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Abstract

Europe aims for a transition towards less greenhouse gas emission and dependency
on fossil fuels. The integration of intermittent renewable energy sources, as wind or
solar power, can be facilitated by, among others, temporally decoupling demand and
supply of electricity. If technologies for electrical energy storage are profitable, wide
implementation could support the transition. Therefore, this study assesses the
revenues and costs of long-term storage technologies and evaluates the possibility
to stack several services provided by a storage unit to fully utilise it.

Key market characteristics influential on storage potential are outlined and used
to classify and compare the demand for storage in European markets. Considering
them market clusters are formed comprising of countries with similar electricity
market and from these two contrasting archetypal countries are chosen for further
evaluation, Sweden and Germany. Storage technologies, as pumped hydro or com-
pressed air, are delineated by essential technical specifications and used to determine
the compatibility of them to corresponding services. A process for combining mul-
tiple services for a single storage unit is designed and employed to develop five
cases.

The results show that providing multiple services device can improve the prof-
itability of the designed business cases by generating multiple revenue streams and
increase the value to the electricity system. The stacking also minimises the stor-
age’s idle time. Furthermore, the results demonstrate the influence of the key char-
acteristics on the economic viability of the electrical energy storage in European
markets.

Keywords: energy storage; European power market; long-term storage
technology; service stacking; power grid; energy arbitrage.
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Sammanfattning

Europa eftersträvar en övergång från att släppa ut mindre växthusgaser och minska
beroendet av fossila bränslen. Att implementera förnybara energikällor, som vind-
kraft eller solenergi, kan underlättas genom att bland annat genom att tillfälligt
frikoppla efterfrågan och leveransen av el. Om tekniken för energilagring är lön-
sam, kan genomförande därför stödjas. Denna studie beskriver därför både intäkter
och kostnader för långsiktiga lagringstekniker och utvärderar även möjligheten att
implementera flera tjänster som tillhandahålls av en lagringsenhet till att kunna
utnyttja denna till fullo.

Marknaden av lagring kännetecknas redan ha potentiella förutsättningar och att den
kan användas för att klassificera och jämföra efterfrågan för lagring på de europeiska
marknaderna. En marknadsanalys har valts att genomförts av länder med likartad
elmarknad och de två länder som har välts ut för en vidare utvärdering är Sverige
och Tyskland. Lagringsteknik som vattenkraft som pumpas eller tryckluft, beskrivs
närmare med tekniska förutsättningar och används för att beskriva kompatibiliteten
av tekniken och tjänsterna. Ett förfarande för att leverera flera tjänster från en enda
minnesenhet är utformad och används för att utveckla fem beskrivande fall.

Resultatet visar att tillhandahålla flera tjänster från en enda lagringsenhet förbätt-
rar lönsamheten för affärsidéer genom att generera flera intäktsströmmar och ökar
värdet till elsystemet. Stapling minimerar också lagring är ledig tid. Dessutom visar
resultatet om hur de viktigaste egenskaperna påverkas av de ekonomiska affärsmo-
dellerna.

Nyckelord: energilagring; europeiska elkraftmarknaden; långsiktig ener-
gilagring; kombinera tjänster; elnät; energiarbitrage.
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Kurzreferat

Europa strebt einen Übergang zu einem Energiemarkt mit weniger Treibhausgas-
emissionen und einer geringeren Abhängigkeit von fossilen Brennstoffen an. Die
Integration von intermittierenden erneuerbaren Energiequellen, wie Wind- oder So-
larenergie, wird unter anderem durch das zeitliche Entkoppeln von Angebot und
Nachfrage der Elektrizität erleichtert, wie es durch Speicherung von elektrischer
Energie ermöglicht wird. Nur wenn die Technologien zur Speicherung von elektri-
scher Energie rentabel sind, kann dieser Übergang flächendeckend möglich werden.
Daher berechnet diese Arbeit die Erträge und Kosten langfristiger Speicherung und
untersucht die Möglichkeit einer Kombination von Leistungen, welche jeweils von
einer einzelnen Speichereinheit angeboten werden können, um diese vollständig aus-
zulasten.

Die Schlüsseleigenschaften des Energiemarktes bezüglich des Potentials zur Spei-
cherung werden herausgearbeitet und verwendet, um dessen Bedarf in Europa zu
klassifizieren und zu vergleichen. Vor diesem Hintergrund werden Cluster mit je-
weils ähnlichen Strommärkten gebildet und aus diesen werden prototypische Län-
der, Schweden und Deutschland, ausgewählt. Speichertechnologien wie Pump- oder
Druckluftspeicherkraftwerke werden an Hand technischen Attributen beschrieben,
um damit wird auf deren Kompatibilität, bestimmte Leistungen anzubieten, zu
schließen. Ein Prozess der Kombination multipler Leistungen einer einzigen Spei-
chereinheit wird entwickelt, um hieraus fünf Fallstudien zu modellieren.

Die Ergebnisse zeigen, dass die Bereitstellung von multiplen Leistungen die Ren-
tabilität der entworfenen Fallstudien durch multiple Einzahlungsströme verbessern
sowie den Wert des Energiesystems steigern kann. Dabei wird die Leerlaufzeit der
Speicher minimiert. Darüber hinaus wird der Einfluss der Schlüsseleigenschaften
auf die Wirtschaftlichkeit von Energiespeicherung in Europäischen Märkten aufge-
zeigt.

Keywords: Energiespeicherung; Europäischer Energiemarkt ; langfristige
Speichertechnologien; Kombination von Leistungen; Stromnetz; Energie-
handel.
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1 Introduction

The long prevailing and still growing emission of carbon-dioxide threatens the world
climate and many studies suggest a strong connection to anthropogenic global warm-
ing. In order to cut down on the emission and to function as a role model for coun-
tries in the industrialising state, the European Union (EU) has agreed on targets
to decrease the emission of greenhouse gases by 40% for the year 2030 compared
to 1990 levels [8]. Increasing the production of electricity from renewable energy
sources (RES) is one method considered to achieve this ambitious goal. The EU
aims for a 27% share of renewable energy consumption, whereas the Swedish gov-
ernment even announced the target to reach 100% of national energy consumption
to come from RES by 2040 [9].

One of the most prominent means to reduce the dependency on fossil fuels is the
reduction of the power demand, such as implementing measures for higher energy ef-
ficiencies. Additionally, Europe can continue to alter its power supply, an approach
already impacting the generation side with increasing amounts of hydropower for
electricity generation, though the majority of hydro potential has already been ex-
ploited. Currently, the renewable generation technologies with the most potential
are wind power and photovoltaic (PV), while developing technologies such as wave
power, geothermal energy and bio energy from carbon-neutral fuels can also con-
tribute to cuts in greenhouse gas emissions.

Wind and solar power are considered intermittent energy sources since their electric-
ity output is not continuously available. A cloudy doldrum leaves both technologies
at rest and no power can be dispatched to the grid. Wind and solar generation
compete against alternative production of continuous high-value power on demand.
With these considerations in mind, three approaches exist to alleviate the prob-
lems of intermittency and require simultaneous implementation to transition the
energy system towards a clean and flexible future. Oversizing the carbon-neutral
generation facilities has the potential to meet demand even when the weather con-
ditions are poor, but accounts for high costs and demand for many raw materials for
construction. Secondly, interconnecting many energy markets ensures that, given
somewhere in Europe the conditions are high-yield the transmission grid manages
to deliver electricity to all customers. Thirdly, electric energy storage (EES) can
provide a time-shifting component to the energy system, which allows the supply
being temporally decoupled from the load for as long as the EES unit can store
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it.

EES technologies can absorb and store energy and dispatch it to the grid or to
any other connected system. This process enables the energy system to overcome
the temporal gap between supply and demand [10]. Supply can meet demand even
though each point in time does not coincide. In this regard energy storage provides
a similar function to demand response to increase flexibility. Having the possibility
to store energy is indispensable for increasing the penetration of generation from
intermittent renewable energy sources (IRES).

Therefore, EU Directorate-General for Energy declared that energy storage must
play a key role in increasing the flexibility and stability on all levels of the future
European low-carbon energy system [11]. However, further research into energy
storage systems is required to progress the development and deployment of suitable
technologies.

1.1 Research Problem

Development of new innovative business cases is a necessary next step to overcome
some of the barriers to complete market penetration of energy storage. Business
case assessment requires complex models since services, revenue streams, costs and
stakeholders are dependent on where the storage device is located along the down-
stream electricity network and which market the storage device operates in. A
further dimension of the business model is the optimal combination of stacked ser-
vices, which is vital to the profitability of the storage device and depends on which
storage technology is utilised and where along the energy system it is deployed. As-
sessing the cost attributed to stacking of services is not covered in LCOS analyses,
where the variable nature of these costs adds another complexity to the economic
analysis. Thus, a detailed economic assessment needs to be carried out on a case
by case basis and in this study this research gap is addressed. While some stud-
ies have researched certain aspects of energy storage operations within the United
States (USA) electricity market, the European markets have received less attention
to date. The European energy markets offer a wide spectrum of renewable energy
integration, market regulations and price volatility, providing a diverse setting for
the development of energy storage business models.

This study addresses the research question of whether providing a combination of
services from a single storage unit improves the economic viability for EES and
thus increases the potential for integration within the European market. While
technologies with long-term storage durations are evaluated, the methodology can
be applied to all storage technologies. In the light of this the following sub-questions
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are covered:

What are the key market characteristics indicating the demand for energy storage?
How to determine the compatibility of storage technologies and corresponding ser-
vices or applications? How to stack services to increase the utilisation of a storage
unit? Which are possible combinations of stackable services for long-term storage?
What are the costs and revenues of certain scenarios with stacking services? What
are the business cases for long term storage?

All of the questions are held openly and a hypothesis is deliberately not formulated.
The reason for this is the new subject of energy storage and the nature of this study,
which is developed as a consulting report under the supervision and with expertise
of Fortum, a Finnish energy company.

Additionally, to address the above-mentioned research problems, this study develops
methods for dealing with energy storage. The methodological development includes
a technique to cluster the European market. This is followed by a procedure to
assess the attributes of EES technologies and the requirements of linked services
to determine their compatibility. Eventual business model are developed involving
stacking multiple services to fully utilise a storage unit.

The purpose of this study is to function as a guideline for long-term storage avail-
ability for stakeholders of the energy system as well as academia. The results can be
used to gain insights into the economic viability of storage within certain European
energy markets and provide an overview of the costs and potential revenue stream.
The developed methodology can be altered and elaborated to compare and evaluate
potential in other markets with other storage technologies. Lastly, a future outlook
of the development of the technology, industry and regulations is given.

1.2 Terminology

Response time is how quickly a storage technology can be brought online and
discharge energy [12].

Discharge duration is the length of the period that the storage device can dis-
charge in a single charge-discharge cycle at a certain power rating [12].

Storage duration is the length energy can be stored. Small self-discharge rates
enable long storage durations [13].
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Discharge frequency is the number of charge-discharge cycles per unit of time
[12].

Depth of discharge is the fraction of the storage device’s energy capacity that
can be drawn down during a charge-discharge cycle [12].

Primary efficiency is the ratio of the energy output divided by the energy input
for a charge-discharge cycle [12].

Secondary efficiency is related to losses while the device is not in use [12].

Overall efficiency simplified combination of the primary and secondary efficiency
[12].

Idle time refers to periods where the storage device is neither charging nor dis-
charging.
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2 Methodology

This study employs an explorative research for assessing whether the economic via-
bility of EES is improved by stacking services. It aims at developing methodological
approaches as well as answering the research questions.

This study consists of a scoping phase within the pre-study followed by the main
study on the potential, the compatibility mapping and the financial aspects of
EES, resulting in a discussion and the conclusion as shown in Figure 2.1. Since the
extent of the research questions exceeds the frame of a Masters thesis, three different
delimitations are introduced in the scoping phase: system boundaries, technology
scope and market scope.

The system thinking theory enables the setting of clear boundaries to the domain of
EES. A well defined energy system declares its content and the fixed constraints in
its environment. Two different approaches of system thinking are selected, Church-
man’s and CATWOE analysis. Churchman’s original system definition is extended
by a CATWOE analysis, which elaborate the root definitions of the energy system
by activities. The combination of both approaches aim for an adequate understand-
ing of the system to be assessed.

The technology scope delimits the technologies to be covered in this study in order to
keep the research narrow as well as comparable. Since a wide range of solutions for
EES exists, clear delimitations are conducted to keep the focus on their applications.
Several ways to utilise a storage unit and their services to various stakeholders are
discussed.

The market scope is achieved in a two step process consisting of a clustering of the
European markets based on three characteristic dimensions, followed by choosing
archetypal countries to represent the two most interesting clusters. Historical data
on energy prices were quantitatively analysed to derive the characteristics determin-
ing the mapping of a country to a respective cluster. Additionally, a rating scheme
for the electrical interconnection of European markets is used and a meta-study on
the shares of IRES is conducted.

The wide domain of energy storage is narrowed down to a defined energy system,
consisting of certain technologies in certain markets. Their potential is evaluated
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Figure 2.1: Illustration of the research process

by a literature review. Country and technology specific sources were qualitatively
assessed to confirm a potential of the chosen technologies in the cluster representing
countries with regards to topographical and geological limitations.

A further literature study is complemented by interviews with experts providing
information for a comprehensive overview of services which could be provided by
EES technologies. After scrutinising the requirements of services and the attributes
of the technologies according to a designed rating scheme, both are displayed on
radar diagrams which gives a sound assessment of their compatibility.

The following financial assessment consists of developing a suitable benefit-cost
analysis in addition to incorporating both revenues and costs into a model to test
the profitability of stacked services. For the revenue side of the economic analysis,
significantly less academic research is available. Due to non-existing comprehensive
overview of services offered by energy storage and their revenue streams, a method-
ological triangulation is used to obtain information applying diverse methods to
collect data [14]. The revenues are identified both by a further literature review
and by interviews with experts, allowing a complete picture of the values. For the
cost side of the analysis, life cycle costs (LCC) are identified as a suitable frame-
work for representing the costs allocated to the chosen technologies. A meta-study
of existing LCC estimates is performed to understand the variation of LCC values
and to implement realistic estimates in the model. Five cases of stacking services
for a single storage unit are developed and input with historical energy price data
and flow volumes from Nordpool and the European Energy Exchange (EEX), to-
gether with the derived LCC values and the revenue streams. Further data from
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the EEX provided fore-casted and actual wind production while typical estimated
values of solar radiation and PV production in Sweden are sourced from existing
studies. The model quantitatively tests the profitability of the proposed cases.

The quantitative results are used within the discussion to derive potential improve-
ments and to highlight weaknesses and limitations of the model. The meta-study of
the LCC values and the stacking model are subjected to various sensitivity analyses
by adjusting the input data and the assumptions made.

Subsequently, the sensitivity analysis assess the dependency of overall revenue and
profitability on input values as efficiencies, costs and single revenue streams. Many
input data were assumed or averaged over time or different data sets and their
marginal influence on the results is of interest.

The indication of profitability as an output of the model, executed on Microsoft Ex-
cel, is equally the result of this study as the development of the explained method-
ology. Finally, the the research question of whether providing a combination of ser-
vices from a single storage unit improves the economic viability for long-term EES
in European markets can be comprehensively addressed. Optimally, the methodol-
ogy can be used for similar assessments of the financial aspects of electrical storage
for technologies and markets outside the scope of this study.

2.1 Limitations

The developed methodology represents one of several ways to reach the proposed
goal of assessing the profitability of energy storage. Methodological items shown in
Figure 2.1 can be replaced or extended by other approaches to improve the value
of the results. This study finds the current suite of methods optimal and proposes
their use in similar research in the field of energy storage. Nevertheless, several
limitations reduce the value and accuracy of the results presented in Chapter 7.

The main limitation of the evaluation of the stacking cases is the neglect of envi-
ronmental and health issues. The conducted techno-economic assessment could be
perfected by adding financial impacts to the environment and to health, as well as
pointing out certain measures of sustainability.

As aforementioned, a sensitivity analysis assesses the dependence of input data of
interest on the various output data of the developed model. Some other input
data are assumed or taken as widely recognised averages. Mostly, these are the
attributes allocated to the technologies and their services used in the creation of
the radar charts. An uncertainty analysis could give further insight into the scale
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of their impact by running a simulation fed with varying input data ranges. How-
ever, this study does not conduct an uncertainty analysis, which is one of its main
limitations.
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3 Scope

The research question of interest regarding the profitability of EES and the optimal
approach for achieving this in Europe is complex and hard to answer on such a
general level. Answering this complex and open question would exceed the time
allocation for this study. The highly general level of this research question is caused
by the complexity of the domain of energy storage, which can be scrutinised from
several directions. Primarily, EES can be provided by many utterly different tech-
nologies offering various services. Secondly, all countries in Europe have their own
regulations and policies in the energy market, even though some are already uni-
versalised by the EU. Lastly, the domain of energy storage has not been notably
examined by academia and industry until recently. A widely recognised model of
the energy market including the possibility to store a significant amount of energy
for several hours does not exist. In Sections 3.2 and 3.3, the first and second issues
are considered by defining the scope of the technologies and markets. The defini-
tion of the energy system in 3.1 helps to understand the model of an energy market
including EES and, therefore sets the limitations on the system to be assessed.

3.1 Definition of Energy System

System thinking is a useful approach to derive a holistic understanding of a case as
complex as EES within the multifaceted energy system. A clear system definition
makes a research entity analysable as well as comparable. Outlining each functional
part, the links between them and the appropriate information about their nature
enables the extent of the research to be understood. Hence, research can be adapted
in response to the monitoring of performance [15].

One of the first adaptations of system thinking was formulated by Churchman in
1984 and can be summarised by its five basic considerations as follows [16]:

1. The total system’s objective 2. The system’s environment 3. The resources of
the system 4. Components of the system 5. The management of the system

In particular, the consideration regarding the system’s environment and components
provide this study, as well as further research on energy storage, with a helpful
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Environment 
- Fundamental laws of energy 
- Weather 
- Geology / Hydrology / Topography 
- Regulations 
 

System 
- Electricity demand 
- Electricity supply 
- Power grid and market for electricity as link between supply and demand 
- Storage technologies 
- Stakeholders: producers, suppliers, transmission, distribution,  consumers  
- Stakeholder aims 
- System aim: reliable energy supply & sustainable energy generation 

Figure 3.1: Energy System

delimitation by generating fixed constraints. This is a novel method since the field
of electrical energy storage has not yet been evaluated by a system approach. All
components to be considered were tested by the following two decisive questions,
phrased by Churchman, in order to determine whether a component should be
included within the environment of the energy system: Can I do anything about it?
Does it matter relative to my objectives? [16]

The clear boundaries between components of the system and of the environment are
presented in Figure 3.1. The entirety of the electricity market, including both supply
and demand, lies within the system due to the potential impact of energy storage
across all aspects of the market. The novelty of this approach is reinforced by the
inclusion of the electricity demand, since demand has generally been excluded from
prior reports. Subsequent to the introduction of demand-side management, energy
suppliers and the power grid can actually impact the demand-side. Modern sys-
tems in Europe are characterised by an increasing influence of the aforementioned
in-front-of-the-meter players on behind-the-meter (b-t-m) demand [17]. Electrical
energy storage is able to support demand-side management and represents the miss-
ing link in fully anchoring that concept. Hence, the electricity demand is included
as a component of the system. In addition to supply and demand, the power grid on
a transmission and distribution level and the energy trading markets are included
and represent the link between supply and demand. Furthermore, the stakeholders
of the energy market and their aims are counted as system components.

The weather affects the output from IRES. Geology, hydrology and topography
determine the potential of some storage technologies, which are all subject to the
fundamental laws of energy. Due to the lack of impact on the weather, the geol-
ogy, the topography, the hydrology and the laws of energy are all located in the
environment of the energy system.
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Clients - Electricity consumers (industrial, commercial or residential)
- Prosumers (consumer that also produce electricity)

Actors

- Electricity generators
- Electricity trading units
- DSOs
- TSOs
- Prosumers

Transformation Implement electrical energy storage units along the stream of
electricity supply

Weltanschauung Stable and uninterrupted electricity supply
while increasing the penetration of IRES

Owner - Regulators
- Policy makers

Environment

- Fundamental laws of energy
- Weather
- Geology / hydrology / topography
- Regulations

Table 3.1: CATWOE analyses of an electrical energy storage system

Due to the posed novelty of the energy system definition, which places a high quan-
tity of concepts and stakeholders within the system, a further analysis is required.
A widely used approach is the Soft Systems Methodology, developed by Check-
land in order to prepare comprehensive root definitions, which provides a basis to
solving problems with multiple perceptions, as present in the case of EES [18]. Hu-
man beings, as stakeholders, do not always act according to pure rational thinking.
Perception-based differences between several stakeholders may create difficulties
within the system. Root definitions address that issue and outline insights from
system theory to situations involving human beings [19].

The CATWOE analyses within the Soft System Methodology provides a generic
technique to identify the root definitions and is a more modern and applicable sys-
tem thinking tool than Churchman’s considerations [18]. The CATWOE elements
involve a simple checklist to define the root definitions by the activities of the sys-
tem: Clients, Actors, Transformation, Weltanschauung, Owners and Environment.
Clients, located at the receiving end, use the described system and can draw benefits
from it. Actors control the processes in the system to reach its aim. Transforma-
tion describes the changes which a system undergoes. Weltanschauung comprises
the wider impact to the system it is situated in. Owners include all stakehold-
ers who have authority to alter the framework by, for instance, drafting policies.
The environment is assumed to be identical to the one derived by Churchman’s
approach. The developed CATWOE analysis for EES is shown in Figure 3.1.
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The combination of Churchman’s and Checkland’s approaches has already been
successfully applied to energy systems, as for example smart grids, and is a suitable
approach for this study [20].

3.2 Technology Scope

The aim of the technology scoping procedure is to determine which technologies to
include in the analysis. Though the study aims to deliver a mechanism for assessing
the economic potential for any chosen storage technology operating in any chosen
market, a technology scope needs to be defined to allow for resource constraints of
a Masters thesis. Scoping allows the study to be kept narrow and comparable. As
aforementioned, the technical and economic viability of providing a combination of
services from longer-term storage technologies has not been evaluated to the same
extent as with short-term storage technologies. In light of this, EES technologies
with longer time horizons are chosen as an initial focus for the report, to be used
in developing the framework for the methodology of analysing business cases. Fur-
thermore, a narrow technology scope allows the services provided by the storage
units to be examined in more detailed. Since the choice of services are crucial for
the profitability, a clear focus on long-term EES is set. Long-term storage is herein
defined as a storage technology capable of reaching discharge durations within the
range of days to seasons. The main storage technologies currently on the market
and their corresponding discharge durations are illustrated in Figure 3.2. Thus,
pumped hydroelectric storage (PHS), compressed air energy storage (CAES) and
power to gas (PtG) are defined as longer-term storage technologies. Further evalu-
ation of PtG found that the multitude of industries involved in the end use of the
stored hydrogen, from the chemical industry to the transport industry, placed PtG
storage outside of the system boundary and consequently beyond the technology
scope. PHS and CAES are the two technologies that are within the technology
scope and are analysed in this study.

3.2.1 Pumped Hydroelectric Storage

PHS is currently the most mature and proven large scale energy storage technology
with over 300 installations totalling upwards of 127 GW installed capacity worldwide
[21] [22]. The European Union alone has an installed PHS capacity of 36 GW, with
further developments taking the total EU capacity to a predicted 41 GW by 2017
[23]. As shown in Figure 3.3 below, a PHS configuration consists of an upper and a
lower reservoir connected via a penstock which channels water through a turbine-
generator assembly. During charging or pumping operation, electrical power is used
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Figure 3.2: Electrical storage technologies sorted by possible storage duration [1]

to pump water from the lower reservoir to the higher reservoir, where energy is
stored in the form of hydraulic potential energy [23]. To discharge the PHS plant,
water in the upper reservoir is released, converting potential energy into kinetic
energy and flows through the turbine assembly and back to the lower reservoir.
The turbine shaft is connected to the generator which converts the kinetic energy
back into electrical energy.

PHS is characterised by high power capacities and long discharge durations [12].
However, the low power and energy densities of PHS plants requires large geo-
graphical areas to provide high power and energy capacities [12]. Furthermore,
potential new sites for PHS installations are severely restricted by topological and
hydrological constraints given the large area required and the presence of potential
reservoirs separated by an adequate height difference. Potential sites must also be
located at a minimum distance from populated areas or other protected sites. As
a result, large capital costs are required to develop a PHS plant, although this is
mitigated by low operation and maintenance costs and high efficiencies over the
plant’s lifetime.

The earliest PHS installations date back to the early 20th century, however, interest
in the technology began to take off between the late 1960s and early 1980s as PHS
was seen as a solution to store surplus energy from coal and nuclear plants [24].
Today, most PHS plants operate in one of two distint ways, as closed loop PHS or
open loop PHS. In an open loop system, the upper reservoir water level is replenished
by an external source, such as inflow from a river or a melting glacier [23], whereas
in a closed loop system the reservoirs are isolated from a free flowing water source
[25]. Closed loop systems have a more clearly defined system boundary and tend to
be more commonplace as they are less dependent upon geological and hydrological
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Figure 3.3: Pumped hyrdo storage system

conditions, such as the presence of a glacier or inflowing river. Consequently, the
PHS plants analysed in this report operate as a closed loop systems.

With the breadth of history and number of deployed units worldwide, pumped
hydroelectric storage is the most proven large scale energy storage technology and
provides the perfect benchmark for the other storage technologies studied.

3.2.2 Compressed Air Energy Storage

CAES is another technology that is capable of storing energy with long term dis-
charge durations and power outputs exceeding 100 MW from a single unit [26].
Though there is far less CAES capacity than PHS capacity installed worldwide,
400 MW compared to 127 GW, CAES is still considered a commercialised technol-
ogy. The discrepancy in installed capacity is partly due to solutions for the technical
challenges associated with CAES only recently being developed. Interest in CAES
technology gathered momentum in the 1970s as oil and gas prices began to soar
[12]. In 1978, the first CAES plant began operation in Huntorf, Germany, with an
installed capacity of 290 MW [27]. The second CAES plant ever installed was com-
pleted in 1991 in McIntosh, Alabama, USA, and has a rated capacity of 110 MW
[28]. Despite only two CAES plants currently commercially operational, new pilot
projects as well as new technological advancements are currently in development.

Traditional CAES plants operate similarly to the diabatic process shown in the
schematic diagram in Figure 3.4. During the charging process, electrical energy
drives a compressor which compresses the air to the required pressure. While air
undergoes compression its temperature increases significantly. A heat exchanger
is used to remove excess heat from the air, which is subsequently released to the
atmosphere. The resulting compressed air is then stored. While discharging, the
compressed air is released and begins to expand and reduce in temperature. Energy
is added to the air through combustion of a fuel, usually natural gas, in a combustion
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Figure 3.5: Advanced adiabatic compressed air energy storage system
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chamber. The air is then heated to an adequate temperature before driving a
turbine/generator unit, generating electricity. Though diabatic CAES is the most
proven process, new pilot projects are utilising the advanced adiabatic process (AA-
CAES) due to efficiency increases and CO2-free operation. The improvements of
the AA-CAES process are illustrated in Figure 3.5. In the AA-CAES process, the
heat removed upon compression is stored in a well insulated heat storage unit, and
then re-injected into the air upon expansion during discharging. AA-CAES tries
to stay as close to an adiabatic cycle as possible. Though a complete adiabatic
process is not practically achievable, heat lost to the surroundings is significantly
reduced compared to the diabatic cycle and no heat energy is added from an external
source.

It is important to draw clear distinctions between overground and underground
CAES. Underground units store compressed air in underground storage vessels, as
aquifers, depleted gas mines or salt caverns, while overground units store compressed
air in pressurised tanks [29]. Underground CAES plants are considerably larger in
scale with lower energy density and power density than their overground counter-
parts. Potential installations of underground plants are restricted by geological and
topographical constraints, as the technology requires the presence of sufficiently
large geological formations, usually salt caverns. The two aforementioned CAES
plants store compressed air in underground formations. However, with its flexible
capacity and mobility, overground CAES technology has experienced rapid devel-
opments and is viewed as an alternative to battery storage in certain applications
[13].

The most notable large-scale underground AA-CAES projects in development are
the ALACAES pilot in Switzerland and the ADELE pilot in Germany [30] [31].
Furthermore, the AA-CAES process has been adapted to be utilised in overground
systems. Flowbattery in the UK and Lightsail Energy based in the USA are pioneers
in overground AA-CAES. Flowbattery is demonstrating an overground pilot AA-
CAES unit in the UK to provide ancillary grid services to the National Grid, while
Lightsail Energy are in the process of developing 500 kW units [32] [33]. Experts at
Fortum and at KTH also discuss possibilities to connect the the heat storage of an
AA-CAES to a district heating system in order to increase the flexibility of both
and enable the interaction between thermal and electrical storage for cities.

3.3 Market Scope

Before delving into the market scoping procedure, it is important to have a general
understanding of the structure of a European electricity market. Though many
European markets have their own individual variations, a general structure prevails
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throughout.

3.3.1 Market Structure

The key players in an electricity market are the producers, transmission system
operator (TSO), distribution system operator (DSO), retailers and consumers [34].
Producers own and operate their own power plants, generating electricity which
is delivered to the consumer via the transmission and distribution netowrok. The
transmission system operator’s main function is to maintain the safe operation of the
electricity network. In most countries the TSO coordinates the technical operations,
such as frequency and voltage regulation, and administrates the trading of electricity
to ensure supply and demand are matched at every instance [35] 1. It is increasingly
commonplace for system operators to be independent of the other market players
and publicly regulated at the transmission level and increasingly at the distribution
level. The DSO distributes the power at a local level to the consumer. Consumers
are the final end-users of the electricity. Since many consumers are too small to
trade directly with producers, retailers procure electricity on behalf of the consumer.
Furthermore, in a liberalised marketplace, consumer choice encourages competitive
pricing and services by the retailers.

The prominent market structure for electricity markets in Europe is a liberalised
bilateral electricity market [36]. Here, players may trade freely with one another,
either directly or through a power exchange, however all transactions are generally
reported to the TSO [35]. Trading of electricity is divided into several steps which
ensures fluctuations in supply and demand caused by unforeseen circumstances do
not disrupt balance in traded electricity volumes. The steps, or subdivided trading
markets, consist of a day-ahead market, intra-day market, regulatory market and
a post trading market. In the day-ahead market players buy and sell electricity
volumes sufficient to meet their predicted requirements. Trading continues up to a
market specific gate closure time, often 12 hours before the actual trading period
begins. The power exchange is responsible for regulating the trading in order to
maintain parity between produced and consumed electricity volumes. During the
trading period, deviations from the day-ahead trading volumes inevitably occur
where certain players are unable to meet their pledged generation or consumption,
and therefore intra-day trading is introduced to restore balance. Intra-day trading
often occurs during an intra-day market and a regulatory market, and is generally
overseen by the system operator [34]. The post trading market is the final step in
the trading sequence and settles deviations between the actual traded electricity
and the day-ahead volumes [35].

1In some countries, such as Sweden, the TSO administrates the post-trading and balancing
market while the power exchange regulates the day-ahead trading.
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3.3.2 Market Dimensioning

As discussed in Chapter 2, an objective of the study is to determine the economic
potential for energy storage in European markets. As such the purpose of the
market scoping procedure is to refine the study so the analysis can be directed to-
wards specific markets of interest, keeping the focus on the economic potential of
the technology and services provided in said market. The procedure developed in
the study for achieving the market scoping is to determine the key dimensions of
electricity market characteristics that are the most crucial for energy storage po-
tential. First, various major European electricity markets are arranged into groups
according to these market characteristics before a representative market from each
group is selected in a second step. In theory, a representative market will result in
similar economic potential for energy storage with the rest of the group, given the
similarity in their key market characteristics.

Four electricity market dimensions are determined to be the most influential for the
potential of EES within an electricity market. These are electricity price volatility,
share of intermittent renewable electricity generation in the electricity mix, electric-
ity interconnection level and market regulations. Market regulations are extremely
complex and can vary substantially from market to market and country to coun-
try. Furthermore, many market regulatory guidelines currently do not recognise
energy storage technologies. The majority of these markets are currently in the
process of developing specific regulations for energy storage integration [37]. In a
report commissioned by the EU Commission, the Fuel Cells and Hydrogen Joint
Undertaking (FCH JU) notes the importance of an overarching European wide regu-
lation for energy storage to encourage its integration within European markets [37].
Furthermore, in 2013, the European Network of Transmission System Operators
for Electricity (ENTSO-E) delivered a new network code for electricity balancing,
which provides guidelines on a European basis by complementing existing national
rules. In July 2015, the Agency for the Cooperation of Energy Regulators presented
those guidelines to the EU member states. On May 4 2016, the member states gave
a favourable opinion on the draft regulation called the System Operation Guideline,
merging issues of operational planning and scheduling, operational security and load
frequency control reserve. In light of this, market regulations are omitted from the
initial market scoping procedure, but should be considered in future research par-
ticularly if an overarching framework for energy storage regulation is developed in
Europe.

Table 3.2 shows the three dimensions of an electricity market that most significantly
impact the potential for integration of energy storage within that market. Evalu-
ation of one dimension is not sufficient to determine the potential, but rather the
understanding of all three dimensions provides a strong indication for the viability
of energy storage, particularly given their interdependence.
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Market Dimensions
Electricity Market Volatility
Share of Intermittent Electricity Generation
Electricity Interconnection Level

Table 3.2: Key dimensions of an electricity market for determining energy storage
potential

Electricity Price Volatility

There are two main definitions of price volatility outlined by the EU Commission,
implied volatility and retrospective volatility [38]. Implied volatility attempts to
measure the future variation in prices by evaluating future and option contracts
for electricity. Contrarily, retrospective volatility analyses statistical data to assess
the magnitude and frequency of variations in prices. In this study, electricity price
volatility is evaluated retrospectively using historical price data and defined as the
amplitude and frequency of price fluctuations in a given electricity market.

The degree of volatility of electricity prices can vary significantly throughout Eu-
ropean markets. The revenue of many applications of energy storage is dependent
upon market price volatility, such as energy arbitrage in the day-ahead markets or
tertiary regulation in the regulatory market. The aim at this stage is to cluster mar-
kets together based upon a quantifiable representation of price volatility within the
markets. Moreover, given that the study focuses on long term storage technologies,
the market volatility was represented by the maximum range of hourly day-ahead
prices for each month, averaged over one year, 2015. Though more in-depth mar-
ket analyses are executed later in the study for market specific price volatility, this
approach provides a comparable quantity that also reflects the volatility in the
intra-day and regulatory markets over a long-term time horizon presented in Table
3.3.

UK DE FR SE NO DK FI ES PT IT PL AT CZ

Representative
Volatility
[EUR/MWh]

81 39 35 14 11 29 27 31 30 22 21 60 65

Table 3.3: Representative electricity price volatility for European markets in 2015
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Share of IRES
(IRES generation / gross generation)

UK DE FR SE NO DK FI ES PT IT PL AT CZ

Solar share
(PV and thermovoltaic)

1.2 6.2 1.2 0.0 0.0 2.0 0.0 5.2 0.4 1.9 0.0 1.2 2.5

Wind share
(onshore and offshore)

9.6 9.7 3.5 7.0 1.6 42.7 1.6 19.1 8.9 5.8 4.8 5.9 0.6

Total Share 10.7 15.9 4.7 7.0 1.6 44.7 1.6 24.3 9.3 7.7 4.8 7.1 3.1

Table 3.4: Percentage of gross national electricity production from electricity gen-
erated by IRES in European countries in 2015

Share of Intermittent Renewable Electricity Generation

It is important to note that not all RES are intermittent, for example many forms of
biomass generation and hydroelectric power plants are classified as renewable gen-
eration technologies, however deliver a predictable and controllable power output.
Furthermore, renewable sources of heat generation are beyond the system boundary
of this study as outside of the electricity system. Therefore, the term IRES includes
only intermittent renewable sources of electricity generation. Initially, all forms
of IRES were included within the calculation of a country’s share of intermittent
electricity generation. However, technologies such as wave power and tidal power
experienced very little market penetration with wind power and solar power being
the predominant forms of electricity generation from IRES.

Herein, the share of intermittent renewable electricity generation is calculated as
the percentage of a country’s gross electricity production that was supplied from
wind and solar power in 2015. A meta-study of various publications of national
energy departments or analogical entities is conducted and the penetration of the
generation from IRES is shown in 3.4.

IRES pose new challenges to the power system as the power output from IRES is
inherently variable and subject to imperfect production forecasts, thus only partially
predictable. Additionally, IRES tend to have very low operational and generation
costs as they do not require the purchase of fuel [39]. Consequently, they can reduce
the sale price of electricity below that of more expensive conventional power plants,
reducing the overall electricity price of the market. This is known as the merit-
order effect, and has been observed by markets with high shares of wind [40], and
solar electricity generation [41]. Conversely, when the power output from IRES is
below the forecast volume, the deficit is met by dispatching reserve capacity at a
higher cost, increasing the price of electricity [39]. With respect to these effects, the
increasing share of intermittent electricity generation can significantly increase the
price volatility within a market [42]. A study conducted by Hedegaard [4], assesses
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how the impact of increasing shares of IRES on an electricity market changes with
respect to the time horizon, and presented in Table 3.5.

Time Scale Impact Cause

Intra-hour Increased volumes traded in the regulatory
market to quickly restore balance. Imperfect forecasting

Intra-day/day-ahead
Extremely low or high net load periods affecting
committed electricity volumes and economic dispatch
in day-ahead and intra-day trading.

Hourly/daily variability
and imperfect forecasting.

Several days Several days with extremely high and low net loads
Daily/weekly variability
and unpredictable
weather patterns.

Seasonal Net load variations lasting for months
Seasonal variations in
wind speed and
irradiation levels

Table 3.5: Impacts of generation from IRES on electricity networks for different
time scales [4]

Coupled with increasing electricity price volatility, increasing shares of IRES power
flows add strain to the transmission and distribution network [37]. This is a further
indication of the potential of energy storage in countries with a high penetration of
intermittent renewable capacity.

Electricity Interconnection Level

Electricity interconnection level is another characteristic dimension of a country’s
electricity market that is interrelated with price volatility and indicates the potential
for integration of energy storage. The term electricity interconnection level (EIL)
was first introduced by the EU Commission as a means to set targets for member
states to achieve a 10% level by 2020, and can be defined as the ratio between average
interconnection capacities and installed generation capacity [43]. The reason the
rating scheme proposed by the EIL definition uses average interconnection capacities
is that often the import and export capacities of an interconnection line will differ.
A higher EIL reflects the ability of a country to trade electricity with its neighbours,
exporting electricity at times of high national production and low consumption, and
importing electricity when in high demand. The case of Denmark provides a good
example for the effect of EIL on the electricity spot price, on the impact from a
high share of IRES, and on the demand for energy storage. Denmark has one of
the highest shares of wind generation in Europe, reaching 43% in 2014 [44]. During
periods of high wind generation, the excess electricity produced from wind power
can be exported to Denmark’s neighbouring countries’ electricity networks, while
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importing electricity at periods of low wind generation. This process alleviates
some of the strain on the electricity network while mitigating extreme fluctuations
in Denmark’s electricity price. The effect of EIL can be seen when comparing
Denmark, with an EIL of 44%, and the Czech Republic, with an EIL of 17% [5].
The average annual price volatility for Denmark, shown in Table 3.3, was calculated
to be considerably lower than that of the Czech Republic despite the Czech Republic
having only a 3% share of IRES. This is in part due to Denmark’s greater ability
to trade electricity with its neighbours. In this regard, a high EIL increases the
flexibility in a country’s electricity network, providing a similar functionality to
energy storage. Although Denmark’s extremely high IRES share and moderately
volatile electricity prices indicates a clear potential for the integration of energy
storage in the network, the need is reduced somewhat by having a high EIL.

Conversely, a high EIL can give rise to a greater potential for energy storage, par-
ticularly if the connection capacity is dominated by trade with one country with
a high penetration of IRES or a high price volatility or both. France is a good
demonstration of this. Despite having a relatively low share of IRES with a market
characterised by a large share of base-load generation, particularly nuclear power,
France experiences greater electricity price volatility than expected when compared
to similarly comprised markets. A cause of this is the trade between France and two
volatile markets, Germany and Great Britain, connected via averaged interconnec-
tion capacities of 2.4 GW and 2 GW respectively [45], [46]. Furthermore, being one
of the largest net exporters in Europe, France exports considerably more energy to
Germany and Great Britain than it imports. In 2015, France exported 12 100 GW
to Germany and imported 1360 GW, while exporting 14 600 GW to Great Britain
and importing just 175 GW [47].

Therein lies the limitations of using EIL as a sole representation of the level of
inter-connectivity of a country’s electricity network with its neighbours. It is a
useful representation of the interconnected capacity of a country and its potential
to trade electricity with its neighbours. It does not account for the volume of
electricity traded, whether electricity is predominantly imported or exported and
with which and how many markets this electricity is traded. However, for the
purpose of clustering markets together, it acts as an adequate quantity that can be
readily compared. Table 3.6 presents the electricity interconnection levels for various
European countries. The EU member states’ EIL is sourced from a study carried out
by the European Commission [5] which excluded Norway, as it is not a member state.
Thus, the EIL for Norway was calculated using the same methodology. Norway has
electricity interconnections with five neighbouring countries; Denmark, Finland,
the Netherlands, Sweden and Russia; totalling a net export capacity of 5.4 GW and
import capacity of 5.8 GW [48]. This equates to an average interconnection capacity
of 5.6 GW, while the total installed capacity in Norway in 2014 was 33.7 GW [49].
Consequently, the ratio of average interconnection capacity to installed electrical
generation capacity, EIL, is approximately 17%.
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Country UK DE FR SE NO DK FI ES PT IT PL AT CZ
EIL [%] 6 10 10 26 17 44 30 2 7 7 4 29 17

Table 3.6: Electricity interconnection level by country [5]

3.3.3 Market Clusters

The potential for EES in electricity markets has been delineated through three di-
mensions with each countries’ market quantified in terms of market volatility, share
of intermittent electricity generation and electricity interconnection level. Figure 3.6
shows the countries’ markets plotted as functions of EIL along the vertical axis and
share of IRES along the horizontal axis. In order to present Denmark’s significantly
higher level of IRES, the intermittence axis abandons linearity after the 10% mark.
Markets which congregate together have similar characteristics and pose compara-
ble environments for the potential integration of energy storage. Three groups of
markets are identified which show similar intermittence and EIL levels and a further
two groups are formed with similar volatility and intermittence thresholds. These
five groups are then superimposed, creating three groups of countries with similar
market characteristics across all three dimensions.

Group A Comprising of Finland, Sweden, Norway, Austria and the Czech Re-
public, group A is distinguished by a low share of intermittent generation and
moderately high levels of inter-connectivity. These are Nordic and Central-Eastern
European nations with large shares of baseload generation.

Group B France, Poland, Portugal and Italy form group B and exhibit low levels
of inter-connectivity and a low share of IRES, below 10% in both regards.

Group C The UK, Germany and Spain occupy group C and are characterised by
a greater level of intermittence but a low EIL.

Interestingly, Denmark is separated far in the upper right quadrant, representing
somewhat of an outlier with a surpassing share of IRES and a high level of electricity
inter-connectivity. Additionally, the markets are mapped along the same intermit-
tence axis with price volatility along the vertical axis, illustrated in Figure 3.7. The
markets mapped here form less distinctive groupings. However, ignoring Denmark’s
considerably great intermittence level which skews the remaining markets towards
the left quadrants, two groups of markets are developed.
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Group X Comprising Finland, Sweden, Norway, Poland, France, Italy and Por-
tugal, group X is defined by low to moderate shares of IRES, below 10%, and low
market volatility, under 30 euros per MW h.

Group Y The UK, Germany and Spain are once again within a similar intermit-
tence threshold, with Germany and the UK having a high share of installed wind
capacity and Spain undergoing rapid solar power development. While the UK has
a far greater representative volatility than Germany and Spain, their volatility is
largely contributed to by their high share of IRES, and hence raise similar potential
for storage in that regard. Hence, the UK, Germany and Spain form group Y.

Forming Clusters

By superimposing the market groups together, one can identify the countries which
demonstrate similar characteristics across all three market dimensions. From this,
three market clusters are identified. The first market cluster is created by super-
imposing groups A and X, resulting in Finland, Sweden and Norway representing
both groups. This market cluster is labelled the ’Connected Reserve’ cluster as the
countries comprising it have relatively high levels of electricity interconnections, low
day-ahead electricity price volatility and relatively low share of intermittent elec-
tricity generation. The UK, Germany and Spain constitute both group C and group
Y, establishing their own market cluster titled the ’Renewable Island’. The Renew-
able Island market cluster characterises very low EILs, high levels of relatively high
intermittent renewable penetration and relatively high market volatility. The final
market cluster identified combines countries present in both group B and group X
and is aptly named the ’Conventional Island’ market cluster. The countries within
the Conventional Island cluster have low EILs, relatively low renewable generation
in their electricity mix and moderate to low market volatility. The market clusters
are displayed in Figure 3.8, with the Connected Reserve market cluster on the left,
the Conventional Island market cluster in the centre, and the Renewable Island
market cluster to the right.

Due to time and data resource limitations of the study, the Conventional Island
market cluster was not evaluated further. Therefore, the market scope of this study
includes the Renewable Island and Connected Reserve market clusters.

From these market clusters, two archetypal countries are selected. Sweden, a
medium-sized Nordic country with a high share of nuclear and hydroelectric power,
provides a good archetype for the Connected Reserve market cluster. Theoretically,
the EES business cases developed should provide similar potential and economic
viability in Sweden as in Finland or Norway. The archetype for the Renewable
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Figure 3.6: Clustering of European electricity markets by interconnections and the
share of IRES

Island market cluster is Germany, Europe’s largest economy and currently undergo-
ing the Energiewende. The Energiewende is a radical energy transition away from
conventional fossil fuel power plants and a phase out of nuclear power and towards
a decarbonised future of renewable energy generation [50] 2. This transition is al-
ready well underway with much conventional generation capacity already replaced
with 40 GW of installed solar capacity and Europe’s largest installed wind power
capacity at 45 GW [51], [52]. This large penetration of IRES causes unprecedented
power surges on the electricity network, requiring fast solutions to increase network
flexibility.

The shown market scoping shows some methodological limitations and could be
even further improved. Next to the assessed three dimensions, regulations regard-
ing energy storage can be a 4th dimension that influences the potential of energy
storage in a country. Regulations and policies are hard to measure and assess with
a rating scheme, but can have a notable impact on the success of a technology in
a national market. Therefore, the market scoping conducted in Section 3.3 is not
entirely comprehensive. Furthermore, the choice of EIL as rating scheme for the
interconnection between countries brings several limitations, which are outlined in
the Subsection 3.3.2. Due to time and data limitations the third market cluster
’conventional island’ is not analysed either.

2Though it should be noted that the phase out of nuclear power has led to an increased share of
coal production in Germany

25



Volatility [€/MWh] 

Sweden 

Poland 

0% 10% 30% 

0 

Intermittence 

Denmark 

Italy 

50% 

Austria 

Czech Republic 

60 

80 

20 

France 
Portugal Finland 

Norway 

Germany 

Spain 

UK 

X 

Y 

Figure 3.7: Clustering of European electricity markets by volatility of the electric-
ity price and the share of IRES
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Figure 3.8: Identified market clusters of similar market characteristics by super-
imposing groups A, B, C, X and Y
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4 Technology Potential within Archetypal
Markets

The scoping procedure has successfully defined PHS and CAES within the technol-
ogy scope of the study with Germany and Sweden as the two archetypal electricity
markets. Before business models can be developed for EES within these countries, it
must first be determined whether there is sufficient potential for further deployment
of these technologies with regards to the hydrology, topology and geology.

4.1 Potential for Pumped Hydroelectric Storage

The Joint Research Centre (JRC) undertook a geographical information system
(GIS) assessment of feasible sites for new developments of pumped hydroelectric
storage in 21 European countries [6]. By feeding the GIS model with the relevant
topographical and hydrological data, the assessment produced a theoretical maxi-
mum PHS capacity for prospective installations in each country. Further environ-
mental, social and infrastructural constraints were then applied to the theoretical
potential, resulting in the realisable potential. These constraints are outlined in
Table 4.1.

Constraint Description Unit Value

Maximum distance between two existing or one existing
and any other prospective reservoir.

[km] 2, 5, 20

Minimum hydraulic head. [m] 150
Minimum reservoir capacity. [m3] 100 000
Minimum distance to UNESCO site. [m] 500
Maximum distance to electricity transmission network. [km] 20

Table 4.1: Constraints for PHS potential in Europe [6]

The resulting realisable potential for further PHS installations in Germany and
Sweden is outlined in Table 4.2. The number of potential sites, average hydraulic
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head and energy storage capacity is calculated over a 5 km, 10 km and 20 km maxi-
mum distance between two existing or one existing and one prospective reservoir. A
prospective reservoir needs to be located within the specified maximum separation
from an existing reservoir and could be on a flat or non-sloping area formed by
constructing shallow dams or by adapting natural depressions [6]. The GIS model
yielded a greater number of potential PHS sites in Germany but with a significantly
greater total energy storage capacity potential in Sweden.

Realisable PHS Potential
Description Unit Germany Sweden
Maximum separation [km] 5 10 20 5 10 20
Number of sites [-] 53 122 180 38 69 116
Average hydraulic head [m] 209 247 276 221 316 493
Average energy storage [GW h] 3 3 4 7 16 27
Total energy storage [GW h] 139 320 804 283 1102 3081

Table 4.2: Realisable potential for new PHS installations in Germany and Sweden
for different criteria for maximum reservoir separation, from the JRC
GIS-based model [6]

A limitation of this study is the lack of recognition for potential cross-border PHS
sites, where one reservoir is located across a national border from the other. An EU
Commission funded project, entitled eStorage, confronted this challenge while pro-
viding comparable results [7]. This study used a similar GIS-based model designed
to systematically identify sites suitable for PHS installations in 15 EU member
states, Norway and Switzerland. Three clear distinctions exist between the eStor-
age study and the JRC study: the inclusion of cross-border PHS sites, a maximum
reservoir separation of under 10 km and a reduction in the criteria for the mini-
mum hydraulic head from 150 m to 80 m. The results from the eStorage study are
presented in Table 4.3. This GIS study identifies 7 GW h energy storage potential
across the border between Germany and Austria, and 11 GW h across the Norwe-
gian and Swedish border [7]. These potential locations are neglected in the JRC
study.

When comparing the two studies at the 10 km maximum reservoir separation level,
the JRC study identifies far greater energy storage capacity potential for both Ger-
many and Sweden despite the inclusion of additional cross-border PHS sites in the
eStorage study. For the majority of the countries, the eStorage GIS model produces
greater PHS potential than the JRC GIS study. The JRC model finds 320 GW h
and 1102 GW h energy storage capacity for Germany and Sweden respectively, while
the eStorage study results in just 9 GW h for Germany and 154 GW h for Sweden.

28



Realisable PHS Potential
Description Unit Germany Sweden
Maximum separation [km] <10 <10
Number of sites [-] 2 50
Average hydraulic head [m] 497 338
Average energy storage [GW h] 4 3
Total energy storage [GW h] 9 154

Table 4.3: Realisable Potential for new PHS installations in Germany and Sweden
from the eStorage GIS-based model [7]

This considerable discrepancy between the identified PHS potential of the two stud-
ies is too great to be attributed to inaccuracies and errors. The discrepancy must
instead originate from significant differences in the approaches of, or inputs to, the
two models. The eStorage study also observes the great differences in their results
and the JRC study results, citing greater accuracy in water body data for the in-
put to their model as the probable cause. The eStorage study uses six water body
databases in total, often corroborating data between a number of these sources,
while the JRC study primarily uses the European Catchments and Rivers Network
System database (ECRINS). Further differences exist in the criteria for classifying
potential sites. The eStorage study applies a minimum energy storage capacity of
1 GW h and a minimum slope angle of 5° while the JRC study refines sites using a
minimum reservoir volume of 100 000 m3 and neglects slope angles altogether. An
additional argument for this difference in Sweden is the exclusion of many river
systems, including Pite, Kalix, Torne and Vindel, from the eStorage study due to
protection by government law. Neither study claims to be entirely accurate but
rather an indication of the level of potential within a nation. While the JRC study
indicates far greater potential in both Germany and Sweden, both studies find ade-
quate potential for further developments of PHS plants within the two countries.

4.1.1 Locations of prospective sites for Pumped Hydroelectric
Storage

Currently, the Joint Research Centre’s assessment into the PHS potential in Europe
has not published the specific locations of the prospective sites but rather seeks to
quantify a reasonable estimate for the potential within each analysed country. The
eStorage study, however, does disclose the location of sites with the largest PHS
potential. While the studies differ on overall national potential, it is reasonable to
assume that the sites of greatest potential would be congruently present throughout
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both reports given that they are likely to exceed both sets of criteria.

In Sweden, the majority of potential sites were identified in the Northwest where dif-
ferences in elevation tend to be more prevalent than in the South. The key potential
areas were located near the following lakes and reservoirs: Kallsjön, Storsjön, Gaut-
sträsk, Storjuktan, and Goržejávri located on the Swedish and Norwegian border.
The eStorage study found only one site with significantly large potential in Ger-
many, located near the German and Austrian border and connecting lake Konigssee
with Obersee. Further details about the potential sites, such as storage capacity
and hydraulic head, have not been released to date. However, an in-depth feasibility
study specific to each country is required to validate the inclusion or exclusion of
certain sites and further evaluate their potential.

4.2 Potential for Compressed Air Energy Storage

While PHS potential is constrained by topography and hydrology, prospective un-
derground CAES installations are primarily dependent upon geology, requiring ad-
equate geological formations for the storage of large volumes of compressed air.
Three main geological structures are considered suitable for underground CAES
applications: salt caverns, hard rock and porous rock structures [29]. Salt caverns
are generally considered the most suitable for CAES applications and the simplest
to operate with minimal air leakage [53]. This is, in part, due to the transferable
expertise afforded by the petroleum industry with the storage of liquefied petroleum
and natural gas in salt domes. Furthermore, constructing caverns from salt struc-
tures uses the solution mining technique, a reliable and low cost approach. Mining
new hard rock reservoirs is a considerably more expensive process than mining salt
caverns. To overcome the associated mining costs, several proposed CAES develop-
ments plan to adapt existing mines in hard rock formations, considerably reducing
the construction costs [26]. Porous rock could provide the most cost effective solu-
tion to underground compressed air storage. However, further research is required
to confirm the viability of these geological formations. The Italian power company
Enel operated a CAES unit which utilised a porous rock formation in Sesta, demon-
strating how compressed air could be successfully cycled through such structures.
An additional underground CAES test project in Illinois, USA, led by a collab-
oration between Strata Power, Electric Power Research Institute, Nicor and the
United States Department of Energy, further substantiated the successful cycling
operations of compressed air storage in porous rock, though the storage duration
was diminished slightly [54].
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4.2.1 Locations of Prospective Sites for Compressed Air Energy
Storage

As previously established, CAES has considerably less operational installed capac-
ity globally than PHS. Consequently, potential locations for CAES have not been
exploited to the same extent. The downside of this, however, is that fewer infor-
mation systems and databases are in place to locate feasible sites. The InSpEE
project, a collaborative effort from the Federal Institute for Geosciences and Natu-
ral Resources, Leibniz University of Hanover and KBB Underground Technologies
GmbH, aims to address these data inadequacies [55]. The project compiles geo-
logical and geotechnical data to map the location of subsurface salt structures be-
fore integrating this into an interactive and publicly accessible GIS database. The
database is limited to information on salt structures and currently only provides
data in Germany.

The results from the InSpEE project shows extensive salt caverns in the subter-
ranean formations of Northern Germany. In certain instances, pre-existing cavi-
ties such as decommissioned salt mines are situated over expansive salt structures.
These sites are deemed to have the most potential for development of underground
CAES, given the great potential storage capacity and reduced installation costs
from the already excavated storage areas. One such site is located west of Ham-
burg on a decommissioned mine in Langenfelde. Similar such sites are found in
Wietze-Hambühren, north of Hanover and Sehnde, southeast of Hanover. The de-
pleted brine deposit situated over a large salt dome in Sülze, between Münster and
Hanover, offers a further potential location.

The geology of Scandinavia, with the exception of Denmark, is predominantly crys-
talline bedrock which is not suitable for conventional underground storage [56].
However, the necessity of storing liquid natural gas in Sweden led to the devel-
opment of lined rock caverns (LRC) technology by Swedish company Sydkraft in
1987. The first operational LRC storage facility in Skallen, Sweden, was completed
in 2004 and is operated by Swedegas [57]. After the successful demonstration by
the Skallen LRC facility, interest in the technology as an alternative to conventional
gas storage began to rise. The storage unit functions by excavating a cavern within
crystalline bedrock structures at between 100 to 200 m [57]. The walls are then
lined with either reinforced steel or dense concrete, with a leakage level of less than
0.1% per day [58], [59]. Recent research into storing compressed air in LRC have
confirmed the suitability for applications of CAES [59],[60]. The nature of LRC
allows for vast potential of deployment with limited geological constraints [57]. Lo-
cations in Sweden with the greatest potential are along the southwestern coast and
include Göteborg, Falkenberg, Halmstad, Ängelholm and Malmö [61].
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5 Applications

Due to the recent surge of interest in batteries and the subsequent media attention,
confusion regarding the benefits of energy storage have circulated. Recent academic
works have maintained this interest, outlining the potential role for energy storage
in growing electricity systems. Being a relatively recent pursuit, a prevalent un-
derstanding of the applications of EES is yet to be reached. Fitzgerald et al. [62]
, Lazard [63], Luo et al. [13], the European Fuel Cells and Hydrogen Joint Un-
dertaking (FCH JU) [37], Carnegie et al. [12], Akhil et al. [64], and others have
attempted to clarify the benefits of EES by showing the variety of its applications
and services. The benefits of EES can either be explained by its application in a
specific use case or by the service to one or more of its stakeholders. The terms
application and service can both describe the same benefit to the power system,
but evaluate it from different perspectives. An example of an application is the
uninterrupted power supply (UPS) to a hospital to guarantee power supply even
throughout black outs. On the other hand a service can regulate frequency of the
the power grid on behalf of a TSO or DSO. A comparison of the sources outlining the
services and applications shows that a fully comprehensive overview does not exist
and that the definitions of the benefits vary in each source. Industry and academia
have not decided on a uniform terminology yet. The purpose of this chapter is to
generate a useful overview, explain the nature of the most interesting services and
decide on a uniform terminology.

Furthermore, the requirements to an EES unit vary from one service to the other.
In order to derive the financial benefit of EES, a matching of service to a certain
technology is imperative. Characterising attributes have to be defined and allocated
to both the technology providing them and the service requiring them. A detailed
assessment as seen in the following section 5.1 helps to understand each attribute.

5.1 Overview of Services

A comprehensive and full list of services, which are categorised by their application
area, is shown in Table 5.1. The terminology is derived by an extensive literature
review of the sources cited as references. By creating an overview of all terms used
to describe services, this study enabled the choice of a meaningful terminology to
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be used. Alternative definitions are also shown in Table 5.1 and express exactly
the same or a similar meaning. In contrast to Fitzgerald et al. [62], the categories
of stakeholder and location in the electricity stream are not used, since a clearer
separation is sometimes not possible and categories overlap. Therefore the suitable
categories are identified as ancillary services, consumer applications, energy arbi-
trage, generation applications, and network infrastructure. In the upstream the
generation benefits directly from storage facilities, especially at generation sites of
IRES. In the downstream, storage units benefit the consumer or prosumer behind-
the-meter or in special cases on a real island or within an isolated micro grid. Most
of the services are located in the midstream, either by benefiting the network infras-
tructure directly or by supporting its operation with ancillary services. Furthermore,
different ways of energy arbitrage can be utilised from a financial perspective on
the electricity trading floors. The different services are explained in detail and an
information box summarises its key requirements.

RES INTERMITTENCE BACKUP
Grid level Response time Discharge duration Storage duration Rated capacity
All sec to min up to days days 100 kW - 40 MW

In the upstream the electricity generation from IRES can be backed-up by a storage
unit in order to stabilise and smooth the output. The unit is charged during normal
operation and discharged during intermittence, that could be calm periods for wind
turbines, sunless hours for photovoltaic or slack water for tidal turbines. The EES
can theoretically be placed at all levels of the grid, but is optimally combined with
wind or solar generation to reduce transportation losses. The rated capacity should
be adapted to the generation capacity.

PEAKER REPLACEMENT
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All All generators minutes 2 h - 10 h hours 1 MW - 100 MW

Another way to support the generation side is to use EES to replace peaking fa-
cilities, which are often diesel engines or gas turbines though can be many other
kinds of generator [13] [63]. Thereby, the risk of oversizing the generation fleet is
decreased. When the costs for storage to compensate the peakers are below the
costs of peak electricity generation, which has a comparably high LCOE, the inte-
gration of storage for this purpose will be financially attractive. The inclusion of
energy storage usually depresses the market-clearing price and defers or even com-
pletely avoids investments in the incumbent technologies [62]. Therefore, storage
issues a so-called capacity credit. Additionally, the modular nature of some EES
technologies enables it to vary its power output more closely to the peak demand
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Application category Service Alternative definitions References

Ancillary services Peak load reserve [63] [35]
Frequency regulation (primary control) Provision of frequency reserve [63] [62] [12] [37]
Spinning reserve (primary control) Provision of frequency reserve [63] [62] [13] [37]
Non-spin reserve (secondary/tertiary control) Standing reserves [62] [63] [37]
Low voltage ride-through Voltage support [62] [63] [12]
Voltage regulation and control Voltage support [62] [63] [12]
Grid/network fluctuation suppression [63]
Load levelling Demand charge reduction;

Electricity time shift
[62] [63] [37]

Consumer applications Power quality and reliability [12] [63]
Residential PV integration PV self-consumption optimisation;

Integration of intermittent renewables;
On-site consumption

[63] [62] [12] [13] [37]

UPS Telecommunication backup;
Backup power

[62] [13]

Time-of-Use bill management Retail energy time-shift [62] [64]
Transportation applications [13]
Conversion to other energy carriers [37]
Microgrid [13]
Island Grid [13]

Energy arbitrage Short-term arbitrage Load following;
Time-shift of energy delivery;
Time shifting

[63] [62] [13] [37]

Seasonal arbitrage Long-term energy storage [13] [37]

Generation applications RES intermittence backup [13]
Peaker replacement Resource adequacy;

Capacity credit;
Peak shaving;
Forward capacity

[63] [62] [12] [13] [37]

Black start [62] [12] [13]
Reduce wind generation curtailment Negative grid balancing;

Integration of intermittent renewables
[63] [12] [13] [37]

Short-term firming of wind generation output Integration of intermittent renewables [12] [13] [37]

Network infrastructure Transmission upgrade deferral Transmission infrastructure deferral [63] [62] [12] [13] [37]
Distribution upgrade deferral Distribution infrastructure deferral [63] [62] [13] [37]
Congestion relief Capacity credit [62] [12] [13]

Table 5.1: Overview of services within application areas.
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than natural gas power plants. For instance batteries or overground CAES can be
daisy-chained.

BLACK START
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
Transmission locations Diesel GenSet minutes 15 min - 1 h hours 5 MW - 50 MW
Distribution, some
behind-the-meter

In the event of a grid outage, large thermal power plants cannot start, since they are
dependent on a certain start up power from the grid. Diesel GenSets are usually
located on-site at power plants to support the starting process until the plant’s
generators can operate independently, however black start can be achieved in various
ways. EES providing black start generation capacities can replace the conventional
black start units. Whereas black start capability is compensated with a standard
black start rate or a cost-of-service rate in some countries as the USA, this service
is currently obligatory and consequently unpaid in Sweden [62] [65].

REDUCED WIND GENERATION CURTAILMENT
Grid level Response time Discharge duration Storage duration Rated capacity
Wind generation sec to min up to days days around 10 MW

The potential output of wind parks is often limited by transmission and distribu-
tion constraints and have to be curtailed during those hours of fully occupied grid
capacity. Different levels of the grid, ranging from the national transmission grid
to the local distribution grid, can be undersized and force curtailment for a few
hours. Storage can absorb energy during those hours and discharge at times when
grid capacity is available [37]. Thereby, the revenues from generation is increased,
assuming that the operator is not remunerated for curtailed electricity. Due to the
wind production patterns given by wind speed behaviours, which often consist of
periods of several days of high speed followed by several days of lower speed, the
energy-to-power ratio of the storage facility must be high. Otherwise, the curtailed
share can only be partly integrated. Unfortunately, high energy-to-power ratios
reduce the storage’s cycle life and changes the economics detrimentally. However,
the main obstacles for this service are regulations that limit the benefit of the stor-
age. In 2013 Germany’s wind farms had to be curtailed at 0.33% of the capacity,
but their operators are remunerated for 95 - 100% of the loss [66]. Curtailment
payments make storing the energy uneconomic. Discussions about removing price
signal distortions due to compensating curtailment are ongoing.

SHORT TERM ARBITRAGE
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All Thermal generators minutes 1 h - 12 h hours 1 MW - 100 MW
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SEASONAL ARBITRAGE
Grid level Response time Discharge duration Storage duration Rated capacity
All minutes days to weeks Minimum 4 months 30 MW - 500 MW

Energy arbitrage is the most obvious but also complex service, which can be offered
over long or short term. Long term storage refers to benefiting from electricity price
trends on the time horizon of weeks to seasons, while short term arbitrage concerns
hours to days. Wholesale electricity is purchased during periods of low locational
marginal price and sold back to the market when the price has risen [37]. This
exchange follows the load. The functionality of short-term and seasonal storage
are exactly the same, but they differ in terms of their technical requirements due
to the varied time horizon. The information box above points out the difference in
discharge and storage duration. In both Germany and Sweden the wholesale market
is accessible by storage facilities. However, regulations only explicitly consider PHS
in time-shift applications, whereas CAES is not mentioned.

The most favourable regulations are present in Germany, which excludes stored
electricity from the renewable levy, even though the input comes from RES [37].
Additionally, no consumption tax has to be paid for the electricity for charging, if
the income comes purely from RES. Lastly, network usage fees can be omitted for
20 years for the operation of new EES units and refurbished PHS.

TRANSMISSION UPGRADE DEFERRAL
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All Substation, transformer, minutes 1 h - 12 h 1 h - 24 h 1 MW - 100 MW

line upgrade

DISTRIBUTION UPGRADE DEFERRAL
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
Distribution and Substation, transformer, minutes 1 h - 4 h 1 h - 24 h 0.5 MW - 10 MW
behind-the-meter line upgrade

Investments in the upgrading of the transmission and distribution systems can be
deferred or even entirely avoided by equipping substations with storage facilities. In
case the grid appears to be overloaded or forecasts advise against load growth, TSO
and DSO companies invest in scaling their grid up with additional substations, lines
and transformers. Upgrades are mostly required for just a few peak hours per year,
whereas operations during most of the year can be conducted with the existing grid.
Storage units feed electricity back to the grid as soon as capacity is available again.
Equipping the grid with EES is often a swifter solution compared to conventional
upgrades due to its long lead times required for obtaining permits for construction
[37].
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Though the majority of European countries, including Germany, have a transmission
network which carries high voltages from the generation side to the distribution side
through a step-down transformer, the circumstances in Sweden require a slightly
altered approach. Being a relatively long country with the majority of large power
production congregated in the north, the transmission lines carry extremely high
voltages over very long distances. The transmission network is then connected to a
regional network which transmits a reduced voltage to the subdivided distribution
stations, for local distribution of electricity.

Regulatory implications are the main obstacle to this service. As soon as the TSO
or DSO release the stored energy, they enter the wholesale market and act in oppo-
sition to the unbundling model. Furthermore, personal interviews with Fortum and
Ellevio, one of Sweden’s DSO’s, have shown that policies offer financial incentives
and, thereby, encourage the DSO to upgrade its grid in a conventional way in Swe-
den. Here, a DSO like Ellevio has to upgrade all infrastructure older than 25 years
and are financially remunerated for it. So far only grid upgrades count, whereas
installation of storage units is not valid.

FREQUENCY REGULATION (PRIMARY CONTROL)
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All Gas turbines; Up to sec 30 min - hours hours up to several MW

Aggregated demand response

Ancillary services are an important aspect of balancing the grid after markets have
closed [67]. A TSO acts to ensure the security of supply at the least cost and
environmental benefits are delivered by omitting the need for back-up facilities.
Ancillary services refer to a range of tasks which a TSO procure. These include
different variations of frequency regulation.

Among these, spinning reserve represents the level of inertia present in a power
system [68]. This inertia is created by the spinning masses of the synchronous gen-
erators connected to the power system. The kinetic energy stored in the synchronous
generators acts as a first response to combat imbalances in the system. If energy
consumed exceeds energy supplied within a system, the overall energy deficit is met
by drawing the kinetic energy from the synchronous generators. This causes slower
rotation of the spinning masses, and thus a reduction in the system frequency. The
drop in frequency triggers the primary control frequency regulation service. The
capacity of this first response in the system is called the spinning reserve, though it
can also be referred to as the system inertia.

The primary control frequency regulation is usually an automated service that re-
sponds within seconds to fluctuations away from the desired system frequency, which
in Europe is 50 Hz [69]. Frequency-sensitive equipment installed on participating
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Figure 5.1: Swedish frequency regulation [2]

generation capacity senses changes in system frequency and triggers an increase
or decrease in power output to counteract this change [35]. The primary control
restores the frequency to the desired operational range, resulting in the spinning
masses of the synchronous generators returning to nominal operational frequency.

As seen in Figure 5.1 the primary control in Sweden is divided into two parts,
the frequency containment reserves for normal operation (FCR-N) and frequency
containment reserves for disturbances (FCR-D). FCR-N concerns normal deviations
in frequency, while FCR-D handles unplanned disturbances, such as black-out of
certain generation plants [70]. Both parts of the primary control are procured by
the TSO and traded one to two days before delivery hour, with a minimum bid size
of 0.1 MW. The regulation stipulates that the maximum response time for FCR-N
be 120 s while FCR-D requires a more rapid response time of 30 s [71].

Germany is part of a frequency containment reserve cooperation with Austria, the
Netherlands, and Switzerland. The German primary frequency control is called
Primärregelreserve or internationally, frequency containment reserve. Its require-
ments are a complete activation of the called reserves of a minimum bid of 1 MW
within 30 s. Giving the short response time, mostly thermal and hydraulic power
plants currently offer that service [72]. In contrast to Sweden, there is no separation
in unplanned disturbance and normal operation.

If ENTSO-E’s System Operation Guideline, discussed in section 3.3.2, is imple-
mented, the response times for frequency containment reserve are partly truncated.
For frequency deviation of minimum 0.2 mHz, at least 50 % of the reserve capacity
shall be delivered within 15 s [73].
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NON-SPIN RESERVE (SECONDARY/TERTIARY CONTROL)
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All Thermal generators 1 min - 10 min 15 min - 5 h 2 h 1 MW - 100 MW

Secondary and tertiary frequency regulation services balance the supply and de-
mand of electricity over longer time perspectives than primary control [13]. Since
these services are not synchronously online and require turning on before dispatch,
they are often considered as standing reserves [22]. These services are usually traded
on the regulatory power market. Secondary control tends to be controlled automat-
ically and activated within 3 minutes of the primary control with tertiary regulation
being delivered manually within 15 minutes of the primary dispatch [74]. While the
primary control responds quickly to restore balance to the frequency, secondary con-
trol can be seen as a means to shift the frequency further towards the desired 50 Hz
over an extended period of time, while replenishing the energy reserves used by
the primary control. Tertiary control then balances the electricity production and
consumption while restoring the energy levels in the secondary control reserves.

In Sweden, the secondary and tertiary control services are called frequency restora-
tion reserves. The secondary control is operated automatically and denoted as
FRR-A, while the tertiary control is dispatched manually and denoted as FRR-
M. Though FRR-A is currently only operational at a test stage, Svenska Kraftnät
(SvK) have outlined the regulatory requirements for providing this service. FRR-
A provisions must have a minimum discharge duration of one hour, a maximum
response time of 120 seconds and a minimum power delivery of 5 MW [71]. Addi-
tionally, SvK necessitates that deliveries of FRR-M have a discharge duration of at
least one hour and a minimum power delivery of 10 MW. Providers of this service
guaranteeing a response time of less than or equal to 15 minutes are prioritised,
however longer response times are accepted [71].

In Germany, the secondary control service is called Sekundärregelreserve, which are
activated between 30 s and 15 min after the frequency deviation [72]. The tertiary
control is called Minutenreserve, which have comparable low requirements including
a response time of 15 min. Both reserves have a minimum bid of 5 MW.

PEAK LOAD RESERVE
Grid level Response time Discharge duration Storage duration Rated capacity
All 10 min - 1 h 2 h - 100 h 2 h Minimum 5 MW

The peak load reserve is a contingency reserve and only activated during periods
of extreme load requirements resulting from unforeseen circumstances. Though the
peak load reserve is a very infrequent service, it is common for a minimum capacity

39



to be made available at all times during peak seasons. According to correspondence
with Martin Nilsson at SvK, the Swedish capacity for peak load reserve is procured
yearly by the TSO and contracted to submit energy bids to the regulatory power
market at all hours during the winter season starting in November and ending in
March. The regulations stipulate that the contracted capacity be supplied for at
least two hours with a storage capacity of up to 100 h when discharging the storage
unit at the pledged capacity. The minimum bid size is 5 MW for this service.

LOAD LEVELLING
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All Aggregated demand response minutes Minimum 12 h hours megawatts

Load levelling is provided by balance responsible energy suppliers and is a method
of balancing large fluctuations purely on the demand side [26]. The incumbent tech-
nology is the aggregation of demand response capacities, which enable commercial
and residential customers to reduce power draw from the grid during peaks to re-
duce load. Both CAES and PHS plants have experience in offering the service by
supplying those customers with electricity during peaks. The service is sold on the
intra-day or spot market. It is effectively frequency regulation on an hourly basis
and accounts for errors in load forecasting [37].

RESIDENTIAL PV INTEGRATION
Grid level Response time Discharge duration Storage duration Rated capacity
Behind-the-meter sec to minutes 3 h - 11 h hours kilowatts

Residential self-consumption is defined as the consumption of power in a building
produced by an in situ PV system, replacing the need to draw electricity from the
public grid [75]. The value of a replaced electric energy is higher than sold electricity,
if the buying price exceeds the selling price.

The product release of several behind-the-meter batteries by manufactures as son-
nen or Tesla, triggered the popularity of electrochemical EES units for customer
applications. Prosumers can incorporate PV with small-scale storage to increase
the self-consumption of the generated energy instead of feeding into the grid. The
key idea is to maximise the financial benefit of PV by minimising the export of
its generated electricity [62]. The storage enables the time-shift to overcome the
temporal difference in residential load peaks and solar generation. The surplus of
generation during its time frame around noon can be stored and released during the
demand in the evening and the next morning. The value of storage is represented
by the value of increased self-consumption reduced by the opportunity costs of the
value of the lost feed-in tariff [76].
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Self-consumption is especially favourable in r where feed-in-tariff levels lie below
retail rates, as is the case in Germany and Austria [62]. In 2015 the feed-in tariff
accounted for 0.124e/kWh, whereas energy from the grid is around 0.3e/kWh
more expensive. PV owners are driven to increase self-consumption, but cannot
utilise all generated energy during the day.

Sweden does not offer feed-in tariffs to producers from RES, but established a trade-
able electricity certificate system issuing so-called Elcertifikater. In this market-
based support system, certificates are allocated to those producers. Certificates can
be held for a maximum of 15 years, their value is set by supply and demand and the
quantity is sytematically increased [77]. Self-consumption is not considered by this
system, since prosumers do not receive certificates for the retained energy [75].

Since the beginning of 2015, the tax for all surplus electricity from prosumers of solar
power is reduced in order to promote micro-generation feeding the grid. Generated
electricity receives a payment of 0.065e/kWh (status June 4th 2016) when fed into
the grid, as long the production stays within a financial and energy limit (around
1945e/a and 30 000 kW h) [78]. On the other hand the energy tax for consumed
electricity is about 0.032e/kWh in Sweden, resulting in the selling price being
equal to the buying price of electricity for prosumers [75]. PV self-consumption is
not incentivised by the electricity price and, therefore, its application is unlikely in
Sweden at the moment.

UPS
Grid level Incumbent technology Response time Discharge duration Storage duration Rated capacity
All Backup generators Up to sec 10 min - 2 h months Up to 5 MW

UPS is a widely applied customer application. Commercial and industrial facilities
as well as households are connected to a storage unit to maintain power in the
event of an interruption and to protect from a power surge. Since customers are
unable to foresee interruptions or surges, near instantaneous reaction of the UPS
device is needed to give a response time of up to a few seconds [26]. Today, hospi-
tals and buildings serving the telecommunication sector are equipped with backup
generators, most prominently with on-site diesel GenSets [62].

TIME-OF-USE BILL MANAGEMENT
Grid level Response time Discharge duration Storage duration Rated capacity
Behind-the-meter sec to minutes 1 h - 6 h hours kilowatts

A residential building without electricity generation can also benefit from a time-
shift enabled by an EES unit. Given the usage of a Time-of-Use contract, the
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Rating scheme Response time Discharge duration Storage duration Rated capacity

5 (Highest) Subseconds >24 h Seasonal (>3 months) >500 MW
4 (Relatively High) 1 s - 1 min 10 - 24 h 1 - 3 months 10 - 500 MW
3 (Moderate) 1 - 10 min 5 - 10 h 1 - 4 weeks 1 - 10 MW
2 (Relatively Low) 10 min - 1 h 1 - 5 h 1 - 7 days 100 kW to 1 MW
1 (Lowest) >1 h <1 h 1 - 24 h <100 kW

Table 5.2: Rating scheme for key technical specifications

electricity bill can be reduced by shifting the load to avoid electricity purchase during
peak pricing periods [62]. Hourly load data and the availability of Time-of-Use
contracts in the specific region are preconditions. Energy suppliers implement Time-
of-Use retail rates for the reason to match a bill with the actual cost of generation
in a more accurate way.

Time-of-Use pricing is just one concept of dynamic pricing programme with the
aim of load levelling. Similar programmes are called Critical Peak Pricing, Peak
Time Rebates and Real Time Pricing [79]. Even though many European countries
have rolled out large smart meter installation, which pose the basic infrastructure
for time-dynamic pricing, the mentioned programmes have not been commercialised
yet.

Sweden and the other Nordics are making significant progress enabling dynamic
pricing in order to facilitate implicit demand response programmes. The required
installations of smart meters are close to completion throughout the region and it
is a mandated requirement that dynamic hourly pricing should be made available
to all consumers by Swedish energy suppliers [80].

5.2 Attributes of Technologies

Each EES technology included in this study has certain technical specifications and
limitations which govern its ability to provide a service. That no single technology
can meet the requirements for all possible services is well recognised. For example,
in order for a storage technology to meet the technical and regulatory requirements
for providing the service Black Start, outlined in Section 5.1, it must be able to
respond within minutes, discharge energy for at least 15 minute, store energy for
at least an hour and have a minimum installed capacity of 5 MW. Therefore, to
determine which technologies are suitable for the provision of which services, their
attributes must first be thoroughly evaluated. The evaluation process consists of
quantification, classification and visualisation of the associated attributes. This
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Rating Mobility Example

5
(Flexible installation,complete Mobility)

Installation independent of
geological, topological and hydrological constraints.
Can be easily transported from one location to another

Batteries

4
(Flexible installation. Mobile)

Installation independent of
geological, topological and hydrological constraints.
Relocation is possible.

Overground
CAES

3
(Flexible installation. Immobile)

Installation independent of
geological, topological and hydrological constraints.
Immobile.

1
(Constrained installation. Immobile)

Installation dependent on
geological, topological and hydrological constraints.
Immobile

Underground
CAES,
PHS

Table 5.3: Rating scheme for the mobility attribute

assures that the range of technical attributes are clearly defined, understood and
readily comparable.

Before evaluating the attributes however, it is necessary to analyse which attributes
are the most influential in determining the compatibility of services and storage
technologies. Several studies have researched the technical demands of providing
the services outlined in this report [12], [13], [37], [62], [64], [81]. While the studies
differ slightly on certain quantities, a series of essential technical specifications are
present throughout all the studies and consequently regarded as the most critical
considerations when determining compatibility. These are response time, discharge
duration, storage duration, and rated capacity. The aforementioned studies are
then used to quantify the technical demands of a service.

The rating scheme, shown in Table 5.2, is used to divide the range of technical
requirements into five classes, one being the least and five being the most demanding.
For the case of the attribute, rated capacity, the greatest requirements demanded by
the services are upwards of 500 MW. Services requiring relatively great capacities
fall within the range of 10 to 500 MW, moderate capacity requirements are within 1
- 10 MW, relatively low capacities within 100 kW to 1 MW, and the lowest capacity
demands are below 100 kW. These divisions are reflected in the rating scheme, and
the same process is used to define the ratings for the other key attributes.

The same reports also provide specifications for a technology’s ability to deliver the
key attributes. For example, a report by Luo et al. [13] states the maximum feasible
discharge duration for PHS to be up to and over 24 h, while a report by Carnegie
et al. [12] defines a reasonable range to be between 6 to 10 h. These are the highest
and lowest referenced values for discharge durations of PHS, and thus the range
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Location
Technology
Rating

Service
Rating

Applicable across all network locations
(generation, transmission, distribution, b-t-m),
centralised or decentralised.

5 1

Suitable for b-t-m and distribution services only. 3 3
Suitable for transmission services only. 1 5

Table 5.4: Rating scheme for location

is defined between 6 h to upwards of 24 h. The rating of attributes represents the
maximum feasible potential for a technology to provide services. Therefore, the
rating scheme places the discharge duration attribute for PHS at a 5, corresponding
to greater than 24 h. This uniform rating scheme allows for ready comparisons
between the key attributes of the technologies.

Two further attributes of an EES technology are considered to be pivotal when
determining the technologies’ suitability for providing certain applications. The
attribute, entitled mobility, describes both the ease to which a technology can be
relocated and the level to which its installation is restricted by geological, hydro-
logical and topological constraints. A high level of mobility can reduce the risk
of investment as the technology is not limited to one geographical location on a
certain position on the electricity network, but rather has the flexibility to pro-
vide benefits to the system at various locations. The location attribute describes
where on the electricity network a storage unit can be dispatched. For example,
the highest rating of the location attribute describes a technology that can be cen-
tralised or decentralised and applied across all network locations, from generation
through to behind-the-meter. The rating scheme for these two additional attributes
is presented in Table 5.3 and Table 5.4.

The six key attributes and the corresponding ratings are visualised by the radar
charts presented in Figures 5.2, 5.3 and 5.4, creating attribute profiles for the tech-
nologies. These attribute profiles demonstrate the similarities in the key attributes
for PHS and underground CAES, and indicate a suitability for comparable appli-
cations. Conversely, the radar chart for overground CAES, shown in Figure 5.4,
signifies a distinguished attribute profile from the other technologies. While the
strengths of PHS and underground CAES lie in high power capacities and long dis-
charge durations, overground CAES is characterised by greater mobility and flexible
application along the upstream and downstream electricity network.
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Figure 5.2: Maximum attributes of PHS system according to rating scheme
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Figure 5.3: Maximum attributes of underground CAES system according to rating
scheme
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Figure 5.4: Maximum attributes of overground CAES system according to rating
scheme

The attributes chosen to describe the characteristics of EES technology have poten-
tial to be extended. Attributes such as construction time of a storage installation
and environmental impacts have not been defined.

The chosen attributes to describe the characteristic of technology have potential to
be extended. Attributes as construction time have not been defined and this is a
main methodological limitation.

5.3 Compatibility Mapping with Attributes of
Services

By understanding the six attributes of storage technologies and visualising them,
it is apparent the maximum limits that storage can offer. In this section the min-
imum requirement of chosen services comes under scrutiny by applying the same
framework of rating scheme and radar charts with minor adaptations.

This study assesses the minimum requirement of the services with respect to the
response time, discharge duration, storage duration and rated capacity and rates
the values found using the scheme shown in Table 5.2. By the help of the literature
review, the minimum requirement of services at storage facilities can be placed in a
certain range, which is also mentioned in the information boxes in section 5.1. For
instance, seasonal arbitrage demands a minimum storage response time of several
minutes, a minimum discharge duration of a few days, a minimum storage duration
of four months, and a minimum rated capacity of 30 MW.
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Figure 5.5: Minimum attributes of a selection of services according to rating
scheme

Furthermore, the location along the stream where EES deploys a certain service
is evaluated. Here the rating scheme is reversed as highlighted in Figure 5.4, so
that a technology able to be applied across several downstream locations receives a
maximum rating and a flexible service receives its minimum rating.

Mobility of storage unit is neglected in the assessment of services, since the offer of
services is mostly independent of whether, for example, a device can be transported
by train or is fully bound to a location by geology. However, in some cases the
mobility of a storage unit has a slight advantage for a service. For instance, the
financial benefit of seasonal arbitrage can be improved by utilising the seasonal
differences in two geographical regions. An example scenario could involve a mobile
storage unit being relocated from Sweden to Italy to leverage the differences of
energy prices in a certain season. Since the focus is on minimum requirements,
those unique cases are omitted in this study. An overview of the requirements is
presented in Figure 5.5 using the same radar charts as was used for technologies.

Finally, services are allocated to technologies by overlaying the radar charts. If
the technology’s rating envelopes the service’s rating in the overlaid chart, the
technology fulfils the requirements of the service. Figure 5.6 shows the example
of the suitability of PHS for seasonal arbitrage. PHS offers in all attributes the
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Figure 5.6: Comparison of requirements of seasonal arbitrage and attributes of
PHS

minimum requirements of seasonal arbitrage. This method is conducted to match
services and technologies for the following financial assessment and the modelling
of stacking services using one technology.
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6 Financial Assessment

In this chapter the economic assessment is conducted. First the revenue streams are
covered, followed by an outline of a suitable cost framework. This order is logical,
since the cost values for the storage unit are not definite and depend on the chosen
service. Determining the revenue streams and cost values allows this study to create
five scenarios where services are stacked.

6.1 Revenues of services

Table 6.1 outlines an overview of the revenues generated by services in the German
and Swedish electricity market. Where possible, the revenue values are sourced from
various references obtained during an extensive literature review and correspondence
with industry experts, forming a methodological triangulation. The values provided
for the revenues should be regarded as representations of the annual average rev-
enues per electrical energy. Though these values provide adequate quantities for
comparing revenue potential with other services, an in-depth and case-specific fi-
nancial analysis including dynamic price data, traded volumes and dispatch orders
is required to deliver a more accurate representation of revenue potential. In section
6.3, case-specific financial models produce detailed revenue streams for selected ser-
vices based on a more comprehensive suite of factors, including historic price data,
traded volumes and dispatch orders which optimise income with respect to service
stacking.

The revenues from tertiary regulation in Sweden and Germany are a prime example
of how the values in Table 6.1 provide an adequate representation of the revenue and
show the discrepancy in financial potential between the Swedish and German mar-
kets. Detailed revenue calculations accounting for market volatility, up and down
regulation volumes and dispatch orders are outlined in the stacking case scenarios
in Section 6.3.

Energy arbitrage income in both Sweden and Germany is evaluated in the business
models in Subsections 6.3.2 and 6.3.3 respectively. The revenue from energy arbi-
trage per unit of electrical energy is dependent on the market environments such as
price volatility, and on the dispatch orders.
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Service Country Revenue [€/MWh] Market Additional Info Source

Energy Arbitrage Sweden/
Germany

Dependent on market volatility
and dispatch orders

Day-ahead/
intra-day

See subsections 6.3.2 and 6.3.3 [37][82]

Tertiary Regulation
(FRR-M)

Sweden
Depends on market volatility,
up and down regulation volumes
and dispatch orders

RPM See subsections 6.3.3 and 6.3.4 [83]

Tertiary Regulation
(Minutenreserve)

Germany
Depends on market volatility,
up and down regulation volumes
and dispatch orders

RPM See subsection 6.3.2 [1]

Secondary Regulation
(FRR-A)

Sweden [-] RPM Currently in pilot phase. [83]

Secondary Regulation
(Sekundärregelreserve)

Germany
Depends on market volatility,
up and down regulation volumes
and dispatch orders

RPM Revenue is supplemented
by a 2000 €/MW weekly payment

Primary Regulation
(FCR-N/D)

Sweden 4.37 TSO
fixed contract

Service is procured by TSO from
participating balance responsible
producers on a fixed contract.

[37]

Primary Regulation
(PCR)

Germany 20 TSO
fixed contract

Averaged price [84]

Peak Load Reserve Sweden 860 TSO
fixed contract

Provide a capacity
that can be called upon
for a minimum of 2 hours
during the winter peak period
from March to November.

[72]

Reduced Wind
Generation Curtailment

Germany 91 (Onshore), 185 (Offshore) FIT
fixed contract

2.1% of wind generation was curtailed in
Germany in 2014, Producers are
remunerated

[85]

Reduced Wind
Generation Curtailment

Sweden [-] [-]

Currently not applicable
in Sweden as only few
instances of curtailment so far.
A study by Ramboll indicated
5 - 26% of annual wind
generation would be
curtailed if installed
wind capacity increased to
7000 MW in Sweden.

[37]

Distribution Upgrade Deferral Sweden Case Specific Cost of upgrade deferred
or displaced for DSO (Ellevio)

See Section 6.3.4 for example
of distribution upgrade deferral
in Sweden

Peaker Replacement 57 - 137 €/KW-yr [54] [62] [64] [86] [87]

Congestion Relief Sweden 5940
Cost of deferred investment
in peaking generation units
+ costs avoided for outage charges

Revenue calculated by the
Energy Markets Inspectorate
for unannounced outages.

[88]

Table 6.1: Overview of revenues of services
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6.2 Costs of services

The aforementioned dependency between a chosen service and the cost for storing
energy is explained in this section. Both the chosen cost framework and the chosen
cost values are stated and the choice is justified. This study illustrates the various
cost components of PHS and CAES in order to give a full understanding of the
origin of costs for storage. The overview of cost components helps to understand
the sensitivity analysis outlined in Section 6.4.

Reviewed publications make use of three main approaches in expressing the costs
of storing electrical energy. All three terms are interrelated and have different use
cases.

The most basic approach is the total capital costs and is shown in equation 6.1. They
include the purchase, installation, and delivery of the two main section of an EES
unit, referred as the power conversion system and the energy storage section [89].
All load requirements to the EES unit are adjusted in the power conversion system.
In case of CAES and PHS this section primarily consists of their generators.

The energy storage section contains the storage medium, which can be easily iden-
tified for this study. PHS facilities use water, whereas CAES facilities augment
their main medium air with thermal storage materials as, for instance, molten salt.
Containment vessel and excavations are also included in this section. CAES can use
caverns or air tanks, whereas PHS mainly has to obtain right of use for reservoirs.

Additionally, the balance of plant costs are subjoined and include project engineer-
ing, grid connection interface and integration facilities, construction management
with cost of land and accessibility, buildings, and monitoring systems. Shipping all
those components to the facility site and installing them are also counted.

Ccap = CP owerConversion + CBalanceOfP lant + CStorage × h (6.1)

The total capital costs show the obvious weakness of including only the costs of
buying and installing a unit once. LCC overcomes this limitation by augmenting
the total capital costs by expenses related to operation and maintenance, replace-
ment, disposal, and recycling [89]. Usually, this comprehensive term is levelised on
an annual basis showing a yearly payment. The LCC approach favours an owner-
ship perspective and enables a meaningful comparison of the LCC terms of several
technologies. The total capital costs, those are also multiplied by capital recovery
factor (CRF), enabling this approach to express the value of money under the terms
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Cycles Discharge
time

Cycle
efficiency LCC

Unit /year h - €/kW-a
PHS 250 8 80% 189
overground CAES 250 8 80% 269
overground CAES 350 4 80% 164
overground CAES 400 2 80% 111
underground CAES 250 8 70% 219

Table 6.2: LCC of PHS and CAES facilities for certain number of cycles, discharge
times, and efficiencies

of the interest rate during the unit’s lifetime. The additional cost terms are also
annualised. Equation 6.2 shows the summing of the terms to obtain the LCC.

LCC = Ccap×CRF +COperation&Maintenance+CReplacement+CDisposal+CRecycling (6.2)

Some application specific attributes which are outlined in Chapter 5 are taken into
account by the cost terms in Equation 6.2. The variable costs for operation and
maintenance are dependent on the number of discharge cycles and discharge time.
The costs for replacing components of the storage unit are dependent on discharge
time and overall cycle efficiency, which are shown in Table 6.2. The values are
derived from a meta-study of several research papers focusing on cost frameworks,
at which the work of Zakeri and Syri [89] presents the most suitable costs. The
annual number of cycles, the interest rate, and the technological features are selected
according to the services in Sweden and Germany, as presented in Section 6.1.
Cost for replacing the storage unit are neglected for CAES and PHS, and are only
considered for electrochemical and electrical EES technologies as well as flywheels
[89].

Then again electricity costs for charging the EES unit are excluded from the LCC
term in this study. The storage’s main activity is charging and discharging electricity
and its benefits stem from that activity. The charging costs are market and time
related and are always opposed with either the feed-in price or a trade-off benefit
for not using electricity from the grid. As explained, the charging price is closely
connected to the application of the EES unit and, thus, is considered on the revenue
side.

The third approach builds up on the concept of LCC and shows similarities to
the LCOE approach to compare costs in the electricity generation. The so-called
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levelised costs of storage (LCOS) delivered by a storage unit is calculated by dividing
the LCC by the annual operating hours of the chosen unit, as seen in Equation 6.3.
A careful reading of published LCC and LCOE terms is advisable, because some
of the reviewed publications include the price of electricity and also natural gas for
diabatic CAES. Also, an "apples-to-apples" comparison to conventional or renewable
electric generation is not provided, even though the approach of the cost measure
is similar [63].

LCOS = LCC

n× h
(6.3)

This study chooses the LCC approach for its financial assessment. It has the afore-
mentioned advantages compared to the total capital costs approach. LCOS are not
used, since the annual operating hours strongly depend on the application. The
assessment of several value streams becomes more complex with the introduction
of stacked service cases, as explained in Section 6.3.

6.3 Stacking of Services

The process of combining or stacking services ensures that the periods where the
storage unit would otherwise be idle, if providing only a single service, are effec-
tively utilised by providing additional services. This allows for the combination of
multiple revenue streams generated by the suite of services to optimise the economic
potential of the storage unit. The combined revenue is often critical to the economic
viability of a business case, especially as many storage technologies are still in their
development infancy and have yet to reach their mature cost effective potential.
Stacking services requires consideration towards stakeholders, regulations, technol-
ogy and service matching and charge/discharge cycles. The stacking methodology
executed in this report is discussed in Section 6.3.1.

6.3.1 Service Stacking Methodology

The procedure for stacking services begins with addressing who the primary stake-
holders are, including the owner, operator and financial beneficiary of the storage
unit. The financial beneficiary in this instance refers to players who are the direct
recipient of profits generated by a storage unit supplying a suite of services. This is
important to determine as certain players cannot own or directly benefit financially
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Figure 6.1: Example for modelling a discharge cycle for energy arbitrage as pri-
mary service

from certain services. For example, in most European regulatory frameworks, a
TSO is banned from owning and profiting from any form of electricity generation,
including a storage unit [90]. Whereas a storage unit owned and operated by a con-
sumer could not feasibly provide tertiary regulation due to regulations restricting
minimum capacity for access to the balancing market; in Europe this is generally
between 1 to 10 MW [91].

Upon defining the stakeholders, a feasible storage technology must be selected. As
aforementioned, each storage technology has a catalogue of services, filtered ac-
cording to technical compatibility, which it is capable of providing. From these
compatible services, a primary service is chosen. The selection of the primary ser-
vice considers a number of factors which depend on the overall aim of the primary
stakeholders, including which system benefit is prioritised and at which location in
the energy system. Other factors could include the flexibility of a service. Services
such as peak load reserve in the Swedish market, where a certain capacity is con-
tracted over the winter period and must be available for dispatch at all times, often
have to be prioritised over services with flexible usage hours that can be dispatched
within the idle times.

Once the primary service has been selected, the corresponding charge/discharge
cycles are profiled. In this report, the discharge cycles are subject to the priority
dispatch orders modelled by evaluating historical data which ensure the primary
service is provisioned and where possible, profitability optimised. However, it is im-
portant to consider that a storage unit operating live in a power market will not have
the benefit of retrospective dispatch orders and must instead rely on forecasts.

An example of a charge/discharge cycle for energy arbitrage as the primary service
operating in the Germany day-ahead market is presented in Figure 6.1.
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The secondary or stacked services are now selected. The criteria for the selec-
tion of services to stack with the primary service depends on the flexibility of the
charge/discharge cycles, typical revenue streams, usage demands and the suitability
of the service to the primary stakeholders and overall objectives of the storage unit.
Typical revenues and usage demands for services in the German and Swedish mar-
ket are presented in Table 6.1. Services’ revenues dependent on market volatility,
volumes and dispatch orders are modelled in the stacking cases in sections 6.3.2,
6.3.3 and 6.3.4.

This process continues until the storage unit is utilised to its feasible extent with a
minimal idle time. A storage unit can never be fully utilised with no idle time due
to the following restrictions: unachievable complete synchronisation between the
charge/discharge cycles of services; technical limitations such as discharge durations,
power capacity and storage capacity; and inaccurate forecasting.

6.3.2 Case 1: Energy arbitrage at supplier-owned PHS plant in
Germany

Case 1 evaluates the stacking potential of trading in the wholesale markets and
providing ancillary grid services in the German market.

Stacking Case 1
Owner Country Technology Primary service No. of stacked services

Supply company Germany PHS Energy arbitrage 4

Scenario Description

A supply company owns and operates a 100 MW PHS plant in Germany. Short-
term energy arbitrage is selected as the primary service to capitalise on Germany’s
highly volatile wholesale electricity price. Arbitrage trading occurs on the day-ahead
electricity market. Price triggers are set to dispatch or charge the storage unit in
response to price fluctuations in the day-ahead market. The difference between the
charge and discharge triggers is set as the margin required to break-even on the
traded volumes when accounting for efficiency losses, wearing of equipment, tax
and other expenditures incurred by the trade. This margin is assumed to be 30%
based upon correspondence with experts involved in Fortum’s PHS plants.

The energy storage capacity of the PHS plant’s reservoir is 35 000 MW h, sized at
the higher end of the typical range to fully capitalise on the market volatility.
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The presence of margin between the price triggers produces idle times within the
charge/discharge cycle of the primary energy arbitrage service which needs to be
employed to optimise income. Where the day-ahead market price is not profitable to
trade in, the storage unit accesses the regulatory balancing market which often expe-
riences exaggerated price fluctuations in order to balance supply and demand. Ter-
tiary regulation, also referred to as minute reserve in German terminology, utilises
the idle times and is knitted within the primary cycle.

Moreover, a PHS unit providing up-regulation, a component of the minute reserve
generating additional power required to balance the electricity system, reduces the
need for investment in peak generation units. This service, termed peaker replace-
ment, is described in Chapter 5 and its value is calculated as a combination of the
deferred marginal price of bringing peaking facilities online and the deferred cost
in investment in peaking generation units. The revenue used in this study is taken
as a best-guess from a meta-study of several reports [54], [62], [64], [86], [87]. This
value is compounded to the revenue gained from providing up-regulation as part of
the minute reserve.

However, restrictions in volumes and directions of flow of the minute reserve coupled
with limitations in the energy capacity stored within the PHS reservoir eventuates
remaining idle times. These are further utilised by providing secondary frequency
reserve, termed secondary control reserve in the German market.

Historic price data from January 2015 is fed into the model and the dispatch orders
for the services are created retrospectively. January is selected as the sample month
for this model to demonstrate operations of the storage facility during a period of
high demand on the electricity system.

The charge/discharge cycles of the heavily utilised energy storage providing the
suite of stacked services is presented in Figure 6.2 and shows the energy level stored
in the reservoir remaining within the upper and lower limits.

Energy Arbitrage PHS
Usage share Dispatch price margin Capacity Efficiency Utilised time

[%] [%] [MW] [MWh] [%] [%]
70 30 100 35000 80 98

Table 6.3: Key parameters of the primary service and storage device for Case 1

Results

Dispatching short-term energy arbitrage from the PHS plant delivers a cash-positive
investment case which is further compounded by the additional revenue streams
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Figure 6.2: Charge / discharge cycle including energy level for one month with
case 1

generated from stacking ancillary services and deferring costs of peak generation
facilities. The profitability of the energy arbitrage and to an extent the minute
reserve provisions depend heavily on the level of volatility present in the day-ahead
and balancing market electricity prices. The sketched case shows a profitability
ratio of 1.6.

The peaker replacement service adds considerable value to the storage system and
uses the same power, energy and charge/discharge cycles as the up-regulation com-
ponent of the tertiary regulation, effectively receiving two sources of income for one
dispatch cycle. The suite of stacked services thoroughly utilise the storage unit,
extracting optimal value from the PHS facility with an idle time of only 1.16%.
The business case balance and usage share for each service provided by the PHS
plant are presented in Figure 6.3.

Recommendations

Overall, the case is highly profitable and the storage device is utilised to its full
extent leaving little room for improvement with regards to adding or replacing
services. Currently, the dispatch triggers are set to charge and discharge the storage
unit when the price exceeds 15% above or below the average wholesale electricity
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Figure 6.3: Economic balance and dispatch share for each service per total usage
time for case 1

price for the sample month. However, an algorithm created to dynamically reset
the dispatch triggers to charge and discharge the storage device at a 30% margin of
each traded unit would improve profitability and accuracy of the revenue streams
generated by energy arbitrage.

The results indicate that a similar storage unit would deliver profitable business
cases in other countries with comparable electricity price volatility and value given
to ancillary services and peaker replacement. Therefore, such a business case im-
plemented in the UK or Spanish markets would offer an interesting investment
scenario.

6.3.3 Case 2: Energy arbitrage at supplier-owned PHS plant in
Sweden

Stacking Case 2
Owner Country Technology Primary service No. of stacked services

Supply company Sweden PHS Energy arbitrage 5

Case 2 assesses the potential to generate revenue from trading in the day-ahead mar-
ket and providing ancillary grid services in the Swedish electricity network. This
case uses the same stacking procedure and services as in case 1 in Germany, provid-
ing a comparison of the different potential within contrasting market volatility.
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Scenario Description

Similarly to case 1, the PHS plant with 100 MW installed capacity is owned and
operated by a supply company in Sweden. Short-term energy arbitrage is selected
as the primary service, buying and selling electricity in the day-ahead spot market.
The charge/discharge cycle of this primary service responds to the spot price falling
below or rising above a dispatch threshold set at 15% either side of the average price
for the sample month to ensure sufficient profit margin. The energy storage capacity
of the PHS plant’s reservoir is 20 000 MW h. Historic price data from January 2015
for the Swedish markets are input to the stacking model.

With the relatively low volatility in the Swedish market, the margin between the
charge and discharge triggers creates considerable idle times in the primary en-
ergy arbitrage cycle. The storage unit accesses the regulatory balancing market
to provide tertiary regulation, FRR-M, as the secondary stacked service. Due to
the greater level of volatility present in the regulatory balancing market than the
spot market, the tertiary regulation charge/discharge cycle is given priority. Where
volumes traded in the regulatory power market are insufficient to utilise the full
capacity of the PHS plant, the remaining capacity is traded in the day-ahead spot
market if above or below the set dispatch thresholds.

As with case 1, providing the peaker replacement service complements the value of
up-regulation component of the tertiary regulation by displacing the need for the
installation of additional peaking capacity.

The storage unit provides a further service, secondary regulation (FRR-A), to utilise
a share of the remaining idle time. Since the secondary regulation in Sweden is
currently in a pilot phase, there is a lack of data on the price and traded volumes. To
overcome this, secondary regulation prices and volumes of the German market are
used and scaled down proportionally to the ratio between the Swedish and German
tertiary regulation data to provide a realistic estimate for the Swedish FRR-A data.
Since more revenue can be generated from providing tertiary regulation due in
part to greater traded volumes, only the down-regulation component of FRR-A is
provided to charge the storage facility when stored energy levels are low.

A fixed-price service is introduced to the stacked service suite to generate revenue
independent of market volatility 1. The peak load reserve ancillary service, explained
in Chapter 5, requires a capacity of 5 MW to be pledged at all times during the
winter periods and must be available for dispatch when called upon by the TSO
[70].

1A fixed-price income is a set payment per unit of power or unit energy delivered.
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Energy Arbitrage PHS
Usage share Dispatch price margin Capacity Efficiency Utilised time

[%] [%] [MW] [MWh] [%] [%]
30.5 30 100 20000 80 59

Table 6.4: Key parameters of the primary service and storage device for Case 2
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Figure 6.4: Economic balance and dispatch share for each service per total usage
time for case 2

Results

The considerably low levels of market volatility in Sweden make short-term energy
arbitrage an infrequent service that even with considerable supplementation from
additional revenue streams provides a cash-negative business case. The revenue
and cost are shown in Figure 6.4. While trading on the more volatile balancing
market with secondary and tertiary regulation improves the profit-margin of the
buy and sell volumes, significant increases in the frequency and magnitude of price
fluctuations are necessary to turn this case into an attractive investment scenario.

The peaker replacement service provides the bulk of the revenue for this case by
decoupling a large portion, 47%, of the storage facility’s value from market volatil-
ity.

The low price volatility in the Swedish electricity market accounts for the negative
balance of this business case as the electricity prices do not exceed the dispatch
threshold with sufficient frequency or magnitude to produce the revenue required
to surpass expenditure. This results in the PHS plant being idle for 41% of the
time.
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Recommendations

Adding additional services to the business case which generate income independent
of volatility in the Swedish electricity price could improve the economic viability.
Furthermore, since greater volatility is present in the regulatory balancing market,
replacing tertiary regulation as the primary service and omitting short-term energy
arbitrage from the suite of services would increase the revenue generated from each
traded volume while producing greater opportunities for additional services to be
stacked.

While the Swedish day-ahead market may not be sufficiently volatile for the viability
of short-term arbitrage, providing long-term arbitrage in its stead would capatalise
on Sweden’s seasonal variations in energy demand.

This business case is likely to deliver an equally unattractive investment scenario in
countries with electricity markets exhibiting similar key characteristics. From the
market clusters identified in Section 3.3.3, deployment of such a business case in
Finland or Norway would not be economically viable.

6.3.4 Case 3: Distribution deferral at substation in Sweden

Stacking Case 3
Owner Country Technology Primary service No. of stacked services

Supply company Sweden Overground CAES Distribution deferral 4

Case 3 and Case 4 deliver two investment scenarios for small-scale overground CAES
adding value to a section of a distribution network in Sweden. Case 3 demonstrates
the potential for such a storage unit owned by a supply company located at the low
voltage side of a secondary substation.

Scenario Description

A local distribution line is approaching its 200 A capacity due to increasing de-
mand downstream of the secondary substation with projected growth indicating
congestion within two years, especially considering further commercial and residen-
tial buildings being developed in the area. The DSO has deemed it not economically
viable to upgrade the distribution line or the secondary substation, of 2 MV A, at
this time. Furthermore, the DSO needs a fast solution to maintain the functionality
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Figure 6.5: Location of overground CAES for relief of medium voltage distribution
line in case 3 and 4

of this section of the local distribution network before the winter peak period ap-
proaches. An energy storage unit would provide a fast and cost effective alternative
for maintaining the functionality of the distribution line and secondary substation
without the need of a slow and expensive distribution upgrade. In light of this, a
business case for the installation of an overground CAES unit after the transformer
on the low-voltage side (LV) of the secondary substation is modelled. Figure 6.5
presents a schematic diagram of the location of the storage unit for case 3 and case
4.

The primary operation of the CAES unit is to store energy at times of low demand
and discharge this energy to the secondary substation at times of high demand when
the distribution line is reaching full capacity and subsequently provide energy to
the customers. This would help alleviate strain on the distribution line at times of
peak demand by shifting the overcapacity electricity flow to off-peak periods. The
assumption is that this energy storage measure is complemented by the introduction
of a demand response scheme at the downstream residential dwellings to shift some
of the household electricity demand to off-peak periods and consume the stored
surplus energy, and thus defer or avoid the need for an expensive upgrade of the
local distribution network.

It is estimated that an addition of 40 A to the distribution line would mitigate strains
during peak periods. The distribution line has a capacity of 11 kV and thus the
power capacity required to provide the additional capacity to the distribution line
is calculated to be 760 kW using Equation 6.4, which demonstrates the relationship
between power, current and voltage on the distribution line.

P = I × V ×
√

3 (6.4)
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With respect to current regulations in Sweden which provides the DSO with an
economic incentive to upgrade the distribution network after a certain amount of
time, this is likely to be seen as a temporary solution to prolong the inevitable
upgrade until circumstances permit. The storage device will need to be relocated to
another section of the distribution network which is experiencing a similar scenario
and has need for this distribution upgrade deferral service. Therefore, the mobility
of the overground CAES is key to the long-term profitability of this business case.

The cost of upgrading the distribution line is calculated using estimated values
taken from correspondence with Ellevio. The cost of the additional LV switchgear
installed at the secondary substation to accommodate the storage device is taken as
the mean value from correspondence with various retailers of electrical equipment.
The overall cost deferred is calculated as the difference between the investment
cost of upgrading the distribution line and the cost of installing the additional LV
switchgear. An annual fixed-charge rate is then used to represent these deferred
costs as annual savings and provide an indication of a reasonable value the sup-
ply company could charge the DSO for providing the distribution upgrade deferral
service. An annual fixed-charge rate serves as a levelised annual carrying cost at-
tributed to the installation or upgrade of a particular unit and incorporates installed
capital, O&M, depreciation, tax expenses and insurance. Fixed-charge rates gener-
ally range from 15% to 20% for privately owned supply companies and are slightly
lower for state companies [92]. Since supply companies in the Sweden tend to blend
public and state ownership, 15% is selected as the annual fixed-charge rate in this
case.

A natural secondary service with an inherently compatible charge/discharge cycle
exists in the form of congestion relief, and is subsequently stacked. Congestion relief
functions in the same manner by reducing the risk of congestion and consequen-
tial power outages downstream from this strained distribution line. However, the
revenue is generated from savings accrued by avoiding outage charges. The same
capacity can be used for provisions of congestion relief and distribution deferral and
thereby simultaneously providing two services and generating two revenue streams
with one cycle.

The owner of the CAES storage device is a supply company which controls the
operation of the storage device with insight from its trading floor. The supply
company sells the congestion relief capability of the storage device and the ability
to provide a fast solution to prolong the substation upgrade, as services within
a ‘flexibility package’, which is procured by the DSO to alleviate strains on this
particular section of the local distribution network. Thus, since the DSO does not
own the storage unit nor directly profit from supplying its energy, it does not breach
the regulation regarding uncoupling of system operators. Moreover, in this function
the supply company also has the ability to use the ‘idle time’ of the storage device
when it is not performing functions necessary to defer the need for a substation
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Distribution Upgrade Deferral Overground CAES Unit
Power Required Avg. Peak Duration Energy Requirement Overall Efficiency Power Capacity Storage Capacity

[MW] [h/day] [MWh/day] [%] [MW] [MWh]
0.76 3.5 2.66 70 6 40

Table 6.5: Specifications for distribution upgrade deferral at secondary substation
in Sweden

0

10

20

30

40

50

-9

-7

-5

-3

-1

1

3

5

7

9

1 25 49 73 97 121 145 169

En
er

gy
 le

ve
l [

M
W

h
]

D
is

ch
ar

ge
 p

o
w

e
r 

ca
p

ac
it

y 
[M

W
]

Time [h]

Congestion Relief Distribution Deferral FRR-M Black Start Energy Level

Figure 6.6: Charge / discharge cycle including energy level for one week with case
3

upgrade for providing other services.

The supply company can utilise the storage device further to access the wholesale
electricity market and optimise additional revenues from trading on the spot and
balancing market. Due to the aforementioned increased price volatility in the reg-
ulatory power market in Sweden compared to the spot market, tertiary regulation
is selected as the third staked service.

The cases are modelled using historical price data and volumes for the month of
January in the SE1 price pool area in Sweden. January was chosen as it is a peak
month in the winter period where electricity flow volumes are high and distribution
networks are likely to experience peak demands.
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Results

Providing distribution deferral at a strained secondary substation in Sweden deliv-
ers a strong case and benefits DSO’s needing quick and cost effective solutions to
growing downstream demand. Utilising the idle times of the same CAES storage
unit to stack congestion relief capabilities produces a cash-positive business case
which is supplemented further by trading on the regulatory balancing market. The
profitability ratio accounts for 1.5. While certain grey areas in the Swedish regula-
tion regarding the permitted role of energy storage within the distribution network
may inhibit such cases, a clearly stated adoption of the benefits of storage to the
DSO could see similar projects deployed in Sweden and around Europe. The mo-
bility of the overground CAES allows for relocation to other positions when it is no
longer required at this site.

Congestion relief is the most cost effective service, constituting over 75% of the
revenue while only being dispatched for 5.5% of the total usage time of the device.

Being a function of installed capacity, the capital and O&M costs are increased by
the additional capacity required for accessing the wholesale market than would be
necessary for distribution upgrade deferral and congestion relief alone.

The charging costs are reduced by the assumption that energy stored for the purpose
of distribution deferral and congestion relief does not have to be purchased from
the wholesale market as it is regarded as a service to the DSO.

While great value is generated by the CAES device, the unit is idle for 47% of the
time owing to a level of non-coincidence between service discharge cycles and the
relatively low energy to power ratio of the technology which results in low discharge
durations. This means that during occasions where the stored energy levels are too
low to provide a service that would otherwise be dispatched, the dispatch order is
ignored and the unit remains idle.

Recommendations

SvK necessitates a minimum power delivery of 5 MW, which requires a unit power
capacity of approximately 6 MW, when factoring in efficiency, for providing tertiary
regulation in the price pool area [70]. Removing FRR-M from the suite of stacked
services would reduce the necessary capacity of the storage unit since distribution
deferral and congestion relief only require around 15% of the installed capacity
to maintain functionality. Therefore, the reduction in required installed capacity
would result in a considerable decrease in the capital and O&M expenditures. The
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Figure 6.7: Economic balance and dispatch share for each service per total usage
time for case 3

revenue from FRR-M accounts for less than 8% of the total revenue. Thus, this
adaptation would reduce costs to a greater extent than revenue losses and could
result in an overall improvement in project profitability.

Advances in demand side management could dramatically reduce the sustained
energy capacity required to alleviate strains on the distribution system and allow
for idle hours to provide additional services.

During long lasting peak periods, this case occasionally requires the storage unit
to sustain 6 to 7 hours of power output to shift the network peaks. Currently
these periods require capacities below the nominal power output. However if the
required power capacity at these times were to increase significantly this would call
for oversizing of the energy storage capacity while pushing the discharge duration
to the technical limits of small-scale overground CAES. Such a scenario demands
improvements in the flexibility of energy stored to power ratio.

6.3.5 Case 4: Distribution deferral behind-the-meter in
Sweden

Stacking Case 4
Owner Country Technology Primary service No. of stacked services

Prosumer Sweden Overground CAES Distribution deferral 2
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Case 4 adapts the principle function of Case 3 to provide distribution upgrade
deferral to a section of a distribution network in Sweden from a fleet of small-scale
CAES units located at the demand side.

Scenario Description

This case utilises a fleet of of small-scale overground CAES devices located at com-
munal cooperative residential buildings, although the devices could suitably be lo-
cated at private residential houses, villas and commercial buildings. The function-
ality of this fleet of storage units is similar to that at the secondary substation in
case 3, section 6.3.4, and is also shown in Figure 6.5. The CAES storage devices
are programmed to store energy at off-peak periods and then discharge at times of
peak electricity demand to meet the energy requirements of the building.

A diversity factor, presented in Table 6.6, is used to account for reduction in the
effectiveness of the storage capacity when aggregated over a number of individual
units, including power losses from non-coincidence of the operation of individual
units. The power capacity and storage capacity must be larger when summed over
the b-t-m storage units than with a single storage unit at the secondary substation
to deliver the same service to the distribution line. Factoring in the diversity factor,
estimated to be 0.75, the total capacity of the virtual power plant (VPP) comprised
of the b-t-m storage units must amass to 1.01 MW to deliver the 0.76 MW to the
secondary substation necessary for deferring the upgrade.

A number of b-t-m storage devices with sufficient capacity are located downstream
from the secondary substation and relieve the strains on the local distribution net-
work during peak demand periods and therefore defer the need for an expensive
upgrade. The owner of the fleet of small-scale CAES storage devices is the b-t-
m prosumer, however the storage devices are ultimately operated by the supply
company. The supply company then amalgamates the storage effect of the fleet of
storage units by controlling and synchronising their operation, creating a VPP. As
before, the supply company provides the DSO with congestion relief and distribu-
tion upgrade deferral services delivered by the VPP. In this function, the supply
company has the ability to use the idle time of the VPP or the b-t-m customers
may use this time for benefiting from additional services.

The secondary service selected for stacking in this case is increased PV self con-
sumption, chosen to analyse the effect and profitability of combining b-t-m storage
benefits. Communal cooperative buildings are used for this case as the capacity
and scale of the CAES storage units can be greater than for individual apartments.
This approach results in reduced losses as less units are required to provide the
necessary capacity to the secondary substation. The increased PV integration ser-
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vice functions by storing energy generated by the PV unit during peak irradiation
periods and discharging to meet the building’s peak demands. Figure 6.8 shows
the power output from a 20 kW capacity PV assembly with the daily demand for a
typical April day in Sweden. April was chosen as it is between the summer and win-
ter periods where solar radiance and residential demand are both at intermediate
levels.

To assess the added value from the storage unit, the revenue of the increased in-
tegration of PV is taken as the difference between the value of increased energy
consumption from PV and the value of lost revenue from receiving the feed-in tariff
(FIT) for selling PV to the network [76].

Value of storage = [value of increased own PV consumption] - [value of lost FIT]

The feed-in tariff for PV currently in place in Sweden provides 0.060 EUR per kWh
[93]. However, it is interesting to monitor adaptations to the regulation regarding
PV incentives, particularly in light of the release of a recent framework agreement
on Swedish energy policy between Sweden’s major political parties [9].

To meet the demands of supply the distribution upgrade deferral and the PV inte-
gration services simultaneously while factoring typical overground CAES efficiency
of 80%, the total combined capacity of the storage fleet is 1.27 MW. Each individual
storage unit is sized to a power capacity of 50 kW with 230 kW h storage capacity,
a value within the current technical range of the storage technology and sufficient
for the provision of the stacked services. Thus, the total storage fleet consists of
twenty-six storage units located at various communal cooperatives downstream of
the secondary substation.

VPP Storage Fleet
Power capacity Storage capacity Diversity factor Quantity Efficiency Total capacity

[MW] [MWh] [-] [-] [%] [MW] [MWh]
1.01 4.1 0.75 26 80 1.27 6

Table 6.6: Specifications for distribution upgrade deferral from aggregated com-
munal storage units in Sweden

Results

Using the same storage device to provide distribution upgrade deferral and addi-
tional services delivers a cash-positive business case once again. The value of distri-
bution upgrade deferral alone exceeds the expenditure which is reduced significantly
by downsizing the overall installed capacity when compared to case 3, Section 6.3.4.
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Figure 6.8: Integration of Photovoltaic and small-scale overground compressed air
storage [3]

.

The VPP successfully combines the storage capabilities of the individual units to
meet the demands of alleviating strains on the secondary substation.

Furthermore, coupling the energy storage system with PV installations at the com-
munal buildings to increase self consumption offers an attractive investment sce-
nario. While the value of the increased PV self consumption makes up a small
fraction of the overall revenue, the value and added incentive to each cooperative
building cannot be ignored. The monetised value of increasing self-consumption
depends heavily on retail electricity rates and the value of the FIT scheme which
are subject to adjustments. In light of this, the energy storage device lowers the risk
of residential PV installations by reducing the dependence of the value on energy
prices and tariff schemes.

The customer must still supplement their energy needs from the network as the PV
consumption alone is not sufficient at all times. Combined with the assumption
that other residential and commercial buildings outside of the storage fleet exist, it
is assumed that the demand for the distribution upgrade deferral is unchanged.

Each individual storage unity is satisfactory utilised by the provision of the suite of
services with only an idle time of 15%.
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Figure 6.9: Economic balance and dispatch share for each service per total usage
time for case 4

Recommendations

The introduction of a time-of-use bill scheme, where a retailer defines peak and
off-peak periods and adjusts energy prices accordingly, could open the possibility
of the storage unit providing a third service, time-of-use bill reduction. While
generally not provided by Swedish supply companies, time-of-use bill schemes are
gathering heightened interest in the USA as a form of demand-side management.
Time-of-use bill reduction would exploit this scheme by using energy storage to
shift demand from peak pricing periods to off-peak pricing periods and consequently
reducing monthly electricity bills. A portion of the storage unit’s idle can be utilised
to store additional electricity from the network during the off-peak price periods
and discharged at peak pricing periods to further reduce the communal buildings’
electricity costs.

6.3.6 Case 5: Wind Curtailment in Germany

Stacking Case 5
Owner Country Technology Primary service No. of stacked services

Producer Germany Underground CAES Wind Curtailment Reduction 2

Case 5 seeks to exploit the high potential for underground CAES and large installed
wind capacity in Germany by reducing the volume of wind curtailment through
underground storage.
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Scenario Description

Electricity produced by wind turbines, often has to be curtailed and therefore wasted
due to the limited capacity of the grid as explained in Section 5.1. The growing
German wind farms are especially afflicted by those limitations and the state feels
compelled to remunerate the operators. The abolition of those remunerations could
possibly espouse the adoption of storage facilities in order to store the electricity
surplus and feed it to the grid during non-peak hours.

In this stacking case, an underground CAES facility is placed directly besides an
onshore wind farm in Germany. The wind farm in Klettwitz is chosen as a well
documented example for this scenario. Built on the elevated dump of a former
surface mine, it is ranked among the largest German onshore sites with a capacity
of 105 MW. Its dimension and the vast quantity of data available on its performance
make this farm an optimal example to be fed into the stacking model.

The statistical information by the Bundesnetzagentur (German Federal Network
Agency) [94] on the curtailed share of the total wind power generation is used
to estimate the curtailment in Kellwitz. In order to estimate the curtailment in
Kellwitz, only the data given by the Bundesnetzargentur were fragmented. The
capacity factor of German onshore wind production was derived from the total
installed capacity and the total energy produced, and lies at around 18%. Therefore,
the installed capacity in Kellwitz produces 161 GW h per year on average, of which
2.1% is curtailed. As shown in table 6.7 this results in the potential to store around
285 MW h per month in a peak lasting around 3 hours. The peak was set as the day
of highest wind generation in Germany according to data by the European Energy
Exchange database [95] and was found to be January 9th during that sample month.
The energy-to-power ratio of 21:1 is comparably high and lays around the maximum
for underground CAES according to Luo et al. [26]. Revenue for the EES facility
is created by the fact that it is charged during the peak for free, followed by the
operator selling the charge to the grid at the highest price.

However, the need for storing surplus energy occurs only roughly once a month for 3
hours. In order to fully utilise the storage during the remaining time of the sample
month, energy arbitrage is scheduled as a secondary service. Most of the time the
unit acts as a trading hub for electricity like outlined in Case 1 and 2 and generated
additional revenue.
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Germany wind onshore production Klettwitz wind park
Energy
produced

Capacity
installed

Energy
curtailed

Capacity
factor

Share
curtailed

Wind
peak

Capacity
installed

Energy
curtailed

Curtailment
duration

Unit GWh MW GWh MW MWh/month h
Value 57357 37341 1222 18% 2.1% 9.1.2015 105 285 3
Reference [94] [94] [94] [95] [96]

Table 6.7: Curtailment of wind production in Germany and by the onshore wind
park Klettwitz

Results

The model of stacking energy arbitrage on curtailment avoidance for an underground
CAES facility located on the generation site beside a wind farm in Germany is highly
unprofitable as shown in Figure 6.10. In the modelled month, January 2015, the
operator would have received around EUR 16000 revenue from offering curtailment
avoidance and EUR 810000 in revenue from applying energy arbitrage. The com-
bined revenue flow does not cover the monthly costs of around EUR 2.3M. The
opportunity to create revenue from storing free energy which wouldotherwise have
been curtailed, occurs too seldom with just 3 hours per month. The remaining
time is used by the energy arbitrage, but cannot draw enough revenue to break
even. The option to trade with energy storage is heavily limited due to the high
energy-to-power ratio of the storage unit. The disadvantageous ratio was set by the
requirements of the primary service. This leads to two main results. The avoidance
of wind power curtailment occurs too infrequently to design a storage unit explicitly
for that service and it is not suitable as primary service due to the consequent low
power-to-energy ratio.

Furthermore, the high idle time of 53% shows that the storage unit is not fully
utilised. The results have shown that the combination of the proposed service is
not optimal and, thus, not recommendable. This study recommends a variation of
the stacking in the following section.

Recommendations

According to a similar scenario by the FCH JU [37], profitability can be increased by
reducing the energy-to-power ratio. A very low ratio of 0.5:1 could potentially break
even in this case, since the lower ratio enables a more lucrative energy arbitrage.
Nevertheless, such dimensions are only able to reduce a fraction of the curtailment
of the connected wind farm.

The method of stacking could also be changed by switching the choice of services.
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Figure 6.10: Economic balance and dispatch share for each service per total usage
time for case 5

Designing the dimensions of the storage unit according to the requirements of fulfill-
ing energy arbitrage at its best and adding avoidance of curtailment when needed,
could improve the balance of the case. Another recommendation is to offer ’firm-
ing’ of wind power, since the unit is already located beside a wind farm. The
producer could use the storage unit to guarantee a more predictable and continuous
production, which increases the value of electricity coming from the farm. Since
wind energy is located at the front of the merit order, this security has no financial
benefit nowadays, although regulatory changes could create a revenue stream. The
producer smooths the wind power output and continuously supplies power to the
market, rewarding the producer accordingly.

6.4 Sensitivity Analyses

As the derived profitability of the stacked business cases is highly dependent on
various assumed or averaged input data, the results may not be consistent. In par-
ticular, models with emerging technologies, such as CAES, or in constantly trans-
forming markets, such as the electricity market in Germany and Sweden, need to
come under close scrutiny in terms of their input data. In the following subsections
the sensitivity of market and technology input values to the revenues and profits
are examined by sensitivity analyses.
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6.4.1 Dependency of Profitability on Overall Efficiency

PHS facilities have been around for many decades and their overall efficiency is ex-
pected to change only marginally. However, AA-CAES is an emerging technologies
and new prototypes are constantly released, which show innovative ways to min-
imise losses. For instance has recent research improved materials for heat storage,
which minimized the heat losses during the advanced-adiabatic process. A rising
overall efficiency could have a direct influence on the stacking model with CAES
units in section 6.3.

In a two-step analysis the efficiencies of overground CAES are increased from 80%,
as stated in Table 6.2, to 84% and 88%. Underground CAES is examined for a rise
from 70% to 80% and 85%.

The capital and O&M costs for case 3 decrease for a rising overall efficiency. Since
the efficiency is directly connected to the usage time, there is less time to provide
FRR-M, which also decreases the revenue from that service. The revenues from
deferring investments in the distribution grid are fixed and not impacted by the
LCC. Overall the storage unit placed at a distribution substation becomes even
more profitable.

The sensitivity of the LCC has a similar impact on case 4. The usage time for
integrating PV is slightly reduced and therefore its revenues is lowered by a few
euros per month. Yet the total costs are decreased much more, resulting in a 41%
higher profit when improving the efficiency from 80% to 88%.

Case 5 where underground CAES storage is used for grid integration of wind energy
that would be locally curtailed remains negative when improving the overall effi-
ciency of the EES. However, for the best efficiency of +15% the monthly revenues
increase to around EUR 19000 and EUR 816000 for avoidance of curtailment and
energy arbitrage, respectively.

6.4.2 Dependency of Profitability on Revenues for Peaker
Replacement

Case 1 is a highly positive scenario of stacking Energy arbitrage, secondary as well
as tertiary frequency control, peak load reserve and peaker replacement. The prof-
itability ratio is 1.7 with the revenue for replacing peaking generation contributing
to 26% of the total revenue. This represents the revenue stream, one of the main
reasons for the profitability, yet it is included with a fixed value. That leads to
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LCC [€/kW-a]
base -10% -25%

PHS 189 170 142
overground CAES 269 242 202
overground CAES 164 147 123
overground CAES 111 100 83
underground CAES 219 197 164

Table 6.8: LCC values of senstivity analysis

the demand for assessing the dependency of the profit on changing revenues for
replacing peak generator units in the next decades.

The revenue stream for replacing peakers generally is derived by summarising the
costs for installing a new gas turbine facility, which could supply electricity through
peak hours. Calculating the financial benefit for delaying this investment is associ-
ated with a degree of uncertainty. Furthermore, scientific estimations on how the
costs for peaking generation capacities will differ in the future conclude differently.
Therefore, this study tests the sensitivity of the revenues for peaker replacements
with extreme values in both directions. In this analysis, the revenues stream is both
increased and decreased by 20% to assess the influence on the overall profitability
of this case.

The increased savings for not investing in peaker generation in case 1 gains a prof-
itability ratio of 1.8 which is 30% of the revenue. More interestingly, a decreased
revenue stream still provides a positive result with a profitability ratio of 1.6. Even
though the total revenue consists only of 22% from peaker replacement, it is still
a recommendable case. To conclude, extreme investment changes have a moderate
impact on the profitability case and even a notable drop in prices preserve prof-
itability.

6.4.3 Dependency of Profitability on Life Cycle Cost

According to predictions of Lazard [63], Fuchs et al. [22], and Zakerie et al. [97] the
LCC of all technological setups shown in Table 6.2 are predicted to decrease within
the next 5 to 14 years. This decrease is mainly attributed to lower installation and
other capital costs. A lower LCC directly results in a different profitability of the
stacking cases. A sensitivity analysis is conducted with cost cuts by 10% and 25%
as shown in Table 6.8 and gives an understanding of the dependency of profitably.

The business case 1 is positive and has a profitability ratio of 1.7. Decreasing
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Figure 6.11: Dependency of profitability of case 2 on the life cycle cost

the LCC to that extend as proposed, boosts the ratio to 1.9 and 2.3. Therefore,
the business case can be anticipated to become even more profitable in the next
decade.

Case 2 shows the most interesting outcome when assessing this sensitivity analysis.
Decreasing the LCC by 10% almost breaks the scenario even, whilst drastically
lowering of costs by 25% makes the business case positive as shown in Figure 6.11
and results in a profitability ratio of circa 1.09. Therefore, it is recommendable to
monitor cost developments and their future estimations to pinpoint the moment of
profitability for energy arbitrage in Sweden.

The impact on case 3 and case 4 is straightforward, since the lowered LCC solely
cuts the costs for capital and O&M which consequently makes the storage unit
in both scenarios even more profitable. Case 5 stays negative in this sensitivity
analysis. Nevertheless, the share of capital costs and O&M decreases notably, so
charging costs become a more severe cost item.

6.4.4 Dependency of Profitability on Revenues from Providing
Congestion Relief

Since providing congestion relief to the grid contributes mainly to the profitability of
case 3, it is deemed necessary to elaborated this service further. 75% from the total
revenue is attributed to the auxiliary service to avoid grid outage charges caused
by congestion. Case 3 is modelled with a realistic amount of outages for an energy
volume occurring above a certain threshold. Here, the market data for January 2015
in the Swedish price pool SE1 are fed into the model. Several reasons could increase
the occurrence of outages in Sweden, among those are a rising energy demand and
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Figure 6.12: Dependency of profitability of case 3 on revenues from providing
congestion relief

growing wind power production. Both trends are realistic for the Swedish energy
market. More outages might occur and the CAES unit could relieve the impending
congestion more often. Therefore, the sensitivity of this revenue stream is analysed
by increasing it by 15%.

Conversely, rising flexibility of the grid is put on the agenda of Swedish energy
market players. Demand response programmes, as well as more storage units in the
system will sooth the danger of congestion in the grid. Outages might occur less
often as the proposed unit draws less revenue for relieving congestion. This scenario
is assessed by decreasing the single revenue stream by 15%.

Despite a scenario of a 15% decrease in the number of outages hours, the business
case remains in a cash-positive position. While the share of the total revenue at-
tributed to the congestion relief service declines by 3%, the costs saved by avoiding
the outages still accounts for the vast majority, 72%, of the overall revenue.

The scenario where the number of hours of outages for this month increase by 15%
presents an even more compelling business case with profits increasing by 29%. The
dominance of congestion relief revenue is compounded further and constitutes 78%
of the overall revenue from the stacked services.
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7 Results

This study creates two kinds of result. At first, different approaches to examine
the topic of EES from a technological and financial perspective are developed. As
mentioned in Chapter 2, new methods are drafted and put into practice. Secondly,
those methods as well as widely recognised processes of a techno-economic analysis
give findings, which are outlined in Section 7.2.

7.1 Methodological Results

As aforementioned, this study provides a framework to assess the viability of storage
technologies in certain markets while developing techniques to formulate business
models for a suite of services. The structure of the report is such that the method-
ological procedures developed are presented throughout and are in themselves key
findings of the study. The methodological results are outlined.

Within the market scope in Section 3.3, three key dimensions to structure the Eu-
ropean markets according to demand of EES to every country are evolved. Ratings
of electricity market volatility, share of intermittent electricity generation and elec-
tricity interconnection level give a profound understanding of the energy market
and, if combined, a direct hypothesis about the demand for EES. This study’s re-
sults include the identification of the dimension as well as the visualisation of their
combination to detect certain clusters, which is conducted throughout Subsection
3.3.3.

Another maiden method is the presentation of the attributes of EES technologies
and the requirements of services in radar charts, which further enables compatibility
checks to be made by superimposing a technology attribute profile with a service
requirement profile. Subsequently, the method of quantification and classification
of the six key technology attributes is developed and described in Section 5.2. An
almost identical approach is established for the requirements of services and a way
to check the compatibility is shown in Section 5.3.

Thirdly, this study implements a method for the process of combining multiple ser-
vices for a storage unit. The derived method includes aspects of earlier studies, but
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poses a new way of coping with the complex issue of stacking different services in a
suitable procedure, which targets a minimisation of the idle time and a maximisa-
tion of the profit. Following the creation of this procedure, five stacking cases were
investigated as seen in Subsections 6.3.2 to 6.3.6.

7.2 Findings

The first findings consist of the identification of suitable clusters using the men-
tioned method and its three key dimensions. The "Connected Reserve", "Renewable
Island" and "Conventional Island" labelled clusters represent European countries
with similar potential and necessity for EES. Therefore, assumptions and results
can be transferred between member states of a cluster.

Two GIS-based studies into the potential of PHS in Germany and Sweden are re-
viewed and confirm the existence of suitable locations for further installations in
both countries. An upper limit of 3081 GW h and 804 GW h total energy storage is
established for PHS in Sweden and Germany respectively.

The InSpee project unearths considerable potential for deployment of underground
CAES within the subterranean salt structures present in northern Germany. Many
of these locations coincide with areas of high wind potential indicating vast possi-
bilities for CAES to avoid wind curtailments and firming power output from wind
farms.

The development of LRC technology circumvents the lack of salt formations in
Sweden to significantly broaden the potential for underground CAES developments
in crystalline bedrock structures.

Small-scale overground CAES installations are not constrained by geology or to-
pography and thus have a relatively unrestricted potential.

The superimposing of the radar charts results in a matrix showing the compatibil-
ity of services and PHS and CAES technologies. Positive matches are used while
choosing suitable services for the stacking cases. A comprehensive overview of the
matrix is represented in A.

The stacking of services in five different composition while deciding on the suit-
able storage technology and location results in conclusion about their profitability.
Stacking frequency regulation and peaker replacement on energy arbitrage at a PHS
plant in Germany is the most cost-effective case according to its profitability ra-
tio of 1.6. Altering the dominant revenue stream from deferring investments in
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generation capacities for peak hours keeps the case cash-positive notwithstanding,
as assessed in a subsequent sensitivity analysis. The case providing distribution
deferral with a overground CAES unit to a substation in Sweden, while adding con-
gestion relief, tertiary regulation and black start, follow to be also highly positive
with a profitability ratio of 1.5. According to a sensitivity analysis may variations
of the revenues for providing congestion relief not turn the case negative. A similar
setup providing distribution deferral b-t-m while adding residential PV integration
is slightly profitable.

Combining energy arbitrage, peak load reserve, peaker replacement, secondary and
tertiary regulation with a PHS plant in Sweden results in being negative. Reduction
in costs could possibly realise a profit and score a profitability ratio of 1.09, as found
out in a sensitivity analysis. In Germany the case of both avoiding wind curtailment
and performing energy arbitrage is highly negative. Neither realistic reduction in
costs nor efficiency improvements cannot even draw profits.

Market characteristics have a notable impact on the economic viability of storage
business cases. A few general trends can be observed while creating and interpret-
ing the stacking cases. A stacking scenario with a primary service depending on
market volatility remains a negative case in Sweden. The volatility of the Swedish
electricity price is too disadvantageous for services as energy arbitrage or tertiary
regulation. Furthermore, services benefiting several stakeholders simultaneously are
most effective at delivering value to the system.

In conclusion, the economic viability for EES can be improved by providing a combi-
nation of services from a single long-term storage unit. All designed cases would not
be cash-positive when providing a just one service, whereas the stacking of services
increases the utilisation of the storage capacity and can realise a profit. Therefore,
the integration of EES can be facilitated by going for a stacking strategy.

According to the case studies, possible and profitable combinations always depend
on the choice of primary service. Offering energy arbitrage in Germany first of all is
a reasonable starting setup for adding secondary and tertiary frequency regulations
as well as replacing peakers. Deferring investments in the distribution grid by
equipping households or a substation with a storage unit is recommendable and can
be perfectly combined with tertiary regulations, congestion relief, black start and
residential PV integration.

The exact costs and revenues are prepared in the Sections 6.2 and 6.1, respectively.
Exact identification of the parameters follows in the case studies.

80



8 Discussions

This chapter digests the results produced by the study and the subsequent verdict
delivered on the research question to address the broader implications of the findings
on the potential of long-term energy storage in the European Market. The practical
relevance of the study is evident in the derived framework for the method to assess
potential business cases within varying European market structures and also in
the recommendations derived from the stacking case results outlined in Section 8.1.
Comparisons are drawn between the approaches and findings of this study and other
relevant research on this subject. Lastly, the perspectives for further research to
build upon and advance the significance of the study are discussed.

8.1 Recommendations

Case 1 The results of the business model are highly suggestive of an attractive
investment scenario being produced by stacking energy arbitrage with additional
ancillary services in markets which, like Germany, are characterised by high shares
of IRES generation, high price volatility and low electricity interconnection levels.
Choosing a storage technology with a high installed power capacity and large energy
storage volumes is critical to exploit the price fluctuations within these markets
while supplementing revenue with provisions of further ancillary services.

Improvements in the dispatch triggers within the model, such as developing a dy-
namic algorithm, would improve the accuracy of the revenue projections for energy
arbitrage.

Case 2 Conversely, Case 2 exposes the weaknesses in providing the same suite of
stacked services in markets with low price volatility, low shares of IRES and high
electricity interconnection levels with neighbouring markets. In markets with simi-
lar characteristics to the established Connected Reserve cluster, including Sweden,
Norway and Finland, the regulatory balancing market and services independent of
market volatility should be given priority to improve the economics of this case.
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Case 3 Case 3 demonstrates how a supply company can generate a cash-positive
business case by shifting priority away from market trading and towards adding
value to the distribution network. The expenditure in Case 3 could be considerably
reduced by removing tertiary regulation from the suite of services provided and
consequently reducing the installed capacity requirements.

Further advances in demand side management should be monitored since successful
integration of such mechanisms could reduce the demand on the storage system
when alleviating peak demands on certain sections distribution system. In addition,
mobility of the chosen storage technology is crucial to the long-term profitability of
the business case as relocation may be required to sustain value when application
at one site is no longer necessary.

Case 4 Case 4 provides an alternative to Case 3 to deliver the same value to the
distribution network but operating from the demand side. If a time-of-use scheme
were to be introduced in Sweden this would compound the value of the storage
device from the perspective of the prosumer by delivering a reduction in energy
bills.

Case 5 A reduced energy-to-power ratio would increase the attractiveness of in-
vestment in an underground CAES facility providing avoidance of wind curtailment.
Furthermore, if a scheme were to be introduced whereby the producer receives fi-
nancial incentives to smooth the power output from a wind farm, providing the
service ’firming’ of wind power would significantly increase the profitability of this
case.

8.2 Comparison to other studies

Fitzgerald et al. [62] from the Rocky Mountain Institute state that "energy storage
can generate much more value when multiple, stacked services are provided by the
same device or fleet of devices" while mainly focusing on electrochemical EES in
the USA. This study comes to similar results and can confirm that assumption for
long-term EES in two European archetypal markets, which also permits prospects
to other European markets. The findings of Fitzgerald et al. saying that only
single services generally do not provide a profit, can also be acknowledged, since
the positive cases of this study always consist of stacking combinations.

The report by the FCH JU finds that "demand for storage is largest in island systems
and smallest in countries with large reservoir hydro capacity". The advantage for is-
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land system, meaning non-interconnected markets or real islands, can be accredited
by this study when speaking of energy arbitrage as a primary service. Germany and
its cluster members Spain and United Kingdom (UK) feature the island character
with their low EIL and seem to be suitable for energy arbitrage. The corresponding
case 1 is highly cash-positive. On the contrary, Sweden as a country with large hy-
dro capacities can also have positive business cases when focusing on other services
as distribution deferral.

8.3 Delimitations

The results should be construed while considering two main delimitations. The
model for analysing the stacking cases and developing the charging cycles is fed
with numerous data sets for one month. An exemplary month is chosen to enable
to sufficiently elaborate the respective case and result in an estimation about its
economic viability as well as regulatory issues. For a more precise conclusion, more
month or even years should be considered.

Secondly, the LCC framework neglect the recently developed notion, that storage
costs are divided into energy and power components as outlined by Braff et al. [98].
The real costs for offering a service are a combination of both components. The
disregard of this separation might lead to the high costs in case 5 and show that
the results are not realistic here.

8.4 Further Research

As mentioned before a more advanced cost framework should be implemented in
the models of this study to receive more realistic results. This can be part of further
research, whereas other areas also expose research gaps. Assessing the exact break-
even point for providing energy arbitrage depending on volatility of market. This
study presented two extremes while assessing arbitrage in Sweden and Germany. A
mathematical relation between market volatility and profitability would enable to
forebode other markets. However, the market cluster "Conventional Island" needs
a to be a closer look at.

Further studies could also assess the negligence of this study, which are the con-
struction time and health and environmental issues for storage technologies. Fur-
thermore, other installation considerations are of interest and their time as well as
cost need academic evaluation.
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The designed stacking cases provide often services to different stakeholders, which
also receive their benefits via different revenue streams. This study gives an outlook
who possible owns the storage unit and is therefore service provider. However,
the exact business case including payment flows within the actors is not examined.
Several constellations are conceivable and this field presents another research gap.
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A Matrix of Compatibility Check

Service PHS overground CAES underground CAES
Black Start X X X
Distribution Upgrade Deferral X X X
Load Levelling X X X
Peaker Replacement X X X
RES Intermittence Backup X X
Seasonal Arbitrage X X X
Secondary Regulation X X X
Short-term Arbitrage X X X
Spinning Reserve
Tertiary Regulation X X X
Energy Arbitrage X X X
Transmission Upgrade Deferral X X
UPS
Wind Curtailment X

Table A.1: Matrix of technology and service compatibility
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