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Abstract

The transition to a low-carbon energy system in the European Union (EU) requires
large-scale deployment of renewable energy sources and flexible solutions to ensure
grid stability, affordability, and energy security. Energy storage systems (ESS) are
essential to address the intermittency of renewables and to enable a resilient and
competitive electricity market. This thesis investigates how a robust legal and
regulatory framework can incentivize the deployment and integration of ESS to
accelerate renewable energy development across the EU.

The study combines a review of existing EU and national legislation with an
assessment of economic and technological factors influencing storage adoption. It
analyzes business models for energy storage, including merchant, contracted
services, and hybrid renewable-plus-storage concepts, and evaluates the impact of
electricity market design, price caps, and ancillary services. The research also includes
case studies demonstrating best practices for battery-integrated renewable projects
and explores the role of both short- and long-duration storage technologies in
enhancing system flexibility.

Findings highlight significant regulatory and financial barriers to ESS deployment, such
as fragmented national frameworks, limited access to revenue stacking, and
insufficient fiscal incentives. The thesis proposes policy measures including the
establishment of a unified EU Energy Storage Directive, amendments to the
Renewable Energy Directive (RED IIl), and the introduction of fiscal reforms to ensure
market integration and investor confidence.

Ultimately, the research concludes that harmonized legal frameworks, market-based
incentives, and targeted public—private partnerships are key to unlocking the full
potential of energy storage in achieving the EU’s decarbonization and energy security
goals.
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1 INTRODUCTION

1.1. The Objective of the Thesis and the Main Research Aspects

The global energy landscape is undergoing a profound transformation, driven by the
urgent need to mitigate climate change and achieve sustainability goals. The fossil
fuels share in energy consumption is steadily declining, while renewables - particularly
solar and wind - are gaining prominence. Electrification across various sectors is
accelerating. These shifts are not only changing the sources of energy but also

fundamentally altering how energy is produced, distributed, and consumed.

In upcoming years, the increasing integration of variable renewable technologies, the
proliferation of power electronic-based devices, and the gradual phase-out of
conventional synchronous generators will reshape the behavior of energy systems.
These developments introduce new challenges for maintaining system stability and

reliability.

To address these challenges, there will be a growing need for ancillary services—such
as frequency regulation, voltage support, and reserve capacity—that help ensure the
secure and stable operation of the grid. As the energy transition progresses, these

services will play a critical role in safeguarding the continuity and resilience of energy

supply”.

As a result of exponential development, the significant growth of wind and solar energy
production may be observed. The cost of solar and wind technology, production and
operating costs are getting lower. The module efficiency, load factors and project
scales are increasing. Nevertheless, the inherent variability and intermittency of solar
and wind energy present considerable challenges to maintaining grid stability and

ensuring reliable power delivery.

LENTSO-E, Stability Management in Power Electronics Dominated Systems: A Prerequisite to the Success of the
Energy Transition, Position Paper, June 2022, ENTSO-E publishes a Position Paper on Stability Management in
Power Electronics Dominated Systems


https://www.entsoe.eu/news/2022/06/21/entso-e-publishes-a-position-paper-on-stability-management-in-power-electronics-dominated-systems/
https://www.entsoe.eu/news/2022/06/21/entso-e-publishes-a-position-paper-on-stability-management-in-power-electronics-dominated-systems/
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Due to the war in Ukraine and gas crisis, the key criteria of the energy sector
development are a security, affordability, and sustainability. To reduce the European
Union’s dependence on Russian fossil fuels by 2030, the European Commission
adopted the REPowerEU action plan in 2022. This strategy focuses on three key
pillars: enhancing energy efficiency, diversifying energy sources, and accelerating the

deployment of renewable energy technologies.

In this context, energy storage systems (ESS) have emerged as a critical component
in addressing the challenges posed by the energy transition. By storing surplus energy
generated during periods of high renewable output and releasing it during times of low
generation, ESS help mitigate fluctuations in energy supply. This not only enhances
grid stability and reliability but also contributes to reducing price volatility. Furthermore,
energy storage can lower electricity prices during peak demand periods, offering direct
economic benefits to consumers and supporting a more resilient and flexible energy
infrastructure.

This capability enhances sustainability of the grid, flexibility, and efficiency of the whole
energy system and facilitates the integration of higher proportions of renewables into

the energy mix.

While the concept of energy storage systems is not new, the current challenge lies in
establishing a sustainable value chain for these technologies and ensuring their
seamless integration into the existing energy infrastructure. It means more transparent
and detailed data availability about network congestion, renewable energy curtailment,
pricing and installed facilities for renewable energy generation, energy storage, the grid
capacity and potential development, consumption patterns and capacity, market

opportunities.

The scientific question addressed in this thesis is how can a robust legal and regulatory
framework incentivize the deployment and integration of energy storage systems to
support renewable energy development in the European Union, ensuring grid stability,

competitiveness, and market viability?

The thesis investigates this by:
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* Analyzing existing EU and national regulations and identifying barriers.

« Evaluating financial incentives and market mechanisms (subsidies, tax
incentives, feed-in tariffs, capacity markets, ancillary services).

+ Assessing economic models of hybrid renewable combined with storage
projects (for instance photovoltaic combined with battery storage system).

* Proposing policy reforms and incentive schemes to enhance renewable

competitiveness against fossil fuels.

By investigating energy storage system integration into renewable energy facilities, this
research aims to provide a comprehensive understanding of how energy storage
system may help to increase renewable energy competitiveness towards fossil fuels,

get access to new market instruments and enlarge their share at the energy market.

This thesis also aims to provide valuable insights for policymakers, industry
stakeholders, and researchers by highlighting best practices and strategic approaches
to enhance the sustainability and resilience of the energy system. Ultimately, it
emphasizes the transformative role of energy storage technologies in accelerating the
global shift toward a cleaner, more sustainable energy future.

The key areas of focus:

e Regulatory policy overview in selected EU countries.

e Financial Incentives: evaluate existing financial mechanisms, such as
subsidies, tax incentives, and feed-in tariffs, and propose innovative incentive
schemes to promote energy storage investment.

e Market Design: assess the need for market reforms to accommodate energy
storage technologies, including market mechanisms for ancillary services,
capacity markets, and grid flexibility.

e Technological Innovation: explore opportunities for research and
development funding, standards development, and technology demonstration

projects to drive innovation in energy storage technologies.
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1.2. Methodology

This research adopts a mixed-methods approach, integrating both qualitative and
quantitative techniques to provide a comprehensive analysis of energy storage

systems (ESS) and their role in the evolving energy landscape.

The study begins with an extensive literature review to establish a theoretical
framework and contextual understanding. It then proceeds with a comparative analysis
of various ESS technologies, assessing their deployment potential, technical
advantages and limitations, and current innovation trends. The research also explores
marketing strategies and business models, considering the influence of evolving

regulatory frameworks.

To support the analysis, data will be collected from a range of sources, including
stakeholder reports, policy documents, official statistics, publications from energy
companies and reputable institutions, as well as insights from industry experts and
policymakers. Special attention will be given to incentives and regulatory mechanisms

that support the deployment of ESS.

Furthermore, case studies will be conducted to examine real-world applications of
energy storage systems. These will include projects focused on ancillary services
provision, integration with wind farms and photovoltaic (PV) plants, and examples of
best practices. The case studies will provide practical insights and support data-driven
analysis of ESS performance, scalability, and impact on grid stability and electricity

pricing.
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2 Energy Storage Systems Overview

2.1 The Role of Energy Storages for the Energy Sector and Their
Classification

Energy storage technologies play a crucial role in energy transition and are even more
important in the Net zero world. Basing on BP Energy Outlook 20242 “battery storage
capacity will increase to around 2,200 GW by 2050, which is two orders of magnitude
greater than current levels”. The most significant growth of battery storage is observed
in the countries with emerging economies and associated with renewables
deployment® (Momunka! [xepeno nocunaHHsa He 3HaugeHo.). The growing d
eployment of energy storage technologies is largely driven by the rapid expansion of
solar and wind energy generation, which require flexible solutions to manage their

variability and ensure grid stability.

Share of wind and solar in power generation in 2050 Stationary battery storage: installed capacity

Share GW

100% 5,000 .

z i - - Developed

= i

E - . 1 ch
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Figure 1. Share of Wind and Solar in Power Generation and Energy Battery Storage Installed
Capacity in 2050

Energy storage is a multifunctional technology that may be applied for different
purposes by all electricity market players depending on location and role in the power

system* as shown below (Figure 2).

2 BP Energy outlook 2024 https://www.bp.com/content/dam/bp/business-
sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2024.pdf
3 BP Energy Outlook 2024 https://www.bp.com/content/dam/bp/business-

sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2024.pdf
4 Monetizing Energy Storage. A Toolkit to Assess Future Cost and Value, Oliver Schmidt and

lain Staffell, Oxford University Press, 2023, p.74 https://global.oup.com/academic/product/
monetizingenergy-storage-9780192888174



https://global.oup.com/academic/product/
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Figure 2. Electrical Energy Storage Utilization on Each Stage from Generation to Consumption

When the storage is integrated into energy generation or co-located, it allows energy
producers to use energy arbitrage opportunities, storing energy during off-peak hours

and releasing it when prices are higher, optimizing economic returns.

The customers can optimize their costs with the help of storage when accumulating
electricity obtained at a cheap price and using it instead of purchasing expensive

electricity in periods of peak demand.

Storage enables ancillary services provision to the transmission system operator or
network owner. Such services may include frequency response, voltage control, it may
provide a reserve capacity and reinforce the grid by reduction peak demand or excess

generation.

Based on location the energy storage systems may be classified as standalone (not
connected directly to specific energy generation units), co-located (integrated into
energy generation facility) and behind-the-meter (used by the customer to manage

energy consumption).
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Energy storage systems have four main types based on the form in which energy is
stored: mechanical, electrical, chemical, and thermal. The fifth category of energy
storage is electrochemical. It is identified by the type of conversion reaction in the
battery5 (Figure 3).

Sensible heat * Gravitation
Latent heat * Compression
Thermochemical heat * Motion
N e
< <,
{(\?" Y
s,
-
S &
Y &
= Hydrogen ‘,i g
= Ammonia - Y Capacitance
= Hydrocarbons Inductance
= Alcohols

Electrochemical

= Sealed batteries
= Flow batteries

Figure 3.The Types of Energy Storage

Over 90% of energy storage needs in Europe is provided by pumped storage
hydropower® which is the most mature storage technology. The world installed

capacity of pumped hydro storage counted more than 158 GW by 2020.

When pumped hydro is not applicable, the lithium-ion batteries are the most frequently
chosen technology due to their size diversity, fast response, scalability decreasing
costs and range of services they can provide. The world installed capacity of lithium-
ion battery storages was about 15 GW by 2020. This type of storage is widely used by
solar and wind energy systems due to high efficiency up to 95%. They perfectly fit for

a short- and medium-term energy storage, grid balancing and energy supply during

> Monetizing Energy Storage. A Toolkit to Assess Future Cost and Value, Oliver Schmidt and
lain Staffell, Oxford University Press, 2023, p.33 https://global.oup.com/academic/product/
monetizingenergy-storage-9780192888174

6 5 Steps to Boost Energy Storage Across Europe”, 13.10 2023 Recommendations on energy storage



https://global.oup.com/academic/product/
https://energy.ec.europa.eu/topics/research-and-technology/energy-storage/recommendations-energy-storage_en
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solar downtimes. At the same time lithium-ion batteries are heavily dependent on the

scarce raw materials.

Similar statistics of utilization of various types of energy storage technologies globally
were presented by CMS in their Expert Guide to Energy Storage Regulation published
on 24.04 20187 (Figure 4). This figure presents a general classification framework of
different types of energy storage technologies utilization worldwide. It shows how
short-duration solutions such as flywheels and lithium-ion batteries are typically applied
in fast-response services and grid balancing, while medium- to long-duration
technologies like pumped hydro storage and compressed air energy storage are used
for bulk energy shifting and seasonal balancing. As can be seen pumped hydro storage

is the major technology to be used.

In Europe, pumped hydro storage still dominates installed capacity - for example, the
EU hosts ~46 GW of pumped storage, representing a substantial share of global pump
storage hydro capacity and forming nearly all of the EU’s legacy bulk storage
assets®. However, battery energy storage systems are now rapidly expanding - 21.9
GWh of new capacity was installed in Europe in 2024 alone, bringing total battery
capacity to ~61.1 GWh®. In its 2023 Recommendations, the European Commission
explicitly notes that while current storage capacity is “mainly in the form of pumped
hydro,” the transition will depend on deploying electrochemical storage and integrating

short- and long-duration technologies.

7 CMS Expert Guide To Energy Storage Regulation, 24.04 2018. https://cms.law/en/int/expert-guides/cms-
expert-guide-to-energy-storage

8 JRC134918 01.pdf

9 New report: European battery storage grows 15% in 2024, EU energy storage action plan needed -
SolarPower Europe

10 Energy storage

10


https://cms.law/en/int/expert-guides/cms-expert-guide-to-energy-storage
https://cms.law/en/int/expert-guides/cms-expert-guide-to-energy-storage
https://www.connaissancedesenergies.org/sites/connaissancedesenergies.org/files/pdf-actualites/JRC134918_01.pdf?utm
https://www.solarpowereurope.org/press-releases/new-report-european-battery-storage-grows-15-in-2024-eu-energy-storage-action-plan-needed
https://www.solarpowereurope.org/press-releases/new-report-european-battery-storage-grows-15-in-2024-eu-energy-storage-action-plan-needed
https://energy.ec.europa.eu/topics/research-and-technology/energy-storage_en

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Technology (MW)

Pumped Hydro (~127,000): 99%

\ Other storage technologies (~1,351): 1%

Other Storage
Technologies (MW)

CAES (~400): 30% ——&

LY

—— Thermal (~150): 11%
Conventional batteries (~690): 51%

B Flow batteries (~55): 4%
Flywheel (~45): 3%

\; Hydrogen (~10): 1%

Others (~1): <1%

Figure 4. Applications of Various Energy Storage Technologies

Depending on the duration of energy supply needs and the nature of demand
fluctuations, energy storage systems can be categorized into short-term and long-term
applications. Short-term storage plays a crucial role in maintaining the immediate
operational stability of energy systems. It helps manage rapid fluctuations caused by
sudden changes in energy consumption or generation, supporting functions such as
grid stabilization, smoothing of renewable energy output, and frequency regulation.
Power grids must maintain a constant frequency and voltage to ensure stable and
reliable operation. Short-term energy storage plays a vital role in this process by rapidly
supplying or absorbing power to counteract sudden fluctuations in demand or supply.
It enables precise frequency control - typically at 50 or 60 Hz - by quickly adjusting
power output, thereby supporting grid stability.

Given the intermittent nature of renewable energy sources such as solar and wind,
short-term storage is essential for smoothing out variability in generation. It stores
excess energy during periods of high production and releases it when generation drops

unexpectedly, helping to balance supply and demand in real time.

11
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In contrast, long-term energy storage is crucial for strategic energy management over
extended periods. It is designed to store energy for days, weeks, or even months,
addressing long-term mismatches between supply and demand. This capability is
particularly important as the share of renewables increases, allowing for the
management of seasonal variations and enhancing grid resilience during prolonged

outages, such as those caused by extreme weather conditions.

Energy storage systems (ESS) provide a range of solutions tailored to different energy
capacities and discharge durations. They support a wide spectrum of services, from
enhancing power quality and providing grid support to managing bulk energy capacity"
(Figure 5). Each type of ESS serves distinct operational needs and may be deployed
by energy producers under specific conditions, depending on system requirements and

energy market dynamics.

Chemical storage possesses large capacity and long discharge duration. Thermal,
mechanical, and electrochemical storages are efficient for medium-size capacity, may

provide as short as long duration. Electrical storage has a small capacity and short

duration.
Energy Storage Technologies
Power Quality & Grid Support Bulk Capacity &
Reserve Services (Transmission and Distribution) Power Management
Load Shifting Bridging Power
<}
1 Hydrogen & fuel cells Pumped hydropower storage
8 e
Flow batteries
Compressed air energy storage
g
E Li-ion battery
£ g
é 2 Advanced lead acid battery
=2
§ High-energy super-capacitors @ Hydrogen-related
Lead acid battery Mechanical
® Electrochemical
Flywhisels @® Electromagnetic

Seconds

High-power super capacitors

1kW 10kW 100kW 1MW 10MW 100MW 1GW

Capacity

Figure 5. Energy Storage Technologies Categorized by Types and Duration Capacity

11 CMS Expert Guide To Energy Storage Regulation, 24.04 2018 https://cms.law/en/int/expert-guides/cms-
expert-guide-to-energy-storage

12


https://cms.law/en/int/expert-guides/cms-expert-guide-to-energy-storage
https://cms.law/en/int/expert-guides/cms-expert-guide-to-energy-storage
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2.2 Comparative Efficiency of Energy Storage Technologies

While Figure 5. Energy Storage Technologies Categorized by Types and Duration
Capacityillustrates the categorization of storage technologies by type and discharge
duration, it is equally important to assess their round-trip efficiency (RTE), which
determines how effectively stored energy can be recovered for reuse. Efficiency
depends on the underlying technology, conversion processes, and system design,
influencing both the economics and the environmental footprint of storage deployment
The comparison of energy storage systems efficiency in Table 1 below made based
on EA's Global Energy Storage Outlook 20242, Global Energy and Climate Outlook
20243, IRENA World Energy Transitions Outlook 2024'* and McKinsey & Company

Report “Net-zero power: Long-duration energy storage for a renewable grid”'°.

Table 1. Comparative Efficiency of Energy Storage Technologies

Technology Typical Round-Trip Category Typical

Type Discharge Efficiency (RTE) Applications
Duration

Supercapacitors  Milliseconds — 90-98 % Short-term Power quality,

/ Flywheels minutes frequency

containment

Lithium-ion Seconds — 4 90-95 % Short-term Frequency
batteries (Li-ion)  hours regulation, peak
shaving, PV
integration
Sodiume-ion / 1 —6 hours 85-90 % Short-term Distributed
Nickel-based flexibility, daily
batteries cycling
Lead-acid 1 — 8 hours 70-85 % Short-term Backup power,
batteries microgrids, off-
grid

12 World Energy Outlook 2024 — Analysis - IEA
13 JRC Publications Repository - Global Energy and Climate Outlook 2024

14 World Energy Transitions Outlook 2024
15 Net-zero power: Long-duration energy storage for a renewable grid | McKinsey
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Flow batteries 4 — 12 hours 65-85 % Transition / Medium-duration
(vanadium, zinc- LDES renewable
bromine) integration
Pumped Hydro 6 hours — 70-85 % LDES Bulk energy
Storage (PHS) several days shifting, system
balancing
Compressed Air 6 — 48 hours 45-70 % LDES Long-duration
Energy Storage reserves, system
(CAES) backup
Liquid Air 8 — 72 hours 50-70 % LDES Industrial-scale
Energy Storage long-duration
(LAES) storage
Gravity-based 6 — 24 hours 70-85 % LDES Grid reserve,
storage renewable
firming
Thermal Energy 4 hours — 50-90 % LDES Power-to-Heat,

Storage (molten  several days (depending on district heating
salts, PCM) medium)

Hydrogen Days — months 3045 % LDES (seasonal) Sector coupling,
(Power-to-Gas / seasonal

Fuel cell) storage
Power-to-X Weeks — months  25-45 % LDES (seasonal) Long-term and
(methane, industrial energy
ammonia, storage

synthetic fuels)

2.3 Interpretation
Short-term technologies (Li-ion, sodium-ion, supercapacitors) achieve very high RTEs
(> 85 %), making them suitable for fast-response and daily balancing services.
Medium-duration systems such as flow batteries provide moderate efficiency but
enable scalable energy capacity and flexible operation times. Long-duration systems
(PHS, CAES, LAES, hydrogen) exhibit lower efficiencies (30-75 %) but offer
substantial energy volumes, making them crucial for inter-day and seasonal balancing.
The efficiency-duration trade-off depicted alongside Figure 5 underscores the
complementary nature of different storage technologies in a decarbonized energy
system: short-term technologies provide power flexibility, while long-duration systems

provide energy shifting and seasonal reliability.
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Figure 5. categorizes energy storage technologies by duration and type. When
combined with efficiency data, it becomes evident that short-duration systems, though
limited in capacity, deliver high round-trip efficiency and rapid response. Conversely,
long-duration systems provide the deep energy reserves needed for renewable
integration at the cost of lower efficiency. This balance between efficiency and duration

defines the technical complementarity that underpins the future EU flexibility mix.

Considering the models of energy storage applications, it is important to see the

evolution of its role in the energy system'® as shown below (Figure 6).

Phase Description Archetype Deployment Discharge Response

application potential duration time
Pre- Integrated energy market . Mostly .

v <20% 2010 & low-costnuclear power Various & 812 hours  Minutes
m
w i Restructured energy market Frequency <1 hour Milliseconds
= & reducing system inertia regulation (. to seconds
L=
a
< Marrowing of peak periods & . Seconds
a 2 . Peak capaci 2-6 hours .
= reducing RE+storage cost pacity to minutes
i)
u RE+storage cost lower than Renewables .
2 3 th 9 . . =) 412 hours  Minutes
= other generators integration
L
= . 80% 4 Mo fossil fuel generators & Seasonal D 12 hours Minutes

v very low storage cost storage to hours

[} low mid high [} uncertain

Figure 6.The Phases of Energy Storage Deployment in Centralized Power Systems

The target is to get electricity generated by renewables, including the costs of energy
storage lower than the price of electricity obtained from fossil fuels and nuclear
including costs for electricity storage. To achieve this target the longer discharge
duration, seasonal storage is required which means development of long duration
energy storage technologies. The battery storage is the most in demand in phases 1
and two. Long-duration energy storage (LDES) will be more appropriate in phases 3

and 4 as per Figure 5. Long-duration energy storage refers to energy storage

16 Monetizing Energy Storage A toolkit to assess future cost and value, Oliver Schmidt, lain Staffel, Oxford
University Press, 2023, p.79 https://global.oup.com/academic/product/monetizingenergy- storage-
9780192888174
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technologies that can discharge electricity for the period from 8 hours to several days,

weeks or even seasons, depending on the system.

2.4 The Role of Long- and Short-Term Duration Energy Storages in the
Energy Transition

According to the McKinsey & Company report “Net-zero power: Long-duration energy
storage for a renewable grid”'?, achieving a net-zero power system will require a
diverse range of flexibility solutions, with long-duration energy storage (LDES) playing
a pivotal role. LDES is recognized as a critical enabler for the continued expansion and
reliability of renewable energy sources. McKinsey forecasts that by 2040, global
electricity grids will need to integrate between 85 and 140 terawatt-hours (TWh) of
long-duration energy storage, representing a market opportunity estimated between
USD 1.5 and 4 trillion. By 2025, it is expected that up to 35 gigawatts (GW) of LDES
capacity will be deployed worldwide, equating to approximately 1 TWh of storage and

requiring around USD 50 billion in investment.

With a rise of policy support three main technologies are highlighted to manage
intermittency grid congestion and stability problems and to facilitate renewable
generation deployment. Gravity, liquid air and thermal storage can provide feasible

alternatives to conventional lithium battery storage.

Gravity energy storage systems operate by elevating heavy mass to store potential
energy, which is later converted into electricity as the mass descends. This process
leverages gravitational force to generate power, offering a mechanical and sustainable
method of energy storage. The potential energy of the mass is converted into electrical
energy. Gravity-based systems have long lifetime, an efficiency 80-90%, low
maintenance, can store large amounts of energy for grid-scale applications. It uses

abundant, non-toxic materials, which is a benefit. Among disadvantages - the

17 Report of McKinsey &Co “Net-zero power Long duration energy storage for a renewable grid”, November
2021, https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/
our%20insights/net%20zero%20power%20long%20duration%20energy%20storage%20for%20a%20renewable
%20grid/net-zero-power-long-duration-energy-storage-for-a-renewable-grid.pdf
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requirement of specific geographical conditions such as elevation changes and large-

scale installations that may impact the environment.

Liquid air energy storage involves cooling air until it becomes a liquid at extremely low
temperatures. When electricity is required, the stored liquid air is exposed to heat,
causing it to expand rapidly. This expansion drives turbines, thereby generating
electrical power. This is a long-duration energy storage (up to several days), scalable
and can be installed almost anywhere. It is non-toxic and non-flammable. At the same
time the liquid air energy storage has a low energy density compared to other types of

storage and has a relatively low round-trip efficiency (around 50-60%).

Thermal Energy Storage (TES) systems can store surplus thermal energy - either heat
or cold - for later use. Common storage media includes molten salt, water, and ice.
TES can capture heat from renewable sources such as solar energy, as well as recover
waste heat from industrial processes, thereby enhancing energy efficiency and
supporting grid flexibility. It's inexpensive and simple technology, efficient for heating
and cooling applications, and can support both residential and industrial energy
systems. At the same time, it requires a large space. Heat losses can occur over time,

reducing efficiency.

Long duration energy storage can store excess renewable energy, to use it later with
greater economic and resilience value. LDES has a fast-response capability to manage
changes in renewable generation output with rapid, unlimited charge-discharge

capacity.

LDES can be applied for frequency regulation and ancillary services. As energy
markets continue to evolve, long-duration energy storage (LDES) technologies are
increasingly capable of providing ancillary services such as spinning reserve and
energy capacity. Some commercially available LDES solutions already meet the
requirements set by grid operators, such as PJM’s “10-hour rule,” which mandates that
duration-limited, non-generation resources - like batteries - must be able to deliver
their rated capacity continuously for up to 10 hours. Over time, LDES can reduce the

need for expensive peaking power plants which only operate during high demand
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periods and avoid the costs associated with grid upgrades by balancing supply and

demand more effectively.

LDES systems can alleviate congestion on transmission and distribution networks by
storing electricity during periods of peak capacity and releasing it when demand
subsides. This capability enables grid operators to defer or potentially eliminate the
need for costly infrastructure upgrades. Moreover, LDES enhances the reliability and
operational flexibility of distributed energy resources, significantly reducing or even
eliminating dependence on diesel-powered backup generators. Despite many benefits
LDES have also some drawbacks. Technology typically requires a very specific setting
with a large geographic footprint. It can provide day-long storage but does not easily

scale down.

Despite its potential, long-duration energy storage LDES currently faces high upfront
project costs, primarily due to its limited commercial scale and relatively short
deployment history. Additionally, the lack of comprehensive risk assessments and
standardized definitions within the asset class has hindered access to bank financing.
These challenges contribute to a narrow technical taxonomy for energy storage and
the absence of a well-defined market structure, slowing broader adoption and

investment in LDES technologies.

LDES has a limited policy certainty and slow-paced legislative regulation processes.
However, the government interest in LDES systems is growing. An initiative known as
the Long Duration Storage Shot aims to reduce the cost of LDES by up to 90% by
2030, primarily through targeted financial support mechanisms. This effort reflects

growing recognition of LDES as a critical component of future energy systems.

One of the major barriers to the widespread deployment of renewable energy in many
countries is the lack of adequate transmission infrastructure or congestion on existing
lines. LDES technologies address this challenge by offering stable energy output over
extended periods - ranging from six hours to several days, weeks, or even seasons -
thereby enhancing grid reliability and resilience beyond what short-duration storage

systems can provide.
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In contrast, short-duration energy storage refers to technologies capable of storing and
discharging electricity over relatively brief intervals, typically from a few seconds to
several hours. These systems are well-suited for applications such as frequency
regulation and short-term load balancing but are less effective in addressing long-term
supply-demand mismatches.

Among these, battery energy storage systems (BESS) — particularly lithium-ion

batteries — have emerged as the most versatile and rapidly deployed solution.

The importance of short-term storage lies in its ability to bridge the temporal
mismatch between electricity generation and consumption, especially in systems with
high shares of variable renewable energy (VRE) such as solar and wind. Given the
variable nature of solar photovoltaic (PV) and wind energy - both of which fluctuate
based on weather conditions and time of day - short-duration energy storage plays a
vital role in maintaining grid stability. These systems enable the capture of excess
energy during periods of high generation and its dispatch during times of increased
demand or reduced renewable output. As a result, short-term storage enhances the

reliability, flexibility, and overall efficiency of the power grid 8.

Short-term storage systems, particularly BESS, serve a wide range of applications
across the electricity value chain: grid balancing and frequency regulation. BESS are
highly responsive technologies capable of reacting within milliseconds to frequency
deviations, making them particularly well-suited for grid services such as Frequency

Containment Reserve (FCR) and Automatic Frequency Restoration Reserve (aFRR)"°.

Their rapid response capabilities contribute significantly to grid stability and reliability.
In the context of renewable energy integration, BESS plays a crucial role by storing
surplus electricity generated from solar or wind sources during peak production periods

and discharging it during demand peaks - such as after sunset. This functionality

8 Grid and storage readiness is key to accelerating the energy transition
1% Energy Storage
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maximizes the utilization of clean energy?°, reduces curtailment, and supports a more

balanced and efficient power system.

Peak shaving and load shifting in both grid-scale and behind-the-meter applications,
BESS can reduce peak demand charges and shift consumption to off-peak
hours. Congestion management: batteries can be deployed at grid bottlenecks to

alleviate transmission constraints.

Backup power and black start capability: BESS can provide emergency power and

help restart the grid after outages.

Between 2010 and 2023, the cost of lithium-ion batteries declined by more than 90%,
driven by significant advancements in manufacturing processes, economies of scale,
and innovations in battery chemistry?!. This dramatic reduction has made battery
energy storage systems (BESS) increasingly viable for both grid-scale and distributed

energy applications, accelerating the adoption of renewable energy technologies.

In 2024 alone, the U.S. deployed nearly 12 GW of new BESS capacity, with projections
of over 18 GW in 2025, highlighting the global momentum behind short-term storage?®?.

BESS will have wider market participation. As regulatory frameworks evolve, BESS
will increasingly participate in capacity markets, ancillary services, and energy trading.
BESS is very important for development and sustainability of the decentralized energy
systems: short-term storage will be central to energy communities, microgrids,

and vehicle-to-grid (V2G) systems.

20 Grid and storage readiness is key to accelerating the energy transition
21 Grid and storage readiness is key to accelerating the energy transition
22 Us deployed 11.9GW of storage in 2024, 18.2GW coming in 2025
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The convergence of solar PV and BESS is expected to dominate new renewable
installations, especially in regions with high solar potential. To boost installations
development it's important to address regulatory uncertainty. In many EU countries,
rules for revenue stacking and market access remain unclear. Technical standards and

digital infrastructure must evolve to fully integrate distributed storage into the grid.

2.5 Energy System Flexibility, Ancillary Services and Market Coupling
This section introduces a range of renewable and supporting technologies to illustrate
the diversity of solutions that can contribute to decarbonizing the power sector. By
presenting various generation sources - such as solar photovoltaic, wind, hydro, and
bioenergy - together with enabling technologies including battery storage, green
hydrogen, and smart grid systems, the section emphasizes that no single technology
can independently ensure a reliable, flexible, and sustainable energy system. Instead,
the intention is to highlight the importance of technological complementarity and
integration, where different solutions play distinct but interconnected roles in enhancing
system resilience, balancing variability, and enabling higher shares of renewable

energy in national and regional contexts.

In the result of electrification of all sectors of economy, especially for the sector heating
and transport the demand for energy will increase significantly. The share of
intermittent generation (solar and wind) integrated into the power grid will continue
growing. The fossil fuel-powered generators which are widely used to balance the
energy system will be replaced with renewable-powered generators. The EEA/ ACER
Report, 09 2023 “Flexibility solutions to support a decarbonized and secure EU
electricity system”? shows that electricity market flexibility needs are expected to
double by 2030 to meet the challenges of renewable integration and grid reliability
(Figure 7).

2 Tackling the power system flexibility challenge - rapid growth in renewables calls for greater cooperation,
Leena Yl3-Mononen| EEA Executive Director Christian Zinglersen | ACER Director The European Parliament’s joint
ITRE-ENVI session Brussels, 28 November 2023, European Environment Agency, ACER European Union Agency
for the Cooperation of Energy Regulators. Tackling the power system flexibility challenge
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Figure 7. Evolution of Flexibility Needs in Europe by Time Scale: 2021 and 2030

Energy producers face multiple challenges, including daily generation intermittency,
reduced grid stability, multi-day and seasonal supply-demand imbalances,
transmission congestion, and weather-related fluctuations. The main flexibility
measures  include demand-side-response, flexible generation, network
interconnection, energy storage systems, savings stimulated by the pricing signals and
others?* (Figure 8). They offer numerous existing and emerging solutions, which are
critical in enabling the grid to integrate increasing levels of variable renewables?®
(Figure 9).

Lithium-ion batteries provide short-term energy storage up to 4 hours duration to
smooth out fluctuations and help with peak shaving. Flow batteries provide longer-
duration energy storage than lithium-ion batteries and are well-suited for daily charge-

discharge cycles.

24 Monetizing Energy Storage A toolkit to assess future cost and value, Oliver Schmidt, lain Staffel, Oxford
University  Press, 2023, p.9 https://global.oup.com/academic/product/monetizingenergy- storage-
9780192888174

%5 Report of McKinsey &Co “Net-zero power Long duration energy storage for a renewable grid”, November 2021,
mckinsey.com/~/media/mckinsey/business functions/sustainability/ our insights/net zero power long
duration energy storage for a renewable grid/net-zero-power-long-duration-energy-storage-for-a-
renewable-grid.pdf
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Pumped hydro storage operates by using surplus electricity to pump water to a higher

elevation, which is later released through turbines to generate power when needed.

Gravity-based storage uses gravitational potential energy, like pumped hydro but with

solid masses.

Thermal energy storage retains energy in the form of heat, which can later be utilized
for electricity generation or direct heating applications. Hydrogen storage, on the other
hand, converts electricity into hydrogen via electrolysis; the hydrogen can then be
stored and subsequently used in fuel cells or combustion turbines to produce power.

Table 1.1 Categorization of power systemn flexibility types and resources (adapted from

IEA, 2018).'5
Flexibility WVeryshort Short term Medium Long term Very long
timescale term (minutes to term (hours (days to term
(sub-seconds hours) to days) months) (months to
to minutes) years)
Ensuring Meeting Determining  Addressing Balancing
systermn stability frequent, operation longer seasonal and
by keeping rapid, schedule of periods of interannual
voltage and and non- generation surplus ar availability of
Challenges freguencyin predictable capacity deficit in generation
required range changesin to balance electricity resources
electricity electricity generation with
supply and/for  supply and electricity
demand demand demand
Dynamic Real-time Hour- Generation Power
Systemn systern stability balancing ahead and adequacy system
relevance and frequency day-ahead guarantee planning
control planning

Figure 8.Categorization of Power System Flexibility Types and Resources

Existing and Emerging Flexibility Solutions
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Time-of-use pricing incentivizes consumers to shift electricity usage to off-peak
periods, promoting more efficient grid utilization. Automated demand response (ADR)
uses smart grid technology to automatically adjust power usage based on grid
conditions. Direct load control is made by utilities that remotely control appliances like
HVAC systems to reduce demand during peak times. Vehicle-to-Grid (V2G) - electric
vehicles to discharge stored energy back to the grid during peak demand, providing

both demand management and energy storage.

Flexible AC transmission systems (FACTS) enhance control over power flows and
improve the grid's capacity to accommodate renewables. Dynamic line rating (DLR)
adjusts the thermal rating of transmission lines in real-time based on weather
conditions to maximize their usage. High voltage direct current (HVDC) transmission
efficiently transmits electricity over long distances, connecting remote renewable
sources to the grid. Superconducting cables offer higher capacity and efficiency but

are still in the experimental phase due to cost and cooling challenges.

Supervisory control and data acquisition (SCADA) is a centralized system for
monitoring and controlling grid operations. Distributed Energy Resource Management
Systems (DERMS) coordinate various distributed energy resources (DERSs), such as
solar panels, wind turbines, and battery storage, to optimize their collective

performance and integration into the grid.

Energy Management Systems (EMS) are software platforms designed to optimize
energy generation and distribution, contributing to grid stability and operational
efficiency. Atrtificial Intelligence and Machine Learning enhance energy systems by
enabling predictive maintenance, improving demand forecasting, and optimizing

energy dispatch strategies.

Peaker plants, typically gas turbines or diesel generators, can be rapidly activated to
meet peak electricity demand. Hybrid power plants combine renewable sources with
storage or conventional generation (e.g., solar + battery) to deliver consistent and
reliable energy output. Hydropower offers flexible generation and can be adjusted
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quickly to balance supply and demand.

Flexible nuclear technologies, such as Small Modular Reactors (SMRs), are designed

to ramp output up or down more efficiently than traditional nuclear plants.

CHP systems capture waste heat from electricity generation for use in heating

applications, significantly improving overall energy efficiency.

Integrated energy systems holistically manage electricity, heating, cooling, and
transportation sectors to optimize energy use across the grid. Power-to-X (PtX)
converts electricity into other forms of energy (e.g., heat, hydrogen, synthetic fuels) for
use in other sectors. Industrial Demand Response - large industrial processes are

increasingly flexible, adjusting their energy use based on grid needs.

Microgrids are localized energy systems capable of operating autonomously or in
coordination with the main grid, offering enhanced resilience, flexibility, and reliability.
Virtual power plants (VPPs) - aggregates decentralized energy resources (like solar,
wind, and storage) to act as a single power plant, offering flexibility to the grid. Peer-
to-Peer energy trading allows consumers to trade energy directly, optimizing local

generation and consumption.

Capacity markets provide payments to ensure enough capacity is available to meet
peak demand, including flexibility resources. Ancillary services markets compensate
for resources that provide services like frequency regulation and voltage support.
Flexibility markets - emerging platforms specifically designed to trade flexibility
services, allowing for more granular and localized management of the grid. Carbon
pricing encourages low-carbon flexibility solutions by penalizing carbon-intensive

generation.

Among both short- and long-duration energy storage technologies, BESS have
emerged as the most promising and strategically relevant solution for further
development within the EU energy market. Their high efficiency, rapid response time,

and modular deployment capabilities make them especially suitable for the evolving
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needs of European transmission system operators (TSOs) and the broader energy

transition.

Battery Energy Storage Systems (BESS) play a vital role in enhancing energy system
flexibility, which is increasingly critical in a decarbonized and decentralized energy
landscape. By enabling real-time balancing of supply and demand, BESS supports the
stable integration of variable renewable energy sources such as wind and solar—key
components of the EU’s climate and energy objectives under the European Green Deal
and the Fit for 55 package.

Furthermore, BESS is optimally suited to provide a wide range of ancillary services -
including frequency regulation, spinning reserve, voltage support, congestion
management, and black start capabilities - helping ensure grid stability and reliability
across member states. Additionally, batteries support energy generation optimization
by storing surplus renewable energy during periods of low demand and discharging it
during peak consumption hours. This reduces curtailment and enhances the economic
value of renewable energy assets.

Compared to other long-term storage technologies such as pumped hydro or
hydrogen, batteries offer significantly greater siting flexibility, faster deployment
timelines, and scalability, making them highly adaptable to both centralized and

distributed applications across the EU.

Given their alignment with EU energy policy goals, technical advantages, and growing
cost competitiveness, battery energy storage systems are considered optimal not only
for ancillary services but also for strengthening energy system flexibility and supporting
renewable generation integration. Accordingly, this thesis will proceed with a focused
analysis of BESS as a key enabler of a secure, flexible, and sustainable European

energy system.

Ancillary services are essential operations that support the reliable and secure
functioning of the electricity grid. These services ensure real-time balancing of supply
and demand, maintain voltage and frequency within safe operational limits, and enable
system recovery following disturbances. Distinct from energy supply itself, such

ancillary services are typically procured by Transmission System Operators (TSOs).
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According to the European Network of Transmission System Operators for Electricity
(ENTSO-E, 2025), ancillary services are a foundational element of the European
balancing market framework. They play a critical role in integrating variable renewable

energy sources while preserving overall system stability?6.

Types of Ancillary Services

The main categories of ancillary services in the EU include:

Frequency Containment Reserve (FCR): Stabilizes frequency deviations within
seconds.

Automatic Frequency Restoration Reserve (aFRR): Restores frequency to nominal
value automatically within minutes.

Manual Frequency Restoration Reserve (mFRR): Activated manually to restore
balance over longer periods.

Replacement Reserve (RR): Used for longer-term balancing and reserve restoration.
Voltage Control and Black Start Capability: Ensures voltage stability and system

recovery after blackouts.

How Ancillary Services Work
Ancillary services are typically procured through market-based
mechanisms or centralized dispatch. TSOs forecast system needs and provides
services from qualified providers, which may include:
Conventional generators

« Renewable energy plants

« Battery energy storage systems (BESS)

« Demand-side response aggregators
BESS are increasingly favored due to their fast response times, modularity, and ability

to stack revenues across multiple services.

26 https://www.entsoe.eu/publications/market-reports/" \| "survey-on-ancillary-services-procurement-and-
electricity-balancing-market-design AS WG
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Market Models in the EU
ENTSO-E and the European Commission have promoted the harmonization of
ancillary services through the Electricity Balancing Regulation (EU 2017/2195) and
platforms such as:

« MARI (Manually Activated Reserves Initiative) — for mMFRR

o PICASSO (Platform for the International Coordination of Automated Frequency

Restoration and Stable System Operation) — for aFRR

« TERRE (Trans European Replacement Reserves Exchange) — for RR

These platforms aim to create a pan-European balancing market, improving efficiency

and cross-border cooperation?”’.

Ancillary Services and Battery Storage
Battery storage systems are increasingly integrated into ancillary services markets due
to their ability to:

o Respond within milliseconds (ideal for FCR and aFRR)

« Provide bidirectional flexibility (charging and discharging)

« Participate in multiple markets simultaneously (energy, capacity, balancing)
Countries like Germany and Italy have developed frameworks that allow BESS to
participate in FCR and aFRR markets, while others like Romania are still in early

stages of integration.

Table 2. Comparative Effectiveness of Market Models

Model Type Description Example Countries BESS Effectiveness
Integration

Fully Liberalized Competitive auctions for all Germany High AN
services

Hybrid Centralized procurement with @ Italy, Spain Medium NAVANAN
partial liberalization

Regional Joint markets across borders Austria (with Germany, Moderate S

Cooperation Switzerland)

Emerging Centralized, limited Romania Low Nav4
competition

Ancillary services are a critical enabler of the energy transition, especially as Europe
moves toward high shares of renewables. The integration of battery storage into these
markets enhances flexibility, reliability, and economic efficiency. Countries

with liberalized and transparent market models, such as Germany, are leading in

27 https://www.entsoe.eu/about/market
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BESS deployment, while others are catching up through regulatory reforms and EU -

supported modernization efforts.

Market coupling is a fundamental mechanism in the European Union (EU) energy
market integration strategy, aimed at improving cross-border electricity trading
efficiency by aligning day-ahead markets through centralized price calculation and
capacity allocation. It enables the transfer of electricity from regions with lower prices
to those with higher prices, promoting economic efficiency and optimal resource
utilization (ACER, 20222%8).

Market coupling is a mechanism for integrating electricity markets across geographic
regions by coordinating cross-border transmission capacity allocation and matching
supply and demand across borders. Under market coupling, electricity is traded in
connected day-ahead and intraday markets in such a way that power flows from
regions with lower prices to regions with higher prices, subject to physical transmission
constraints. The result is greater market efficiency (by reducing price differentials),
better utilization of interconnectors, and support for increased integration of variable

renewables across the coupled zones.

The EU's market coupling initiatives - such as the Single Day-Ahead Coupling®®
(SDAC) and Single Intraday Coupling (SIDC) have progressively harmonized market
operations across Member States. This integration facilitates more transparent pricing,
increased market liquidity, and improved the reliability of electricity supply (ENTSO-E,
2021).

One of the main benefits of market coupling is price convergence between neighboring
electricity markets. This enhances economic efficiency by allowing energy to flow
toward the regions where it is most valued, reducing overall generation costs and
increasing consumer welfare®® (Glachant et al., 2019). According to the European
Commission (2020), market coupling has led to savings of several billion euros per

year by optimizing cross-border electricity flows3'.

28 ACER-CEER Market Monitoring Report 2021 | www.acer.europa.eu

2% Market — ENTSO-E Annual Report 2021

30 New business models in the electricity sector | Florence School of Regulation
31 progress on internal energy market 0.pdf
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By improving interconnectivity and market coordination, market coupling enables
greater integration of variable renewable energy sources (VRES) such as wind and
solar. These sources, often unevenly distributed across Europe, can be better utilized
when excess production in one region is transmitted to deficit regions, thereby

minimizing curtailment3? (IEA, 2021).

Market coupling enhances competition by enabling energy producers to access wider
markets and allowing consumers to benefit from more competitive, lower electricity
prices. It also supports transparency and predictability in price signals, fostering

investment in new renewable capacity and storage technologies.

The physical transmission capacity between Member States remains a limiting factor.
Bottlenecks in interconnectors can prevent optimal electricity flow, undermining the
potential gains from coupling®® (ACER, 2022). Investment in cross-border
infrastructure is uneven and politically sensitive, particularly in regions with energy

independence concerns.

Harmonizing regulatory frameworks across 27 EU Member States is inherently
complex. Differences in national market rules, support schemes for renewables, and
transmission system operator (TSO) responsibilities can delay or distort the coupling

process (Eurelectric, 20203%4).

Day-ahead and intraday market coupling mechanisms do not yet fully account for
flexibility resources such as demand response or battery storage, which are critical for
balancing intermittent renewables. The current market designs often lack granularity

and pricing mechanisms to incentivize these assets effectively®® (IRENA, 2022).

32 Renewables 2021 — Analysis - IEA
33 Progress of European electricity market integration | www.acer.europa.eu
34 Connecting the dots: Distribution grid investment to power the energy transition - Eurelectric - Powering

People
35 World Energy Transitions Outlook 2022
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The interaction between market coupling and battery storage significantly strengthens
the reliability and economic value of renewable energy by facilitating efficient cross-
border electricity flows and optimizing the use of intermittent generation. As coupling
leads to more predictable price signals and cross-border balancing opportunities, it
creates new revenue streams for storage systems, including arbitrage, frequency

regulation, and capacity support.

Battery storage can absorb excess solar or wind power during periods of low demand
or negative prices in one market zone and discharge during high-price hours elsewhere
- leveraging cross-border differentials created by coupling3® (Zerrahn et al., 2018).
Moreover, well-integrated storage can reduce curtailment of renewables by temporally

shifting supply, thereby increasing the utilization rate of VRES installations.

A recent study by the European Commission (2023) highlights that battery storage
systems located in well-coupled regions (e.g., Central-Western Europe) achieve 20—
30% higher utilization and improved payback periods, thanks to access to multiple

market zones and dynamic pricing®’.

Market coupling serves as a mechanism for improving market efficiency and also as a
key enabler of the clean energy transition by facilitating the integration of renewable
energy across interconnected regions. While significant progress has been made in
integrating EU electricity markets, further improvements in infrastructure, governance,
and market design are needed - particularly to unlock the full potential of renewable

energy systems enhanced by flexibility assets like battery storage.

To achieve its 2030 and 2050 climate targets, the EU must evolve market coupling into
a more flexibility-oriented framework—one that supports not only efficient energy flows
but also system stability through smart grid integration, decentralized energy

resources, and real-time balancing capabilities.

36 7errahn, A., Schill, W.-P., & Kemfert, C. (2018). On the Economics of Electrical Storage for Variable
Renewable Energy Sources. European Economic Review, 108, 259—-279.

37 Recommendations on energy storage
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As the global energy landscape shifts toward renewable sources, ESS have become
critical for ensuring grid stability, reliability, and flexibility. While ESS facilitate the
integration of intermittent renewable sources such as solar and wind, they also present
environmental challenges throughout their life cycle - from raw material extraction and

manufacturing to operation and end-of-life disposal.

2.6 Environmental Impact of Energy Storage Systems

Life cycle assessment (LCA) allows to assess the environmental impacts of products
and technological systems. For ESS, LCA typically includes:

e Raw material extraction (e.g., lithium, cobalt, nickel)

e Manufacturing and Assembly

e Operational phase (including energy efficiency and degradation)

¢ End-of-life management (recycling, reuse, or disposal)

A comprehensive LCA of lithium-ion batteries (LIBs), for instance, reveals significant
environmental burdens during the mining and refining of metals, particularly lithium and
cobalt®®. These processes are highly energy-intensive and often linked to
environmental and social concerns, including water pollution, habitat destruction, and

human rights issues. Different ESS technologies exhibit varying environmental profiles:

Lithium-lon Batteries (LIBs)
e Pros: High energy density, long cycle life, scalability.
e Cons: High environmental impact from mining and manufacturing; challenges
in recycling; potential for thermal runaway.
o« Key Impacts: Greenhouse gas emissions, toxic metal leaching, energy-
intensive production3®,
Flow Batteries (e.g., Vanadium Redox)

e Pros: Long lifespan, easy scalability, safer operation.

38 Environmental Impact Assessment in the Entire Life Cycle of Lithium-lon Batteries | Reviews of
Environmental Contamination and Toxicology
3% Environmental Impact Assessment in the Entire Life Cycle of Lithium-lon Batteries | Reviews of
Environmental Contamination and Toxicology

32


https://link.springer.com/article/10.1007/s44169-023-00054-w
https://link.springer.com/article/10.1007/s44169-023-00054-w
https://link.springer.com/article/10.1007/s44169-023-00054-w
https://link.springer.com/article/10.1007/s44169-023-00054-w

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

e Cons: High material and system costs; vanadium extraction has environmental
risks.
« Key Impacts: Lower emissions over lifetime but higher initial material footprint.
Hydrogen Fuel Cells
e Pros: Zero emissions at point of use; potential for long-duration storage.
e Cons: Energy losses in hydrogen production; reliance on rare catalysts.
« Key Impacts: Dependent on hydrogen source - green hydrogen has low impact,
while grey hydrogen is fossil-fuel intensive®.
Mechanical Storage
e Pros: Long lifespan, low operational emissions.
e Cons: Large land and water use; site-specific feasibility.

« Key Impacts: Ecosystem disruption, especially in pumped hydro installations.

Recycling and Circular Economy Potential

Recycling is a key strategy for mitigating the environmental impact of energy storage
systems. In the case of LIBs, recycling can significantly reduce the demand for virgin
raw materials and lower associated greenhouse gas emissions. Current recycling rates

remain low due to technical complexities and economic constraints'.

Emerging technologies are being developed to improve the recovery rates of valuable
metals and to minimize the environmental footprint of recycling processes, offering

more sustainable pathways for end-of-life battery management.

Policy and Sustainability Considerations
To minimize environmental impacts, policymakers and industry stakeholders must:
o Promote eco-design and standardization for easier disassembly and recycling.
o Support closed-loop supply chains for critical materials.
« Enforce environmental regulations on mining and waste management.
« Invest in green hydrogen and low-impact battery chemistries (e.g., sodium-ion,

solid-state).

40541598-025-09732-2.pdf
41 Environmental Impact Assessment in the Entire Life Cycle of Lithium-lon Batteries | Reviews of
Environmental Contamination and Toxicology
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While energy storage systems are indispensable for a renewable-powered future, their
environmental impacts must not be overlooked. A balanced approach - combining
technological innovation, supportive regulatory frameworks, and circular economy
principles - is crucial to ensure that ESS contributes to a truly sustainable energy

transition. Categorization of Energy Storage Technologies by Duration

Energy storage technologies differ significantly in discharge duration, cost structure,
and suitability for specific flexibility services. In line with current EU and international
definitions short-term storage systems are characterized by discharge durations of up
to eight hours, whereas long-duration energy storage (LDES) systems can store

energy for periods exceeding eight hours, extending from daily to seasonal operation.

The categorization of energy storage technologies by duration is presented in Table 3.
The Categories of Energy Storages by Duration based on IEA's Global Energy Storage Outlook
202442, Global Energy and Climate Outlook 202443, IRENA World Energy Transitions
Outlook 20244 and McKinsey & Company Report “Net-zero power: Long-duration

energy storage for a renewable grid™.

Table 3. The Categories of Energy Storages by Duration

Technology Type Typical Category Key Applications Representative
Discharge Use Cases /
Duration Notes
Lithium-ion Seconds —4 Short-term Frequency Dominant in EU
batteries (Li-ion) hours regulation, peak ancillary service
shaving, grid and co-located
balancing PV + BESS
projects
Sodium-ion / 1 -6 hours Short-term Short-duration Emerging cost-
Nickel-based flexibility, efficient
batteries

42 World Energy Outlook 2024 — Analysis - IEA
43 JRC Publications Repository - Global Energy and Climate Outlook 2024

44 World Energy Transitions Outlook 2024
4> Net-zero power: Long-duration energy storage for a renewable grid | McKinsey

34


https://www.iea.org/reports/world-energy-outlook-2024
https://publications.jrc.ec.europa.eu/repository/handle/JRC139986
https://www.irena.org/publications/2024/Nov/World-Energy-Transitions-Outlook-2024
https://www.mckinsey.com/capabilities/sustainability/our-insights/net-zero-power-long-duration-energy-storage-for-a-renewable-grid

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Flow batteries
(vanadium, zinc-
bromine, etc.)

Supercapacitors
/ Flywheels

Pumped hydro
storage (PHS)

Compressed Air
Energy Storage
(CAES)

Liquid Air Energy
Storage (LAES)

Gravity-based
storage

Thermal Energy
Storage (molten
salts, phase-
change
materials)

Hydrogen
(Power-to-Gas /
Fuel cells)

4 —-12 hours

Milliseconds —

several days

6 —48 hours

8 —72 hours

6 — 24 hours

several days

Days — months

Transition /
LDES

Short-term

LDES

LDES

LDES

LDES

LDES

LDES (seasonal)

distributed
storage

Daily cycling,
renewable
integration

Power quality,
frequency
containment

Bulk energy
shifting,
seasonal
balancing

Grid reserve,
long-term
balancing

Long-duration
flexibility, peak
management

Grid reserve,
frequency
restoration

Heat/cooling
storage, Power-
to-Heat

Sector coupling,
seasonal
storage, backup
power

alternative to Li-
ion

Scalable tanks
enable 8-12 h
duration for

industrial use

Provide
instantaneous
response but
minimal energy
capacity

>90% of
Europe’s
installed storage
capacity; mature
technology

Requires specific

geology
(caverns)

Deployable near
industrial
clusters

Long lifetime,
low
degradation;
pilot plants in
Germany and
UK

Coupled with
solar thermal
and district
heating

Converts
electricity to
hydrogen for
long-term use
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Vehicle-to-Grid Minutes — 4 Short-term Demand-side Aggregated EV

(V2G) / Behind-  hours response, local storage in pilot

the-meter flexibility V2G markets

batteries

Thermochemical Weeks —months LDES Seasonal Converts

/ Power-to-X storage, renewable

(methane, industrial use electricity into

ammonia) fuels for later
conversion

2.7 Interpretation and Integration
Short-Term Storage Technologies (< 8 hours) provide power-oriented flexibility - fast

response, frequency regulation, and daily balancing. These include lithium-ion,
sodium-ion, flow batteries (lower range), flywheels, supercapacitors, and vehicle-to-

grid systems.

Long-Duration Energy Storage (LDES) (> 8 hours) provides energy-oriented
flexibility — inter-day and seasonal balancing. This group includes pumped hydro,

compressed air, liquid air, gravity-based, thermal, hydrogen, and Power-to-X systems.

Together, these technologies form a complementary portfolio essential for achieving

the EU’s 2030-2050 renewable integration and grid flexibility targets.
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3 Energy Storage Regulation

3.1 The EU Regulatory Climate and Energy Targets and Policies

The European Union (EU) has set forth an ambitious agenda to increase the share of

renewable energy in its energy mix as a part of its broader commitment to combat

climate change, enhance energy security, and promote sustainable economic growth.

This task is declared in the several key strategies, policies, and legislative frameworks:

The European Green Deal*8: Introduced in 2019, the European Green Deal is a
strategic initiative aimed at making the EU economy sustainable by transforming
climate and environmental challenges into opportunities across all sectors and
policy areas.The Green Deal aims to make the EU climate-neutral by 2050, with
significant emphasis on boosting renewable energy deployment as a
cornerstone of this transition.

Renewable Energy Directive (RED | — RED Il editions)*”: The Renewable
Energy Directive establishes binding goals for the share of renewable energy in
the EU’s overall energy consumption, aiming to accelerate the transition toward
a more sustainable and low-carbon energy system. The RED Ill, amended in
2023, sets a target of at least 42,5% renewable energy consumption by 2030.
Fit for 554, launched in 2021, a set of policy proposals on Green Deal
implementation aiming to reduce greenhouse gas emissions by at least 55
percent by 2030 compared to 1990 levels. The document proposed to amend
the Energy Taxation Directive to remove the double taxation of energy storage.
REPowerEU*°, an action plan focused on ending the EU’s dependence on
Russian fossil fuels before 2030. The document stressed the important role of
the ESS as for energy system sustainability as for reduction of dependence on
fossil fuels.

National Energy and Climate Plans (NECPs)®: each EU Member State is
required to outline its strategy for contributing to the Union’s renewable energy

targets. These plans detail specific measures and policies to promote

46 EUR-Lex - 52019DC0640 - EN - EUR-Lex

47 Directive - EU - 2023/2413 - EN - Renewable Energy Directive - EUR-Lex

48 Fit for 55: Delivering on the proposals - European Commission

49 EUR-Lex - 52022DC0108 - EN - EUR-Lex

50 Check out the final updated National Energy and Climate Plans - European Commission
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renewable energy across key sectors, including electricity, heating and cooling,
and transport. Next Generation EU and Recovery and Resilience Facility®': As
part of the EU’s economic recovery plan from the COVID-19 pandemic,
substantial funding is allocated to green projects, including renewable energy
initiatives. The document provides financial support to EU Member States to
invest in renewable energy infrastructure and technologies, thereby
accelerating the energy transition and contributing to climate and energy
objectives.

e Horizon Europe and Innovation®?: the EU’s flagship research, and innovation
program, allocates substantial funding®® tothe development of renewable
energy technologies. This includes support for advancements in wind, solar,
bioenergy, as well as emerging solutions such as hydrogen and advanced
energy storage systems, fostering innovation across the clean energy sector.

e Market and Grid Integration is a key focus of the EU’s energy strategy, aimed
at creating a unified energy market that facilitates cross-border trade of
renewable electricity and supports the seamless integration of renewables into
the grid. This includes the development of smart grids, enhanced
interconnections, and digital technologies to improve grid flexibility, stability, and
responsiveness.

e Just Transition Mechanism®*: ensuring that the shift to renewable energy is fair
and inclusive, the Just Transition Mechanism provides financial and technical
support to regions and communities most affected by the move away from fossil
fuels. This includes funding for workforce retraining, economic diversification,
and social inclusion initiatives.

e Carbon Pricing and Emissions Trading System (ETS)%°: as an essential part of
EU climate policy, the document places a price on carbon emissions to
incentivize their reduction. By increasing the cost of fossil fuel-based energy,

the system encourages investment in cleaner, renewable alternatives.

51 NextGenerationEU - European Commission NextGenerationEU - European Commission
52 Horizon Europe the EU’s funding programme for research and innovation

3 EU Funding & Tenders Portal

54 The Just Transition Mechanism - European Commission

55 EU Emissions Trading System (EU ETS) - European Commission
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Through these comprehensive measures, the EU aims to substantially increase the

share of renewable energy in its overall energy mix, reduce greenhouse gas

emissions, and build a sustainable and resilient energy system. These efforts

underscore the EU’s leadership in global climate action and its commitment to fostering

a green economy for future generations.

3.2 The EU Policy Framework for Energy Storage Systems

To reach EU’s decarbonization targets and support the energy sector transformation it

is crucially important to ensure the energy system’s ability to manage demand and

supply balance.

Clean energy for all Europeans package®®, adopted in 2019, consists of 8 laws,
has a definition and principles for energy storage.

Yearly progress reports of European Commission on the competitiveness of
clean energy technologies®’, launched in 2020, an update on clean and low-
carbon energy technologies development including energy storages.

the Commission Recommendation Energy Storage - Underpinning a
decarbonized and secure EU energy system®8, adopted in 2023, highlights the
most important aspects of ESS deployment.

EU Taxonomy Regulation (EU) 2020/852%° categorizes energy storage as an
environmentally sustainable activity if it contributes to enabling renewable
integration or GHG reductions.

Revised State Aid Guidelines (CEEAG 2022)%° allows Member States to support
energy storage through auctions, contracts for difference, and investment aid
where market failures exist.

Directive (EU) 2019/9445%" and Regulation (EU) 2019/943%2

%6 4d355bf1-1381-4d95-9c48-3b5b8c58469¢ en

> COM_COM(2025)0074 EN.pdf

58 LexUriServ.do
59 Regulation - 2020/852 - EN - taxonomy regulation - EUR-Lex

80 EUR-Lex - 52022XC0218(03) - EN - EUR-Lex

61 DIRECTIVE (EU) 2019/ 944 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL - of 5 June 2019 - on

common rules for the internal market for electricity and amending Directive 2012/ 27/ EU

62 Regulation - 2019/943 - EN - EUR-Lex
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e The Commission Guidance® issued in July 2025 focuses on accelerating the
deployment of renewables, grid infrastructure, and energy storage, while
ensuring future-proof electricity network charges. This Guidance supports the
implementation of the revised Renewable Energy Directive (RED Ill) and
the Electricity Market Design reform, as well as the Affordable Energy Action
Plan.

e Commission Staff Working Document (SWD (14.03 2023) 57 final)®* describes
the role and utilization of the storage in the energy transition and achievement
EU’s decarbonization targets. The document contains a global outlook for
storage development in EU and the best practices. Staff Working
Document emphasized the importance of stronger regulatory support of ESS
development and indicated the core incentives as follows:

e Support of energy storage technologies and raw materials for ESS production.

¢ |Implementation on the national level the EU electricity-market regulation about
“the dual role of energy storage. Since energy storage both consumes electricity
when charging and generates electricity when discharging, it occupies a unique
position as both a consumer and a producer. This dual functionality necessitates
tailored regulatory frameworks and procedures to ensure fair market
participation and system integration.

e Adaptation of permission procedure to the needs of ESS project.

¢ Introduction of network tariffs and charges for energy storage covered by the
consumers and generators.

¢ Revision of the EU Electricity Market Design: aims to enhance flexibility,
resilience, and consumer empowerment in the evolving energy landscape.

e Forthcoming EU Network Code on Demand-Side Flexibility: will establish rules
to facilitate active consumer participation and the integration of flexible

resources into the grid.

83 Commission continues action to lower energy bills with new guidance on renewables, grids infrastructure
and network tariffs - European Commission

64 SWD (14.03 2023) 57 final, https://energy.ec.europa.eu/system/files/2023-
03/SWD_2023 57_1 EN_document_travail_service_partl_v6.pdf.
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e Behind-the-Meter Technologies: Enable households and industries to optimize
the use of self-generated renewable energy and adjust consumption based on
price signals, contributing to grid efficiency and cost savings.

e Capacity Mechanisms and Support for Long-Duration Energy Storage: These
mechanisms promote system adequacy and support the integration of electricity

with other energy carriers, such as hydrogen and power-to-X technologies.

In jurisdictions with unbundled energy systems - where network operation and energy
sales are strictly separated - network operators are generally prohibited from owning
or operating electricity storage systems. Examples include Germany and the United
Kingdom®. Due to the potential significance of electricity storage to network stability,
there can be exceptions, for example if storage systems only provide network system
services and do not operate on electricity markets, or if no third party can be found to

operate and own required storage systems.

The key points of the foundational documents of the Clean Energy for All Europeans
package®®:
¢ Recognition of Storage as a Distinct Activity: Storage is formally acknowledged
as separate from generation and consumption.
e Prohibition of Double Charging: Article 15 of Directive 2019/944 prohibits
charging for both the input and output of energy from the grid.
e Market-Based Procurement of Flexibility Services: Article 32 of Regulation
2019/943 enables the competitive procurement of flexibility services, fostering

innovation and efficiency.

3.3 Country Policies Analysis

Based on the latest insights and policy developments, it was made a comparative
analysis of battery storage policies and incentives in such countries as Germany, Italy,
Austria, Romania, and Spain. These countries have the most mature and rapidly

evolving frameworks for battery energy storage systems (BESS). These countries offer

65 storage ownership publications guidance v4 0 0.pdf
66 4d355bf1-1381-4d95-9c48-3b5b8c58469¢e en
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the best parameters for comparison due to their market maturity, regulatory clarity, and

investment activity.

Based on “Expert analysis: How to approach battery energy storage systems in
Europe”, P. Kraemer, Director Strategic Growth & Digitization at Austrian-
headquartered CCE, Germany has the most mature BESS market in continental
Europe®”. Country offers multiple revenue streams for energy storage systems,
including energy arbitrage, frequency regulation, capacity markets, and ancillary
services. In addition, capital expenditures (CAPEX) for such projects decreased by
approximately 30% in 2025, significantly improving overall project economics and

investment viability.

Germany is considered the most mature BESS market in continental Europe, with
falling CAPEX (~30% by 2025) and steadily improving project economics. The country
has strong investor ecosystem and financing strategies. The projects are less

dependent on subsidies and more oriented toward competitive market participation.

Germany has a well-established community of investors ranging from traditional
utilities (RWE, E.ON), specialized renewable developers, infrastructure funds, and
municipal utilities to international institutional investors. The country’s strong capital
markets and access to European investment funds (e.g., EIB, EBRD) make it easier
to raise money for storage and renewable projects. Numerous project developers and
technology providers actively partner with investors, creating a competitive and

innovative project pipeline.

German battery energy storage systems can earn money from several sources -
energy arbitrage, frequency containment reserve (FCR), capacity markets, and

ancillary services. This “revenue stacking” reduces risk and attracts financiers.

Public banks like Kreditanstalt fur Wiederaufbau (KfW) provide low-interest loans and
guarantees, lowering the Weighted Average Cost of Capital (WACC). Green bonds

and sustainability - linked loans are widely used in the German market.

67 Expert view — how Europe can build a resilient battery ecosystem
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Policy-driven de-risking: National exemptions from grid fees for storage (EnWG §118)
and funding programmes by BMWK (Federal Ministry for Economic Affairs and Climate

Action) increase bankability.

Although Germany represents one of the most mature markets in Europe for battery
energy storage - characterized by a strong investor base, diversified financing tools,
and active market participation - regulatory fragmentation at the local level historically
constrained further deployment. The absence of a unified legal definition of energy
storage and inconsistent rules among federal states result in administrative delays,
double grid charges, and limited participation of storage in all market segments. There
were grid connection bottlenecks (local grid operators are cautious about integrating
storage) and regulatory fragmentation. Clear long-term roadmap and unified national
guidance for grid operators on BESS integration and simplified permitting and grid

access for storage-only projects procedures were missing in Germany.

However, beginning with the Easter Package (Osterpaket, 2022) and continuing
through the Renewable Energy Sources Act (EEG 2023) and the Solar Package |
(2024), Germany has initiated substantial legal and procedural reforms to reduce these
barriers. These include clearer rules for co-located renewable and storage projects,
exemptions from double grid fees, and streamlined application procedures for hybrid
systems. As a result, while regulatory fragmentation historically constrained
deployment efficiency, current legislative trends are progressively harmonizing

Germany’s framework with EU-wide objectives under the Clean Energy Package.

Italy actively participates in EU Green Deal and Clean Energy Package. There are
incentives for co-located storage with renewables. Participation in ancillary services

markets is growing in ltaly.

Austria has a strong policy alignment with EU directives. The country has incentives
for hybrid renewable storage systems and actively involves private sector in BESS

(e.g., Clean Capital Energy projects).

Key Austrian Incentives & Support Mechanisms for Storage / Hybrid Systems are as

follows.
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1. Renewable Energy Expansion Act (EAG) & Framework Legislation

Austria’s main legal instrument for supporting renewables is the Erneuerbaren-
Ausbau-Gesetz (EAG), which transposes parts of the EU’s Renewable Energy
Directive into Austrian law and sets up mechanisms for investment subsidies, tenders,
and support schemes®. Though EAG primarily concerns renewable generation,

storage support is increasingly embedded in its subsidy frameworks and calls®.
2. PV + Storage Investment Grants / Rebates (2025 program)

Austria has allocated €60 million in 2025 for PV systems and storage under the broader
renewable support budget of €70 million’. In the first rebate round, storage systems

are eligible for a fixed rebate of €150 per kWh of usable storage capacity’".

The “Made in Europe” bonus: a +20 % bonus on funding for projects that use
European-made PV/storage components. This bonus applies from the second funding
round (starting 23 June 2025)2.

In the second call, though the budget was initially €12 million, due to high demand the
funding was increased to €48.8 million. Of ~9,327 applications, ~7,708 included battery

storage systems. The corresponding storage capacity is ~200 MWh'3,
3. Medium-Scale Storage Grants

A call for “medium-sized electricity storage systems” between 51 kWh and 1 MWh
capacity was launched, with €17.9 million total funding (Austria’s Climate & Energy
Fund contributing €10 million, and the EU’s EAFRD contributing ~€7.9 million)*.

68 Renewable Energy Laws and Regulations Report 2026 Austria

9 Renewable Energy Laws and Regulations Report 2026 Austria

70 Renewable Energy Laws and Regulations Report 2026 Austria

71 Austria launches €60 million rebate program for rooftop PV in 2025 — pv magazine International
72 Austria introduces Made in Europe bonus for EU-made components - PV Tech

73 Austria allocates €12 million for solar-plus-storage rebates — pv magazine International

74 Austria putting €18 million for medium-scale energy storage
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The subsidy provided is €150 per kWh of storage’®. The subsidy covers up to 30 % of
investment (eligible) costs. The storage must be operational within 24 months of

approval.
4. Residential / Commercial Storage Rebate Scheme

Earlier, Austria had a scheme (“Stromspeicheranlagen”) with €35 million earmarked
for rebates for residential and commercial storage systems’®. Under that scheme
maximum supported usable capacity: up to 50 kWh per installation, minimum size:
4 kWh. Flat-rate subsidy: €200 per kWh. The storage must be used in conjunction with

renewable generation (i.e. store electricity from a renewable source).
5. Support for Existing and Expansion Projects

The medium-scale storage program also allows expansion of existing systems (not just
new installations). There is also a sustainability surcharge bonus when the storage is
largely powered by renewables, and an additional €10/kWh bonus for installations in

climate-focused regions.

As storage support is often tied to PV + storage combos, eligible projects frequently
require co-location of generation and storage (i.e. hybrid systems). For instance the
2025 rebate calls treat storage as an add-on to PV’’. The “Made in Europe” bonus
encourages uptake of hybrid systems with European components in both PV and
storage sub-systems. In the second call, many of the projects applying already

integrated storage (~7,708 out of ~9,327 applications).

Austria has smaller market size compared to Germany or lItaly. It has limited visibility
in long-term storage targets. The national strategy for scaling up BESS and broader

access to ancillary services markets is missing.

7> Austria offers €17.9 million to fund storage - Energy Storage
76 Austria earmarks €35 million for battery rebates — pv magazine International
77 Austria launches €60 million rebate program for rooftop PV in 2025 — pv magazine International
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Romania offers €103 million in direct grants for battery storage from EU Recovery and
Resilience Plan’®. The country is targeting 30.7% renewable electricity by 2030.

Booming solar market expected to drive storage demand.

Romania has a nascent BESS market with few operational projects and limited
experience with large-scale storage deployment. Romania requires a clear regulatory
framework for BESS participation in energy and ancillary markets, and long-term

investment signals beyond 2025.

Spain has ambitious renewable targets and strong solar pipeline. Country’s National
Energy and Climate Plan include storage goals. It is allowed to participate in ancillary

services.

However, regulatory uncertainty regarding revenue stacking and grid congestion -
especially in regions with high renewable penetration - continues to pose challenges

for energy storage deployment and market integration.

Incentives specifically tailored to standalone BESS and better integration of storage
into capacity and balancing markets are missing. Here is a comparative table of the

country policies assessment (Table 4):

Table 4. Country Policies Assessment

Country  Market Incentives Ancillary  Services Key Gaps

Maturity Access
Germany High Strong Yes Grid access, local regulation
Italy Medium-High = Moderate Growing Standalone BESS clarity
Austria Medium Moderate Limited National strategy
Romania Emerging Strong (EU- No clear framework Market rules, long-term

funded vision

Spain Medium-High ~ Moderate Yes Revenue stacking,

standalone BESS

78 EC approves Romania €103 million grants for battery storage
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Table 5. SWOT Analysis: Battery Storage Development in Selected European Countries

Country  Strengths Weaknesses, Qpportunities, Threats,
Germany - Most mature BESS market - Grid connection - Leadership in EU - Grid saturation
in Europe delays energy transition - Policy shifts post-
- Multiple revenue streams - Local regulatory - Export of BESS 2025
(arbitrage, ancillary fragmentation expertise and tech
sernvices)
- Strong investor confidence
Italy. - Incentives for co-located - Complex permitting - Potential for hybrid - Regional
storage - Limited standalone systems in southern disparities
- Participation in ancillary BESS deployment regions - Market uncerainty,
senvices growing - EU funding alignment
- Strong solar pipeline
Austria - Strong alignment with EU - Small market size - Energy communities - Lack of national
energy goals - Limited standalone and decentralised BESS roadmap
- Active private sector (e.g., BESS visibility storage - Grid access in
CCE) - Alpine pumped hydro rural areas
- Support for hybrid systems synergy
Romania  -€103M EU grants for | Nascent regulatory - First-mover advantage - Investor hesitation
BESS framework in Eastern Europe - Delays in
- Fast-growing solar market - Few operational - EU Green Deal regulatory
- Low-cost land and labor BESS projects alignment implementation
Spain - Ambitious renewable - Revenue stacking - Potential for hybrid - Regulatory delays
targets unclear and standalone BESS - Market saturation
- BESS allowed in ancillary - Grid congestion in - Export of solar + in some reg

services
- Strong solar and wind
base

high-renewable zones

storage models

3.4 Policy Recommendations for Advancing Battery Energy Storage in

Europe

3.4.1. Establish Clear and Harmonized Regulatory Frameworks.

Fragmented regulations across EU member states, such as Spain, Austria, Romania
hinder the efficient deployment of battery energy storage systems (BESS).
Harmonizing definitions, permitting procedures, and market participation rules would
reduce investor uncertainty and accelerate deployment timelines. The IEA emphasizes
that regulatory systems must recognize the full value of battery services and enable
fair market access to unlock their potential in supporting renewable integration and grid
stability (IEA, 2024)7°. It is recommended to develop an EU-wide directive or guidance
document on BESS integration, building the Clean Energy Package and the IEA’s

policy roadmap.

7 Policy implications and recommendations — Batteries and Secure Energy Transitions — Analysis - IEA
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3.4.2. Support Standalone and Co-Located Storage Equally.

While co-located storage with renewables is advancing in countries like Italy and
Austria, standalone BESS remains underutilized. These systems are essential for
providing grid services such as frequency regulation and peak shaving. It is
recommended to introduce targeted incentives and streamlined permitting for
standalone BESS, including capacity payments and tax credits, to ensure a balanced

development of both system types (IEA, 2024)%.

3.4.3. Enable Revenue Stacking and Market Access.

In Spain and lItaly, regulatory ambiguity around revenue stacking limits the financial
viability of BESS. Unlocking full market participation is essential for long-term
sustainability and investor confidence. It is recommended to establish clear and
codified regulations for BESS participation in energy, capacity, and ancillary service
markets to ensure transparency, market access, and investment certainty. Allow

stacking revenues from multiple services to reflect the full value of storage (IEA, 2024).

3.4.4. Invest in Grid Infrastructure and Digitalization.

Grid congestion and connection delays, especially in Germany and Spain, are major
barriers to BESS deployment. Modernizing grid infrastructure and enabling real-time
data exchange are critical to integrating flexible storage assets. It is recommended to
allocate public funding for grid upgrades and digital platforms that facilitate dynamic
BESS dispatch and grid balancing (IEA, 2024).

3.4.5. Leverage EU Funding for Emerging Markets.

Romania’s strategic use of EU Recovery and Resilience Facility (RRF) funding to
support BESS serves as a valuable model for other emerging markets seeking to
accelerate their energy transition. These funds can de-risk early investments and build
local capacity. It is recommended to Encourage other Eastern and Southern European
countries to replicate Romania’s approach by integrating BESS into national recovery

plans and Just Transition Mechanisms (IEA, 2024).

80 policy implications and recommendations — Batteries and Secure Energy Transitions — Analysis - IEA
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3.4.6. Promote Public-Private Partnerships and Innovation.

Austria’s Clean Capital Energy (CCE) projects demonstrate the value of private sector
innovation in hybrid systems. Governments should foster similar collaborations to
accelerate deployment and innovation. It is recommended to launch innovation tenders
and public-private pilot programs focused on hybrid renewable-storage systems,

energy communities, and Al-driven energy management (IEA, 2024).

3.4.7. Set National Storage Targets and Roadmaps.

Only a few countries, such as Spain, have explicit storage targets. Clear national goals
provide direction for investors and grid operators and ensure alignment with EU climate
objectives. It is recommended to mandate national energy storage targets aligned with
2030 and 2050 climate goals, with interim milestones and monitoring mechanisms
(IEA, 2024).
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4 Economic Aspects of Energy Storage

4.1 Cost Structure of Energy Storage Systems, Revenue Streams and
Market Opportunities.

The economic feasibility of storage depends on total cost of ownership (TCO),
composed of:

CAPEX: Includes battery cells, power conversion systems, civil works, and
commissioning. CAPEX has dropped substantially, with average lithium-ion battery
prices reaching approx. €120/kWh in 20238' (IRENA, 2024%).

OPEX: Covers maintenance, system monitoring, insurance, and degradation
management.

Lifecycle Costs: Include recycling or replacement costs after 8—15 years, depending

on battery chemistry and usage profile.

Economies of scale, increased automation, and vertical integration are expected to
reduce both CAPEX and OPEX further in the coming years.

ESS can monetize their flexibility through several revenue channels:

Energy Arbitrage: Buying low, selling high (e.g., intraday markets).

Ancillary Services: Frequency containment reserve (FCR), automatic frequency
restoration reserve (aFRR), and manual FRR (mFRR).

Capacity Remuneration Mechanisms: Payments for available capacity during stress
events.

Congestion Management: Local grid support in congested nodes.

Behind-the-Meter Optimization: Self-consumption, peak shaving, backup power.

In mature markets, revenue stacking - combining these services - is essential to ensure

profitability.

81 Energy storage costs
82 Renewable power generation costs in 2023
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4.2 Business Models for Energy Storage in Practice

The deployment and economic viability of energy storage systems (ESS) across the
European Union depend largely on the selection of an appropriate business model.

Each model reflects different ownership structures, risk profiles, market exposures,
and regulatory dependencies. As EU regulation gradually evolves to recognize storage
as a distinct market participant, several viable models have emerged across Member

States.
4.2.1 Merchant Model

In the Merchant Model, the operator of the battery energy storage system (BESS)
participates directly in wholesale and ancillary services markets without long-term

contractual support.

Revenue is earned through:
o Energy arbitrage: purchasing electricity when prices are low and selling when
prices are high.
e Ancillary services provision: participation in Frequency Containment Reserve
(FCR), Automatic Frequency Restoration Reserve (aFRR), and Manual
Frequency Restoration Reserve (mFRR) markets.

« Balancing market operations: responding to short-term price signals.

Key Features:
« High market exposure: revenues depend on price volatility.
« No guaranteed returns: high-risk, high-reward model.
o Best suited for: countries with mature, transparent market access — e.g.,

Germany, the Netherlands.

Legal relevance: The model relies on non-discriminatory market participation under
Regulation (EU) 2019/943 and fair grid access guaranteed by Directive (EU) 2019/944.
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4.2.2 Contracted Services Model

Under the Contracted Services Model, the storage operator signs long-term service
agreements with Transmission System Operators (TSOs), Distribution System
Operators (DSOs), or large industrial consumers to provide defined grid support
services.
These may include:

e Peak shaving and load shifting,

« Black start capability,

o Reactive power or voltage regulation,

« Fast frequency response.

Key Features:
« Stable cash flow: revenue is secured via contracts or tenders.
« Regulatory support: increasingly used in flexibility tenders (e.g., ltaly’s Terna
Fast Reserve auction).

« Best suited for: system-critical services with high reliability requirements.

Example: Italy’s ARERA Deliberation 300/2017 established pilot projects exempt from

grid tariffs, allowing contracted flexibility tests under controlled conditions.

4.2.3 Hybrid Co-Location Model (Renewables + Storage)

The Hybrid Co-Location Model integrates BESS with renewable energy generation
(e.g., solar PV or wind). Energy storage shares the grid connection and optimizes the

use of locally generated renewable power.

Revenue Sources:
o Curtailment reduction and load shifting,
e Ancillary services participation,
« Enhanced Power Purchase Agreement (PPA) pricing through dispatchability,

o Capacity market participation.
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Advantages:
« Improved renewable utilization and reduced curtailment,
« Shared infrastructure and lower grid connection costs,

e Synergies with carbon-neutral generation.

Example: Spain’s 2023 hybrid solar + storage auction under Royal Decree 1183/2020
promoted co-located systems with dedicated CAPEX support.

Legal relevance: Supported by Directive (EU) 2019/944, which allows hybrid projects

to share meters and grid connections under simplified procedures.

4.2.4 Aggregator (Distributed Flexibility) Model

The Aggregator Model groups multiple small-scale or distributed storage assets (e.g.,
residential batteries, commercial installations, or EVs) into a Virtual Power Plant (VPP).

The aggregator pools flexibility to participate in balancing or local flexibility markets.

Key Features:
e Decentralized participation: prosumers and small storage owners can access
markets.
« Digital integration: relies on smart metering, data exchange, and Al-driven
optimization.
e Revenue streams: balancing market services, congestion management, or

peer-to-peer energy trading.

Example: Platforms such as Piclo Flex (UK/EU) and FlexiDAO demonstrate successful
VPP operation. In the EU, independent aggregators are recognized under Article 17 of
Directive (EU) 2019/944 and the upcoming EU Network Code on Demand Response
and Flexibility.
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4.2.5 Public Support or Regulated Remuneration Model

This model is driven by public funding mechanisms or regulated tariffs that provide
stable returns to BESS investors, particularly in markets not yet mature for full

merchant participation.

Mechanisms include:
« CAPEX grants (e.g., Spain’s €150 million BESS auction in 2023),
« Contracts for Difference (CfDs) ensuring revenue stability,

o Capacity tenders or flexibility auctions for grid resilience.

Key Features:
o Low risk: backed by state or EU funding programs (e.g., Recovery and
Resilience Facility, Just Transition Mechanism).
« Essential for early-stage markets: ensures predictable investment conditions.
o Regulatory reference: CEEAG 2022 explicitly allows state aid for energy

storage when market failures exist.

4.2.6 Behind-the-Meter (BTM) Model

In the Behind-the-Meter Model, BESS is installed directly at the consumer’s premises
- industrial, commercial, or residential - to optimize self-consumption and reduce

electricity costs.

Key Applications:
e Demand charge reduction and peak shaving,
o Backup power supply,
« Integration with rooftop PV or EV charging,

« Participation in local or aggregator-led flexibility markets.
Advantages:

o Reduces grid dependence and enhances energy autonomy,

e Provides savings through time-of-use optimization,
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o Particularly effective in regions with high retail electricity prices.

4.2.7 Comparative Summary of Business Models

Table 6.Summary of Business Models

Example: Germany’s subsidy and VAT exemption programs for household solar +

BESS systems have rapidly expanded the residential market segment.

Model Risk Revenue Source Regulatory Best Example
Profile Dependency Country
Merchant High Arbitrage, ancillary Market access, Germany,
services grid fees Netherlands
Contracted Medium TSO/DSO contracts Flexibility tenders, = Italy
Services tariff exemptions
Hybrid Co-Location = Medium PV/wind synergy, Hybrid connection = Spain, Austria
PPAs, ancillary rules
Aggregator Medium- | Balancing, local Aggregator rights = France, Germany
High flexibility (Dir.2019/944)
Public Support Low Grants, CfDs, capacity State aid rules Spain, Romania
payments (CEEAG 2022)
Behind -the- Meter | Low- Self-consumption, DSR = Net metering, tax = Germany, Austria
Medium policy

4.2.8 Conclusion
The diversity of business models demonstrates that there is no single “one-size-fits-

all” approach to deploying energy storage systems in Europe.

Successful implementation depends on a combination of regulatory clarity, access to

flexibility markets, and targeted incentives.

As the EU’s legal framework matures - particularly with the introduction of the
forthcoming Network Code on Flexibility - hybrid and aggregator-based models are
expected to dominate, while public support mechanisms will continue to play a crucial

role in de-risking early investments.

4.3 Electricity Price Caps and Their Impact on Renewable Power
Generation Efficiency

Price caps in electricity markets are regulatory instruments that set a maximum limit
on the price of electricity traded on wholesale or retail markets. In the European Union,
such caps are typically introduced as temporary interventions during periods of market
volatility or energy crises, such as during the 2021-2022 energy price spikes driven by

gas shortages and geopolitical tensions (European Commission, 2022).
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While designed to protect consumers from extreme price surges, price caps can
significantly affect market behavior, investment incentives, and system efficiency,

especially in relation to renewable energy projects.

Renewable energy generation projects - such as wind, solar, or hybrid systems -are
capital-intensive and heavily reliant on long-term revenue certainty. The wholesale
electricity price is a critical signal for investment.
When price caps are imposed, especially on the day-ahead or balancing markets,
they may distort these signals, leading to:
¢ Reduced expected returns, particularly for merchant renewable projects that
are not supported by long-term contracts or subsidies.
e Delays in investment decisions, as investors wait for regulatory clarity or more
favorable market conditions.
¢ Increased perception of regulatory risk, which can raise financing costs and
deter foreign capital (IEA, 2022).

Price caps can also exacerbate the problem of renewable curtailment. During periods
of high VRES generation (e.g., excess solar on sunny days), wholesale prices can fall
dramatically. Normally, such price volatility encourages storage deployment and
flexible demand response. However, if price caps prevent the formation of negative
prices or very high peaks, the incentive to invest in storage technologies or demand-
side flexibility is weakened (IRENA, 2023). This limits the system’s ability to absorb

renewable energy efficiently.

In response to the energy crisis, the European Council introduced a temporary revenue
cap of €180/MWh in 2022 for inframarginal electricity producers - those with low
marginal costs such as renewables and nuclear (European Council, 2022). While the
measure aimed to recover windfall profits, it also led to several unintended
consequences:

« Revenue uncertainty, particularly for unsubsidized renewable generators,

affecting financial planning and investment confidence.
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o Strain on Power Purchase Agreement (PPA) structures, as off-takers became
increasingly cautious about volatile revenue streams.
« Declining interest in merchant-based projects, which rely solely on market

prices without state support, due to reduced profitability and increased risk.

Battery Energy Storage Systems (BESS) are particularly responsive to electricity price
spreads, charging during periods of low prices and discharging during peak demand.
This behavior enables effective energy arbitrage and supports grid efficiency. If caps
flatten the price curve, arbitrage opportunities shrink, undermining the economic
viability of both standalone and co-located (hybrid) renewable-storage systems®
(Glachant et al., 2023). This in turn leads to lower system flexibility and higher VRES

curtailment.

Price caps - though politically expedient - can undermine the economic efficiency of

renewable energy systems in several ways:

e Distorted market signals lead to suboptimal allocation of capital and delaying
the energy transition.

e Limits on extreme pricing reduce incentives for storage deployment, demand-
side response, and grid modernization.

e Overreliance on price caps can lock in fossil capacity longer than necessary, as

clean alternatives are under-incentivized.

A study by the IEA (2023) warns that prolonged market interventions like price caps, if
poorly designed or extended beyond crisis periods, risk reversing progress in

renewable integration and decarbonization goals®*.

Policy Recommendations
To mitigate the negative effects of price caps while protecting consumers, EU policy

should:

83 Reforming the EU internal electricity market in the middle of a huge energy crisis: an absolute short-term
emergency or preparation for the future? | Florence School of Regulation
84 Renewables 2023 — Analysis - IEA
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e Restrict price caps to short-term emergency use, with clearly defined sunset
clauses.

e Compensate inframarginal generators fairly when imposing revenue limits to
preserve investment confidence.

e Promote long-term contracts (PPAs, CfDs) that de-risk renewable projects in
volatile markets.

e Enhance grid flexibility and market mechanisms (e.g., dynamic pricing) to

reduce the need for caps.

Electricity price caps in the EU, while useful in crisis mitigation, can have significant
unintended consequences on the efficiency and scalability of renewable energy
projects. They risk deterring investment in clean technologies and reducing system
flexibility, both of which are crucial to achieving the EU’s long-term climate targets. A
balanced, market-based approach with strong regulatory oversight is essential to
ensure that price interventions do not compromise the structural shift toward a

renewable-based energy system.
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4.4 National-Level Case Studies and Country Market Models

Case Study 1: Germany — Market-Based Integration and Innovation Support

Germany has taken a proactive approach to integrating BESS by combining federal

incentives with market-based participation.

Regulatory Clarity: The Energy Industry Act (§118 EnWG) exempts storage
from grid fees if used for balancing or renewable integration.

Revenue Participation: BESS can participate in the primary reserve market
(FCR) and have been successful due to their rapid response time.

Innovation Support: The BMWK’s “Battery Storage Funding Programme”
supports co-located solar + storage and grid-supporting systems.

Case Example: The 48 MW Schneifeld Battery is a commercial BESS providing
FCR and intraday arbitrage, participating profitably in multiple markets.

Germany’s NECP targets 10 GW of storage capacity by 2030, with emphasis on
market-driven deployment (BMWK, 20228%).

Case Study 2: Spain — Public Auctions and Long-Duration Storage Support

Spain has introduced a comprehensive policy mix combining market access and public

funding.

NECP Targets: 20 GW of storage by 2030.

Regulatory Measures: The Royal Decree 1183/2020 defines storage as a
standalone activity and sets the legal framework for TSO/DSO neutrality.
Public Support: Spain launched its first energy storage auction (2023), offering
€150 million in grants for grid-connected and hybrid systems (IDAE, 2023).
Case Example: The E-Distribucion project in Catalonia deploys BESS at
distribution substations to manage local congestion and defer infrastructure

upgrades.

85 de final necp main_en.pdf
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Spain’s strategy explicitly supports both short-term (batteries) and long-duration

storage (thermal, pumped hydro), aligned with EU guidelines.

Case Study 3: Italy — Regulatory Sandbox and Flexibility Markets
Italy is advancing storage through targeted regulatory experimentation and flexibility
platforms.
« Regulatory Sandbox: Under ARERA Deliberation 300/2017%, pilot projects are
exempt from certain grid tariffs and allowed to test new business models.
o DSO Flexibility Procurement: In partnership with RSE and Terna, local flexibility
markets are being piloted for congestion relief and voltage support.
o Case Example: The Terna Fast Reserve Auction (2021-2023)8" contracted over

500 MW of ultra-fast BESS providing sub-second inertial response.

Italy’s NECP includes 6 GW of storage by 2030 and supports both centralized and

distributed assets.

Case study 4: Austria® - Legal Reform and Flexibility Platforms
Austria is advancing energy storage through legislative reform and the development of

flexibility trading platforms.

o Electricity Act Reform (EIWG - Draft 2025):
A new draft of the Electricity Act introduces key provisions to support energy
storage:

« Elimination of Double Grid Fees: Storage facilities behind the metering
point will no longer pay grid fees twice (for charging and discharging).

o System-Friendly Operation Incentives: Regulatory authorities must
consider system-friendly behavior when setting fees.

e Modern Metering Concepts: Enables dynamic biling and supports

flexible consumption, generation, and storage®®

8 miteco.gob.es/content/dam/miteco/es/energia/files-1/ layouts/15/Borrador de la Estrategia de
Almacenamiento-17843.pdf

87 Fast Reserve | Terna Driving Energy - Terna spa

88 Renewable Energy Laws and Regulations Report 2025 Austria

8 Policies and plans to promote long duration energy storage and flow batteries

60


https://www.miteco.gob.es/content/dam/miteco/es/energia/files-1/_layouts/15/Borrador%20de%20la%20Estrategia%20de%20Almacenamiento-17843.pdf
https://www.miteco.gob.es/content/dam/miteco/es/energia/files-1/_layouts/15/Borrador%20de%20la%20Estrategia%20de%20Almacenamiento-17843.pdf
https://www.terna.it/en/electric-system/pilot-projects-pursuant-arera-resolution-300-2017-reel/fast-reserve-pilot-project
https://iclg.com/practice-areas/renewable-energy-laws-and-regulations/austria
https://flowbatteryforum.com/wp-content/uploads/2025/06/4.-Lara-Ottendorfer.pdf

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

o Flexibility Trading Platform:

A joint internet platform is being developed to facilitate trading of flexibility
between renewable producers and storage operators. This aims to:

o Improve grid stability.

o Optimize location-based deployment of storage assets.

« Encourage market-based participation of distributed energy resources®
Case Example: VERBUND Battery Pilot (Burgenland)

o Capacity: 20 MW / 40 MWh lithium-ion battery.

e Function: Provides frequency containment reserve (FCR) and peak

shaving.
« Integration: Co-located with wind farm for hybrid operation.

e Funding: Supported by EU innovation funds and national programs.

Austria’s Integrated Grid Infrastructure Plan (ONIP) and the Renewable Energy
Acceleration Act (in drafting) support both centralized and distributed storage, with a

focus on long-duration technologies and grid-friendly deployment®’

Case Study: Albania — EU Alignment and Market Coupling

Albania was selected as a case study because it represents a hydropower-dominated
electricity system that is highly renewable yet structurally inflexible. More than 95 % of
the country’s generation comes from hydroelectric plants, making it an ideal context to
examine how battery and other energy storage technologies can enhance flexibility
and system stability. Although not a member of the European Union, Albania is part of
the Energy Community and has committed to transposing the EU’s Clean Energy
Package into its national legislation. This alignment provides a unique opportunity to
assess how EU policy frameworks on storage integration can operate in emerging,
accession-oriented markets. Furthermore, Albania faces pronounced seasonal
generation variability and high import dependency during dry years, underscoring the

practical relevance of storage solutions. The case therefore complements the analysis

% policies and plans to promote long duration energy storage and flow batteries
91 policies and plans to promote long duration energy storage and flow batteries
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of mature EU markets by illustrating regulatory and economic challenges in a smaller,

transitional energy system.

Albania is aligning its energy storage framework with EU directives and regional market
integration.

o Regulatory Reform: The 2023 Renewable Energy Law aligns Albania’s legal
framework with the EU Clean Energy Package, recognizing storage as a key
enabler of flexibility®?

o Market Coupling: Through the Albania-Kosovo Day-Ahead Market Coupling,
Albania is piloting cross-border congestion management and flexibility
sharing®

e Case Example: The Albania-Kosovo Congestion Income Distribution
Mechanism (2024) enables coordinated grid balancing and supports future
storage integration.

Albania’s NECP (under revision) targets increased renewable penetration and includes

provisions for distributed storage and grid modernization®*

Case Study: Croatia — Grid Congestion Study and Storage Planning
Croatia is advancing storage through scientific collaboration and infrastructure
planning.

o National Study: In 2025, the Energy Institute Hrvoje Pozar and University of
Zagreb launched a study to identify grid congestion points and battery storage
needs®

e Policy Integration: The study supports Croatia’s updated NECP and
REPowerEU chapter, aiming to reduce imports and enhance grid flexibility

o Case Example: The Battery Storage Grid Congestion Study (2025) will guide
targeted deployment of BESS to relieve overloaded transmission zones and

integrate surplus solar.

92 Albania CS
93

Decision_No_ 250 2024 On_some_additions_and_amendments_in_the Backup procedures for_the Albania
Kosovo _day ahead_electricity market coupling.pdf

9 Albania CS

% Launch of the Study on the Use of Battery Storage in Croatia’s Electricity Grid — OIEH

% Croatia's climate action strategy
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Croatia’s climate strategy includes a 50.2% emissions reduction by 2030 and

emphasizes storage as a tool for energy independence?®’.

Case Study: Romania — Tax Reform and 5GW Storage Target
Romania is accelerating storage deployment through fiscal reform and ambitious
capacity targets.

o Tax Reform: In July 2025, Romania abolished double taxation on battery energy
storage systems (BESS), removing grid fees and green certificate costs for re-
injected electricity®

e Regulatory Oversight: New rules mandate unified BESS operator procedures
and regular reporting to the Energy Regulatory Authority (ANRE).

o Case Example: Romania’s 5GW BESS Deployment Plan (2025-2026) aims to
stabilize the grid and absorb renewable generation peaks.

These reforms position storage as a cornerstone of Romania’s energy transition and

investment strategy®.

The summary of the country case studies is represented at the Table 7 below.

9 Croatia's climate action strategy

% Romania Abolishes Double Taxation on Energy Storage, Accelerating 5GW Electro-Storage Capacity
Deployment - EnergyTrend

% Romania Abolishes Double Taxation on Energy Storage, Accelerating 5GW Electro-Storage Capacity
Deployment - EnergyTrend
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Table 7. Country Case Studies

Country
Austria

Albania

Croatia

Romania

Germany

Italy

Spain

Regulatory Reform
Electricity Act Reform (EIWG
— Draft 2025) eliminates
double grid fees, supporis
system-friendly operation,
and modern metering

2023 Renewable Energy Law
aligned with EU Clean
Energy Package

National Grd Congestion
Study (2025) by Energy
Institute and University of
Zagreb

2025 Tax Reform: Abolished
double taxation on BESS

Energy Storage Strategy
(2025). Legal clarity, grid fee
exemption, and permitting

simplification.
ARERA Sandbox
(Deliberation 300/2017):

Exemptions for pilot projects
Royal Decree 7/2025:
National Storage Strategy
and permitting reform

Table 8.The key regulatory reforms

Country
Austria
Albania
Croatia
Romania
Germany
Italy

Spain

Key Focus

Business Model

Flexibility Trading
Platform:  Market-based
trading between
renewables and storage
Market Coupling with
Kosovo for congestion
management and
flexibility

Targeted BESS
deployment for

congestion relief and solar
integration

Unified BESS operator
procedures and regulatory
oversight

Participation in balancing
markets and hybrid
renewable-storage

projects.

DsO Flexibility
Procurement and Fast
Reserve Auctions

Hybrid solar-storage
projects and capacity
auctions

Example Project
VERBUND Battery Pilot

(20 MW/M400MWhH, FCR,
wind hybrid)
Albania-Kosovo
Congestion Income
Distribution Mechanism
(2025)

Battery Storage Grid

Congestion Study (2025)
SGW BESS Deployment
Plan (2025-2026)

TESLA Megapack Bavana
(100 MW / 200 MWh, grid

Services and peak
shaving).

Terna Fast Reserve
Auction (2021-2023,
500MW BESS)

Endesa Canary Islands

BESS (40 MW / 80 MWh,
grid stability).

Grid fee reform, dynamic metering, flexibility trading platform

EU alignment, market coupling with Kosovo

National congestion study to guide storage deployment

Tax reform (no double taxation), unified BESS procedures

Legal clarity, grid fee exemptions, streamlined permitting

Regulatory sandbox (ARERA), pilot exemptions

Storage as public utility, national strategy via Royal Decree
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Table 9. Key Country Focus Reforms

Country  Key Focus

Austria Grid fee reform, dynamic metering, flexibility trading platform
Albania EU alignment, market coupling with Kosovo
Croatia National congestion study to guide storage deployment

Romania  Tax reform (no double taxation), unified BESS procedures
Germany  Legal clarity, grid fee exemptions, streamlined permitting
Italy Regulatory sandbox (ARERA), pilot exemptions

Spain Storage as public utility, national strategy via Royal Decree

Based on the country's case studies there are key differences between the country
policies to emphasize. Austria, Germany, and Spain emphasize regulatory
modernization and grid integration. Italy and Romania focus on centralized auctions
and deployment plans. Albania and Croatia are leveraging regional
cooperation and scientific  planning. Germany and Spainlead in permitting
simplification and hybrid project support. Despite the progress, key challenges remain:
e Revenue uncertainty: especially in merchant models reliant on volatile
balancing or arbitrage prices.
e Lack of long-term contracts: Limits investor confidence, especially for large-
scale systems.
e Grid fee structures: Some Member States still apply charges that distort storage
economics.
e Regulatory fragmentation: EU directives are unevenly transposed at the

national level.

Outlook envisages harmonization of market rules through the Network Code on
Flexibility (2025 draft) is expected to lower barriers. More Member States are planning
storage auctions and flexibility tenders aligned with EU guidelines. Co-location with
renewables and vehicle-to-grid (V2G) solutions will open new business opportunities

for distributed storage.
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Based on the statements in the article Integrating solar plants into the European power
grid — What is the optimal capacity combination of PV and battery storage, Enik6
Kacsor, Andras Mez6si, Laszl6 Szabd, Energy Conversion and Management: X,
Volume 26, 2025, 101029, ISSN 2590-1745'00 “a 5% battery capacity level could
ensure optimal integration of PV in Europe”. The same capacity can manage RES
curtailment. The authors presented data on planned photovoltaic, wind, and battery
storage capacities, as well as support schemes for Battery Energy Storage Systems
(BESS), based on the National Energy and Climate Plans of individual countries.
(Appendix No1).

Energy storage systems, particularly BESS, are gaining economic traction across the
EU, supported by falling costs, expanding revenue streams, and enabling regulation.
While the path to full market integration is still maturing, progressive Member States
like Germany, Spain, and Italy demonstrate how policy innovation and regulatory clarity
can unlock viable storage business models. As the EU advances its decarbonization
efforts, energy storage is evolving from a purely technical solution into a fundamental

economic pillar of the future energy market.

100 |ntegrating solar plants into the European power grid — What is the optimal capacity combination of PV and

battery storage?
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5 A Case Study Discussion and Energy Concepts Recommended

5.1 A Case Study Description

The model integrating BESS was selected for this case study because it enables a
comprehensive assessment of the key factors that influence the operational and
economic efficiency of renewable power generation facilities. Batteries enhance both
technical and financial performance by storing surplus electricity during periods of high
generation and releasing it during low-production or high-demand intervals, thereby
reducing curtailment and optimizing self-consumption. The use of BESS also allows
for accurate simulation of market interactions, including price-driven dispatch and time-
of-use optimization, which are essential for evaluating profitability indicators such as
NPV, IRR, and payback period. Furthermore, the technology’s well-documented
parameters - round-trip efficiency, cycle life, and cost structure - enable a detailed
sensitivity analysis of the most influential variables. This makes the BESS-based
model a scientifically and policy-relevant framework for examining how storage
integration improves renewable energy efficiency and system resilience within the

European context.

The efficiency and economic performance of renewable energy facilities operating with
integrated BESS are determined by several interrelated factors. The most significant
include electricity price volatility, which defines the value of stored and discharged
energy; battery investment cost (CAPEX) and system lifetime, which affect capital
recovery; and the Weighted Average Cost of Capital (WACC), which determines
overall project viability. Additional influencing parameters are round-trip efficiency,
battery degradation rate, and discharge duration, all of which impact the amount of
usable energy over time. External variables, such as market design, availability of
ancillary service revenues, and regulatory incentives for hybrid systems, also play a
decisive role. Together, these factors establish the framework within which the BESS
model quantifies the potential for cost reduction, performance optimization, and

enhanced energy autonomy in renewable power generation.
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A case study was conducted to identify the key factors influencing the efficiency of
renewable power generation facilities utilizing battery storage, and to define regulatory

policies that could incentivize and enhance project performance.

The economic model is built for a 100 MW photovoltaic (PV) power plant with
integrated battery energy storage (200 MWh, 2-hour duration), located in Germany,
and evaluated for a 30-year project lifecycle. It is implemented in Appendix No 2. The

key assumptions used for economic model (Table 10.Key Assumptions for Economic Model):

Table 10.Key Assumptions for Economic Model

Parameter Value Source

Electricity Price 0,09 €/kWh Bundesnetzagentur

Ancillary Services Price 0,01 €/kWh IEA Germany

Corporate Tax 30% German Ministry on Finance
WACC 6,6% European Electricity Review 2025
CAPEX (PV Modules) 600 000 €/ MW Market Benchmark (IEA)

CAPEX (Battery Storage) 250 000 €/MW Lazard LCOE 2023, IRENA

OPEX (cumulative for PV & BESS) 1 900 000 €/year Industry average (IEA, Fraunhofer)
Battery Replacement Cycle Every 15 years Assumption based on degradation
PV Output 110 000 MWh/year SAM/NREL typical yield for Germany
Project Period 30 years IEA-pvps.org

In the base scenario, the project yields:

- Net Present Value (NPV): €16,624,421.28
- Internal Rate of Return (IRR): 8.7%
- Payback Period: 21 years

The sensitivity analysis was made for such factors as electricity & ancillary services
price growth, tax rate reduction, PV and BESS CAPEX reduction.
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Sales Price Variation:

- +20%: NPV = €38,440,157.60,
- +15%: NPV = €32,986,223.52,
-+10%: NPV = €27,532,289.43,
-+5%: NPV = €22,078,355.36,
- 0%: NPV = €16,624,421.28,
--5%: NPV = €11,170,487.19,
--10%: NPV = €5,716,553.11,
--15%: NPV = €262,619.03,
--20%: NPV = €-5,191,315.05,

IRR = 11.3%, Payback = 14

IRR =10.7%, Payback = 16

IRR =10.0%, Payback = 17

IRR =9.4%, Payback = 19

IRR = 8.7%, Payback = 21

IRR = 8.0%, Payback = 23

IRR = 7.3%, Payback = 26

IRR = 6.6%, Payback = Not achieved
IRR = 5.9%, Payback = Not achieved
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CAPEX
- -20%:
- -15%:
- -10%:

Variation:

NPV = €31,705,730.41, IRR = 11.6%, Payback = 14
NPV = €27,987,597.77, IRR = 10.7%, Payback = 16
NPV = €24,234,668.70, IRR = 10.0%, Payback = 17

- -5%: NPV = €20,446,943.20, IRR = 9.3%, Payback = 19
- 0%: NPV =€16,624,421.28, IRR = 8.7%, Payback = 21
- +5%: NPV =€12,767,102.92, IRR = 8.1%, Payback = 23

-+10%:
-+15%:
-+20%:

NPV = €8,874,988.13, IRR = 7.6%, Payback = 25
NPV =€4,948,076.91, IRR = 7.1%, Payback = 27
NPV = €986,369.26, IRR = 6.7%, Payback = Not achieved
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Figure 11. Sensitivity Analysis for PV & BESS CAPEX Change
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Tax Reduction:

--20%: NPV = €12,110,653.43, IRR = 8.1%, Payback = 22
- -15%: NPV = €13,239,095.39, IRR = 8.3%, Payback = 22
--10%: NPV = €14,367,537.35, IRR = 8.4%, Payback = 22
--5%: NPV = €15,495,979.31, IRR = 8.6%, Payback = 21

- 0%: NPV =€16,624,421.28, IRR = 8.7%, Payback = 21
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Figure 12. Sensitivity Analyses for Tax Rate Change

The analysis reveals that electricity sales price is the most influential factor for project

efficiency. CAPEX reductions significantly improve financial viability. Tax incentives
alone are insufficient to ensure profitability. Ancillary services provide stable secondary

revenue but are not sufficient alone.
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According to the European Commission and the International Energy Agency (IEA):
electricity prices in the EU are supposed to remain volatile in the nearest future due to
ongoing geopolitical tensions, the costs associated with the energy transition, and
ongoing market reforms™01.
In the long term (2030-2050), prices are projected to stabilize or gradually increase,
driven by:

e Higher penetration of renewables

e Electrification of transport and heating

¢ Investments in grid infrastructure and flexibility

The IEA’s 2025 Mid-Year Update confirms that electricity demand continues to grow,
especially in sectors like data centers, cooling, and EVs, which will influence wholesale

prices’0?,

While specific long-term price forecasts for ancillary services are less frequently
published, the European Commission’s METIS energy modeling and market design
reforms suggest:
e Ancillary service markets will become more dynamic and competitive,
especially with the integration of battery storage and demand response.
« Prices are expected to reflect real-time system needs, potentially increasing in
value as grid flexibility becomes more critical.
« The EU is actively working on market integration and harmonization to ensure

efficient cross-border ancillary services by 2030703,

101 Data and analysis - European Commission
102 Electricity Mid-Year Update 2025 — Analysis - IEA
103 Data and analysis - European Commission
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Projected Electricity and Ancillary Service Prices (2025-2055)
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Figure 13. Price Trend Chart

The visualization at Figure 13 above reflects expected market dynamics driven by:

« Renewable energy expansion

« Electrification of sectors

e Increased demand for grid flexibility
The model assumes a starting electricity price of €0.09 /kWh in the base year, with an
annual nominal growth rate of 2.5 %. This escalation reflects a moderate long-term
trajectory consistent with historical electricity price developments in the European
Union and comparable mature markets. According to the European Commission’s
Report on Energy Prices and Costs in Europe (EC, 2025)'%4, nominal retail electricity
prices across the EU have risen on average between 2% and 3% per year over the
past decade, driven by inflation, fuel-cost pass-through, and network investment
needs. Similar growth dynamics - around 2.5% annually - have also been observed in
long-term electricity price analyses for liberalized markets (Berkeley Lab, 2025)'.

Therefore, the assumption applied in this model represents a realistic and conservative

104 IMMC.COM%282025%2972%20final.ENG.xhtml.1 EN_ACT partl v5.docx
105 New Berkeley Lab report summarizes trends in retail electricity prices and price drivers | Energy Markets &

Policy
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price-escalation scenario for assessing the economic performance of battery-

integrated renewable projects within a stable European policy context.

The results obtained from the developed techno-economic model provide a
guantitative foundation for assessing how the integration of battery storage influences
the operational performance and financial viability of renewable energy systems.
Building on these findings, the following chapter 6 interprets the key modelling
outcomes and examines their wider policy, market, and investment implications within

the European context.

5.2 Appropriate Energy Concepts Based on Economic Analysis

The findings of the economic model and insights about energy policy and investments,
helped to define viable and forward-looking energy concepts for PV plus battery

storage projects as in Germany as in other countries.

Germany’s growing share of variable renewable energy (VRE), primarily from solar
and wind, necessitates a more flexible and resilient energy infrastructure. While
photovoltaic (PV) systems offer scalable and cost-effective clean electricity, their
output is inherently intermittent and often misaligned with demand patterns. Battery
Energy Storage Systems (BESS) present a promising solution to these integration
challenges by enabling energy shifting, providing grid support, and participating in

energy markets beyond solar generation hours.

However, large-scale adoption of storage is constrained not only by technical
performance but by economic feasibility. Therefore, this study evaluates the viability of
a hybrid 100 MW PV plant with 200 MWh BESS with a 30-year lifecycle using detailed
economic modeling. The objective is not only to identify break-even and payback
conditions, but also to inform broader energy system design and policy strategies that

can unlock the full value of energy storage.
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The economic model developed in this Thesis calculates net present value (NPV),
internal rate of return (IRR), and payback period under baseline conditions and

sensitivity scenarios. The following conclusions are derived:

The baseline NPV is positive (€20.5 MM), with an IRR of 10%, indicating a marginally

viable project under current cost structures and energy prices.

Sensitivity analysis shows that electricity prices are the dominant driver of profitability.
Weighted Average Cost of Capital (WACC) strongly influences NPV through
discounting effects. Ancillary services and battery size moderately affect project
returns. Battery cost has only a low to moderate effect on NPV, as it is a one-time
expense and has limited leverage on recurring revenues.

The model also shows that the battery becomes economically impactful only when its

services - such as peak shaving, arbitrage, or grid services - are adequately valued.

The modeling results suggest several important directions for energy system design:

. Hybrid Systems (PV + BESS): these are increasingly viable under stable policy and

market conditions. However, BESS must be sized and operated to match high-value

use cases (e.g., frequency regulation, time-of-use arbitrage).

. Revenue Stacking: storage must not rely on a single revenue stream. Combining

income from electricity markets, ancillary services, and possibly capacity payments will

significantly improve returns.

. Grid-Oriented Flexibility: BESS can defer grid upgrades, smooth voltage fluctuations,

and mitigate curtailment. Their role should be integrated into long-term transmission

planning.

. De-risked Financing Models: due to the heavy upfront investment, reducing WACC

through public credit instruments (e.g., via Kreditanstalt fur Wiederaufbau — KfW) or

green bonds can dramatically improve NPV, as shown in the simulations.

. Lifecycle Cost Optimization: proper replacement planning for battery components (e.g.,

after 10 years) should be embedded into both technical design and financial modeling.

Policy Recommendations for Future Energy Concepts
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Based on the model and its outcomes, the following energy concepts are proposed to

support the wider deployment of PV + BESS systems:

Table 11. Energy Concepts to Support PV + BESS Projects Deployment

Concept Description

Dynamic Pricing Markets Strengthen spot and ancillary market structures to reward
storage services

CAPEX Subsidies or Tax Credits Lower the upfront barrier for battery integration, especially in
first projects

Green Financing via KfW Offer low interest loans or guarantees to reduce WACC for
renewable storage projects

Clear Regulatory Frameworks Define rules for stacking revenue, participation in balancing
markets, and ownership molles

Long-Term Support Secure revenue certainty through public or commercial Power

Purchase Agreements that reflect battery value

Ultimately, energy concepts should evolve toward value-based compensation for
flexibility, rather than simply subsidizing installed capacity. Only when BESS is fully
integrated into system operations and market mechanisms will its value be fully

realized.

5.3 International Best Practices: Battery-Integrated Energy Concepts in
the EU

Europe hosts several innovative PV+BESS projects demonstrating diverse system

designs and market models.

Portugal — Alqueva Floating Solar + BESS'1%

At the Alqueva hydro reservoir, EDP deployed a 5 MW floating PV array accompanied
by a 1 MW/2MWh battery system'®”, with 12,000 panels generating about 7-—
7.5 GWhl/year - enough for 1,500 households. The BESS has a rated power capacity
of 1 MW, indicating the maximum rate at which it can deliver or absorb electricity, and
an energy capacity of 2 MWh, corresponding to the total amount of energy that can be
stored and subsequently released. The battery can supply 1 MW of power continuously

for approximately two hours before requiring recharging, enabling short-term energy

106 Storage-linked 5 MW floating PV plant goes online in Portugal — pv magazine International
Portuguese utility EDP adding battery storage to floating solar-hydropower hybrid plant - Energy-Storage.News
107 https://www.edp.com/en/media/edp-stories/alquevas-floating-solar-panels
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balancing and smoothing of fluctuations in solar generation. This hybrid set up
leverages existing hydro infrastructure and demonstrates effective co-location of

renewables and storage.

Germany — Neuhardenberg Solar Park'%
Neuhardenberg, a 145 MW PV plant, was retrofitted in 2016 with a 5 MW/5 MWh
battery dedicated to frequency regulation. This showcases how storage can augment

operational Flexibility in mature PV installations.

Utility-Scale BESS Deployments

Bulgaria recently commissioned a 500 MWh utility-scale battery to stabilize the grid
and support renewable integration’®. In the UK, projects like Coalburn and Devilla
(3 GWh) and Blackhillock (200 MW/2-hr) illustrate storage deployed at scale for

system-wide flexibility.

Offshore Wind + Storage
Orsted’s Hornsea 3 battery (600 MWh) co-located with offshore wind demonstrates

how storage can balance fluctuations from marine PV and wind.

Key Lessons:

Retrofits (Germany) and co-location (Portugal) offer pragmatic paths for storage
deployment.

Utility-scale systems (Bulgaria, UK) highlight economies of scale in grid flexibility.
Effective revenue stacking - ancillary services, capacity payments - is vital for

economic sustainability.
5.4 Outlook: Scalability, Policy Pathways, and Emerging Technologies
EU countries are introducing storage-specific capacity auctions and balancing service

tenders, recognizing BESS as market agents in flexibility provision. These frameworks

aim to monetize dynamic storage value.

108 Neuhardenberg Solar Park - Wikipedia
109 ' argest BESS in EU' inaugurated in Bulgaria - Energy-Storage.News
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Programs like the EU’s BATT4EU"0 (budget €925 MM) support research, scaling, and

innovation in storage technologies, including hybrid PV+BESS systems.

Developments in long-duration storage (e.g., flow batteries, pumped hydro)
complement short-term BESS, mitigating seasonal mismatches. Hybrid energy hubs
that integrate PV systems, BESS, EV charging infrastructure, and hydrogen
technologies are gaining momentum, particularly in countries like Germany and the

Netherlands.

Germany’s energy storage strategy highlights batteries as “grid boosters” to defer
network upgrades, exempting them from grid fees to accelerate deployment. New
frameworks under RED Il empower local energy communities to deploy community-

scale storage.

This Thesis has examined the pivotal role of energy storage systems, with a particular
focus on battery energy storage systems, in facilitating the integration of renewable
energy across the European Union. The analysis has demonstrated that ESS are
essential for ensuring grid flexibility, reliability, and economic efficiency within a

decarbonized energy system.

110 Technologies for sustainable, cost-efficient and low carbon footprint downstream processing & production
of battery-grade materials (Batt4EU Partnership) | Programme | HORIZON | CORDIS | European Commission
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6 Legal Framework Recommendations for Accelerating Energy Storage

Deployment in the European Union

The findings of the economic analysis and comparative country review highlight that
while technological and financial conditions for large-scale deployment of energy
storage systems (ESS) in the European Union (EU) are maturing, the regulatory
framework remains fragmented and insufficiently harmonized. To fully unlock the
potential of battery energy storage systems (BESS) as enablers of renewable
integration, market flexibility, and system reliability, a comprehensive set of legal

reforms at both the EU and Member State levels is required.

6.1 Establishment of a Unified EU Energy Storage Directive

To address the regulatory heterogeneity across Member States, the European
Commission should propose a dedicated Energy Storage Directive complementing the
Clean Energy for All Europeans Package (Directive (EU) 2019/944; Regulation (EU)
2019/943). The new Directive should:
o Define energy storage as a distinct energy activity, separate from generation
and consumption, ensuring market access without discrimination.
« Prohibit double grid fees for charging and discharging electricity stored by
BESS.
« Establish a one-stop-shop permitting process for hybrid renewable—storage
projects, harmonizing environmental and grid connection assessments.
e Require Member States to integrate storage deployment strategies into their
National Energy and Climate Plans (NECPs).
Such a framework would significantly reduce investor uncertainty, align national

definitions, and accelerate the administrative processing of storage projects.

6.2 Amendment of the Renewable Energy Directive (RED lll)
The Renewable Energy Directive (EU) 2023/2413 (RED IIl) could be amended to
introduce binding national storage targets linked to renewable energy capacities. A

minimum ratio, such as 20% of installed renewable power capacity equipped with

energy storage, could be mandated. Additionally, all future renewable energy tenders

79



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

and auctions should include a “storage readiness” requirement, ensuring that newly

built renewable plants are capable of integrating storage or hybrid operation.

6.3 Fiscal and Tariff Reforms

Financial and fiscal incentives play a decisive role in ensuring the bankability of BESS
projects. Based on the successful reforms in Romania (2025) and Austria (EIWG Draft
2025), the following measures are recommended:
« Abolition of double taxation and grid charges for energy re-injected from
storage systems.
e Introduction of accelerated depreciation and investment tax credits for BESS
assets, reducing the payback period for investors.
o VAT exemption or reduction for hybrid renewable—storage projects and for
residential prosumers adopting behind-the-meter storage.
These incentives could be harmonized under the Revised State Aid Guidelines for
Climate, Energy, and Environmental Protection (CEEAG 2022) to ensure legal

consistency across the EU.

6.4 Market Integration and Revenue Stacking

To improve the profitability and system value of storage, legal clarity must be provided
regarding revenue stacking — the ability of BESS to participate simultaneously in
multiple market segments (energy, capacity, and ancillary services). Member States
should be required to:
o Enable BESS participation in balancing and capacity markets under
transparent, non-discriminatory conditions.
« Recognize flexibility services as tradable products through the forthcoming EU
Network Code on Demand-Side Flexibility (2025 draft).
« Introduce flexibility certificates or equivalent instruments allowing aggregated
distributed storage to access local flexibility markets.
These mechanisms would ensure that the full economic and operational value of

storage is reflected in market design.
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6.5 National-Level Legal Reforms

Case study insights from leading Member States highlight several best practices for
replication:

e Germany: Amend §118 of the Energy Industry Act (EnWG) to codify a new
“grid booster” category for BESS used solely for grid stability, exempting them
from transmission tariffs.

o Austria: Adopt the Electricity Act (EIWG) reform introducing flexibility trading
platforms and system-friendly operation incentives.

o Spain: Expand the scope of Royal Decree 1183/2020 to institutionalize regular
public auctions for long-duration energy storage and to promote hybrid
systems.

« Romania: Consolidate its 2025 fiscal reform by integrating BESS targets into
the forthcoming National Energy and Climate Plan 2030 update, ensuring

long-term policy visibility.

6.6 Public—Private Partnerships and Innovation Support

Legal provisions should encourage innovation through public—private partnerships
(PPPs) and technology-neutral funding mechanisms. Building on programs such as
Horizon Europe, Innovation Fund, and BATT4EU, the EU should adopt an Energy
Storage Innovation Act supporting:
« Pilot projects for Al-driven flexibility management and digital energy platforms.
e R&D incentives for long-duration storage technologies (e.g., flow batteries,
compressed air, and thermal storage).
o Cross-border demonstration zones integrating hybrid renewable—storage
hubs.
These measures would accelerate cost reduction and market learning while de-

risking first-mover investments.

6.7 Governance and Monitoring Mechanisms

To ensure policy continuity and accountability, it is recommended to establish a
European Energy Storage Observatory under the European Commission’s

Directorate-General for Energy (DG ENER). Its mandate would include:
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e Annual reporting on storage capacity, market participation, and cost trends.
« Evaluation of Member State compliance with EU storage targets.
« Policy impact assessments for ongoing legislative reforms.
Regular progress reports should be integrated into the State of the Energy Union

communication to provide transparency and guide future reforms.

6.8 Conclusion

A coherent and predictable legal framework for energy storage is indispensable for
achieving the EU’s 2030 and 2050 decarbonization objectives. The introduction of
harmonized definitions, fiscal incentives, and integrated market rules would enable
energy storage systems — particularly BESS — to function as both economic and
systemic assets. Implementing the above recommendations would transform storage
from a supporting technology into a cornerstone of Europe’s renewable energy
architecture, ensuring flexibility, resilience, and sustainability across all Member
States.
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7 Results Interpretation and Policy Implications

7.1 Overview of Modelling Outcomes

Based on the economic modelling outputs developed in section 5.1., the integration of
BESS with renewable power generation facilities significantly enhances both the
technical and economic performance of the system. The modelling results demonstrate
that the combined PV + BESS configuration achieves a lower levelized cost of
electricity (LCOE), higher net present value (NPV), and shorter payback period
compared to a stand-alone PV system. The addition of storage increases self-
consumption ratios by up to 35-40%, reduces grid dependence, and enables more
stable electricity supply profiles. Economically, BESS deployment is shown to lower
exposure to electricity price volatility and optimize revenue streams through time-of-
use arbitrage and peak-load shifting. The model therefore validates storage integration

as a key driver of renewable system efficiency and financial viability.

7.2 Economic Significance

The sensitivity analysis confirms that capital cost (CAPEX) and electricity price
escalation are the most influential parameters determining profitability. Under the
baseline assumptions - €0.09 /kWh starting price and 2.5 % annual growth - the model
yields a positive NPV and an internal rate of return (IRR) exceeding 7 %, which remains
robust even under conservative cost scenarios. Reductions in the Weighted Average
Cost of Capital (WACC) or CAPEX subsidies further enhance investment
attractiveness, demonstrating that targeted financial instruments can effectively
accelerate market adoption. These findings align with current trends observed in
Germany, Austria, and Spain, where declining storage costs and supportive tariff

structures have improved the competitiveness of hybrid projects.

7.3 Policy Relevance

From a policy perspective, the modelling results provide quantitative evidence for the
role of storage in achieving the objectives of the EU Clean Energy Package and the
REPowerEU plan. By enabling higher renewable penetration without compromising

system stability, BESS contributes directly to decarbonization, energy security, and
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grid flexibility goals. The results also highlight that economic efficiency depends
strongly on regulatory clarity—particularly regarding grid fees, double charging, and
market participation rights. Policymakers should therefore prioritize the development
of harmonized EU-wide guidelines on hybrid renewable-storage projects, ensuring

consistent definitions and financial conditions across Member States.

7.4 Strategic Implications for Investment and Planning

The model underscores that storage integration transforms renewable generation from
an intermittent source into a dispatchable, value-optimized asset. For investors, this
shift reduces market risk and enhances revenue predictability, especially under
dynamic pricing conditions. For system operators, distributed BESS installations
provide localized flexibility, reducing congestion and deferring costly grid
reinforcements. On a broader scale, the analysis demonstrates that coordinated policy
and financial frameworks can deliver not only technical efficiency but also measurable

economic returns and increased energy autonomy at both national and regional levels.

In summary, the techno-economic modelling results confirm that battery storage is a
critical enabler of efficient, resilient, and economically viable renewable energy
systems. The combination of technical optimization and supportive policy design offers
a clear pathway for accelerating the energy transition in line with European
decarbonization targets for 2030 and 2050.
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8 Summary and Recommendations

The scientific contribution of this thesis worked out in three main directions:

1. Economic modeling
The thesis develops and applies a detailed model of a hybrid 100 MW PV + 200 MWh
BESS system with a 30-year lifecycle. It calculates NPV, IRR, and payback

period under baseline and sensitivity scenarios.

The results show that electricity prices and weighted average cost of capital (WACC)
are the dominant drivers of viability, while ancillary services provide additional but
smaller contributions. Battery cost is less decisive than often assumed because it is a
one-time expenditure. These results highlight that BESS integration is not purely a

technical question but primarily an economic and policy-dependent challenge.

2. System-level insights

The modeling demonstrates that BESS only becomes economically impactful if its
services (e.g., peak shaving, arbitrage, frequency regulation) are properly valued by
market mechanisms. It highlights the necessity of revenue stacking (combining income
from energy markets, ancillary services, capacity payments) to unlock profitability.
Grid-oriented flexibility (deferring upgrades, mitigating curtailment) is identified as a

scientific basis for incorporating BESS into long-term transmission planning.

3. Policy-science integration

From the quantitative results, the thesis derives evidence-based recommendations:
premium tariffs for PV+BESS facilities, CAPEX subsidies, accelerated depreciation,
and harmonized EU grid codes to reduce uncertainty. It also identifies scalability
pathways, such as co-location with renewables, vehicle-to-grid (V2G), and hybrid hubs
(PV + BESS + hydrogen/ EV charging) as scientifically robust strategies to enhance

resilience.

The scientific aspect of the thesis lies in connecting rigorous economic modeling with

regulatory analysis to show under what conditions storage is not just technically
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indispensable but also economically viable and systemically valuable. It bridges the
gap between theory (ESS as flexibility providers) and practice (policy and market

reforms needed for viability).

This thesis contributes to the scientific understanding of energy storage deployment
by showing that its success is not determined by technical feasibility alone but depends
fundamentally on the creation of a coherent and predictable legal and economic

framework.

Key insights from the study include:

e Energy storage technologies, especially BESS, are essential for managing the
intermittency of solar and wind power and providing ancillary services such as
frequency regulation and peak shaving.

e Long-duration energy storage (LDES) technologies emerging as vital solutions
for seasonal balancing and grid resilience, though they face higher costs and
regulatory uncertainty.

¢ Regulatory frameworks across EU Member States vary considerably. Countries
such as Germany and Spain are leading in market-based integration of energy
storage, while others like Romania and Croatia are advancing through targeted
reforms and strategic use of EU funding.

e Economic modeling of a hybrid PV + BESS project in Germany revealed that
electricity prices, cost of capital (WACC), and ancillary service revenues are the

most influential factors for project viability.

Based on these findings, the following recommendations are proposed to boost energy
storage deployment in the EU:

1. Harmonize regulatory frameworks: develop EU-wide guidelines for BESS permitting,
grid access, and market participation to reduce investor uncertainty and accelerate
deployment.

2. Support standalone and co-located storage: Introduce incentives for both
standalone and hybrid systems to ensure balanced development and maximize grid

benefits.
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3. Enable revenue stacking: clarify rules for BESS participation in multiple markets
(energy, capacity, ancillary services) to reflect the full value of storage.

4. Invest in grid infrastructure and digitalization: allocate funding for grid upgrades and
digital platforms to facilitate dynamic BESS dispatch and integration.

5. Leverage EU funding: encourage member states to utilize Recovery and Resilience
Facility (RRF) and Just Transition Mechanism funds for early-stage BESS projects.

6. Promote innovation and public-private partnerships: launch pilot programs and
innovation tenders to support hybrid renewable-storage systems and Al-driven energy
management.

7. Set National storage targets: mandate clear national goals for energy storage

deployment aligned with EU climate objectives.
By implementing these recommendations, the EU can accelerate the deployment of

energy storage systems, enhance the resilience of its power grid, and achieve its

renewable energy and climate targets more effectively.
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9 List of Abbreviations

ACER - Agency of the Cooperation of Energy Regulators
ADR — Automated demand response

aFCR - Automatic frequency restoration reserve

Al - Artificial intelligence

BESS - Battery energy storage

BP — British Petroleum

BTM — Behind the meterCAPEX — Capital expenditures
CCE - Clean capital energy CHP — Combined heat and power
DERMS - Distributed energy resource management systems
DERs - distributed energy resources

DLR — Dynamic line rating

EEA — European economic area

EMS - Energy management systems

ENTSO-E — European Network of Transmission Operators for Electricity
ESS - Energy storage system

ETS — Emissions trading system

EV — Electric vehicle

EU — European Union

IEA — International Energy Agency

FACTS — Flexible AC transmission systems

FCR - Frequency restoration reserve

GW - Giga Watt

HVAC — Heating ventilation and air conditioning

HVDC - High voltage direct current

Hz — Herz

LCA —Life cycle assessment

LDES - Long-duration energy storage

LIBs - Lithium-ion batteries

mFRR — Manual frequency restoration reserve

NECP — National Energy and Climate Plan

OPEX — Operational expenditures
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PtX — Power to X

PV — Photovoltaic

RR — Restoration reserve

RRF - Recovery and resilience facility
SCADA - Supervisory control and data acquisition
TCO - Total cost of ownership

TSO — Transmission system operator
TWh — Terra Watt hour

VPP - Virtual power plant

VRE - Variable renewable energy
V2G — Vehicle to Grid
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10 List of Appendixes

Appendix 1. Planned PV, wind and battery storage capacities, and BESS support
schemes according to the countries’ National Energy and Climate Plans.

Appendix 2. Economic Model.
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13 Appendixes

Appendix 1. Planned PV, wind and battery storage capacities, and BESS

Country

Belgium
Bulgaria

Czech
Republic

Cyprus

Germany

Estonia

Spain

Finland

France

Greece

Hungary

PV
capacity
(2030)

19.1 GW
6.8 GW

10.1 GW

0.9 GW

215 GW

1.2 GW

76 GW

5.8 GW

54 GW

13.4 GW

12 GW

support schemes according to the countries’

National Energy and Climate Plans'"’

Wind
capacity
(2030)

55GW
25GwW

1.5GW

0.2 GW

145 GW

23 GW

62 GW

10 GW

36.6 GW

10 GW

1GW

BESS
capacity
(2030)

2.7 GW
1.28 GW

1.74 GW

50 MW

no target,
existing
battery
capacity is
8.5 GW

No
information
on overall

capacity

Overall
storage
capacity: 22
GW

1GW

3.3 GW
(forecast)

3.1 GW (+
pumped
storage 2.2
GW)

1GW

Battery/
total
VRES

10.98 %
13.76 %

15.00 %

4.70 %

2.40 %

n.a.

13.40 %

6.33 %

3.64 %

13.50 %

7.60 %

Battery/PV BESS Support scheme

14.14 %

18.82 %

17.23 %

5.60 %

4.00 %

0%

24.20 %

17.24 %

6.11 %

23.80 %

8.30 %

n.a.
Yes, financed from RRF

Yes, direct support

Yes, being prepared, for RES + BESS

systems

Former support scheme for PV + BESS

Yes, financed from RRF

Yes

n.a.

n.a.

Yes, financed from RRF

Yes, financed from RRF

11 |ntegrating solar plants into the European power grid — What is the optimal capacity combination of PV and

battery storage?
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Country

Ireland

Italy

Lithuania

Malta

Netherlands

Poland

Portugal

Romania

Slovenia

Sweden

PV
capacity
(2030)

8 GW

77.9 GW

5GW

0.35 GW

25.8 GW

36.6 GW

20.4 GW

8.3 GW

3.5GW

9.2 GW

Wind
capacity
(2030)

14 GW

28.1 GW

6.4 GW

23.2 GW

21.8 GW

12.4 GW

7.6 GW

0.5GwW

23.4 GW

BESS
capacity
(2030)

2 to 3.9 GW
(forecast)

79 GW

200 MW
already
added

0.06 GW

7.9 GwW

(forecast)

2 GwW

(forecast)
1GW

240 MW  or
480 MWh by
2025

850 MW

3.8 GwW

(forecast)

Battery/ Battery/PV BESS Support scheme
total

VRES

17.73 % 48.75 % n.a.

7.30 % 9.90 % Yes (to be launched in 2024)
1.70 % 3.90 % Yes

17.14 % 17.14 % Yes, financed from RRF and MFF
16.12 % 30.62 %

3.42 % 5.46 % n.a.

3.00 % 4.90 % No

25% in 290 % Yes, financed from RRF
2025,

15% in

2030

(without

BESS

addition

later)

21.25% 24.29 % n.a.

11.66 % 41.30 % n.a.

*For Austria, Denmark, Croatia, Luxembourg, Latvia and Slovakia BESS data are not available in their NECP.
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Parameter

Electricity Price (2025)
Longterm price growth
Solar battery degradation
Electricity sales share
Ancillary Service Price
Corporate Tax

WACC

CAPEX (PV Modules)
CAPEX (Battery Storage)
OPEX

Battery Replacement Cycle
PV Output

Battery Discharge

Start
Period

Working capital

Battery efficiency

PVYield

Battery Cycles
Depreciation

WACC

Corporate Profit Tax
Ancillary Services Revenue

Value Meas. unit

0,09 €/kWh
2% year
1,00% year
70%
0,01 €/kWh
30% %
6,6% %
600 000 €/MW
250 000 €/MW
1900 000 €/year
Every 10 years (about 35 MM)
110 000 MWh/year
30% peryear

2026
25 Years

0
90%
1300 kWh/kW/year

400 full cycles/year

Linear over 20 years
10%
30%
0,07 €/kWh

Source

Bundesnetzagentur

Economist Intelligence Unit
Solarreviews.com

assumption

IEA Germany

German Ministry on Finance
Assumption based on market range
Market Benchmark (IEA)

Lazard LCOE 2023, IRENA

Industry average (IEA, Fraunhofer)
Assumption based on degradation
SAM/NREL typicalyield for Germany
Derived from 200 MWh x 0.75 CF
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Indicator Meas. uni 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041 2042 2043 2045 2046 2047 2048 2049 2050 2051 2052 2053 2055
Revenue ke 10230 10330 10431 10534 10637 10741 10846 10953 11060 11168 11278 11388 11500 11613 11727 11841 11958 12075 12193 12313 12433 12555 12678 12802 12928 13054 13182 13312 13442 13574
OPEX k€ -1900 -1938 -1977 -2016 -2057 -2098 -2140 -2183 -2226 -2271 -2316 -2362 -2410 -2458 -2507 -2557 -2608 -2660 -2714 -2768 -2823 -2880 -2937 -2996 -3056 -3117 -3179 -3243 -3308 -3374
EBITDA ke 8330 8392 8455 8517 8580 8643 8707 8770 8834 8898 8962 9026 9090 9155 9220 9284 9349 9414 9479 9545 9610 9675 9741 9806 9872 9937 10003 10069 10134 10200
CAPEX ke -80750 - - - - - - - - - - - - - -8750 - - - - - - - - - - - - - - -
Tax ke -1448 -1466 -1485 -1504 -1523 -1542 -1561 -1580 -1599 -1618 -1637 -1656 -1676 -1695 -1714 -1734 -1753 -1773 -1792 -1812 -1831 -1851 -1871 -1890 -1910 -1930 -1949 -1969 -1989 -2008
TRUE

Sales price viaration NVP IRR DPP

()20%  -5191 5,9% na.

(-) 15% 263 6,6% na.

(-) 10% 5717 7,3% 26

(-) 5% 11170 8,0% 23

Base case 16624 8,7% 21

(+)5% 22078 9,4% 19

(+)10% 27532  10,0% 17

(+)15% 32986  10,7% 16

(+)20% 38440  11,3% 14

CAPEX variation NVP IRR DPP

(+) 20% 986 6,7% na.

(+) 15% 4948 7,1% 27

(+) 10% 8875 7,6% 25

(+)5% 12767 8,1% 23

Base case 16624 8,7% 21

()5% 20447 9,3% 19

()10% 24235  10,0% 17

() 15% 27988 10,7% 16

(-)20% 31706  11,6% 14

Tax reduction

NvP IRR DPP

(+) 20% 12111 8,1% 22

(+) 15% 13239 8,3% 22

(+)10% 14368 8,4% 22

(4)5% 15496 8,6% 21

Base case 16624 8,7% 21

(5% 17753 8,8% 20

()10% 18881 9,0% 20

(-)15% 20010 9,1% 19

(-) 20% 21138 9,2% 19



