batteries result in

higher optimal installed capacities of this technology (see Table 4.6). Interestingly, this change does not

substantially influence the deployment of iron-air batteries, which points to a functional separation:

lithium-ion batteries are primarily used for short-term balancing, while iron-air is used for substituting
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baseload from fossil generation.

Table 4.6: Sensitivity analysis summary for lithium-ion parameters. Highlighted values indicate deviations of more than
10% from the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Costs max 19.05 0.43 11.85 324.12
Costs min 18.79 0.51 11.62 317.82
FOMmax 19.02 0.43 11.83 323.84
FOMmin 18.89 0.47 11.75 320.76
RTEmax 18.85 0.47 11.46 316.87
RTEmin 18.98 0.45 12.09 325.42
lt max 18.81 0.51 11.64 318.06
lt min 19.01 0.44 11.82 323.19

The effect of hydrogen cavern storage integration The inclusion of hydrogen cavern storage, as-

sumed to be available across the system, shows a clear impact on battery storage capacities (Table C.5).

Hydrogen seems to take the role of seasonal storage and reduces reliance on iron-air batteries. How-

ever, grid investment requirements remain unchanged. It is important to note that this scenario does

not yet account for spatial constraints, such as the availability of caverns only in the northern regions of

theNetherlands. Therefore, the impact of hydrogen heremay be overstated, and should be interpreted

as an upper-bound scenario.
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Figure 4.15: The influence of the addition of hydrogen cavern storage on storage capacity and costs.

4.4.3 Sensitivity Analysis of External Drivers

This chapter assesses the impact of variations in the External Drivers on themodel results.

Grid Expansion Costs When grid expansion becomes more expensive, system costs increase but the

required grid expansion itself does not change substantially. The installed capacity of lithium-ion bat-
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teries rises slightly, while iron-air deployment remains largely stable (Table 4.7). This indicates that the

grid expansionmodelled in the benchmark scenario is a necessity rather than a flexible design choice.

In contrast, when grid expansion costs are reduced, the model chooses significantly more grid expan-

sion. This results in almost a halving of both lithium-ion and iron-air battery capacities. Table 4.7 shows

this shift clearly. This suggests that part of the battery deployment in the benchmark scenario is moti-

vated by deferring costly grid upgrades. Once grid expansion becomes cheaper, the system pivots back

towards transmission infrastructure as a cost-effective solution.

Table 4.7: Sensitivity analysis summary for Grid Costs. Highlighted values indicate deviations of more than 10% from
the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Grid costs max 20.05 0.59 11.14 483.83
Grid costs min 9.68 0.25 16.43 124.97

CO2 Emission Target Sensitivity Stricter CO2 caps lead to substantial increases in iron-air battery

deployment and grid investment, while lithium-ion capacities remain unchanged (Table C.4). This aligns

with the interpretation that iron-air batteries primarily replaceCCGTand coal as baseload providers in

low-emission scenarios. Lithium-ion, again, does not play this role and appears to be used for intra-day

balancing, which is less impacted by CO2 constraints.

DemandGrowth Table C.6 shows that themodel results are largely affected by variations in electric-

ity demand. Increases in electricity demand lead to significant increases in both battery storagedeploy-

ment and grid expansion requirements, as can be seen in Figure 4.16. The figure shows system’s non-

linear response to growing demand: beyond a threshold (located between 242TWhand 303TWh)more

radical battery investments are required. Grid investments start to increase drastically for a threshold

between 303 TWh and 363 TWh.
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Figure 4.16: Changes in installed battery capacity and required grid expansion plotted over variations in electricity
demand.

4.4.4 Testing Robustness Across Input Parameter Ranges

This chapter uses the results of the sensitivity analysis above to determine the ranges of input parame-

ters for which the model results remain robust. However, the model’s ability to represent reality is not

solely dependent on these Policy Levers and External Drivers inputs. It also depends on howaccurately

the relationshipswithin themodel (the ”R” in theXLRM framework) reflect real-world dynamics. These

relationships are shaped by internal model assumptions, which are therefore a crucial factor in assess-

ing model validity. The influence of these assumptions is discussed in Chapter 6.2. By doing so, all the

components of the XLRM framework are addressed.

Table 4.8 shows the input parameter ranges overwhich the results of the 2040 scenario remain robust.

The focus is solely on the required grid expansion, as we consider this to be the most critical outcome

metric and for reasonsof clarity and readabilityof the table. Variations inotherperformance indicators,

such as the installed capacity of iron-air or lithium-ion storage, are not taken into account here. The

table shows that changes in lithium-ion and iron-air parameters do not significantly influence the total

required grid expansion. This metric does change substantially when grid costs are lower than their

benchmark value. Besides, a CO2 target or electricity demand other than the benchmark scenario also

causes significant changes in required grid expansion.
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Table 4.8: Overview of sensitivity test scenarios and their impact on required grid expansion. The table presents variations in input parameters and whether changes within
their reported minimum andmaximum values significantly affect the modelled grid expansion (changes in storage mix and total system costs have been neglected). If the
variation does not lead to a deviation of more than 10% from the benchmark scenario, the full range is robust. The full version of this table is presented in Confidential
Appendix A.

Scenario
name

Abbre-
viation

Full name Benchmark
value

Min value Max value Robust for full
parameter

range?

Robustness condition1

Lithium-ion Costs Total project CapEx € 300 / kWh € 250 / kWh € 355 / kWh Yes min≤ costs≤max
Lithium-ion FOM FixedOperating andMaintenance

costs
0.35% / year 0.2 % / year 2.5 % / year Yes min≤ FOM≤max

Lithium-ion RTE Round Trip Efficiency 84.55% 83% 86% Yes min≤ RTE≤max
Lithium-ion LT Lifetime 12 years 10 years 16 years Yes min≤ LT≤max

Iron-air Costs Total project CapEx Confidential Confidential Confidential Yes min≤ costs≤max
Iron-air FOM FixedOperating andMaintenance

costs
Confidential Confidential Confidential Yes min≤ FOM≤max

Iron-air RTE Round Trip Efficiency Confidential Confidential Confidential Yes min≤ RTE≤max
Iron-air LT Lifetime Confidential Confidential Confidential Yes min≤ LT≤max

Grid Costs Total project CapEx for grid
expansion

5.9million €
/ km

1.26million
€/ km

10million €/
km

Partly Benchmark≤ costs≤max

CO2 target Limit of CO2 emissions 13megatons 10
megatons2

16
megatons3

No Target = Benchmark

Hydrogen
cavern
storage

No
integration

Integration n.a. Yes4 Benchmark and inclusion
of hydrogen storage

Demand Electricity demand 3 times5 1 time5 4 times5 No Demand = Benchmark
1 The notation “min≤ x≤max” indicates that the required grid expansion does not change significantly for any parameter value within the full range from ’min’ to ’max’.
2, 3: These values have been chosen based on an educated guess of ±25%.
4: The storagemix does change substantially due to the addition of hydrogen, but the required grid investments do not.
5: These values are themultipliers with respect to the 2023 electricity demand of 121 TWhper year. The benchmark value (with amultiplier of three) is an estimation for the electricity demand in 2040
(see also Chapter 3.6).
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5 Qualitative Interview Results

This chapter presents the results of three semi-structured interviews conducted to understand the

business implications and implementation challenges of SDES and MDES technologies. The intervie-

wees were selected based on their expertise and relevance to the Dutch electricity grid context, as de-

tailed in Chapter 3.7. Not all questions were posed to every participant, due to differences in expertise

andbackground. Questions concerning regulationswere asked to bothACMandTenneTemployees, as

both encounter regulatory matters in the course of their work. Questions with a stronger focus on the

technical aspects of storage technologies or the future transmission networkwere directed exclusively

to TenneT, given their specific expertise in these areas.

The chapter discusses two main topics. It starts with the differences between various flexible assets

such as demand-side response and battery storage and discusses the incentive issues in asset deploy-

ment, as discussed in Chapter 2.4.2. This data is used to address the fourth sub-research question,

which examines the business implications and barriers to implementation. Thereafter, it discusses the

comparison between this study’s modelling results and those of the Netbeheer Nederland scenarios,

as outlined in Chapter 4.4. This information is used to determine which modelling assumptions have

the biggest impact on a potential mismatch between modelling results and reality, and therefore con-

tributes to the third sub-research question that examines the influence of modelling assumptions.

5.1 Ownership Challenges andDifferences Between Flexible Assets

This section discusses the relevance of MDES by comparing it to other flexible assets and discussing

implementation barriers.

Different Asset Characteristics and Grid Flexibility needs

TenneT notes that the energy system is transitioning froma largely plannable, fossil-based setup to one

dominated by renewable electricity. This shift demands a greater degree of flexibility to copewith vari-

ability in generation and demand. The TSO requires flexibility inmany differentways; ranging from fast

reserves in FCRmarkets to compensating for the lack of inertia due to a decreasing number of thermal

power plants in the grid. Therefore, all types of flexible assets will be needed to support this transition.

Storage (including both SDES andMDES systems) is one of the options to facilitate this flexibility need,

yet not the only one.

TenneT also recognises the importance of multi-day storage technologies to fill the gap that exists be-

tween one-day and two-week supply lulls. Currently, expensive power-to-gas technology is used to fill

this gap. However, if battery technology advances into MDES it becomes possible to fill the gap with

batteries, which is a more cost-effective solution. Next to that, one participant commented that SDES

technologies are not ideal for storing wind energy, as wind usually lasts longer than two to four hours,

thereby acknowledging the need for multi-day energy storage as well.
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Ownership andMarket Responsibility

All three participants agreed that the responsibility for the deployment and operation of flexible assets

should lie with market actors rather than grid operators. This structure is considered more efficient

and enables better utilisation of battery functionalities, especially as market parties can access multi-

ple revenue streams across electricity markets. In contrast, if grid operators were given an exemption

to install and operate batteries, their use would be restricted to congestion management, leaving the

prohibition to trade on electricity markets intact. Using a battery solely for congestion management

does not require constant operation, for example as congestion at certain substations may only occur

few times per year. Limiting the battery use to congestionmanagement alonewould underutilise its full

potential and lead to inefficiencies, as the battery could also be used to trade on electricity markets in

themeantime.

Current Incentives Interviewees are uncertain about whether market parties are currently suffi-

ciently incentivised to install flexible assets for congestion relief. They point out that it is difficult to

assess whether this is the case, and it is something only known in hindsight. The ACM employee indi-

cates that themarket will, at a certain price, always bewilling to bear responsibility for the deployment

of flexible assets. Besides, they point out that the regulations have been changed recently in favour of

flexible grid usage and that it takes time for the market to respond andmake use of the available tools.

This is partly due to the fact thatmarket partiesmust be aware of these new tools, but also because the

development and adaptation of new products and systems takes time. Lastly, the ACM employee indi-

cates that it is difficult to require existing customerswith fixed contracts to behave flexibly, as they cur-

rently lack sufficient incentives to do so. TenneT employees indicated that market actors may require

support if themarket doesnot functionproperly and the right incentives arenot inplace, especially dur-

ing the transition phase of the energy system. Besides, they indicate that additional measures, such as

a capacity remunerationmechanism, can be introduced if system adequacy cannot be guaranteed.

Coordination Oneof theparticipantsemphasised that inaddition towell-functioningmarkets andap-

propriate incentives, greater coordination between stakeholders is essential. Specifically, government

guidance on the spatial deployment of flexible assets is lacking. Batteries are currently being deployed

in congested areas, even where grid expansion is already planned. Coordination is needed to ensure a

stable energy system that can run on renewables at all times.

Grid-Friendly Behaviour One participant remarked on the difficulty of ensuring that batteries oper-

ate in a grid-supportive manner. Because large-scale battery systems are still relatively new, there’s a

lack of long-term operational data, and their behaviour can potentially lead to congestion if not man-

aged properly. For example, large storage facilities can create a constant risk of congestion, particularly

when the ratio between grid capacity and storage capacity is unbalanced and the facilities are allowed

to charge/discharge at full capacity at anymoment.

An ideal situation would guarantee grid-friendly behaviour without compromising the flexibility that

batteries can offer. However, this is difficult to achieve. New regulations such as the TDTR prevent

actors from feeding electricity into the grid during peak hours and thereby promotes grid-friendly be-

haviour, but it also limits the flexibility these actors can provide. A system that enforces grid-friendly
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behaviourwithout sacrificing flexibilitywould therefore be optimal, but is difficult to realise in practice.

Hence, grid operators must consider worst-case behaviour of actors, which limits the available grid ca-

pacity. Capacity that is scarce and needed to connect renewable energy farms and flexible assets to the

grid.

5.2 Grid Expansion versus Battery Implementation

Intervieweeswitha technicalbackgroundwereaskedtocommentonthecomparisonbetweenthemod-

elling resultsof this studyandthescenarios fromNetbeheerNederland (2023c), asdiscussed inChapter

4.4.1. These twomodels are renamedModel A andModel B, respectively, and their comparison is pre-

sented in Table 5.1. This table is used as starting point to understand the potential trade-off between

transmissiongridexpansionand the implementationofBESS. Intervieweesagreed thatbattery systems

can help reduce the need for grid expansion, although not entirely eliminate it. Reasoning behind this is

discussed in the paragraphs below.

Table 5.1: Comparison of model outcomes highlighting a potential trade-off between transmission grid expansion and
BESS implementation

Model A Model B

Total generator capacity (on-/offshorewind, solar, coal, etc) 156.6 GW 129.8 GW

Total flexible assets 217.7 GW 46.8 GW
> Batteries 217.7 GW 22.7 GW
> Interconnection – 12.8 GW
>Demand Side Response – 2.0 GW
>Power-to-heat/gas – 9.3 GW

Required TSO grid expansion 8.4 GW 64.8 GW

Cost-optimisation versus market trends Interviewees indicate that the Netbeheer Nederland sce-

narios are not based on cost-optimisation but rather serve as system forecasts grounded in market

trends. This approach is taken because grid operators are not permitted to plan the energy system,

but only the grid. The energy system is expected to evolve autonomously through market forces. Grid

operators aimtomaintain the resilienceand robustnessof thegridwhile remaining technologically neu-

tral. Therefore, their future scenarios include various types of flexible assets, as these enhance system

robustness due to their differing characteristics and ensure non-discrimination among technologies.

However, it is difficult to predict the future installed capacity of these flexible assets, as this depends on

market forces. Consequently, it is also challenging to estimate the extent to which we can rely on them

to prevent future grid investments.

Security of supply Besides, they indicate that a system relying solely on batteries as flexible assets

carries a relatively high risk of energy unavailability. In grid planning scenarios, conservative figures are

often used to ensure that uncertainties in assumptions (technology costs, adoption rates) do not result

in under-planned grid expansions. Security of supply must not be at risk due to such uncertainties.
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Interconnection The Netherlands’ interconnectedness with surrounding countries means that some

degree of grid investment remains essential. The Netherlands will be a net producer due to the large

potential with offshore wind in the North Sea. Energy can be harvested and transported to Germany

and Belgium, which requires grid capacity.

Asset price versus market price of flexibility One interviewee noted that the savings achieved

through avoided grid expansion cannot be reinvested in battery systems directly due to regulatory con-

straints. Current regulations prohibit grid operators from owning or operating batteries, meaning any

flexibilitymust beprocuredvia congestionmanagementmechanisms. Thesemechanisms allowgrid op-

erators to buy flexibility frommarket parties. This presents a challenge, as compensation demanded by

market actors for providing flexibility services is not equal to the the cost price of the asset, but rather

a market price of the delivered service. The price that these actors will ask must compensate for their

missed revenue, andwill therefore be higher than the cost price of the asset.
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This chapter reflects on the key findings of this research, evaluates the applied research approach, and

interprets the modelling and interview results in the broader context of the Dutch energy transition.

Furthermore, it explores the policy implications and presents recommendations for overcoming the

identified regulatory and incentive barriers. Finally, the chapter discusses the study’s limitations.

6.1 Summary of Key Findings

This research set out to investigate to what extent SDES and MDES technologies can defer transmis-

sion grid expansion investments in the Netherlands under conditions of increased renewable energy

penetration. The findings of both the quantitative modelling and the qualitative interviews provide a

comprehensive view on the technical potential and practical limitations of this deferral.

The modelling results clearly demonstrate the complementarity between SDES and MDES technolo-

gies. SDES, such as lithium-ion batteries, arewell-suited to address high-frequency fluctuations caused

bysolarPVgeneration,whereasMDEStechnologies, like iron-airbatteries, effectivelyhandle themulti-

day variability of wind generation. By combining both technologies, the system benefits from both

short-term flexibility and resilience against prolonged renewable generation deficits.

WhileBESS technologies can indeedreduce theneed forTSOgridexpansion, this effect isnotunlimited.

The model indicates that significant transmission investments can still be avoided when storage assets

are deployed at scale; however, factors such as increasing electricity demand and the importance of se-

curity of supply ultimately require some level of grid expansion to ensure system adequacy. In essence,

storage can shift but not eliminate the need for transmission upgrades.

Moreover, the degree towhichTSOs can rely onBESS for congestionmanagement depends strongly on

market dynamics. The deployment of storage assets is primarily market-driven, and private actors are

more likely to install BESS for arbitrage opportunities in wholesale and balancing markets rather than

for targeted congestion relief. Whether these storage assets become available to TSOs for congestion

managementpurposesdependson themarket structureand the incentivesprovided. Hence, thedesign

of market rules and regulatory frameworks is crucial. Incentive schemes that stimulate the installation

and optimal utilisation of flexible assets are vital to achieve a cost-effective and efficient energy system

where storage can support congestion relief.

6.2 Reflection Upon Research Approach

This research applied a quantitative modelling approach to assess the impact of SDES and MDES on

transmission grid investment deferral. Using the PyPSA-EUR optimisation model provided clear and

quantifiable results, allowing for a direct comparison between different storage deployment scenar-

ios. However, it is important to acknowledge that a model remains a simplification of reality. While it

offers valuable insights into system behaviour under certain assumptions, it inevitably abstracts from

many real-world complexities. Particularly in the context of energy system planning, dynamics such

as stakeholder incentives, regulatory restrictions, and market structures play a crucial role but are not
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fully captured within the model boundaries. This creates a risk that the quantitative results could sug-

gest definitive solutions, even though important external factors may influence the practical feasibility

of themodelled scenarios.

Recognising these limitations, the inclusion of qualitative interviews added significant value to this re-

search. Byengagingwithexperts fromthefield, the interviewsenabledacritical evaluationof themodel

outcomes and allowed for the exploration of implementation barriers that are otherwise difficult to

quantify. In thisway, thequalitative component complemented thequantitative analysis andprovideda

more holistic understanding of the potential and challenges of integrating flexible assets into theDutch

electricity grid.

Althoughthemixedmethodsapproachstrengthenedtheresearch, it also introducedcertain limitations.

Due to time constraints, only a limited number of stakeholders could be interviewed. This naturally

restricts the generalisability and representativeness of the qualitative findings. Nevertheless, the in-

terviews still proved to be highly valuable. The modelling phase served as a solid preparation for the

interviews, providing a clear framework for discussion and ensuring that interview time was used ef-

fectively. In return, the interviews offered rich and nuanced insights that helped to contextualise and

critically assess themodelling results, thereby enhancing the overall robustness of the study.

It is also important to reflect on the modelling scope itself. The PyPSA-EUR model operates on a total

energy system level, optimising the entire system by balancing generation, storage, and transmission

investments to minimise overall system costs. This system-wide perspective is highly relevant when

determining the optimal deployment levels of SDES andMDES technologies across the full energy sys-

tem. However, if the sole aim were to assess how batteries could operate for congestion relief at the

level of a specific TSO substation or transmission line, amore focussedmodelling approachwould have

been more appropriate. Such an approach could simulate the operational behaviour of storage assets

strictly for local congestion management, for by assessing the impact of BESS systems upon one TSO

substation or line. Yet, as became clear from the expert interviews, TSOs are unlikely to own or oper-

ate batteries purely for congestion relief purposes, as this would not be an efficient use of resources.

Instead, flexibility assets are typically installed and operated by market parties with multiple revenue

streams in mind. Therefore, while the system-level focus of PyPSA-EUR remains appropriate for this

research, it is essential to acknowledge that the storage capacities implemented in the model are not

dedicated solely to congestion relief but contribute to overall system optimisation.

Model Validity

A critical element in evaluating the research approach is the assessment of model validity. While the

quantitative model offers valuable insights into system-wide outcomes, its reliability ultimately de-

pends on both the chosen input parameters and the underlying modelling assumptions. To better un-

derstand the robustness of the findings, a sensitivity analysis (see Chapter 4.4) was performed.

The sensitivity analysis demonstrates that the results for the 2040 scenario are generally robust across

the full range of lithium-ion and iron-air battery characteristics thatwere considered. Changes in these

technology parameters do not lead to significant differences in the required transmission grid expan-

sion. However, certain scenarios do exhibit notable shifts in the balance between SDES andMDES de-

Congestion Relief using Short andMulti-Day Duration Energy Storage Systems. Page 56



6 Discussion Public Version

ployment, indicating thatwhile total grid investments remain fairly stable, thedistributionbetweenspe-

cific storage technologies can be sensitive to input variations. The addition of hydrogen cavern storage

likewise does not materially affect the extent of grid expansion but does substantially reduce the in-

stalled capacity of iron-air batteries, suggesting a clear substitution effect between long-duration stor-

age technologies.

In contrast, the validity of the results ismore sensitive to certain external factors. Theoutcomes remain

robust onlywhen grid expansion costs fall within the €5.9 to €10million per kilometre range, andwhen

the CO2 emissions target and electricity demand are fixed at 13 megatons and 363 TWh, respectively.

Within these boundaries, the model provides reliable insights. However, this robustness should not be

mistaken for full real-world representativeness. The model’s validity is inherently limited by its sim-

plifying assumptions regarding weather data, demand patterns, operational uncertainties, and system

flexibility. The remainder of this section elaborates on how these assumptions may shape the model

outcomes.

Weather Patterns Assuming that futureweather patterns are identical to those of 2023 neglects cli-

matic changes. For instance, if Dunkelflaute events become more frequent or longer in duration, the

model would underestimate the need for longer-duration storage systems such as MDES, which are

specifically designed to deal with extended periods of low renewable generation.

Demand profile The future demand profile is modelled as a scaled version of today’s hourly demand

and therefore assumes no structural changes in the demand pattern, which may be unrealistic. For ex-

ample, increased adoption of electric vehicles and electric cooking appliancesmay intensify peak loads

in the evening, without significantly affecting baseload consumption. Ignoring such trends may lead to

inaccurate estimations of the required grid or storage capacity.

Cost-Optimisation and Hindsight Approach By focusing solely on cost optimisation, the model con-

figures the energy system in an extremely efficient, but potentially fragile, way. For example this may

result in storage units being operated from 100% to 0% capacity, which is effective usage of the ca-

pacity but leaves no buffer for unexpected deviations in demand or supply. In the real world, such de-

viations are common due to forecasting errors or short-term fluctuations. Because the model knows

supply and demand in advance, it effectively takes a hindsight-based approach and does not account

for operational uncertainty. This puts the security of supply at risk, which is something grid operators

must manage constantly.

Flexible Grid Usage The model assumes the grid can be used flexibly, which implies that generators

can dispatch electricity if the grid has sufficient capacity and must curtail if it is full. This contrasts

with the real-world system, where firm contracts often reserve grid capacity in advance, regardless of

whether it is actually used. As a result, grid congestion canoccur evenwhen there appears to be enough

physical capacity. Additionally, the model may suggest it is more economical to overbuild renewable

generation and curtail the excess output instead of reinforcing the grid. However, TSOs do not have the

mandate tomake such trade-offs, as these decisions span different stakeholders.
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OtherTypesofFlexibleAssets Themodel doesnot includeflexibilityoptions suchas interconnection,

demand-side response, orpower-to-x. This simplification ignores the fact that theNetherlands is tightly

integrated with neighbouring countries and that these flexible assets can significantly reduce the need

for both grid expansion and storage deployment. Besides, the assumption that SDES and MDES tech-

nologies are represented by lithium-ion and iron-air batteries respectively does not account for new

technology breakthroughs that could shift the cost-optimal technology mix in the near future. More-

over, storage costs in themodel are limited to capital investment, while in reality, the flexibility services

provided by these assets often come at a premium—making actual storage costs higher thanmodelled.

Space Constraints Space constraints for deploying storage are also left out of scope. This helps to

simplify theanalysisandensures themodel’soptimisationofstoragecapacity isnot influencedbyspatial

limitations, it overlooks the practical limitations of installing large volumes of batteries, especially in a

densely populated country like the Netherlands.

Overnight Approach The modelling approach assumes that all system changes can be implemented

overnight. This neglects the stagednature of real-world infrastructure deployment,where investments

aremade iteratively and influencedby regulatory processes, permitting timelines, and supply chain lim-

itations. As a result, themodel may overestimate the speed at which the energy system can transition.

Generator Technologies Finally, although the type of generation mix could influence which type of

battery technology is best suited, themodel does not include a sensitivity analysis for generator param-

eters. The composition of the storage mix may be subject to change, based on the installed generator

capacities and future technological advancements.

6.3 Interpretation of Results

QuantitativeModelling Results

The value of these modelling results lies in their ability to demonstrate the theoretically most cost-

effective mix of technologies. Importantly, the results confirm that the effect of energy storage is in-

deed one of deferral, not elimination, of transmission expansion. The sensitivity analysis showed that

increased electricity demand ultimately leads to greater transmission needs, andwhile storage can sig-

nificantly reduce the scale of expansion required, it does not fully eliminate the necessity. Expert inter-

viewswere used to increase the understanding of thesemodelling results and their implications.

The interviews showed that themodel identifies themost cost-effective energy systemwithout consid-

ering which actors are responsible for implementing the assets. This is causes a mismatch with reality,

because:

1. TSOs are not permitted to own or operate battery systems. Consequently, they would need to

procure these services frommarket parties, paying themarket price for flexibility rather than the

asset cost assumed in the model. This implies that savings on grid investments (funds held by

TSOs) cannot be directly reinvested in storage deployment, as market actors must operate the

batteries. TSOs can request help from market parties using congestion management services,

however this adds further complexities and additional pricing dynamics that are not represented

in themodel.
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2. TSOs allow the market to determine which technologies are installed, meaning they do not ac-

tively plan for the most cost-effective energy system. Instead, they observe market trends and

determine the required grid expansion on technology adoption estimates, including projections

of battery deployment. While batteries can theoretically reduce the need for network reinforce-

ment, TSOs cannot rely solely on these forecasts, given their uncertainty. They must prioritise

robustness, resilience, and security of supply and thereforemaintain sufficient transport capacity

regardless of projected storage levels. Moreover, ourmodel uses a cost-based objective and does

not account for the risk of unserved energy. Interviewees indicated that an energy system solely

relying on battery storage has an increased risk of energy not being served. As a result, evenwith

increased battery deployment, network investments remain necessary.

3. The most cost-effective use of the transmission network implies installing as little new capacity

as possible, due to the high cost of expansion. The model therefore prefers to over-install wind

and solar capacity and allow for curtailment when the grid is saturated, rather than expanding

transmission infrastructure. However, in the current energy system, this trade-off is not within

the TSO’s control; TSOs must ensure grid adequacy regardless of the cost-effectiveness of cur-

tailment. Moreover, the model optimises for a single year and does not anticipate future devel-

opments. As such, even amodest future increase in electricity demandwould necessitate further

grid expansion.

4. The future composition of the energy system is not determined by TSOs or regulators (atmost by

theMinistry ofClimate andGreenGrowth), but largely by themarket. Whether the future system

will resemble the modelled, cost-effective scenario depends on the regulatory environment and

the incentives provided tomarket actors.

The modelling results should therefore be interpreted primarily in terms of the role that SDES and

MDES technologies and the transmission grid can fulfil within the future energy system. While the

precise cost-optimal installed capacities may vary depending on future developments, the underlying

function of these technologies remains consistent. The true value of the results lies in identifyingwhich

technologieswill formpart of the futureenergymix andhowthey complementoneanother inbalancing

supply anddemand. This highlights the importanceof technological diversity, as each technology serves

a distinct role inmanaging different forms of variability. Such a diversifiedmix is essential to ensure the

resilience and reliability of a decarbonised energy system dominated by renewable energy sources.

Qualitative Interview Results regarding Implementation Barriers

The qualitative findings suggest that, from a system efficiency perspective, the deployment and opera-

tion of flexible assets such as SDES andMDES should primarily be the responsibility of market parties

rather thangridoperators. Allowingmarketparties toownandoperate theseassetsenables themtoop-

timise revenues by participating in multiple market segments, including wholesale, balancing, and con-

gestionmarkets. This approach ensures that storage assets are fully utilised and contribute effectively

to system-wide flexibility, rather than being restricted to a single function such as congestion manage-

ment. In contrast, direct ownership of storage assets by TSOs would likely lead to underutilisation, as

regulatory restrictions prevent them from fully participating in energymarkets. Evenwith exemptions,

operational limitations would remain.
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The interviews suggest thatmarket parties are currently able to capture value streams for SDESbypar-

ticipating in several markets that reward short-term flexibility. Instruments such as the TDTR, which

aims to limit peak injections into the grid, may further support business cases for SDES by creating in-

centives to avoid peak hours. However, it remains uncertain whether these mechanisms are equally

effective in supporting the deployment of MDES. Since MDES primarily provides long-duration flexi-

bility across multiple days, it is less clear whether current price signals or regulatory instruments suffi-

ciently reward the specific value these assets offer. The question remains whether the existing market

structure provides adequate incentives for both SDES and MDES deployment, or whether additional

mechanisms may be needed in the future to stimulate investment in (long-duration) storage capacities

that are critical for managing the intermittency of renewable energy sources.

The findings also indicate a need for improved spatial coordination between government, TSOs, and

market actors. Without clear guidance on optimal locations, flexible assets risk being installed in areas

where grid expansion is already planned, limiting their system-wide benefit. Stronger spatial planning

frameworks or locational incentives may help ensure that both SDES and MDES are installed where

they can contributemost effectively to grid stability and system efficiency.

Finally, while these interviews provide valuable insights, the limited number of participantsmeans that

the findings should be interpreted with caution. In particular, the absence of market party and poli-

cymaker perspectives limits the ability to fully assess how investment decisions around MDES might

evolve under current or futuremarket conditions.

6.4 Implications and Policy Recommendations

Regulators and Policymakers

Results showthat thecurrentgrid is capableof facilitatingan increasedpenetrationof renewableswhen

handled in a fully flexible way and integrated together with BESS. Grid capacity used to be handled in

a rigid way, which causes some grid capacity to be left unused. This has resulted in scarcity and even

hinders economic growth. The results show that integrationof renewable energy sources tomeet2023

electricity is possiblewith current transmission grid capacity, if BESSareutilised andunder the assump-

tion that grid capacity is not rigidly assigned. Therefore, it is recommended that the regulatory environ-

ment incentivisesmarket actors to adopt the various types of flexible assets, including SDESandMDES,

and facilitates flexible grid usage.

The regulatory environment plays a large role in incentivising market actors, as the value of storage

that they perceive depends on the regulations. For instance, theTDTR regulation allowsTSOs to curtail

electricity transport during 15% of the time, mainly targeting peak hours. One could argue that this

regulation encourages the adoption of SDES technologies, as these peaks are usually intra-day. In such

cases, the adoption of MDES technologies is not incentivised by this new legislation. This could create

a discrepancy between the value of storage that individual market actors perceive, and the value it has

for the total energy system.

Proper incentives and market structures will influence the adoption of these technologies. This influ-

encesmarket trends and allows grid operators to utilise the flexibility that these technologies offer and

thus decreases the need for grid expansion. Yet, the degree to which grid operators can rely upon grid
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investment deferral by these technologies depends on thesemarket trends andmarket adoption of the

technologies. Therefore, regulators and policymakers must ensure that their regulations support the

assets and technologies that contribute to the most cost-effective energy system. This focus should

extend not only to SDES, but should include all types of flexible assets (MDES and seasonal storage so-

lutions) since they all have a different role in our future energy system.

Transmission SystemOperators

The expansion of the grid remains necessary in scenarios of increasing demand, even with the integra-

tion of BESS. However, these flexible assets have been shown to reduce the required extent of expan-

sion. Due to regulatory constraints, TSOsmust rely onmarket parties toprovideflexibility options. This

reliance limits the degree of coordination that TSOs can exercise. Nevertheless, the social prioritisa-

tion principle (in Dutch: maatschappelijk prioritiseren) allows TSOs to prioritise parties that can alleviate

congestion and thereby create additional grid capacity. It is therefore recommended that TSOs com-

municatewhere flexible assets would bemost beneficial to the grid andmake use of their prioritisation

rights to enhance grid capacity. Still, extensive agreements are necessary to ensure that these parties

behave in a grid-supportivemanner.

Renewable Energy Farms and Industrial Actors

Given the scarcity of grid capacity and the time required to expand it, it is likely that flexible grid usage

will be increasingly promoted and incentivised through regulations. Adding flexibility options helps re-

duce strainon thegrid and is therefore recommended. This approachdecreasesdependenceon thegrid

while maintaining continuous operations. The type(s) of flexible asset(s) to install depends on the sup-

ply and demand characteristics of a given process. For instance, wind farms are advised to installMDES

technologies, whereas solar farms benefit more from SDES solutions. These technologies reduce grid

usage during peak hours, thereby lowering curtailment and even creating additional revenue opportu-

nities.

Battery Storage Developers

Further investments in R&D for cost-effective multi-day and seasonal storage technologies is advised.

Such investments will help broaden the range of available flexibility solutions and support a more re-

silient and cost-effective energy system. Especially the total project CapEx (in €/kWh) is important sys-

tems with longer discharge durations, as they can perform fewer charge-discharge cycles, thereby re-

ducing potential revenue.

Moreover, battery producers should focus on selling their batteries to market participants rather than

toTSOs, as current regulationsdonotpermit TSOs tooperatebatteries. Additionally, TSOshave shown

little interest in doing so, as it is considered inefficient. Instead, market parties should install these bat-

teries and offer congestionmanagement services to TSOs.

6.5 Limitations

The modelling approach and underlying assumptions directly influence the quantitative results. The

inclusion of other forms of flexible assets, the simulation of sector-coupled scenarios, or the integra-
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tion of spatial constraints for battery siting could increase the accuracy and realism of the outcomes.

Furthermore, the chosen cost-optimisation framework abstracts from the actor dynamics that charac-

terise real-world decision-making; not all decisions in the energy system are purely cost-driven, and

multiple stakeholderswith differing interests shape investment decisions. Thesemodelling boundaries

arediscussed inmoredetail inChapters6.2 and6.3. It is important tonote, however, that themodelwas

intentionally designed to explore cost-optimal system configurations at the energy system level, rather

than simulate individual actor behaviour.

In the qualitative part of the study, several implementation barriers were identified through expert in-

terviews. However, due to the limited number of interviews conducted, the findings are unlikely to rep-

resent a complete overview of all possible barriers. The limited sample size also made triangulation of

the interview insights challenging, as there was insufficient data to fully verify and cross-validate find-

ings across different stakeholder groups. Additionally, no market parties were interviewed. While this

was initially justified by their relatively low position in the power-interest matrix discussed in Chapter

2.4.3, the interview outcomes suggest that market parties are expected to play a central role in the de-

ployment of flexible assets. Their absence limits the completeness of the findings, as their perspective

is highly relevant to assess the practical feasibility and investment dynamics in future storage deploy-

ment.

Furthermore, theMinistry of Climate and Energy Policy (KGG) was not included in the interviews. The

focus of this research was primarily on the current regulatory framework and operational challenges

rather than on the formation of future policy. Nevertheless, the Ministry holds the authority to shape

future market designs and create targeted policies that may incentivise or accelerate the deployment

of flexible assets. Including their perspective would have enriched the analysis of possible future regu-

latory pathways.

Despite these limitations, this research provides meaningful insights into the potential role of flexible

assets for transmissiongrid investmentdeferral andoffers a valuable startingpoint for further research

into the actor-specific and policy dynamics that will shape future storage deployment.
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This chapter summarises the key findings of this research by answering themain research question and

its corresponding sub-questions. The outcomes of both the quantitative modelling and qualitative in-

terviews are integrated to provide a comprehensive perspective on the role of SDES and MDES tech-

nologies in deferring transmission grid investments in the Netherlands. Finally, this chapter outlines

possible directions for future research, addressing the identified knowledge gaps and methodological

limitations that emerged throughout the study.

7.1 Key Characteristics of SDES andMDES systems

Sub-ResearchQuestion 1:What are the key characteristics, technological distinctions, and regulatory barriers

associated with SDES andMDES systems?

Effectively sizing the capacity and power characteristics of battery storage facilities requires a match

between the discharge time of the battery system and the frequency of fluctuations in the power out-

put it is designed to store and discharge. Wind energy typically exhibits lower frequency fluctuations

compared to solar generation, the latter tends to vary on shorter timescales. As such, both SDES and

MDESsystemsarenecessary toeffectively accommodate thediffering characteristics ofwindand solar

generation.

This research selected lithium-ion batteries and iron-air batteries as representative technologies for

SDES and MDES, respectively. Lithium-ion batteries offer high power and efficiency ratings, a long

operational lifetime, and fast charging times. These features largely correspond to the suitability re-

quirements for grid-scale SDESsystems, asdiscussed inChapter2.2.1. In contrast,MDESsystemsplace

greater emphasis on energy capital costs, making iron-air batteries a fitting choice for this category. Al-

though iron-air technologyhasnotyetbeenwidelyadopted, itwaschosendue to itspotential alignment

with the needs of multi-day storage. It should be noted that other technologies—such as salt batteries

and flow batteries—also show promise in this space.

The stakeholder analysis conducted as part of this research revealed underlying incentive issues in the

installation of flexible assets for congestion relief. Grid operators are currently not permitted to own

batteries, which disables them from operating these batteries for congestion relief. Market parties, on

theother hand, aredrivenbyaprofitmaximisation approach and therefore seek tooperatebatteries on

imbalance and other energymarkets. However, participating in thesemarkets does not always support

the goal of relieving grid congestion. This regulatory tension and its implications are addressed more

extensively under the fourth research sub-question, which includes insights from interviewswith high-

power, high-interest actors.

7.2 The Impact of Energy Storage uponGrid Investment Deferral

Sub-Research Question 2: How do different energy storage scenarios — SDES, MDES, and a combination –

affect the deferral of transmission grid expansion investments under increased renewable energy penetration?

Sub-ResearchQuestion 3: How do variations inmodel input parameters andmodelling assumptions influence

63



7 Conclusions Public Version

the outcomes of energy storage scenarios for deferring transmission grid investments?

The PyPSA model results illustrate the most cost-effective energy system for a 2040 scenario, where

electricity demand has tripled compared to 2023 levels. Within this scenario, the deployment of

19.40 TWh of capacity via SDES and MDES technologies reduces the need for TSO grid expansion to

11.8 GW . In contrast, a scenario without any storage requires 86.2 GW of additional transmission ca-

pacity. This leads to a cost saving of e1 613 billion in grid investments. Furthermore, annual energy

system costs are reduced frome1 934 billion per year toe321 billion per year. These yearly savings are

not only due to the reduced transmission grid expansion, but also because of more efficient utilisation

of renewable energy sources as less curtailment is required due to the ability to store electricity and

fewer generation assets need to be installed because battery systems can be used to supply baseload

electricity during periods with lowwind and solar output.

This research shows thatSDESandMDEStechnologies servedistinct yet complementary roles indefer-

ring grid expansion and reducing system costs. SDES, represented by lithium-ion batteries, is optimised

formanaging short-term, high-frequency fluctuations—such as solar generation peaks—due to its rapid

response and high power output. In contrast, MDES, modelled using iron-air batteries, is better suited

to address multi-day or seasonal mismatches in renewable generation, particularly wind, thanks to its

large energy capacity and longer discharge duration. While each technology individually contributes to

grid investmentdeferral in the2040high-demandscenario, themostcost-effectiveoutcome isachieved

when both are deployed together, reducing required transmission expansion from 86.2GW to 11.8GW

and loweringannual systemcostsbyovere130billioncompared toMDES-onlydeployment. Thesefind-

ings highlight that amixeddeploymentof SDESandMDES improves asset utilisation anddecreases sys-

tem costs.

The sensitivity analysis demonstrates that the model results for grid investment deferral are generally

robust across a wide range of input parameters for both lithium-ion and iron-air technologies. Varia-

tions in technology costs, efficiency, or lifetime do not substantially alter the required transmission grid

expansion, although theydoaffect the compositionof the storagemix. For example, lower iron-air costs

result in a shift towards higherMDESdeployment, but the total transmission capacity required remains

relatively stable. The addition of hydrogen cavern storage reveals a similar substitution effect, reducing

MDES deployment without significantly impacting grid expansion.

The robustness of the outcomes is, however, more sensitive to certain external drivers. The results

hold within a grid expansion cost range of €5.9 to €10 million per kilometer, and depend on fixed as-

sumptions for electricity demand (363 TWh) and CO2 emissions targets (13 megatons). Beyond these

boundaries, themodel outcomesmay deviate. More importantly, while the sensitivity analysis ensures

internal consistencyof themodel, it doesnotcapture real-worlduncertainties related tooperationaldy-

namics, spatial grid constraints, or actor behaviour. As such, thequantitativeoutcomes shouldprimarily

be interpreted as an indication of the system-wide role and function of SDES andMDES technologies,

rather than precise forecasts of installed capacities. These limitations underline the relevance of com-

plementing quantitativemodelling with qualitative insights to assess the practical feasibility of storage

deployment under actual market conditions.

Congestion Relief using Short andMulti-Day Duration Energy Storage Systems. Page 64



7 Conclusions Public Version

7.3 Business Implications and Implementation barriers

Sub-Research Question 4:What are the business implications and remaining implementation barriers associ-

ated with using BESS for grid congestion relief?

The findings imply that the successful deployment of battery energy storage systems for congestion

relief reliesprimarilyonmarketparties taking responsibility for installingandoperating theseassets. By

allowing market parties to participate in multiple market segments—such as wholesale, balancing, and

congestionmarkets—storageassets canbeutilised in a cost-efficientway,maximising their value across

the system. This approach ensures that batteries are not limited to a narrow congestion management

function, but contribute to broader system flexibility. In contrast, direct ownership by grid operators,

while theoretically possible under exemptions, would likely result in underutilisation due to regulatory

restrictions on energymarket participation.

However, whether market parties are sufficiently incentivised to invest in flexible assets remains un-

certain. While instruments such as the TDTR aim to promote grid-supportive behaviour, they may not

yet provide strong enough financial signals to trigger large-scale (MDES) storage deployment for con-

gestionmanagement. If current incentivesprove inadequate, additional regulatory adjustmentsmaybe

required to better align private investment interests with the flexibility needs of the system.

The results also highlight spatial coordination as a critical implementation challenge. Without clear pol-

icy direction on optimal locations for flexible asset deployment, market parties risk installing batter-

ies at locations at which grid expansion is already planned, potentially undermining system efficiency.

Stronger coordination between government, TSOs, and market actors may be needed to ensure that

the system-wide benefits of storage are fully realised.

Finally, while these findings offer valuable insights into the business implications and barriers to BESS

deployment, the limitednumberof interviews conductedmeans that additional perspectiveswould fur-

ther strengthen the understanding of practical feasibility and policy needs.

7.4 Future Research

Future research could focus on increasing model accuracy by refining the assumptions made during

the modelling process. This would result in a more realistic representation of the most cost-effective

energy system and could provide valuable input for policy development. However, it is important to

note that such a cost-optimisation approachwill inherently differ from themethodologies typically em-

ployed by grid operators, who base their projections on current market trends rather than purely on

cost efficiency. Hence, while a more detailed and comprehensive model can improve insights, its use-

fulness remains limited to a certain extent. Ultimately, the model only presents the composition of the

most cost-effective energy system, but the actual real-world implementation is driven bymarket forces

and influenced by objectives beyond cost-effectiveness—such as security of supply and actor dynamics

within the energy system. Including such considerations in the model would be highly complex but is

necessary to enhance realism and practical relevance.

An interesting direction for future research lies in the implementation of storage technologies, espe-

cially MDES and seasonal storage. While SDES is currently more widely adopted, modelling results
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demonstrate that MDES and seasonal storage will be essential for providing baseload capacity as the

Netherlands transitions away from gas and coal-fired generation. To support the practical implementa-

tion of these technologies, further research should address the following challenges:

• Ensuring grid-friendly behaviourwithout compromising flexibility: current regulations limit the

access of storage technologies to the grid during peak hours, which in turn restricts their poten-

tial to provide valuable flexibility. Research is needed into how grid-friendly behaviour can be

incentivisedorenforced—preferably throughsimplifiedcontractingmechanisms—whilepreserv-

ing theflexibility these assets canoffer. If successful, this could alleviate theneed for TSOs toplan

forworst-case scenarios, thereby relieving grid congestion and facilitating greater deployment of

SDES andMDES. Pilot projects could be useful to explore practical solutions for this.

• Assessment of incentives forMDES and seasonal storage technologies: although themodelling

results underscore the future importance of these technologies, it remains unclear whether cur-

rent regulatory and market incentives are sufficient to stimulate their deployment. Given the

typically long timelines associated with legislative change and contract adaptation, it is crucial to

evaluatewhetherexistingmechanismsadequatelyencourage theadoptionofMDESandseasonal

storage.

• Improving understanding of use-cases for MDES in industry and renewable energy farms: ex-

panding knowledge about the specific applications ofMDES across different sectors—such as in-

dustrial users and renewable energy farms—could help drive adoption. This research suggests a

stronger alignment between MDES technologies and wind energy, though this finding is based

primarily on frequency analysis. More detailed research is needed to identify suitable industries,

optimal technologies, and implementation strategies. For example, investigating the feasibility of

deploying MDES offshore would be particularly relevant in light of the Netherlands’ substantial

offshore wind potential. Moreover, the sensitivity analysis in Chapter 4.4.2 highlighted the cost

advantages of hydrogen cavern storage, warranting further investigation into its feasibility and a

broader comparison ofMDES and seasonal storage technologies.

• Study of implementation barriers: a broader investigation into the practical obstacles associ-

ated with deploying storage technologies—such as spatial constraints and regulatory hurdles—is

needed. Suchastudyshouldalsoexploreviable strategies forovercoming thesebarriers toensure

successful implementation.
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7.5 Answering theMain ResearchQuestion

Main Research Question: To what extend can Short-Duration Energy Storage (SDES) andMulti-Day Duration

Energy Storage (MDES) technologies defer transmission grid expansion investments in the Netherlands under

conditions of increased penetration of renewable energy sources?

This research demonstrates that SDES and MDES technologies can play a significant role in deferring

the need for transmission grid expansion in a future energy system dominated by renewable sources.

Using a cost-optimisation model based on PyPSA-Eur, the results indicate that the deployment of

19.4 TWh of storage capacity can reduce the required expansion of the Dutch transmission grid from

86.2 GW to just 11.8 GW by 2040. This is based on electricity demand tripling when compared to the

2023demand. This translates to an investment saving ofe1613billion. Additionally, annual energy sys-

tem costs are reduced from e1 934 billion to e321 billion. These cost savings are not only attributable

to reduced grid investment but also stem frommore efficient use of renewable generation: storage re-

duces curtailment, mitigates the need for overcapacity, and enables batteries to deliver electricity dur-

ing periods of lowwind and solar output.

Importantly, the modelling confirms that energy storage facilitates a deferral of grid expansion, not a

full elimination. As electricity demand continues to grow, grid expansion remains a necessity, even in

scenarioswhere storage is extensively deployed. The impact of SDES andMDES thus lies in their ability

to delay and downscale investments, creating a window of opportunity to develop infrastructure more

gradually and cost-effectively.

Both SDES andMDES serve complementary roles. SDES, represented in this study by lithium-ion bat-

teries, is effective at managing intra-day fluctuations, particularly those associated with solar gener-

ation. MDES, represented by iron-air batteries, addresses multi-day supply lulls and is better aligned

with wind power variability. Together, these technologies provide a balanced and flexible response to

renewable intermittency. The results suggest that a combined deployment of both types of storage

yields the highest system benefits.

However, the investment deferral observed in the model does not automatically translate into real-

world deferral, due to several modelling assumptions. The model assumes perfect coordination and

rational cost-based decision-making, but reality is shaped by a regulatory environment and complex

stakeholder dynamics. For example, current Dutch regulation prohibits TSOs from owning or operat-

ing batteries. As a result, the flexibilitymust be procured frommarket actors—who are incentivised not

by system efficiency, but by profit opportunities in energy markets. This creates a disconnect between

themodelled ideal and actual deployment. Moreover, TSOsmustmaintain a high standard of reliability

and cannot fully depend on uncertain projections of battery adoption. Consequently, even if batteries

reduce theoretical grid needs, TSOs are likely to pursue grid expansion in practice to ensure robustness

and security of supply.

This market structure could potentially hinder the adoption of flexible assets. Policymakers and regu-

lators should ensure thatmarket actors are properly incentivised to installMDES and seasonal storage

solutions, and that regulations promote grid-friendly behaviour without compromising the flexibility

these assets can offer. The value that market actors place on storage technologies is influenced by reg-
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ulatory instruments such as the TDTR. These instruments should guide the market toward the most

cost-effective energy system composition.

In conclusion, SDES and MDES technologies can significantly defer the need for transmission grid ex-

pansion under increased renewable energy penetration. Themodelling outcomes highlight the scale of

cost savings and system efficiency improvements that can be achieved through strategic deployment

of storage. However, realising this potential depends on the regulatory environment and behaviour of

market actors. While energy storage can substantially reduce the scale andurgencyof grid expansion, it

cannot entirely replace it. Next to that, the inclusionof otherflexible assets is needed toensure a robust

and resilient energy system that is fully based upon renewables, without compromising the security of

supply.
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B Interview Protocol

Part A: Responsibility & Implementation of Flexible Assets (20min)

Objective: Understand preference for type and ownership of assets.

Flexible Assets:

Batteries

Demand-Side Response (DSR)

Interconnection

Power-to-heat

Power-to-gas

A1. When you look at the available flexible assets, which are favoured by your institute for alleviating

congestion, andwhy?

A2. What is the benefit of energy storage for the TSO grid?

A3. Who should be in charge of installing and operating those preferred assets?

A4. Are the current market rules and incentives sufficient for that actor to install them?

Part B: Grid Expansion versus Implementation of Batteries (20min)

Objective: Understanding the potential trade-off between transmission grid expansion and the implemen-

tation of BESS.

Background: Flexible assets such as interconnection andDSR still dependon transmission grid capacity dur-

ing periods of peak supply and demand. However, when batteries are deployed in a decentralized manner, this

dependency is significantly reduced. According to Model A, the installation of 217 GW of BESS would require

only an additional 8.4 GW of transmission grid capacity to meet the projected 2040 electricity demand with

renewable energy sources. In contrast, Model B suggests a scenario with only 22.7 GWof BESS and a substan-

tially higher expansion of 64 GW in TSO grid capacity, thus representing a model with significantly less BESS

deployment and greater reliance on TSO expansion.
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Model A Model B

Total generator capacity (on-/offshorewind, solar, coal, etc) 156.6 GW 129.8 GW

Total flexible assets 217.7 GW 46.8 GW
> Batteries 217.7 GW 22.7 GW
> Interconnection – 12.8 GW
>Demand Side Response – 2.0 GW
>Power-to-heat/gas – 9.3 GW

Required TSO grid expansion 8.4 GW 64.8 GW

B1. Whichmodel is more realistic?

B2. Model B is one of the scenarios fromNetbeheer Nederland (2023c), whereas model A represent

the PyPSAmodelling results of our study. What creates this difference between the twomodels?

Is favouring grid expansion over batteries (model B) a choice based on the traditional planning

mindsetof gridoperators, anoutcomedue tocurrent regulations, or anactual technical necessity?

a. Is this grid expansion focus due to the regulations that prevent TSOs from operating batter-

ies?

b. Current regulations do not incentivize batteries to be used for congestion relief. Why not?

c. What creates the difference between the twomodels?

B3. If we follow the battery deployment of model A, would that indeed reduce the required grid ex-

pansion?

a. Are there other limits not taken into account?

b. Are there hidden downsides to battery storage?

c. Is this future proof?

d. Does thismake decentralised battery storagemore attractive than the other flexible assets?

e. Why dowe need other assets and therefore grid expansion?

B4. How do you see these strategies (relying on decentralised batteries, expanding grid capacity)

evolve over the next decade?

Wrap-up (5min)

1. If you could change one aspect tomorrow to speed up congestion relief, what would it be?

• Check for additional remarks;

• Explain that the transcript will be shared so the participant can comment on it;

• Thank the participant.
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C.1 Research Approach
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Figure C.1: Comparison of existing values in the literature for key characteristics of grid-scale lithium-ion storage. Note
that this plot shows a subset of the CapEx projections, only those for 2024 and beyond are displayed. The complete

overview is presented in Figure 2.3. Besides, the Fixed O&M value of 2.56 % per year has been considered an outlier and
is excluded from the analysis. Certain sources present multiple values and are therefore represented more than once in

the graph.
1 Data fromGiovanniello andWu (2023); 2 Data from Viswanathan et al. (2022); 3 Data from Cole and Karmakar

(2023); 4 Data from IRENA (2024); 5 Data fromMongird et al. (2020).
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Figure C.2: Comparison of existing values in the literature for key characteristics of iron-air storage. Note that this plot
shows a subset of the CapEx projections, only those for 2025 and beyond are displayed. The complete overview is
presented in Figure 2.4. Certain sources present multiple values and are therefore represented more than once in the

graph. A confidential version of this graph is presented in Appendix A.
1 Data from Form Energy (2023); 2 Data fromMcKinsey and Company (2021); 3 Data from Argyrou et al. (2018); 4 Data

fromNarayanan et al. (2012).
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Figure C.3: Overview of grid-scale solar technology parameters. Note: This analysis includes both fixed solar and
solar-tracking technologies, as well as cost estimations from various years. Hence, some sources appear multiple times in
the plot. The FOM value from IRENA (2024) varies substantially; but is not excluded since it relies on existing data rather

than future assumptions andmodels and therefore deemed accurate.
1 Data from IRENA (2024); 2 Data fromDanish Energy Agency (2025); 3 Data from Eveloy et al. (2025); 4 Data from

Rahman et al. (2022)
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Figure C.4: Overview of onshore wind technology parameters. VOM represents the Variable Operating and
Maintenance costs. Certain sources present multiple values and are therefore represented more than once in the graph.
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Figure C.5: Overview of offshore wind characteristics. Certain sources present multiple values and are therefore
represented more than once in the graph. Note: The investment costs vary substantially based on sea conditions and

type of turbines. IRENA (2024) has been used as final value for the total investment costs, since their analysis resulted in
an average investment cost for offshore wind projects in the Netherlands.
1 Data from IRENA (2024); 2 Data fromDanish Energy Agency (2025).
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Figure C.6: Total project costs for expanding grid capacity by rewiring or installation of new 380kV, two circuits,
overhead AC transmission lines. Certain sources present multiple values and are therefore representedmore than once in
the graph. Note 1: M =Millions. Note 2: Additional information from RVO (2017, 2024) and TenneT (n.d.-a) was used

to find the final €/Km values for the expansion projects of TenneT (2024).
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Figure C.7: Error in modelled TSO expansion results plotted against the number of nodes, assuming no error at the
highest spatial resolution (55 nodes). Nodes serve as clustering units; hence, a higher number of nodes corresponds to a
finer network resolution. Our study adopts 55 nodes for the simulation, representing the maximum level of detail.

C.2 Modelling Results

This chapter gives an overview of all modelling results.
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Figure C.8: Optimal generation capacities for 2023 demand scenarios
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Figure C.9: Total electricity generation for 2023 demand scenarios.
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Figure C.10: Optimal storage capacities for 2023 demand scenarios.
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Figure C.11: State of charge of batteries for MDES-only scenario with 2023 demand
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Figure C.12: State of charge of batteries for SDES-only scenario with 2023 demand
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Figure C.13: State of charge of batteries for a scenario with both SDES andMDES with 2023 demand
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Figure C.14: Battery power discharged to the grid (positive y-axis) and power charged from the grid (negative y-axis) for
MDES-only scenario with 2023 demand.
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Figure C.15: Battery power discharged to the grid (positive y-axis) and power charged from the grid (negative y-axis) for
SDES-only scenario with 2023 demand.
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Figure C.16: Battery power discharged to the grid (positive y-axis) and power charged from the grid (negative y-axis) for
a scenario with bothMDES and SDES with 2023 demand.
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Figure C.17: Energy Dispatch for 7 days in January with above-average electricity demand, no battery storage scenario
with 2023 demand.
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Figure C.18: Energy Dispatch for 7 days in January with above-average electricity demand, MDES-only scenario with
2023 demand.
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Figure C.19: Energy Dispatch for 7 days in January with above-average electricity demand, SDES-only scenario with
2023 demand.
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Figure C.20: Energy Dispatch for 7 days in January with above-average electricity demand, bothMDES and SDES
scenario with 2023 demand.
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Figure C.21: Histogram of average HVAC line loading across all transmission lines. For each line, its loading is averaged
over the simulation period and assigned to the corresponding loading percentage bin.
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Figure C.22: Histogram of maximumHVAC line loading across all transmission lines. For each line, the highest loading
observed over the simulation period is determined and assigned to the corresponding loading percentage bin.
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Figure C.23: Optimal generation capacities for 2040 demand scenarios
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Figure C.24: Total electricity generation for 2040 demand scenarios.
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Figure C.25: Optimal storage capacities for 2040 demand scenarios.
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Figure C.26: State of charge of batteries for MDES-only scenario with 2040 demand
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Figure C.27: State of charge of batteries for SDES-only scenario with 2040 demand
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Figure C.28: State of charge of batteries for a scenario with both SDES andMDES with 2040 demand
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Figure C.29: Battery power discharged to the grid (positive y-axis) and power charged from the grid (negative y-axis) for
MDES-only scenario with 2040 demand.
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Figure C.30: Battery power discharged to the grid (positive y-axis) and power charged from the grid (negative y-axis) for
SDES-only scenario with 2040 demand.
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Figure C.31: Battery power discharged to the grid (positive y-axis) and power charged from the grid (negative y-axis) for
a scenario with bothMDES and SDES with 2040 demand.
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Figure C.32: Energy Dispatch for 7 days in January with above-average electricity demand, no battery storage scenario
with 2040 demand.
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Figure C.33: Energy Dispatch for 7 days in January with above-average electricity demand, MDES-only scenario with
2040 demand.
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Figure C.34: Energy Dispatch for 7 days in January with above-average electricity demand, SDES-only scenario with
2040 demand.
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Figure C.35: Energy Dispatch for 7 days in January with above-average electricity demand, bothMDES and SDES
scenario with 2040 demand.

Congestion Relief using Short andMulti-Day Duration Energy Storage Systems. Page 94



C Additional Figures and Tables Public Version

20 40 60
0

5

10

Network

2040 Demand - All Tech

2040 Demand - No BESS

Average Line Loading (%)

C
o

u
n

t

Figure C.36: Histogram of average HVAC line loading across all transmission lines. For each line, its loading is averaged
over the simulation period and assigned to the corresponding loading percentage bin.
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Figure C.37: Histogram of Maximum Line Loading Across All Transmission Lines. For each line, the highest loading
observed over the simulation period is determined and assigned to the corresponding loading percentage bin.
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(no expansion necessary)

Figure C.38: Expansion of TSO network for a scenario with only MDES storage. The colour of the line represents the
required expansion. The width of the line represents the optimal line capacity.

(no expansion necessary)

Figure C.39: Expansion of TSO network for a scenario with only SDES storage. The colour of the line represents the
required expansion. The width of the line represents the optimal line capacity.
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(no expansion necessary)

Figure C.40: Expansion of TSO network for a scenario with both SDES andMDES storage. The colour of the line
represents the required expansion. The width of the line represents the optimal line capacity.

(no expansion necessary)

Figure C.41: Expansion of TSO network for a scenario with no battery storage. The colour of the line represents the
required expansion. The width of the line represents the optimal line capacity.
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C.3 Sensitivity Analysis Results

Table C.1: Sensitivity analysis summary for lithium-ion parameters. Highlighted values indicate deviations of more than
10% from the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Costs max 19.05 0.43 11.85 324.12
Costs min 18.79 0.51 11.62 317.82
FOMmax 19.02 0.43 11.83 323.84
FOMmin 18.89 0.47 11.75 320.76
RTEmax 18.85 0.47 11.46 316.87
RTEmin 18.98 0.45 12.09 325.42
lt max 18.81 0.51 11.64 318.06
lt min 19.01 0.44 11.82 323.19

Table C.2: Sensitivity analysis summary for iron-air parameters. Highlighted values indicate deviations of more than
10% from the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Costs max 17.75 0.48 11.84 334.84
Costs min 19.53 0.45 11.71 312.36
FOMmax 18.72 0.47 11.78 323.42
FOMmin 19.01 0.46 11.74 319.59
RTEmax 19.40 0.41 10.99 309.47
RTEmin 18.48 0.54 12.52 336.24
lt max 19.12 0.46 11.72 318.47
lt min 18.67 0.47 11.78 324.37

Table C.3: Sensitivity analysis summary for Grid Costs. Highlighted values indicate deviations of more than 10% from
the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Grid costs max 20.05 0.59 11.14 483.83
Grid costs min 9.68 0.25 16.43 124.97
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Table C.4: Sensitivity analysis summary for CO2 target. Highlighted values indicate deviations of more than 10% from
the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
CO2 target strict 23.52 0.50 15.21 399.27
CO2 target loose 15.43 0.44 8.32 252.60

Table C.5: Sensitivity analysis summary; addition of Hydrogen Cavern storage. Highlighted values indicate deviations of
more than 10% from the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark 18.91 0.46 11.76 320.97
Addition of
Hydrogen Cavern
Storage

5.34 0.47 12.24 307.12

Table C.6: Sensitivity analysis summary for changes in electricity demand. Highlighted values indicate deviations of
more than 10% from the benchmark scenario.

Scenario Iron-air installed
capacity (TWh)

Lithium-ion
installed capacity
(TWh)

Required grid
investment (GW)

Total system cost
(Billion €/yr)

Benchmark
(Demand - 3x)

18.91 0.46 11.76 320.97

Demand - 1x 0.69 0.00 0.00 6.48
Demand - 1.25x 1.03 0.01 0.00 9.66
Demand - 1.50x 1.25 0.03 0.00 14.04
Demand - 1.75x 1.29 0.06 0.00 19.32
Demand - 2x 1.53 0.09 0.00 25.11
Demand - 2.5x 13.84 0.33 1.07 79.68
Demand - 3.5x 24.79 0.76 35.93 746.55
Demand - 4x 34.26 0.85 54.07 1365.39
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D Thesis planning

Activity Start Duration Milestones at the end of activity
Input parameter research 17 feb 3 weeks Information about future technology costs, renewable penetration levels and costs of grid investment 
Modeling and fetching conceptual results 10 mrt 2 weeks Initial results on impact of SDES and MDES on grid investment deferral, for one scenario
Adapting results based on insights and feedback 24 mrt 3 weeks Results are conform expectations of supervisors and answer the research questions
Performing sensitivity tests and fetching all final results 21 apr 3 weeks Impact of SDES and MDES for mutliple scenarios has been analysed
Conducting interviews with TSOs to assess implications 21 apr 4 weeks Answer to how the findings of this research can be used and which implementation challenges they might face
Reporting 28 apr 3 weeks
Preparing for defense presentation 2 jun 3 weeks
Defence 30 jun 1 week

Figure D.1: List of phases and their associated milestones.

Thesis project week: 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

KO GL Defence
Calendar week: 17 feb 24 feb 3 mrt 10 mrt 17 mrt 24 mrt 31 mrt 7 apr 21 apr 28 apr 5 mei 12 mei 19 mei 26 mei 2 jun 9 jun 16 jun 30 jun

Formal thesis events:
Input parameter research

Modeling and fetching conceptual results
Adapting results based on insights and feedback

Performing sensitivity tests and fetching all final results
Conducting interviews with TSOs to assess implications

Reporting
Preparing for defense presentation

Defence

14 apr 23 jun

Input parameter resea...
Modeling and ...

Performing sensitivity ...
Conducting interviews with TSO...

Reporting
Preparing for defense ...

Defence

Adapting results based ...
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Figure D.2: Gantt Chart of thesis phases. Thesis events legend: KO = kick off, H = holiday, H*= buffer days/ holiday, GL = green light meeting.
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E Disclaimer on the Use of Artificial Intelligence

Several Artificial Intelligence (AI) toolswere used during the development of this thesis, while following

the guidelines of the TUDelft. AI has been used to:

1. Create Python code to analyse the PyPSA-Eur output and develop figures.

2. Find additional academic sources, yet always as supplement to searches on websites such as

Google Scholar and Scopus. AI was used to find sources, but was never the source itself.

3. Rephrase paragraphs.

I consent that I bear full responsibility for the final content of this thesis. AI has never been used as a

source, just as a tool, and all AI output has been checked before usage.
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