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Abstract

The growing interest in energy storage technologies and associated cost reductions have led to an increasing amount of utility-sized energy storage systems
(ESSs) being deployed. Energy storage has the technological potential to solve
several issues resulting from the large scale integration of renewable energy technologies (RETs). Since the technology interacts with its context, the valuation
of the functionality ESSs provide depends on the organization of the electricity system. This thesis uses a multi-method approach to answer the question
how energy storage can provide functionality in a 2030 Dutch electricity grid
on dierent system levels and considering dierent scenarios. The theory on
Systems of Innovation (SI) is used to demonstrate the relevance of the research
and to provide a framework for the research. Analyses are conducted on the
current and expected technological state of energy storage technologies, on the
available value streams, on the viable use cases, on the system failures within
the electricity market design and ultimately a scenario analysis is conducted.
Theoretical analysis

The SI literature distinguishes between national, sectoral and technological
SIs. Within this research the Dutch electricity system is taken to be the intersection of the national and sectoral SIs. Despite the increasingly supranational
character of the electricity system still signicant dierences exist between the
electricity systems in various countries. The technological SI (TSI) under study
here is the grid connected ESS, which interacts with other TSIs as ESSs are
typically assembled out of standardized components.
An overview is given of the various functions of SIs of which it is found
that the functions entrepreneurial activity, market creation and knowledge development are found to most important for the system behavior. Since rms
have a prot-maximizing aim, the existence of nancially viable use cases will
result in entrepreneurial activity. In some cases the creation of protected spaces
is required to create viable use cases, which is linked to the function of market creation. Knowledge development in the private sector is also driven by
opportunities for rms to maximize prot. Public parties have initiated few
projects in which utility-scale energy storage systems are deployed, likely due
to the high costs associated with the technology. It is thereby concluded that
assessment of the revenue potential for energy storage is important to determine
the technology's viability.
State of technology

In a literature review an overview is given of the following storage mediums:
hydrogen, molten salt, lithium-ion, lead-acid, redox ow, NiMH, ywheels and
supercapacitors. It is found that lithium-ion NMC technology is rapidly reducing in cost and that it is the dominant technology for most applications. For
high-power applications (100C) li-ion LTO has lowest investment costs and for
low-power applications (0.1C) molten salt and redox ow technologies are found
to be the lowest cost technologies. An overview of the cost and specications
of the technologies is given in table 4.6 on page 46. Based on the expected cost
reductions it can be concluded that molten salt and redox ow technologies may
also become relevant technologies in a 2030 electricity system. An overview of
expected performance is given in table 4.7 on page 47.

Value streams

An overview of value streams available to ESSs is given, covering all energy
markets. A distinction is made between arbitraging markets, ancillary services
and congestion management services. For each market the market trends and
characteristics related to energy storage are discussed. For the case of the German day-ahead electricity market it is found that the merit-order eect results
in the electricity price decreasing by EUR1,03/MWh per GW renewable electricity production. For every market an estimation is given of the expected
revenue to be created by an ESS. Arbitraging on the imbalance market and the
provision of primary reserve are found to be the most viable revenue streams
and for these applications a cost benet analysis is conducted. An overview of
the relevant value streams is given in table 5.3 on page 63.
Use cases

For the imbalance market and the primary reserve marke an overview of
the working principles is given related to ESSs. By performing a cost-benet
analysis it is found that a lithium-ion ESS dimensioned for and applied as primary reserve has a payback period of 10 years and an IRR of 6% over a 15
year lifespan. An overview of the cost-benet analysis is given in table 6.1 on
page 67. The nancial viability of this use case is threatened as the revenue
from application as primary reserve may diminish when the amount of energy
storage systems becomes larger than the required primary reserve capacity.
For the case of application on the imbalance market a decision algorithm is
proposed. To accurately calculate the expected cycle life, the concept of equivalent cycles is introduced together with a computationally ecient algorithm
to calculate this value. Application of the decision algorithm results in an improved performance of 8% per equivalent cycle when conducting a simulation on
2015 imbalance prices. After performing a cost-benet analysis it is found that
the application of a li-ion ESS on the imbalance market is nancially nonviable
with an estimated IRR of -6.6% over a 15 year lifespan. Should the grid related
fees be reduced to EUR0 then a small return on investment would be made. An
overview of the cost-benet analysis is given in table 6.4 on page 75.
System failure analysis

The limited opportunities to create prot by deploying a utility-scale ESS
indicate that the SIs have developed insuciently. Using a System of Innovation
framework an analysis is conducted which system failures hinder an optimal
application of ESSs and RETs within the current electricity system. 11 system
failures are identied within the actor groups DSOs, TSOs, generation and third
parties. Under the current market design the cooperation among actors and the
valuation of the technical capabilities of new energy technologies can be further
improved. Recommendations are done for policy makers to improve the current
market design to facilitate the integration of ESSs and RETs. An overview of
the system failures is given in table 7.1 on page 78.
Scenario analysis

Using a three dimensional scenario analysis 8 possible outcomes are illustrated for the development of the electricity system and the role of energy storage
within the system. The dimensions 'security', 'sustainability' and 'aordability'
relate to the objectives of the EU energy policy. The dimensions are linked
to the actor groups from the system failure analysis, giving the scenarios clear
directions towards which policy can develop. The 'business as usual'-scenario
illustrates a future in which the adoption rate of RETs remains low and as such
2

no energy transition will take place. In this scenario the electricity system relies
on fossil fuels and costly grid reinforcements to cope with future challenges. In
the opposite scenario 'successful cooperation' policy makers take on a leading
role by tendering large scale projects at locations where they t in the electricity
grid, thereby reducing total system costs. This will lead to a strong increase
in the penetration of RETs and the grid related issues associated with this are
solved by the installation of commercial ESSs. When the expected performance
of energy storage technologies is quantied and a cost benet analysis is conducted comparing redox ow and lithium-ion for a case in which the ESS is
arbitraging and peakshaving, it is found that lithium-ion is likely to become the
technology of choice in a future electricity grid.
The creation of additional price signals within the electricity system can
provide the basis for energy storage to become an essential part of the electricity
system. The exact functionality which can be provided within a future electricity
grid depends on the policy measures which can prepare the electricity system
for the integration of a large share of RESs.
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Chapter 1
Introduction

Renewable energy (RE) has been on the political agenda for several years and
now that renewable energy technologies (RETs) have become competitive with
fossil fuel technology in some countries, RE has commercialized. Despite the
slow uptake of RE in the Netherlands compared to other countries, some events
already take place which could indicate that the Dutch energy system is transitioning [21]. Traditional players have seen their market share decrease and
the low electricity price has caused margins on electricity generation to fade,
leading to losses for larger energy companies [47]. Another indicator could be
the separation of E.ON's fossil fuel assets into a 'bad company' named Uniper.
While E.ON remains a German company, the increased market coupling and
cooperation on energy related matters between European countries results in
foreign events being more likely to aect the Netherlands (as will be discussed
in section 5.1.2).

Figure 1.1: Number of research papers published per year found on ScienceDirect using EES related keywords.
Energy storage technologies have improved rapidly over the last few years,
largely driven by innovations in the mobility sector and by demand from the
electronics sector. This is illustrated by the amount of research conducted on
1

EES technologies over the past years [67, 164, 94]. In gure 1.1 a basic overview
is given of the number of research papers in various EES related elds, further
illustrating the growing interest in EES technologies and applications.
While it is concluded in the literature that energy storage can technically
solve issues associated with a large scale integration of RETs [32, 57, 30], the
way ESSs should be economically integrated is often not discussed. A gap remains between the literature which focuses on electricity market design [113]
and the literature focusing on the technical integration of energy storage while
the literature could benet from an integration of the two topics. A more holistic approach which combines the two topics can demonstrate the viability of
commercial deployment of energy storage by private actors. In [102] interviews
are conducted to nd that only a limited set of use cases is interesting to actors,
an indicator that research eorts may be directed towards several applications.
Should energy storage be commercially interesting then it is likely to be integrated within the electricity grid. As such studies into the the viability of energy
storage may have predictive value towards the adoption rate of ESSs.
Moreover, spatial dierences exist as found by [102] due to dierent market
designs and political support, of which evidence can be found in the various
adoption rates of energy storage systems [138]. With Europe lagging in the
adoption of energy storage compared to China, USA and Japan it can be argued
that regional dierences exist and that a study using the same methodology but
investigating a dierent electricity market may nd dierent results.
Projects with a commercial interest in Europe have been announced or
commissioned since 2014 [138]. An example of commercial exploitation of energy storage is WEMAG's 5MW/5MWh lithium-ion storage system in Germany which has been operating on the market for primary reserve (frequency
regulation) since 2014 [138]. A similar example in the Netherlands is the
1MW/1.3MWh li-ion ESS, depicted in gure 1.2. In the literature some studies
can be found which attempt to nd commercially viable use cases. In [172]
it is argued that high O&M costs render lithium-ion a more costly alternative
to lead-acid and ywheels when used for frequency regulation in California, a
result which is then used in a technical report published by DNV GL [159] to
conclude that lithium-ion business cases in the Netherlands are not yet feasible.
This master thesis will give an overview of the current state of energy storage
technologies, its applications and will give an outlook for the future integration
of energy storage, constituting a multi-method approach. It is written for the
more technology-minded reader interested in deploying energy storage from a
commercial perspective but parts of this thesis may also serve policy makers,
energy traders or researchers because of the multiple perspectives present in this
thesis.

1.1 Research question
In the current body of literature, studies which analyze the integration of energy
storage in a RE system often assume a varying load prole and a generation
prole which is inexible or is only exible to a limited extent [32]. These load
and generation proles can be developed by making some assumptions about the
penetration of RE and a study can typically conclude that the electricity grid
will benet from a signicant share of electrical energy storage. As an example
2

Figure 1.2: 1MW/1.3MWh energy storage system at an industrial location in
Eindhoven, The Netherlands.
of the importance of these assumptions, a study conducted by Denholm and
Hand [32] contains an implicit assumption that no grid outages occur and that
as such no backup capacity is required. However, by focusing on a too narrow
set of revenue streams the result may include a signicant simplication of the
services energy storage can provide. A more nuanced approach to investigate
the role of storage in a RE system would be to distinguish between various time
windows and use cases which storage can be applied for, as is done by [78]1 .
This distinction between use cases for which storage is needed may also imply
that dierent types of energy storage technologies might be more appropriate
for dierent use cases. For example, to maintain a monthly energy balance one
could suce with a very low ramp rate as the energy is needed over a long
time frame, but maintaining an hourly energy balance would require higher
ramp rates as the storage will have to react to very short-term events such
as maintaining the grid frequency. Energy storage can provide a number of
dierent services to the grid which are associated with dierent revenue models
which serve to ensure a socially optimal solution. However, as with most technoeconomic modeling, the conguration of this solution is dependent on a number
of assumptions about the future. This provokes the research question of this
study: How can energy storage provide functionality in a 2030 Dutch electricity

grid on dierent system levels and considering dierent scenarios?

The main research question is divided into several sub-questions which capture the holistic approach from this study. First the technological core of the
1 The report nds that in 2030 16 GWh of capacity is needed to cover hourly imbalances,
170 GWh for daily imbalances, 3.2 TWh for weekly imbalances and 5 TWh for monthly
imbalances [78].
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main question is assessed with the sub-question:
1. What is the current technological state of battery technology and what are
the expectations for improvement in the terms of performance and costs?
Next the dierent system levels of the electricity system are assessed: the current
electricity market design, its applications with respect to energy storage and its
failures are assessed with the sub-questions:
2. In what ways can energy storage be used to create value on dierent system
levels?
3. What are viable use cases for the commercial application of energy storage?
4. In what ways can the electricity market design be improved to optimize
the value creation of energy storage systems?
The ndings which result from answering these sub-questions can be extrapolated to a 2030 electricity grid and as such the main questions provokes the last
sub-question:
5. Taking the elements of the energy trilemma as basis for a scenario analysis,
how could dierent scenarios lead to dierent future electricity systems
and how would energy storage be used in these systems?

4

Chapter 2
Theory

When assessing innovations and the context in which they function, the evolutionary view on innovation which has been developed in the past decades may be
useful. The introduction of an evolutionary view on innovation became an alternative for the macroeconomic perspective which focused on prot maximizing
rms [36]. The evolutionary view distinguishes between mechanisms continuously producing innovations and mechanisms slowly selecting innovations. It
views technological change as an open-ended and path-dependent process without optimal solutions and without equilibrium. Although it is not explicitly
mentioned, the systems of innovation approach likely stems from the evolutionary perspective on innovation.
The systems of innovation approach is concerned with the analysis of the
determinants of innovation, it considers the role of laws and norms which shape
the behavior of organizations. "Organizations and institutions are components
of systems for the creation and commercialization of knowledge. Innovations
emerge in such 'systems of innovation'" [38]. Because of its wider (systems)
approach to new technologies, the SI approach is well suited to assess the development of maturing technologies. Technologies do not develop in a vacuum
and assessing both the technology and its context is required to determine if
the technology is likely to diuse further. Energy storage is in the literature
often discussed as technology which would allow for large scale integration of
renewable energy [32] but scholars typically refrain from discussing the t with
the existing market design. The development of energy storage within the electricity sector with its existing rules, norms and technologies is a good t for the
SI approach.

2.1 Denitions
When using the SI-approach the terms 'systems of innovation', 'organizations'
and 'institutions' benet from a more extensive denition as their meaning is
used in the literature in varying ways and they represent abstract concepts.
Several denitions for the concept of systems of innovation were originally
proposed of which one broader denition is given by Lundvall [99]:
All parts and aspects of the economic structure and the institutional set-up aecting learning as well as searching and exploring
5

- the production system, the marketing system and the system of
nance present themselves as subsystems in which learning takes
place.
This denition of a system of innovation is thereby intrinsically linked to the
studied determinants of innovation. The determinants thereby constitute the
boundaries of the system under study such that no determinant is excluded
when assessing the system. Lundvall argues that the boundaries of the system
of innovation should not be determined sharply but should remain exible to
allow the boundaries to be determined after historical analysis and theoretical
considerations [36]. This makes it dicult to give a denition of a system because one cannot exclude determinants of innovation a priori and because the list
of determinants may be incomplete with the current state of knowledge. Rather
Edquist proposes to "specify system as including all important determinants
of innovation" [36].
Modern 'systems theory' denes a system as [38]:
 Consisting of components and relations between components.
 Having a function.
 Distinguishable from the rest of the world. "It must be possible to identify
the boundaries of the system" [38].
The disadvantage of all these denitions is that they remain unspecic about the
system boundaries. To combat this any study applying a systems of innovation
approach should therefore dene its boundaries specically.
Throughout this thesis the concepts electricity system and (distribution/transmission) system operator (SO) are used although the denition of 'system'
may vary. When using electricity system the SI denition of system is meant,
involving not only technological characteristics but also various actors, regulations and practices. SOs are (a signicant) part of the electricity system but
have well-dened tasks which typically focus on the physical electricity grid but
may also involve other activities.
A distinction should also be made between organizations and institutions, which can be described to be the 'players' and the 'rules' of the 'game'.
A more formal denition can also be found in the literature where it is stated
that "organizations are formal structures that are consciously created and have
an explicit purpose" [37]. Firms, universities and public agencies can all be considered organizations. The contrary denition for institutions is then given as
"institutions are sets of common habits, norms, routines, established practices,
rules or laws that regulate the relations and interactions between individuals,
groups and organizations" [37].

2.2 National, regional and sectoral systems
Having discussed the denitions which are important for the SI approach and
the systems approach in general, the important concept of national, regional
and sectoral systems of innovation can be discussed.
Within the SI literature system delineation has been used as a concept to
distinct between sectoral, technological and national (or regional) systems of
6

innovation [104]. National systems of innovation "are primarily delineated on
a spatial basis assuming that they are largely determined by organizations and
institutions inherently characterized by a certain territorial sphere of inuence
and interaction" [104]. Sectoral systems are delineated by industry structures
which can cover multiple geographic boundaries. Technological systems can
again cross both geographic and sectoral boundaries. Technological systems are
typically dened by a knowledge eld, a product or a market. An example of
the relationship between these various types of systems is shown in gure 2.1.

Figure 2.1: Potential relationship between national (NSI) and sectoral (SSI)
systems of innovation and a technological system (TS). Source: [104]
The method of system delineation can be applied to the scope of this thesis.
The sectoral system of innovation (SSI) can be taken to be the electricity sector including e.g. rms (DSOs, TSOs, retailers), regulating bodies (European
Parliament, ACER, ENTSO-e) and institutions (laws, subsidies). The supranational character of the energy sector within the European Union is visible within
e.g. TenneT owning (parts of) the transmission grid in the Netherlands and
Germany, retailers operating internationally and Horizon 2020 research projects
having an international consortium.
Due to their supranational character it may seem counter-intuitive to focus
only on a part of the electricity system (the NSI) but it can be argued that
sharp dierences exist "between various national systems in such attributes as
institutional set-up, investment in R&D and performance" [36]. A national
system of innovation thereby captures not just a geographical area but also the
state and power attached to it. This thesis focuses on the Dutch electricity
sector, thereby illustrating the NSI and SSI of interest as is visualized in gure
2.2. In some specic cases there can be interaction with other NSI's or SSI's
due to the European harmonization of the energy markets (see e.g. section 5.2.1
where the Dutch market clearly operates within a European context) and then
the appropriate European context will be included.
To dene the scope of technological system of innovation (TSI) requires a
more thorough discussion since a grid connected ESS consists of several standardized parts. The main components of a grid connected ESS are the battery
7

racks (a set of cells assembled by the battery manufacturer), the AC/DC inverters, the LV/MV voltage transformer, the airconditioning, the housing (often standardized 40ft containers are used) and the energy management system.
[?, 97, ?, 33]. The development of these components is (at least partially) driven
by the application in ESSs but can also be driven by other technological systems, which is most clear for e.g. the transformer and the housing. The TSI
involving the grid connected ESS therefore overlaps some other TSIs but it is
by its nature conned to one SSI, the electricity sector, as is displayed in gure
2.3.
This thesis focuses on the stationary ESS and its interaction with the Dutch
electricity sector in which it can operate. For reasons of longevity, topics which
may be relevant for either the NSI, SSI or TSI but not for all (e.g. smart metering) will be excluded or only briey covered. The battery cell technology will
be discussed in detail in chapter 4 since it is the most signicant component of
an ESS in terms of cost and performance. The structure of the Dutch electricity sector (combined NSI/SSI) relevant to the TSI will be discussed in chapter
5 while the functioning of the TSI within the SSI/NSI with respect to value
creation is discussed in chapter 6.

2.3 Functions of ISs
Having dened various types of innovation systems, it can be helpful to illustrate
a number of processes that are important for well performing innovation systems,
so called 'functions of innovation systems' [69]. Many activities take place in
systems of innovation and mapping all of these is not feasible. Instead only the
relevant activities should be mapped, where Hekkert et al. [69] dene relevant as
inuencing the goal of the innovation system. The goal of an innovation system
is then dened as "to develop, apply, and diuse new technological knowledge".
Hekkert et al. [69] distinguish between 7 functions of innovation systems:
1.

Entrepreneurial activities are a prime indication of the performance of a

2.

Knowledge development can be mapped over time by following R&D projects,

3.

Knowledge diusion through networks can be analyzed "by mapping the

4.

Guidance of the search "refers to those activities within the innovation

5.

Market formation is the creation of protected spaces or other advantages

SI. Entrepreneurial activity may follow from a well developed SI in terms
of the other functions.

patents and investments in R&D or more generally by using learning
curves.

number of workshops and conferences [...] and by mapping the network
size and intensity over time".
system that can positively aect the visibility and clarity of specic wants
among technology users". "This function can be analyzed by mapping
specic targets set by governments or industries regarding the use of a
specic technology and by mapping the number of articles in professional
journals that raise expectations about new technological developments".
(e.g. tax advantages, feed-in laws) for new technologies to compete with
embedded technologies.
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Figure 2.2: Application of the system delineation displayed in gure 2.1, distinguishing between 3 NSIs and 2 SSIs. The scope of this thesis contains only the
Dutch electricity sector.

Figure 2.3: Application of the system delineation displayed in gure 2.1, distinguishing between 3 NSIs, 2 SSIs and 4 TSIs of which one TSI (the grid connected
ESS) overlaps with other TSIs. The list of SIs is not exhaustive as this thesis
also discusses non-lithium technologies.
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6.

Resource mobilization in the form of both nancial and human capital

7.

Creation of legitimacy/counteract resistance to change can be analyzed

is required for any activity within the SI. Examples are long term R&D
programs and funds available for niche experiments.
"by mapping the rise and growth of interest groups and their lobby actions".

In a new and growing SI these functions may be developing as a technology
emerges. In historic analyses of SIs often multiple periods (each spanning several years) can be distinguished in which some functions may be better developed
than others. In [2] it is found that assessing the state of these functions can provide foresight into the development of the SI and that functions entrepreneurial
activity and market creation are found to most strongly inuence the system behavior. In addition the function knowledge development was found to be crucial
in the form of problem solving knowledge for cost reduction and performance
improvement when the technological system enters the market.
The prot-maximizing aim of rms may connect the functions entrepreneurial
activity and market formation : if a technology is able to compete (nancially)
against other technologies, possibly because of the creation of protected spaces,
then entrepreneurial activity is likely to be the result. The degree to which a
(market-ready) technological system is well functioning can then be determined
by assessing the revenue potential. For the most competitive energy storage
technologies the revenue potential is assessed in use cases in chapter 6. To further improve the functioning of the technological system the functioning of the
relevant market is assessed in chapter 7.

2.4 Learning in the case of private actors
Within a developing system of innovation, learning is a very important function
of the SI. The SI literature frequently discusses learning but often does not
distinguish between learning by private parties or public parties. In a strongly
regulated sector such as the energy sector, distinguishing between the public
and private sector may demonstrate dierent mechanisms at work behind the
concept of learning. This can then lead to policy outcomes specically aimed
at either the private or the public sector.
In the SI literature three kinds of learning are typically identied [38]:
 "Innovation (in new products as well as processes) takes place mainly in
rms and leads to the creation of 'structural capital', which is a knowledgerelated asset controlled by rms (as opposed to 'human capital')"
 "Research and Development (R&D) is carried out in universities and public research organizations as well as in rms and leads to publicly available
knowledge as well as knowledge owned by rms and other organizations,
as well as by individuals"
 "Competence Building (e.g. training and education) which occurs in
schools and universities (schooling, education) as well as in rms, and
leads to the creation of 'human capital'. Since human capital is controlled
by individuals, it is a matter of individual learning"
10

The degree to which each of these types of learning is present depends (typically)
on the studied NSI. Evidence for this exists in the form of varying proportions of
R&D being conducted by private actors between countries, demonstrating the
implicit dierences between countries and the associated systems of innovation
[38]. In general, however, it can be said that "most of the R&D carried out
by private organizations may be characterized as development work rather than
research" [38]. In this context [38] considers research to be typically associated
with the goal of advancement of knowledge while development is associated more
with the goal of maximizing prot. Most (if not all) private R&D or innovationcreating activities are thereby driven by (observed) opportunities to maximize
a rms prot.
The maturity of a technology (and the associated TSI) improves with increasing adoption of the technology and is typically reected in cost reductions,
a concept which is described as 'learning by doing' [85]. One well-known R&D
variant on learning by doing is the 'pilot' project or 'proof of concept' in which
a new technology is demonstrated in a real-world setting before commercializing the technology. Although the magnitude of the learning-by-doing eect is
yet to be studied for energy storage systems, the literature on learning curves
for other technologies associated with renewable energy nds that this eect is
substantial. Should all other factors remain equal, then further technological
development leads to increased adoption rates as the technology becomes less
expensive and thus more attractive.
Having concluded that the initiation of pilot projects can be considered
R&D, it can be observed that only a few pilot projects are the result of public R&D eorts1 [138]. This is likely due to the high costs associated with
most utility-scale pilot projects and the limited funds available to public parties. Moreover, there is only a limited set of public actors which can benet
from research activities in the eld of utility-scale energy storage (perhaps only
DSOs and TSOs) while the set of opportunity-seeking private actors may be
signicantly larger (energy companies, wind farm owners, project developers).
In the literature entrepreneurial activity is described as a key function of any
innovation system and the absence of entrepreneurs may indicate insucient
performance of the SI [69, 2]. Activity from private actors is therefore required
to further develop the SI.
Since a majority of R&D eorts in the TSI is likely to come from the private
sector and the private sector will only have sucient incentive to invest when
there are observed prot-yielding opportunities, research into the economic viability can predict the rate of development of the TSI, as is done in chapter
6. Without nancial incentives for the deployment of energy storage by private
actors, further development of the TSI will quickly stop. If this is the case policy makers are faced with the option of inuencing the NSI and SSI to create
incentives for private parties. This can be a viable option for policy makers if
they have an interest in the development of the TSI or if they wish to improve
the functioning of the SSI. Possible options for improvement from a systems
perspective are discussed in chapter 7. In chapter 8 a scenario analysis is conducted to illustrate how various policy directions could inuence the diusion
of energy storage in the Dutch electricity grid.
1 One

notable pilot project initiated by public parties is Enexis' Smart Storage
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Chapter 3
Methodology

Within this chapter the structure of the thesis will be described to support the
replicability of this thesis and its results. Before assessing the various parts
in depth, the thesis outline will be sketched. This chapter serves to provide
background to the research conducted and allows the reader to reproduce the
results of this study. This study uses a multi-method approach, combining,
amongst others, theory on and application of the System of Innovation approach,
a literature study on the state of technology and the electricity markets and a
scenario analysis, predominantly using qualitative methods.
This chapter should be considered as an addition to the methodology which
is already described throughout the thesis. The reader should be able to understand the concepts of this thesis without reading this chapter but may nd this
chapter useful for additional clarication.

3.1 Thesis outline
To answer the main research question, ve sub-questions were formulated and
each sub-question is covered within a separate chapter. The literature on Systems of Innovation is used as the theoretical framework to support the scope of
this research and, in a more hands-on manner, in chapter 7 as the framework
to analyze failures within the existing market design. A graphical overview of
the thesis structure is given in gure 3.1.
In chapter 2 the theoretical framework of this thesis is discussed by using the
Systems of Innovation (SI) literature. This is followed by a chapter containing
a comprehensive overview on the state of technology which will give an indepth illustration of a selection of electrical energy storage technologies. The
chapter will report on the characteristics of the dierent technologies as well
as developments and some existing or proposed commercial applications of the
technology. The chapter will conclude by giving a comprehensive and clear
overview of the dierent battery technologies and their specications.
Chapter 5 will focus on the value creation of energy storage. It will focus
on the dierent markets and revenue streams available for energy storage and
will provide an analysis of recent market developments that aect the valuation
of storage. This analysis is instrumental to the main question as it serves to
answer the second subquestion of how energy storage can create value at dier-
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Figure 3.1: Structure of this thesis.
ent system levels. The chapter will be followed by a chapter in which a number
of business cases are investigated based on the market analyses performed in
chapter 5.
In chapter 7 failures in the existing electricity system are discussed which
prevent an optimal valuation of energy storage within the electricity system.
Chapter 8 then reports on the scenario analysis performed. It provides insight
into potential outcomes for the Dutch energy system given a number of parameters and assumptions. The practice of scenario analysis is highly relevant
to society as it informs policymakers about the potential consequences of their
actions  even beyond the specic subject they draft policy on  and can help
to formulate eective policies through backcasting. This chapter will focus on
energy storage within a wider context and concludes with a number of specic
scenarios which illustrate what role energy storage can play in the future electricity market. The report concludes with summarizing the main ndings from
the research in a concise nal chapter.

3.2 Intended public and contributions
The goal of this thesis is to assess the viability of energy storage in a 2030 Dutch
electricity grid from the viewpoint of prot-driven rms. A broad audience may
then benet from the insights in this thesis. First, researchers may benet from
13

the overview of energy storage technologies and the insight into the current
state of commercially available technology. Researchers may also benet from
the adequate overview of electricity markets and their behavior on a day-to-day
basis which provides insight into the behavior of the energy market which may
be considered a complex matter.
Public policy makers may benet from the insight in market developments
and the overview of system failures within the current electricity market design.
In combination with the scenario study this allows policy makers to remove
barriers supporting the integration of ESSs with the goal of adjusting policy
towards a socially optimal outcome.
ESS manufacturers may benet from the comprehensive overview on energy
storage technologies containing elements from other technologies than currently
in their scope and from the comprehensive overview of energy markets which
provides information on the possible use cases for their technology. This allows manufacturers to direct development towards directions which maximize
value to their customers, thereby possibly accelerating the technology's diusion. Manufacturers may also use the insights to promote certain unique selling
points from their technology.
Actors with an interest in the exploitation of ESSs may benet from this
thesis as it gives an insight in possible revenue streams, technologies and combinations. This information supports parties in their investment decision and
in determining if they should engage in a cooperation to increase revenue.

3.3 State of Technology
This report is intended to be a reference for parties which have an interest in the
application of energy storage. This includes commercial parties who see energy
storage as an opportunity to create revenue, storage manufacturers who wish to
know about the possible applications of energy storage or policy makers wishing
to investigate the role of energy storage in the current electricity grid. For this
reason the rst chapter covers various technologies by explaining their operating
principles, level of commercialization and the general direction of research but
in the chapter components or developments on a component level are placed
out of scope as these are more relevant for actors involved in developing (rather
than integrating) energy storage technologies.

3.3.1 Data collection
An overview of cost and performance per technology is given at the end of the
chapter by using indications from the DOE Global Energy Storage Database
from Sandia National Laboratories [138] and by reporting on commercial oers
from vendors. The latter is used to assess the current state of commercially
available technology where possible. The DOE Global Energy Storage Database
oers a wide variety of information on existing projects although the validity of
the data is not veried. In section 4.3.4 it is discussed that the reported prices
Due to the limited amount of available data on prices of energy storage
technologies there exist no peer-reviewed articles on the learning rates or cost
developments of the dierent energy storage technologies. Since developments
on the areas of performance and cost are key to the success of an energy storage
14

technology, an alternative is required to give an indication of the future state
of technology. Therefore price expectations from external sources are used to
identify an expected price for various energy storage technologies.

3.3.2 Scope
For the analysis in this chapter, storage technologies are selected based on their
ability to be location independent, thereby excluding pumped hydro storage
and large-scale compressed air energy storage. In 3.2 an overview is provided of
projects that are in operation, under construction or announced. Lithium-ion
energy storage is by far the most popular and therefore likely to be closest to
large scale commercial application. For this reason the lithium-ion technology
will be covered most extensively in this chapter. Technologies with little development over the recent years (NiMH) are covered less in-depth as these will
prove to be less relevant in creating value on the energy markets.

Figure 3.2: Observations for each technology as recorded in the DOE Global Energy Storage Database. Technologies with less than 5 observations are removed,
as are technologies that are location dependent. Source: [50]
This chapter will not discuss second life applications of storage technologies
as there are currently only few applications of energy storage that would allow
for a second life application. Topics such as the behavior of second life batteries,
where such batteries could be applied and how they should be valued compared
to their new counterparts are currently under research and would justify a more
in-depth study focused on this topic. For this reason, it is currently out of scope
for this research.

3.4 Value creation
To ensure a holistic approach to the value creation of energy storage it is required to not only assess the technology cost but also the revenue obtained over
the system's lifetime. Within the chapter value creation several value streams
will be discussed which are available for commercial exploitation within the
Netherlands.
15

3.4.1 Scope
A diverse list of use cases is available for energy storage systems1 . In some
cases these use cases only result in limited value creation. An example of this is
'renewables capacity rming' [138] which involves the smoothing of the energy
production from RESs to reduce possible grid imbalances. In a signicant share
of cases, however, an imbalance may prove to support the grid stability at that
moment, e.g. in the case of a sudden decrease in wind speeds while there is
an oversupply of electricity. Should an ESS in such a case be used to reduce
the imbalance caused by a wind farm, would it increase the imbalance on the
system level.
While various methods exist to classify various energy storage applications,
this report takes a more pragmatic approach and a distinction is made between
three categories:


Arbitraging on the energy markets;



Ancillary services being the contracted provisioning of grid stability ser-



Congestion management containing the revenue streams related to the

vices to the TSO;

distribution system.

The value streams discussed in this thesis represent energy markets available to
balance responsible parties (BRPs) (in the case of arbitrage), products created
to support balancing of the transmission system (in the case of ancillary services)
and value streams associated with the load on the distribution system (in the
case of congestion management). The value streams are typically discussed in
the regulatory framework of which the 'Systeemcode' is an important one [118].
This report focuses on the integration within the Dutch electricity system.
While some exceptions may be made when it is found to be necessary to put
certain developments or concepts into a broader light, the electricity systems
of other countries or regions are not within the scope of this research as they
may dier signicantly in terms of market design, opportunities and threats.
Raineri et al. illustrate this in a comparison of the design of ancillary services
for various reasons [129].
The value streams are discussed with the goal of giving an overview of their
value for various kinds of ESSs. For every value stream the most important
characteristics are discussed but not all characteristics are discussed. Rather
than providing a detailed manual on how to access the various revenue streams,
the discussion focuses on dierences between revenue streams and their relevance
for various types of storage technologies. The result of this section is an overview
of the available value streams which should give an insight in which value streams
may, combined with the information on the various energy storage technologies
from chapter 4, provide a nancially viable use case. these use cases can then
be discussed in chapter 6.
1 See for example [102] or the available categories on the Global Energy Storage Database
[138]
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3.4.2 Methodology
In line with the literature a distinction will be made between markets using
electricity as a commodity, markets where imbalance services are oered, and
grid congestion use cases [22]. Market prices are obtained from the following
sources:
 ENDEX: website Scholt Energy Control
 APX: Scholt Energy Control internal database
 Imbalance prices: website TenneT
 Energy tax: website Scholt Energy Control
 Primary reserve: website Regelleistung.de
 Secondary reserve: website ENTSO-e [54]
 Tertiary reserve: website ENTSO-e [54]
Within the scope of this research, it is assumed that there is a business case
when market revenue is suciently high to make up for the investment costs
within a reasonable operation period. To mark the scope even more precise,
for this required a business case is required to have a payback period of at
most half its operating lifetime with a maximum of ten years to warrant further
investigation.

3.5 Case studies
In chapter 6 two case studies are conducted based on their potential revenue
which is assessed in chapter 5. The chapter addresses the third sub-question by
assessing in detail the commercial viability of a li-ion ESS with two applications.
The use cases are then used to both provide input to the analysis on market
failures in chapter 7 and to provide background to the scenario analysis in
chapter 8.

3.5.1 Scope
Based on the preliminary result from chapter 5, the value streams primary
reserve and imbalance market are further elaborated on. Within the value
stream primary reserve the following topics are discussed:

 Working principles of the primary reserve to demonstrate the t of energy
storage within the operational characteristics
 Cost-benet analysis to demonstrate the commercial viability of the application
 An outlook to assess the stability of the revenue stream and the associated
risks
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The case study in which an ESS is applied on the imbalance market involves
an extensive discussion on the used algorithm. The decision algorithm is then
used in a simulation of a 1MW/1MWh li-ion ESS with imbalance price data for
2016.
Within the value stream imbalance market the following topics are discussed:
 Characteristics of a commercially available li-ion ESS 6.2.1
 The built-up of the (complex) decision algorithm in section 6.2.1.1
 The concept of equivalent cycles in section 6.2.1.2
 Imbalance price calculation in section 6.2.2.1
 A decision algorithm using xed setpoints (xed decision algorithm) in
section 6.2.2.2 as alternative to the complex decision algorithm
 A simple decision algorithm in section 6.2.2.3 as alternative to the complex
decision algorithm
 ESS limitations because of peak shaving or grid connection constraints in
section 6.2.2.4
 Description of the cases simulated 6.2.2.5
Results of the simulations are then given in section 6.2.3 such that the performance dierences between the various simulations and various algorithms are
highlighted. A more detailed graphical overview of the ESS behavior within the
various simulations is given in Appendix A: Illustration of imbalance market
simulation results but these are left out of section 6.2.3 to allow the section to
remain compact and to hold the focus of the chapter on the economic results
rather than on the technical aspects. The simulation's technical aspects would
be better suited within research focusing on the technical improvement on energy storage systems while this research focuses on the possible value creation
of ESS in the electricity system.

3.6 System failure
Chapter 7 addresses the fourth sub-question on how the electricity market design
can be improved. The chapter applies the system failure framework presented
by [169], which is also extensively discussed within the chapter as knowledge
about the methodology is required to understand the concepts used within the
chapter. The chapter is concluded by providing possible solutions to the system
failures.

3.6.1 SI functions within scope
Out of the SI functions discussed in section 2.3, this section will focus most
on the IS function of market formation. This function was described as one
the most important IS functions within chapter 2 because it promotes both
entrepreneurial activity and private R&D. Because of this direct relation to the
well-functioning of the electricity system, the system failures related to market
18

formation which are to be found in the chapter are more likely than other
functions to provide an accurate basis for a scenario analysis.
The market formation function can also be considered to be very complex
because of the strict institutional framework which exists for the electricity
sector. The complexity of such an analysis may be a reason for the limited
attention the sector has received within the literature. By focusing on only one
SI function, the analysis can remain somewhat compact and focused on one of
the most important drivers of innovation. Analyzing the electricity system in
terms of the other SI functions is suggested to be the subject of further research
as it can provide more insight into the overall functioning of the system and the
drivers behind the adoption of energy storage.

3.7 Scenario analysis
While studies can be conducted towards the design of electricity market to ensure the optimal application of technologies to provide security of supply, creating a technology-central study, this study takes a dierent and arguably a more
realistic approach. It investigates the current electricity markets and implicitly
assumes that the electricity markets of 2030 are largely designed by the same
principles  thereby following the principles of path-dependency and lock-in. A
scenario study is used to assess several directions in which the Dutch electricity
system and its market design might develop, giving an outlook for future applicability of energy storage and potentially showing that some grid scale energy
storage applications will become widespread under certain conditions. Because
of the rather complex nature of scenario studies, a more elaborate description
of the methodology will be provided below, providing an insight into the background and context of scenario studies and the specic way in which it will be
used in this study.

3.7.1 Methodology
The practice of scenario studies is much less an exact science than other disciplines because it is by nature limited in the amount of developments which
reasonably can be discussed. Performing scenario studies always requires a
trade-o between the depth and the width of the study. One might choose to
include only a small number of variables to a study which allows for a more
in-depth analysis into these parameters, but it limits the extent to which one
can investigate a wide range of possible outcomes. Thus, scenario analyses appear in various forms and shape depending on what suits their purpose best.
For the purposes of this study, three dierent dimensions have been selected
that are often used to describe the electricity system: aordability, security and
sustainability [126, 147]. The selection of these three dimensions facilitates a
study that is suciently in-depth but can also cover a wide spectrum of possible
outcomes.
The statements within the scenarios will not be supported with quantitative
results as it is believed that the value of this scenario study is not in drawing
conclusions and predictions based on quantitative evidence but rather in scoping
the possible futures and analytically deducing what the possible consequences
and opportunities may be. Quantitative results from the scenario studies would
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erroneously convey a sense of accuracy and predictability that is incommensurable with the inherent complexities of the energy system and actor decisions.
For example if one would want to quantify the amount of installed capacity
of RE sources in 2030, one would be required to make assumptions about the
electricity price in 2030, the levelized cost of electricity for various RE sources
in 2030, the market design in 2030 and the political willingness to stimulate the
installation of RE sources in the years up to 2030. In a country where a new
parliament is formed every four years and energy policy thereby is subject to
political forces, it is virtually impossible to give anything more than a direction
in which these factors would develop. The diculty of forecasting in the area
of RE is well illustrated by the World Energy Outlook forecasts for worldwide
installed solar capacity. As can be seen in 3.4 these forecasts have proven to
signicantly underestimate the installed solar capacity despite yearly adjusting
the forecast.
While the various scenarios are dicult to quantify, one common case is
quantied in the last paragraph of section 8. In this case the ESS operator uses
the system to both provide services to the local system operator (SO) while
arbitraging on the electricity markets at other times. The results of the case
will demonstrate the viability of applying some technologies on some typical
markets.

3.7.2 Scope
Several aspects are consistently discussed to reach a structured conclusion on
the developments within each scenario. First the dimensions provide the highlevel drivers for the direction in which the electricity system has moved in 2030.
Then the changes in policy and regulations are discussed with input from the
system failure analysis. The market developments are discussed in the light of
both the changed regulations and the characteristics of the dimension. Lastly,
the role of energy storage is then considered to be dependent on the market
developments. The methodology of these various parts is discussed within the
following paragraphs.
3.7.2.1

Policy and regulation

In chapter 8 the failures within the current electricity system are discussed and
categorized within four actor groups:
 DSOs and TSOs representing the security of supply
 Generation representing sustainable electricity generation
 Third parties representing the aordability of the electricity supply.
Each actor group has distinct system failures identied as discussed in section
7.6. Within the scenario study the identied system failures are used to provide
content to the scenarios: if the dimension is dierent from the 'business as usual'
scenario then the system failures from that dimension are assumed to be solved
within the 2030 electricity supply. The resulting changes in policy and regulation
is therefore discussed in separate sections 'policy and regulation' . If some
system failures do not provide sucient insight into the relevant developments
within the scenario then these system failures may not be mentioned.
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3.7.2.2

Market development

The market development is considered to be dependent on both the changed
regulations and the characteristics of the dimension. The uptake of RES is discussed as a large share of RES is assumed to lead to a signicant amount of
stress on the electricity grid, requiring large scale investments from grid operators. A rapid uptake of RES is also seen as an indicator of willingness from
policy makers to support technologies which support or facilitate the energy
transition. The uptake of RES can be taken as an indicator since investments
in RES in the Netherlands still require nancial support to allow commercially
driven actors to invest in these technologies. Without nancial support the
uptake of RETs would likely marginalize in the short-term.
The price development of the spot market, imbalance prices and ancillary
services is discussed. Spot market prices are assumed to decrease when RES
are adopted due to the merit order eect, while imbalance prices are assumed
to become increasingly volatile when the energy mix contains a large share of
RES.
In the scenario study the terms `RE' and `sustainable energy' will be used to
refer to energy sources which provide only limited exibility, such as energy from
wind and solar. While it is acknowledged that energy generation from biomass
could also be dubbed `renewable' or `sustainable' and can provide exibility to
the grid, the technology is not explicitly covered as it is not expected to play a
signicant role in the continent of Europe due to high population density [31].
3.7.2.3

Role of energy storage

The role of energy storage should follow logically from the previous sections.
Small ESSs are assumed to be more expensive than utility-scale ESSs and are
therefore placed out of scope.

3.7.3 Exogenous developments
There are several technological and regulatory developments that are exogenous
to the factors of sustainability, aordability and reliability, meaning that these
factors would not vary between the scenarios as they are independent from the
scenario parameters. To limit the scope of the scenario and facilitate sucient
in-depth analysis of the important parameters, these developments are placed
out of scope. The rst factor identied as being exogenous in this study is the
technological and economic development of energy storage . As can be seen
in Chapter 2 the worldwide investment costs for energy storage are decreasing.
Following standard economic theory it is assumed that the Netherlands is a
price-taker on the aspect of investment costs for energy storage, for a number of
reasons: rst of all the Netherlands is a small market compared to other markets
so the impact on global sales would be small. Second, it can be assumed that
energy storage is already a global technology to the extent that additional uptake
of energy storage in one country would not impact the production process in
a way that would benet certain countries2 . This simplication allows us to
focus more on the energy market design by taking the costs for energy storage
systems as exogenous.
2 For

example by shifting production to Europe
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A second factor that is considered as exogenous to the scenario study is
the electrication of societies driven by technologies such as heat pumps, heat
stoves and electric vehicles. Although this is likely to cause an increase in
energy consumption, the extent of this increase is not known and how this
interacts with sustainability, aordability and reliability is not clear. The ability
to control these heat pumps and electric vehicles can be seen as a form of
`demand response'. Since in reality the demand for electricity is price inelastic,
it is assumed that the role of demand response is small in the future electricity
grid in the case of limited collaboration between actors.
Thirdly, due to the ocial split between electricity generators and SOs in the
Netherlands, the SOs cannot infer with the market and as a result cooperation
is limited. Considering recent developments there is little reason to assume that
this will change in the near future and therefore it is assumed that grid costs
remain subject to legislation and are generally socialized in the base case [43].
In some scenarios cooperation between SOs and commercial actors is possible
and it is assumed that a level playing eld is created to ensure a socially optimal
outcome.
In the overview of historically commissioned ESSs it can be seen that lithiumion, vanadium redox ow and ywheels have been the most popular energy storage technologies. With their high costs per installed kWh it can be expected
that ywheels will remain a technology used for high power applications. Such
applications, however, are strongly case driven as none of the applications described in section 5 require such discharge rates. It is therefore expected that
lithium-ion and, to a lower degree, redox ow will become the dominant technologies in the near future. These technologies are therefore used in this section.
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Figure 3.3: Overview of components within the imbalance trading simulation.

Figure 3.4: Solar capacity forecasts from the IEA World Energy Outlook studies
between 2002 and 2014. Source: [106]

Figure 3.5: Visualization of the structure applied in the scenario analysis.
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Figure 3.6: Commissioned ESSs divided per technology and per year of commissioning. When a commissioning year is unavailable the construction date or
date of announcement is used. Technologies are selected with at least 3 occurrences in 2014 and 2015. Data on the year 2016 only contains part of the year
due to the retrieval date of the dataset. Source: [138]

24

Chapter 4
State of technology

A grid connected ESS consists of several standardized parts. The main components are the storage medium, the AC/DC inverters, the LV/MV voltage transformer, the airconditioning, the housing (often standardized 40ft containers are
used) and the energy management system. [97, 33]. A schematic overview is
given in gure 4.1. The development of these components is (at least partially)
driven by the application in ESSs but can also be driven by other technological
systems. E.g. most transformers are used for applications other than energy
storage and lithium-ion battery cells are predominantly used in electric vehicles
rather than energy storage.
The battery cell technology will be discussed in detail since it is the most
signicant component of an ESS in terms of cost and performance. A typical
characterization of energy storage technologies is:
 Mechanical (pumped storage, ywheels, compressed air)
 Thermal (storing heat in a material)
 Chemical (hydrogen)
 Electro-chemical (lithium-ion, lead-acid)
 Electrical (supercapacitors)
This chapter is meant to give an in-depth illustration of the current state of
technology of electrical energy storage combined with information about commercially available ESSs. From a systems of innovation perspective this chapter
will give insight into the development of the TSI involving ESS technologies.

4.1 Hydrogen
In the transportation sector hydrogen is long known for being a possible candidate to replace oil as most important energy carrier but the ability to store large
quantities of hydrogen also allows for grid storage applications. In the literature
hydrogen storage is mentioned as an energy carrier for day-night cycles or even
seasonal storage, similar to the current application of natural gas in the gas grid
[8].

25

Figure 4.1: Top-level block diagram of an EES system showing EES device,
converter, auxiliaries and management systems. Certain components such as
protection and safety components have not been drawn. A transformer may
not be present, especially for smaller systems. Source: [33]
The conversion of electricity to hydrogen and oxygen is often denounced as
power-to-gas. Hydrogen can be converted back to electricity using a fuel cell or it
can be converted to methane to be fed in in the gas grid. An overview of dierent
ways to produce hydrogen is given by Holladay et al [70]. To create hydrogen
from water solely by using electricity is called electrolysis and typical methods
are alkaline electrolysis, proton exchange membrane electrolysis (PEME) and
solid oxide electrolysis cells. The former two methods are depicted in gure
4.2. A typical eciency for storage by means of hydrogen is 30-40% if a 65-70%
hydrogen production eciency and 50-60% electrication eciency are assumed
[49].

4.1.1 Alkaline electrolysis
Alkaline electrolysis is typically performed using [70]:
 A nickel cathode
 A nickel or copper anode coated with manganese, wolfram or ruthenium
 A microporous separator
 A watery alkaline electrolyte consisting of 30 mass% KOH or NaOH
In the alkaline cell the water is injected where it falls apart into hydrogen and
OH− . The OH− consequently passes the electrolyte to the anode where O2 is
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Figure 4.2: Generic alkaline and PEM electrolysis cells. Source: [20]
formed while the hydrogen is removed from the alkaline solution using a gasliquid separator. This reaches a typical eciency of 50-60% based on the lower
heating value of hydrogen.
Alkaline electrolysis is a popular method due to it simplicity but is less ecient than other techniques. This is amongst others caused by bubbles, reaction
activation energy, ionic transfer and electrical resistance although methods are
proposed that could reduce this electrical resistance [173].

4.1.2 Proton exchange membrane electrolysis
PEM electrolysis typically contains [20]:
 A platinum cathode
 An iridium anode
 A Naon membrane
 Titanium current collectors
 Titinium seperator
In a PEM cell the water is introduced at the anode and immediately split
into hydrogen ions and oxygen ions. The hydrogen ions then move through
the membrane where they are converted with electrons into hydrogen. Due to
the low ionic resistance a 55-70% eciency on the lower heating value can be
reached. Other advantages are the increased hydrogen production speeds and a
compacter design but the main disadvantage is the higher cost [173].
Due to the small amount of gas that passes the membrane a PEM cell has a
high degree of hydrogen purity and is able to respond quickly on incoming power
[20]. A PEM cell can also operate on almost the whole spectrum of its power
density (10-100%) and allows for many start-stop cycles. These characteristics
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allow PEME to be often associated with peak shaving and black start functionality in the literature [10, 59]. A PEM cell can also be temporarily overloaded
to up to 200%. This however requires a proper cooling system since a standard
3 MW PEME installation requires a 1 MW cooling [110].

4.1.3 Solid oxide electrolysis cells
Solid oxide electrolysis cells (SOE cells) are reective of the latest development
in the eld of electrolysis and dates from the 1970s. The concept of SOE is
somewhat similar to a reversed solid oxide fuel cell [70]. SOE cells yield an
eciency of 85-90% but depend on high temperatures (1000K) therefore requiring expensive precious metals and fabrication methods. At the cathode water
enters, releasing oxygen ions that move freely through the electrolyte and react
to oxygen at the anode. SOE is still under active development but has a large
potential for the production of hydrogen [20].

4.1.4 Commercial applications
Siemens launched the SILYZER 100 in 2013, a PEM electrolyzer with a rated
power between 0,1 and 0,3 MW. The SILYZER 200 is expected to outperform
its predecessor, featuring a 99,5-99,9% hydrogen purity, 225 Nm3 /h hydrogen
production with a nominal load of 1.25 MW [144]. The SILYZER 200 is the
rst PEM electrolysis system to exceed the megawatt range and is said to be
"close to market introduction".
Costs reported in 2009 show that a distributed PEME facility producing
1.500 kg/day has a marginal cost of USD5,19/kg [110]. This value is very
sensitive to the electricity price as electricity costs make up for approximately
79% of the marginal costs. The same companies report an energy consumption of 67 kWh/kg and a LHV eciency of 67%, close to the upper limit in
the range of eciencies reported in the literature [20]. Centralized production
facilities can achieve a USD3,00/kg price with an estimated electricity price of
USD0.045/kWh and a 50.000 kg/day production.
In Europe the production of hydrogen is done primarily by processing hydrocarbons and only a fraction of the 167 hydrogen production facilities operates by
means of electrolysis [158]. There currently are 9 electrolysis production facilities with production capacities between 216 kg/day and 6.206 kg/day. A 2013
report shows that for such a large production facility based on alkaline electrolysis which produces 1000 kW of H2, the investment cost is EUR1500/kW while
the investment costs for storage are on average EUR24/kWh H2 [88]. Combined
with a fuel cell cost of approximately EUR280/kW the cost for a 1MW/10MWh
hydrogen storage system would be EUR2 million [157]. With a 67% electrolysis eciency and a 55% fuel cell eciency the system eciency would be 37%.
With a lifetime of 90.000 hours the system would be able to complete 9.000
cycles.
Hydrogen fuel is available at some gas stations in the Netherlands at a
price of approximately EUR10/kg [148]. This price is xed such that the perkilometer price for vehicles is equal to gasoline-fueled vehicles. If transportation
can be done cheaply, the production of hydrogen for use in the mobility sector
could be viable.
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Table 4.1: Overview of commercially available electrolyzers.
Supplier
Source
Type
Required kg
Required
Production
water per
energy per
kg hydrogen kg hydrogen
Siemens
Generic decentralized
Hydrogenics
Proton

[144]
[110]

PEM
PEM

17 kg
10 kg

62 kWh
67 kWh

20 kg/hr
63 kg/hr

[77]
[58]

Alkaline
PEM

17-22 kg
10 kg

59 kWh
69 kWh

5,4 kg/hr
0,9 kg/hr

4.2 Molten salt
Molten salt batteries (also known as liquid metal batteries) consist of two liquid
electrodes separated by an molten salt electrolyte [89]. A characteristic of salts
is that they conduct in liquid state because ions can move freely. The salt
and the electrolytes separate themselves by their dierent densities and their
inability to mix. A schematic representation of the components in a molten salt
battery is given in gure 4.3.

Figure 4.3: Schematic representation of a molten salt battery during discharge
(left) and charge (right). Source: [89]
Molten salt batteries are characterized by cheap materials, simple production, the potential for an innite lifetime and high degree of safety but also a high
operating temperature, low energy density and high amount of self-discharge for
certain compositions [89, 142]. The composition and rate of discharge signicantly inuence the eciency of a molten salt battery.
The molten salt battery should not be confused with molten salt thermal
storage, which employs a salt to store heat and pumps heat in a conventional
steam-generator to create electricity. This technology is not assessed as it requires an environment with intense sunshine and high temperatures.
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4.2.1 Sodium-sulfur battery
Sodium-sulfur (NaS) cells have a cylindrical shape with the (liquid) sodium
cathode being on the inside and the (liquid) sulfur anode on the outside [50].
Cathode and anode are separated by a membrane that allows sodium ions to
pass, creating an alloy within the anode. Sodium-sulfur batteries typically have
a high eciency of 90% but face higher O&M costs as they need to be heated
to 600K. Sodium sulfur batteries are considered to be a mature technology and
an 800 kW/4.8 MWh system is available for EUR2 million [112].
The high demand for and limited supply of lithium make sodium an attractive alternative because of its high availability and low costs [35]. Disadvantages
include a low energy density as sodium is both heavier and less electropositive
than lithium.
The high operating temperature has led to much research on NaS batteries operating at lower temperatures [42]. In theory these cells would have a
much higher energy density but in experiments the energy density is much lower
caused by side eects. A breakthrough in this area can result in a battery type
that is very suitable for load shifting purposes, mainly because of the high eciency and long lifetime [163].

4.2.2 Saltwater battery
The conductive properties of saltwater have led to the development of saltwater
batteries. Saltwater batteries are a newer type of battery and are distinctive by
their saline solution that is used as electrolyte. Main advantages of this material
are that it it is nonammable, non-toxic, more easily recyclable and potentially
extremely low-cost. Compared to other molten salt chemistries the saltwater
battery has the advantage that it does not require high operating temperatures.
One approach creates a hybrid between a battery and a fuel cell [123]. The
anode and cathode compartments are separated by a solid electrolyte. The
cathode compartment consists of saltwater and a current collector. The anode
consists of a carbon paper with microbers to provide for a large surface area.

Figure 4.4: Schematic buildup of a saltwater battery. Figure shows the charge
process. Source: [123]
Another approach creates an aqueous intercalation battery (AIB) by placing
a λ-MnO2 cathode and a NaTi2 (PO4 )3 anode in a Na2 SO4 -based electrolyte
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[166]. This approach has since then been commercialized by Aquion Energy and
a very high cycle life is reported. As shown in gure 4.5, however, the energy
that can be extracted is strongly dependent on the applied current making the
technology predominantly interesting for low-power applications.

Figure 4.5: Discharge time versus the eciency for an Aquion, Ambri and NaS
battery. Adapted from [9, 49, 150]

4.2.3 Research state
Various types of molten salt batteries can be distinguished since the re-initiation
of research in 2006 [89]. Early research was mainly focused on Na-Bi cells
but quickly migrated towards Mg-Sb and Li-Pb-Sb cells as they show higher
eciency and lower cost. While the cells show interesting properties such as
low cost and a somewhat high eciency, the cells are not yet competitive due
to corrosion issues which aect operating life [15].

Table 4.2: Performance characteristics of molten salt battery cells. Adapted from:
[89]
Na-Bi Mg-Sb Li-Pb-Sb
oC
Operating temperature
560
700
450
Power
Theoretical capacity
Discharge capacity
Coulombic eciency
Voltage eciency
Estimated electrode cost
Realized electrode cost

W
Wh
Wh
%
%
USD/kWh
USD/kWh
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0,25
0,48
0,37
82
59
470
770

0,04
1,1
1,1
94
73
170
230

0,22
0,51
0,38
98
67
62
84

4.2.4 Commercial applications
NGK Insulators currently is the dominant player in the area of sodium-sulfur
batteries with its oldest system being deployed almost 15 years ago [112]. An
800 kW/4,8 MWh system is currently oered at EUR2.000.000 with expected
operational costs of around EUR50.000/year. These costs are reected in the
recently installed sodium based batteries which have shown a stable pattern
indicating as can be seen in gure 4.6. The stable price and the long history
show that this technology can be considered mature. The estimated round trip
eciency for such a system is 75% with a life expectancy of 4500 cycles. Main
reason for the limited power is the large eect the discharge rate has on the total
extracted energy. This is shown in gure 4.5 where a NaS battery discharged at
50 kW in over 7 hours yields 360 kWh of energy while a NaS battery discharged
at 250 kW only lasts for 30 seconds and yields 2 kWh of energy.

Figure 4.6: Overview of the commissioning date versus the cost per installed
kWh for sodium based batteries. Source: [138]
Ambri has commercialized the aforementioned technique by creating a molten
salt battery consisting of a magnesium cathode and antimony anode within a
MgCl2 − KCl-NaCl electrolyte [15]. Early publications reported eciencies up
to 69%, comparable with the results of earlier work [89], but modern systems
already have a reported eciency of 80% and higher [62]. Combined with a
very high cycle lifetime of 100.000 cycles and an expected price of less than
USD100/kWh in 2020, this technology's LCOE is very low.
Aquion has commercialized the saltwater battery making it widespread available, aiming at very low discharge rates. A standard Aquion battery currently
has a USD460/kWh cost price with a cycle life of 3000 cycles [4]. Although
the system is capable of higher charge and discharge rates, the system is rated
at 20 hour charge and discharge cycles with an eciency of 90%. Eciency
signicantly decreases at higher currents. A 2.6 kWh Aquion battery stack is
available for USD1195, giving a USD460/kWh price.
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4.3 Lithium-ion
The popularity of lithium-ion batteries is due to their high energy density (high
voltage combined with a high specic capacity), high discharge rates, high chemical stability and low costs [142]. Much research is done to improve the li-ion
performance by investigating other anode-cathode combinations that oer a
higher energy density than non-lithium technologies. Varying the anode or the
cathode chemistry results in one of the lithium-ion battery types such as NMC,
LFP or NCA. Each chemistry typically trades o energy, power, safety, cost and
lifetime, thereby aiming at dierent applications.
A typical lithium-ion battery uses a graphite anode and a cathode based on
a lithium chemistry [140]. Lithium-ion batteries cannot be undercharged as this
leads to oxidation of the anode and can also not be overcharged as this leads to
the cathode falling apart. This makes lithium-ion very sensitive to the depth of
discharge as is illustrated by research showing that two 50% depth of discharge
(DOD) cycles increase the lifetime of a battery by a factor four compared to one
100% DOD cycle [64]. Lifetime is also inuenced by other factors such as the
charge strategy and most importantly the temperature requiring the inclusion
of an extended battery management system.
A variant within the lithium-ion family is the lithium-polymer battery. Instead of a lithium-salt electrolyte (such as LiPF6) within an organic solvent
the LiPo battery uses a solid polymer electrolyte allowing the cell to customize
the shape of the casing. As a result the battery has a lower weight and the
LiPo battery can manufactured in dierent shapes. LiPo batteries typically
have a slightly higher energy density but are also slightly more expensive [13].
The combination of a polymer electrolyte with a specic cathode chemistry can
boost the performance of a standard lithium-ion cell with that specic cathode.
Performance characteristics of various lithium-ion chemistries are given in table
4.3.
Historically the LCO battery has been the most popular lithium-ion variant
because of its use in consumer electronics but safety concerns have prevented
large scale integration in e.g. electric vehicles [12]. More recently the improvements in LFP and NMC battery technology have increased popularity for these
chemistries and they are the dominant technologies among grid scaled storage
systems where cycle life and pricing are more important than energy density,
as shown in gure 4.7. In the following paragraphs these two technologies will
therefore be covered more extensively.

4.3.1 LFP
The LiFePO4 battery, also known as lithium iron phosphate or LFP, oers
a large energy density and high security with an average lifetime and a low
price. The higher thermal stability of LFP cells makes them attractive for use
in consumer electronics as they do not catch re but the battery's sensitivity
to overcharging requires signicant investment in control hardware [16]. Major
advantage of LFP cells is the inability to set re when subjected to abusive
conditions. The LFP battery also has a atter voltage curve which makes voltage
regulation and conversion easier, thus reducing total system costs. This makes
the technology typically suitable for stationary applications requiring high power
such as short-term grid balancing.
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Table 4.3: Characteristics of various lithium-ion cells from commercial producers.
Cycle and calendar life are determined when cells reach 80% end-of-life capacity.
Suppliers typically oer a range of cells with dierent specications, this overview
takes an average.
Technology Source
Energy
Cycle life Calendar life
Typical
density
discharge
[Wh/kg]
current
LiPo NMC
LiPo LTO
NMC
LFP
NCO-LTO
NCA

[91]
[91]
[137]
[?]
[93, 39]
[122]

140-180
77
123
135
63
214

10.000
20.000
6.000
3.000
15.000
500

17.5 years
6 years
20 years

4C
4C
1C
0.4 C
1C
1C

The at voltage curve displayed in gure 4.8 has the downside that more
eort has to be done to obtain an accurate state of charge estimation [23].
The coulomb counting method would provide reasonably accurate results for a
regular constant current discharge cycle but in applications where the battery
makes varying charge-discharge cycles without fully discharging the coulomb
counting method may suer from low accuracy.

Figure 4.8: Discharge curves of a LFP battery under xed current conditions.
The voltage drop increases with higher currents. Source: [23]
The eect of the depth of discharge on a LiFePo4 (LFP) battery has also
been investigated [116]. The literature shows that capacity decreases 5 times
faster when the delivered power is 15 times higher, caused by a change in the
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Figure 4.7: The amount of active cathode materials plotted for various lithiumion cathode chemistries as a function of the time with both historic data and
forecasted data. Source: [125]
carbon structure of the anode which also causes an increasing Peukert factor.
The battery also responds very strong to the depth of discharge: at 20-60%
DOD ranges the battery lifetime is 7000 equivalent full cycles, at 80-100% DOD
ranges the lifetime decreases to 2600 cycles.

4.3.2 NMC
The lithium-nickel-manganese-cobaltoxide (NMC) battery is among the more
popular chemistries today because of its high energy density, cheap production
and long calendar life. A NMC battery is chemically more stable than a LFP
battery which translates itself in a higher cycle lifetime and better resistance
against over- and undercharging [16]. These characteristics make NMC batteries
favorable for use in applications that require frequent charge cycles such as
electric buses or electric vehicles but their low price also make NMC cells an
attractive choice for grid scale application [24].

4.3.3 Research state
One of the most promising technologies is lithium-air that distinguishes itself
from other lithium technologies by using a porous cathode (often made from
carbon) that allows the cell to extract oxygen from the air. The corresponding
chemical reaction is given in formula 4.1.

Li2 O2

↔ 2Li+ + O2 + 2e−

(4.1)

The design makes is possible to reach energy densities that are an order of
magnitude higher than currently existing technologies, making this one of the
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most promising directions of battery research. Unfortunately the current li-air
race has not yet led to convincing results that should make li-air a competitive
and mature technology [142, 60]. Commercial applications of li-air technology
should not be expected within the next 10-20 years [60].
Another development is the formation of cathodes not from graphite but
from alloys of tin or silicon with lithium, oering a much higher energy density
[142]. Experiments show that higher specic capacities are achieved but that
the cathodes are chemically relatively unstable due to material stress caused by
changes in volume within a charge cycle. Improvements are possible by applying
carbon composites but research is still being conducted.

4.3.4 Commercial application
Most utility-scale applications currently apply NMC technology and well-known
battery cell manufacturers are Samsung SDI and LG Chem. Lithium-ion battery
cell prices have shown to signicantly decrease market-wide by 14% annually and
by 8% when only the market leaders are considered [114]. In 2007 prices were
above USD1000/kWh but prices have lowered to an average of USD410/kWh
in 2014 with cell prices of market leaders even around USD300/kWh. The
required other system components (BMS, inverters, communication) however
severely increase the system costs, as is shown in gure 4.9 where project costs
are all signicantly higher than USD300/kWh. The lowest-cost project reported
is by Oncor where a 2014 project involved a 750 kWh lithium-ion storage system
with a USD500.000 investment cost [50].

Figure 4.9: Cost price per installed kWh capacity for various lithium-ion technologies based on reported CAPEX and battery capacity. 'Lithium-ion Battery'
comprises various technologies from the lithium-ion family. Reported costs may
also include other costs involved in the reported project. Source: [50]
In 2015 prices for an 1MWh/1MW lithium-ion ESS varied between EUR700/kWh
and EUR1200/kWh depending on the specic vendor. This is signicantly
higher than the cost of individual battery cells since more components are required to connect the battery cells to the electricity grid such as inverters1 and
AC-AC transformers[162].
1 Modern inverters include a DC-DC converter and allow conversion from AC to DC and
vice versa.
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From one manufacturer the cost of individual system components are known
as shown in table 4.4. Here it can be seen that the battery packs only make
up part of the total cost and that a 1 MW battery system costs EUR503.000
without battery packs and battery management system (BMS). This shows
the importance of distinguishing between both individual pack prices and total
system costs. In gure 4.10 a li-ion battery pack used by automakers is reported
to cost USD227/kWh with Tesla claiming to already have a cost price below
USD190/kWh [40].

Figure 4.10: Average battery pack price for automakers. Source: [40]

Table 4.4: Cost price of a 1MWh/1MW li-ion NMC battery container specied per
component. Source: [97]
Component
Price
Share of total costs
Battery packs
BMS
Battery module material
EMS
PCS
Additional materials

EUR487.000
EUR126.000
EUR84.000
EUR140.000
EUR280.000
EUR83.000
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41%
11%
7%
12%
23%
7%

4.4 Lead-acid
The lead-acid is one of the oldest battery technologies and is mainly known for
its low price and high peak power, suering from low energy density and short
lifetime [141]. A lead-acid battery is composed of an all lead electrode with a
lead(IV)oxide electrode in a sulfuric acid electrolyte. When the battery is fully
discharged both electrode transform into lead(II)oxide and the electrolyte turns
into water.
Lead-acid battery performance is dependent on temperature and discharge
rate as shown in gure 4.11 [115, 141]. Lead-acid batteries also typically suer
from high self-discharge rates (3-20% per month), limited cycle life (500 cycles)
and overall low eciency [39]. The technology is considered to be mature but
current research is still focused on energy density improvements.

Figure 4.11: Eciency of a lead-acid battery as function of the discharge time.
Adapted from [141]
Many variants exist for use in multiple applications, such as for engine starting and deep cycling. Most common variants of lead-acid are gel cells and AGM
(aborsbed glass-mat) cells, commonly referred to as valve regulated lead acid
(VRLA) batteries. More recently Betta Batteries has introduced the lead crystal battery in Europe, featuring higher chemical cell stability, longer calendar
life and longer cycle life than standard lead-acid batteries [92].

4.4.1 Commercial applications
Hoppecke currently oers a 1MW/1MWh battery for EUR322.000 and a 1MW/4MWh
battery for EUR710.000, thereby excluding placement, racking and a power conversion system and assuming a maximum depth of discharge of 80% [71]. With
these costs excluded the system cost is likely to be similar to a lithium-ion
system. Since the cells are originally rated for a 10 hour discharge time, a
EUR150/kWh cell price can be calculated when the 80% DOD is taken into
account.
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4.5 Redox ow
In a redox ow battery two electrolytes are pumped through a ow reactor
[35]. The redox-active ions are oxidized in the reactor or reduced near the
electrodes. The membrane allows the inactive redox ions (such as H+ and Na+ )
to be transferred to the other side of the membrane such that electroneutrality
and electrolyte balance are maintained. The working principle of a redox ow
battery is schematically shown in gure 4.12.
The most well-known electrolyte combinations are Zn/Br (1.85V) and completely vanadium (1,26V), the latter being the best-researched combination
[35, 3]. A redox ow with two vanadium electrolytes has the advantage that
the passing of vanadium ions through the membrane is less detrimental to the
battery's lifetime which is clearly visible in the reported cycle life of 200.000
[156].
Vanadium redox ow batteries reach a 65-75% eciency but are more expensive than their Zn/Br counterparts that reach a 60% eciency: on the basis
of a very large 250 MWh/50 MW system a vanadium redox ow battery has an
estimated cost of USD620-740/kWh with Zn/Br USD290-350/kWh [108]. This
result is in line with a 2014 article mentioning a USD750-1000/kWh investment
cost for systems with a size of 1-4 MWh and a USD500-750/kWh investment
cost for larger systems [25]. Here it is noted that the electrolyte and the electrolyte tanks are 30% of the total investment costs, thus reducing the marginal
cost for systems with a larger capacity. An overview of dierent electrolyte
combinations is given in table 4.5.
Further improvements are expected with the replacement of vanadium by
Aqueous Soluble Organics (ASO) [120]. The replacement is expected to occur
around 2018 as cost improvements for ASO-based redox ow batteries happen
faster than for their vanadium counterparts. The current price for V-V redox
ow batteries is projected to be EUR300/kWh.
Main advantages of redox ow batteries are the long lifetime and the uncoupling of power and capacity [35]. By replacing the electrolyte tank the capacity
can easily be increased and by changing the reactor design (more cells, bipolar
electrode) the power can be increased. Disadvantages of a redox ow battery is
that it requires pumps, sensors, reservoirs and an active battery management
and it suers from a low energy density. Much recent research has focused on
increasing capacity and eciency [119, 156].

39

Table 4.5: Comparisons of cost and operation system management for various redox
ow batteries. Source: [156]
Flow
Cycle
Cycle
Voltage [V] CAPEX OPEX
Cell
eciency
life
[US[US[%]
D/kWh] D/kWh]
Zn-Br

75

2000

1.8

200400

0.015

Zn-Ce

75



2.3

750



PS-Br

6075

2000

1.5

175190

0.020

VRFB

7085

>200000

1.4 (50%
SOC)
1.6 (100%
SOC)

175400

0.001

Figure 4.12: Schematic overview of a redox ow battery. Source: [35]

4.5.1 Vanadium redox ow
The vanadium redox ow battery (VRFB) is one of the most popular kinds of
ow batteries because it employs the same same element for both the anolyte and
the catholyte [156]. This is possible due to the four oxidation states vanadium
can reach, from V5+ to V2+ . Other advantages are the long cycle life (>200
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000 cycles demonstrated), low environmental impact and low hazard although
the electrolyte is corrosive [98]. On average 35-45% of the costs of a VRFB
consist of electrolyte preparation and storage tanks but the exact percentage
depends on the system conguration. A large share of other costs comes from
the membrane. Some VRFB producers have selected Naon membranes in the
past due to its chemical stability but the high costs have led to the introduction
of new membranes with lower cost. The chemical reaction at the anode is given
2+
−
by VO+
and at the cathode it is given by V2+  V3+ + e− .
2 + e  VO
Much research is conducted on reducing the cell resistance so that operating
current density can be increased which results in a smaller membrane [156, 98].
Carbon based electrodes prove to have the desired characteristics but further
improvements are required to improve power density and lifetime expectancy.
Even though capacity fade is very limited, the existing capacity fade mechanisms
for redox ow batteries are not very well understood .

4.5.2 Commercial applications
Redox ow batteries have already been applied on many sites and are often used
to time shift the energy from renewables [138]. The predominant electrolyte
combinations are zinc-bromine and all-vanadium, applied in 90% of all projects
as can be seen in gure 4.13. Only few projects have reported investment costs
amongst which the zinc bromine technology shows strong cost improvements
coming from USD2000/kWh in 2010 to already under USD1000/kWh in 2012.
Vanadium redox ow batteries do not show signicant cost reductions in the
data but existing literature supports the notion that the price of redox ow
batteries is expected to drop and the next-generation system that will become
available in the coming years will prove to be cost competitive [3].
Redow currently oers large scale zinc bromide redox ow battery systems
at a price of USD760/kWh with 80% eciency, a 3 hour discharge rate and
4 hour charge rate [133]. Warranty is oered for 3000 cycles or ten years,
whichever comes rst, but the manufacturer claims that the battery does not
show any capacity fade which indicates a strong performance increase compared
to recent literature [156]. Redow expects to reduce prices by 50% in the next
3-5 years.
Vanadis Power oers 450 kWh/150 kW vanadium redox ow ESSs in 20ft
containers with 70% AC-AC eciency at a price of EUR1000/kWh [98]. It
is reported that no capacity fade takes place but the system has a 20 year
expected lifetime due to mechanical stress on pipes and other materials. The
yearly maintenance cost is approximately 1.5% of the initial project cost for
which Vanadis Power indicates that this is due to the involuntary production of
hydrogen which requires a rell of the electrolyte every two years. It is indicated
that the pumps have a 5 year lifespan while the power conversion system requires
replacement after 10 years. That the technology is very stable compared to e.g.
lithium-ion represents itself in integrated mechanical cooling and a BMS which
only controls pumps and checks the system temperature. So far the majority
of redox ow ESSs have been installed for pioneering purposes although the
technology has been applied once for a grid upgrade deferral.
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Figure 4.13: Cost price per installed kWh capacity for various redox ow technologies based on reported CAPEX, funding amounts and battery capacity.
Reported costs may also include other costs involved in the reported project.
Source: [50]

4.6 NiMH
Nickel metal hydride (NiMH) batteries are often used as replaceable battery in
consumer electronics. Due to this popularity much research has been conducted
in the eld of NiMH batteries and many commercial variants are currently
available. In some cases this results in batteries with a higher cycle life and
lower self-discharge rate but with higher prices and lower capacity [121]. Typical
NiMH batteries show a cycle life of 3000 cycles and eciency is 65% and since
the voltage prole is at the technology is very sensitive to overcharging and
hard to use trickle charging [41].
The price of NiMH batteries is estimated to be USD500-550/kWh and because of this low price the NiMH battery was often used in hybrid electric
vehicles when lithium-ion technologies were not that far developed and the low
price was favored over the slightly higher energy density [56]. An example of
this is the rst Toyota Prius that had NiMH batteries on board but was superseded by the Toyota Prius+ in 2012 which included li-ion batteries such that
an extra row of seats could be included in the design [61]. NiMH batteries are
well developed but are outperformed by lithium-ion in terms of power density,
energy density and cost and is therefore not expected to play a signicant role
in the future [12].

4.7 Flywheel
A ywheel converts electrical energy into rotational energy by using an electromotor to rotate a disc at high speeds. By converting the rotational energy back
to electrical energy the system acts as a form of mechanical energy storage. To
reduce friction the ywheel is often placed in a vacuum and magnetic bearings
are applied but still the amount of friction remains one of the most important
disadvantages, leading to a high self-discharge rate. High-speed ywheels use
special composite rotors to achieve a low weight and high strength and can have
a specic enregy of 100 Wh/kg [65].
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The amount of energy that can be stored in a ywheel is typically small
but the rated power is often high, making the technology very suitable for
application in vehicles and for overcoming short power interruptions [65]. Since
cycle life is in the order of 100.000s of cycles and the calendar life is reported to
be 20 years, the technology can be applied for long-term and frequent use such as
the balancing of generation by RE sources. Flywheel eciency is approximately
97%

4.7.1 Commercial applications
The high power density make ywheels an appealing candidate for grid supporting services. Currently most large scale ywheel projects are applied for
providing spinning reserve, voltage regulation and frequency regulation [138].
One example of this is the project conducted by Beacon Power in the state of
New York where in 2011 a 5MWh/20MW ywheel power plant was installed,
exclusively operated on the market for frequency regulation. The 200 installed
ywheels perform approximately 3000 to 5000 cycles per year and the installation is estimated to have cost USD60 million, or approximately USD12.000/kWh
[14]. Costs are expected to drop rapidly and new products are expected to be
available at less than half the costs of the project in the state of New York in a
few years [79].
Dutch company S4 Energy has developed a ywheel which operates at a
lower rpm than conventional ywheels. This in turn allows the system to be safer
and allows the use of standard components. This reduces costs to approximately
EUR300.000 for a 30 kWh storage system with a power rating scalable to 1 MW.
The system has a self-discharge rate of 6% per hour.

4.8 Supercapacitors
Regulator capacitors store energy at the surface area of two plates, separated
by a dielectric that often consists of a very thin layer of electrolyte [65]. The
supercapacitor employs the same working principle but oer higher capacitance.
The dierence with other battery types is that they often employ energy storage
within an electro-chemical process while supercapacitors rely on a static charge.
The most common type of supercapacitors is the electrochemical double layer
supercapacitor (ECDL) but pseudo-capacitors also exist.
Since no chemical reaction is involved, cycling a supercapacitor will have a
minimal impact in degradation [65]. Cycle lives over 500.000 cycles are reported
but the calendar life is often reported to be 12 years. Self-discharge rates are
high (14% of nominal energy per month), as are eciencies (85-98%).

4.8.1 Commercial applications
Supercapacitors have been applied most frequently as part of the South Korean
subway network where they are charged by the regenerative breaking system
of the subway trains and discharged by the subway train accelerating. Applied
in this matter the supercapacitors provide voltage support to the existing grid.
The installation is reported to save 20% in power and can operate through more
than 1 million cycles [128].
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Supercapacitors are commercially available for a reported price of USD46.000/kWh
or USD120/kW, costs showing that applications should be found in powerintensive cases [17].

4.9 Comparison of technologies
In table 4.6 an overview is given of the various technologies mentioned in this
chapter. For each technology the characteristics are given when known for the
current state of technology. It can be seen that each technology may serve a
dierent market depending on the requirements of such an application. Lithiumion currently dominates in terms of eciency, lifetime and cost when a one hour
discharge rate is required. Although the literature mentions that power-to-gas
may be compared to NaS and NiCd technologies, data shows that eciency
is low compared to NaS largely due to the poor fuel cell eciency [88]. The
long cycle life of redox ow technologies may ultimately make it the most costeective solution for applications with a higher discharge time.
In gure 4.14 an overview is given of the estimated ESS investment cost
for various technologies for various c-rates (ratio of installed kW to kWh). It
can be observed that for applications with a c-rate between 1 and 10 the most
cost-ecient application is li-ion NMC. For extremely high power applications
of 100C li-ion LTO is most cost competitive due to its very stable chemistry and
for low power applications both molten salt (NaS) and redox ow technology
are more interesting due to the low cost of their storage medium.
Research in and experience with battery technologies helps the development of the technologies. Most technologies are not yet considered mature and
therefore signicant performance improvements and cost reductions are to be
expected. In table 4.7 an overview is given of the expected price for various
technologies in various years from several external sources. Due to the limited
amount of available data on prices of energy storage technologies there exist no
peer-reviewed articles on the learning rates or cost developments of the dierent
energy storage technologies, the only notable exception being [114] for battery
packs used in electric vehicles.
Due to rapid price reductions in the past few years lithium-ion has become
the cheapest energy storage technology per kWh capacity together with leadacid [40]. With signicant cost reductions expected and because of its superior
performance, lithium-ion is likely to remain a dominant energy storage technology. Cost reductions are also expected to come from molten salt and redox ow
technologies. It can be hypothesized that applications requiring multiple hours
of storage capacity are likely to be served by these technologies, while one hour
storage may still be the domain of lithium-ion. This hypothesis will be tested
in section 8.11. Power-to-gas is unlikely to play a role as electricity buer due
to their low eciencies but may be applied in conjunction with the automotive
sector or to bridge seasonal periods of energy supply.
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Figure 4.14: Overview of estimated ESS investment cost for various technologies
for various c-rates (ratio kW to kWh). Costs determined based on the overview
in table 4.6. Li-ion NMC proves to be the most cost eective technology for
most applications. Li-ion LTO and molten salt (NaS) are most cost eective at
extremely high power and low power applications respectively.
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Table 4.6: Overview of battery technologies and their specications. System cost is calculated
based on the oer prices of commercially available technologies. Prices listed in dollars are
converted to Euros using a USD1.00/EUR exchange rate to include for shipping costs.
Technology
Molten salt
(saltwater)
Molten salt
(NaS)
Li-ion NMC
Li-ion LFP

System cost
per kWh

Cell cost
per kWh

Cycles1

EUR460

3.000

EUR420
EUR700 1.000
EUR750

EUR190

Calendar
life

Cell
eciency

Nominal
discharge
time

75-90%

12-20 hours

4.500

15 years

90%2

6 hours

6.000

18 years

95%

1 hour

1.700

Li-ion LTO

EUR16403

15.000

20 years

85-95%

Lead-acid

EUR150
EUR400

1.500

20 years

90%

EUR680

EUR300

>200.000

EUR760

EUR300

>200.000

EUR500

3.000

Redox ow
V-V
Redox ow
Zn-Br
NiMH
Flywheel

>10
years

70 - 85%

5 hours4

80%

4 hours4

65%

EUR10.000

>100.000 20 years

97%5

SupercapacitorsEUR46.000

>500.000 12 years

85 - 98%

Power-togas

EUR200

9.000

1 Cycle

1 hour
30 seconds 1 hour
10 hours
1 hour

37%

1-15
minutes
2 - 60
seconds
10 hours

life is dened as the cycle at which the battery holds 80% of begin-of-life capacity.
batteries need to be heated to 600K. The power consumption is not taken into account
in this comparison.
3 Source from 2012 [17]
4 Power and capacity are decoupled for a redox ow battery. A 5 hour discharge rate is often
used in current applications [138].
5 Flywheels suer from very high self-discharge rates. This makes the actual eciency strongly
dependant on the application.
2 NaS
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Table 4.7: Overview of battery technologies and their expected cost price for dierent years.
Technology

Source

Publication
year

Expectation
year

Cost per
kWh

Cost
reduction

Molten salt
(saltwater)
NaS
NaS
Li-ion NMC

[62]

2014

2020

EUR100

78%

[66]
[1]
[114]

2009
2015
2015

[40]

2017

2020
2020
2020
2025
2030
2020

EUR350
EUR500
EUR330
EUR190
EUR114
USD100

17%
-19%
-73%
0%
40%
47%

[66]

2009

2020

EUR150

0%

[1]
[120]
[120]

2015
2015
2015

2020
2022
2018

EUR350
EUR140
EUR250

13%
65%
17%

[66]

2009

2020

EUR500

-67%

[66]

2009

2020

EUR250

17%

[133]

2016

2020

EUR3801

50%

[66]
[79]

2009
2014

2020
2015

EUR350
EUR6000

30%
50%

Li-ion EV
pack
Lead-acid
ooded
Redox ow
Redox ow
Redox ow
V-V
Redox ow
V-V
Redox ow
Zn-Br
Redox ow
Zn-Br
NiMH
Flywheel
1 Projection

explicitly mentions cost price of a system.

47

Chapter 5
Value creation of energy
storage

ESSs typically serve a special purpose by which value is created to the end
user. Randomly charging and discharging a battery without putting it to any
further use makes it unlikely that any value is obtained from the battery. In
many consumer products the battery ensures that the product functions and is
considered a core element, such as in watches, drills, smartphones and electric
vehicles. In stationary ESSs, however, the user often foresees a grid stabilizing
function or perhaps arbitraging on the various energy markets [102]. It is clear
that for stationary storage applications, the value creation of the ESS depends
on the technological context provided by the electricity system. In this study
the functioning of the NSI and SSI is discussed to be able to later assess the
well-functioning of the combined NSI, SSI and TSI. By focusing on the Dutch
electricity sector, the intersection of the NSI and SSI is covered.
The Dutch electricity system allows electricity to be traded on various dierent markets, each serving dierent purposes. Balance responsible parties (BRP)
are responsible for purchasing or selling as much electricity from counterparties
as is required to balance the consumption or production from their customers.
Dierent markets enabling BRPs to fulll this duty are the future market, the
day-ahead market and the intraday market. Maximizing revenue from such
markets by means of energy storage is often denounced as arbitrage. Since energy consumption and production forecasts are imperfect the SO is required to
maintain balance in the electricity grid. In the Dutch liberalized electricity system only the TSO has distinct balancing services for which it contracts market
parties. Lastly physical limitations of existing infrastructure may cause local
problems or 'congestion'.
While various methods exist to classify various energy storage applications1 ,
this report takes a more pragmatic approach and a distinction is made between
three categories:


Arbitraging on the energy markets;



Ancillary services being the contracted provisioning of grid stability services to the TSO;

1 See

for example [102]
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Congestion management containing the revenue streams related to the

distribution system.

5.1 Arbitrage
Arbitrage involves trading electricity on the dierent electricity markets. The
objective is to charge the battery on low prices and discharge the battery on high
prices as to maximize prot. Since load shifting involves increasing consumption
at some moments and increasing generation at other moments this can be seen
as load shifting restricted to an economical motive.
Like every market the energy market attempts to match supply and demand
for a certain product resulting in a certain price. The energy market is unique
in the sense that the traded product cannot (yet) be stored on a large scale and
that demand has historically proven to be inelastic. This results in strong price
uctuations opening up opportunities to shift energy from one moment to the
other. Price uctuations increase as the moment of delivery comes closer since
both demand and supply become less elastic closer to delivery.
In The Netherlands there exist several dierent electricity markets that are
often interconnected with other countries. The ICE ENDEX market (futures),
APX (day-ahead), ELBAS (intraday) and imbalance market (real-time) can be
distinguished. The over-the-counter contracts are placed out of scope as they
are not traded on an energy exchange and there is limited information on the
involved market interactions. For a comparison between the American and
European wholesale electricity markets a reference is made to the literature[81].

5.1.1 Future contracts
Future contracts that are not traded bilaterally are typically traded on the ICE
ENDEX market. ENDEX stands for European Energy Derivatives Exchange.
For the Dutch market contracts exist for peak hours (8:00 CET - 20:00 CET)
and base hours (all day). The contract period can either be monthly, quarterly
or yearly, for a maximum of 4 years or 59 months ahead. Example: If two
parties agree on a 1 MW Cal18 base contract that means that one party agrees
to generate 1 MW continuously for the whole year 2018 and the other party
agrees to consume this amount of power for this continuous period. In contrast
with the American market there are only few and very standardized contracts
which makes the market easier to control and monitor.
The future market enables conventional generators to plan their production
and to minimize start up costs. The consuming party is often characterized by
a risk-avoiding attitude towards the electricity price such as parties that have
to budget their expenditures on electricity and therefore require a xed price.
Examples of such parties include larger government bodies, energy intensive industrial parties or electricity companies that contracted a large group of smaller
customers and wish to provide a xed price.
The future market in some ways resembles a stock market as prices are driven
by expectations of the spot price and an associated risk premium, causing the
market to be partially determined by sentiment. As pointed out by Huisman and
Kilic [76] the behavior within future markets diers between countries and the
integration of renewables will have an eect on the behavior of market players
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in the ICE ENDEX market. This indicates that ICE ENDEX prices reect
the (perceived) expected value of electricity and not merely the real cost of
electricity generation. Future markets, however, provide the ability to discover
price trends and thus allow parties to perform risk management [168].
Since the smallest contract is the peak/o-peak contract for one month, the
yearly revenue can be approximated to be 12 times the price dierence between
the peak and the o-peak contract.

Figure 5.1: Historic prices of dierent ICE ENDEX products

5.1.2 Day-ahead
The APX spot market is a market where electricity is traded day-ahead with a
minimum clip size of 0.1 MW. APX stands for Amsterdam Power eXchange and
the APX spot market is now a part of the APX Group. As in basic economic
theory, the hourly electricity price is determined by the intersection of a demand
curve and a supply curve. Since the electricity price equals the marginal price
and electricity sellers often bid their running cost (i.e. start-up costs, fuel costs),
sellers need to compensate their investment costs and other operating costs
(maintenance, insurance) with the revenue coming from the dierence between
the electricity price and their bid. This means that power plants with operating
costs equal or close to the electricity price often do not make any prot, causing
them to be 'mothballed' [152].
The APX market also includes electricity coming from neighboring countries
and substantial eorts have led to the introduction of the ow-based market
coupling [152]. This coupling algorithm optimizes the spot prices for several
connected markets by including the interconnection capacities. Results have
shown that the ow-based-coupling has led to increased use of interconnector
capacity, thereby converging spot prices over the included countries and stabilizing market prices in all associated markets. The increased use of interconnector
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capacity can be seen in gure 5.2 as the blue dots (indicating day-ahead market
prices after the introduction of ow-based market coupling) have spread out to
the left.

Figure 5.2: Average day-ahead wholesale prices and net positions for the Netherlands before (ATC) and after (FB) the introduction of ow based market coupling. Parallel simulation on data from May-September 2015. Source: [152]
As can be seen in 5.2 the day-ahead prices generally uctuate between a
price of EUR20/MWh and EUR50/MWh. Although the day-ahead market is a
very stable one with high liquidity, this small spread of EUR30/MWh makes it
dicult for electricity storage to obtain signicant revenue from trading on the
APX market. Taking EUR30/MWh/day would result in an expected revenue for
a 1MW/1MWh ESS of approximately EUR11.000/year. In a scenario study for
the year 2030 conducted by DNV GL the price spread on the APX is expected
not to increase [159].
5.1.2.1

Renewable energy and the merit order

With RE generators such as wind and PV not having any running costs, periods
of intense wind or sunshine in combination with low demand can lead to very
low prices. Under some conditions negative prices can occur, most notably when
it is more favorable for generators to pay a premium rather than pay the costs
associated with a start-and-stop procedure [152]. Low prices threaten both
the nancial viability of RE technologies, which suer from low prices when
their output is highest, and fossil-fueled generators, leading to the discussion of
setting up capacity markets [28].
A common way to demonstrate the eect of solar PV electricity production is
by showing the 'duck curve': day-ahead prices drop signicantly during daytime
in market where many PV panels are installed, typically shown by the average
hourly electricity price on a daily basis. One important consequence is that
lower market prices reduce the nancial viability of both new and existing PV
panels but another consequence is that high demand and lower supply from PV
lead to steep ramp rates around sundown.
The eect of RE on the settlement price can also be made visible when
plotting the total electricity production against spot prices and grouping observations by the electricity production from renewables. As demonstrated in
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5.3 the EPEX price is signicantly reduced due to increased renewable electricity production under constant demand. The eect can be quantied to be
EUR1,03/MWh per GW renewable electricity production for the German electricity market within a certain hour. In the future this value may increase due to
decreasing availability of conventional generators which may cause peak prices
at high levels of demand and low levels of renewable electricity production.
With an average electricity production from solar-PV and wind of 8.8 GW
in 2012, the merit order eect would be EUR9.1/MWh on average [27]. This
result is in line with other studies of which an overview is given in [27].

Figure 5.3: Total electricity production plotted against EPEX spot prices for
June 2015. Colors represent the average electricity production from wind and
solar PV. Trendlines show a clear relation between RE production and lower
spot prices. Source: [54]

5.1.3 Intraday
The Elbas platform allows balance responsible parties to trade electricity on
an intraday basis with a minimum clip size of 0.1 MW. The intraday market
again closely resembles a stock market as the intraday platforms use bid and
ask prices that can be far apart due to low liquidity. The intraday platform
was introduced in 2006 and is used to trade electricity closer to the actual
moment of generation. In practice intraday trades often take place if there is
an unforeseen change in the amount of electricity generated from RE sources or
if exogenous events cause an unexpected decrease in demand (power outage) or
supply (generator outage). When interconnector capacity is available the Elbas
platform aggregates bids from the various connected countries and allocates the
electricity trades accordingly.
Intraday trading has so far been characterized by a low liquidity causing the
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spread between bid and ask prices to be large, especially when considering hours
which are far away. In the near future the intraday market will be based on 15
minute intervals instead of hours. It is expected that this will lead to increased
trading opportunities due to possibilities for demand response and energy storage and because of the mismatch between the existing 15 minute allocation and
the hour-based day ahead market, as is already the case in Germany [152]. The
eect of this can be seen in gure 5.4 where the bars indicate average trading
volumes per 15 minutes and the blue and green bars show that there is high
trading activity in the rst and last quarter of any hour.

Figure 5.4: Quarterly traded intraday volumes in 2015 in Germany. Notable
are the high volumes for every rst and last quarter, indicating the mismatch
between day ahead trading on an hourly basis and allocation. Source: [152]

5.1.4 Imbalance market
Since the demand and supply of electricity have to be constantly equal, the TSO
is often tasked with the activation of reserve power (as described in section 5.2.2)
to maintain grid balance. The costs associated with the availability and activation of such reserve power is in many countries billed to the balance responsible
party (BRP) causing the imbalance, although the exact market design varies
per country [113].
In contrast to most other countries the price at which imbalances are discounted to balance responsible parties is made publicly available on a minute
basis allowing balance responsible parties to manipulate their portfolio position
in order to prot from the uctuating imbalance prices [113]. This method of
gaining revenue is often called imbalance trading although technically one cannot speak of an imbalance market since there is no counterparty actively selling
or buying. For details on the market design including dierent incentives and
measures in place to assure optimal market functioning a reference is made to
the literature [113].
To allow trading on the imbalance market an actor needs to have a contract
with its electricity supplier in which it is agreed that the actor is taried on
a 15 minute basis (one program time unit, PTU) and that the dierence between the forecasted energy consumption and the actual energy consumption
(allocation) is taried against the same imbalance price at which the BRP is
taried by the TSO [118]. Trading on the imbalance market is one of the most
accessible markets because any actor with a telemetric meter on its electricity
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connection can be allocated on a 15 minute basis [117]. In the case of large
industrial consumers this is every consumer since a telemetric meter is required
on grid connections equal to or larger than 3x80A. Furthermore there are no
requirements on installed power or ramp speeds but peak imbalance prices often occur for no longer than one quarter making the market less attractive to
technologies that cannot respond within minutes. The installation of RESs is
associated with increasing imbalance volumes but the curtailment of renewables
can be economically viable when imbalance prices are low and is already applied
to wind turbines.
As can be seen in 5.5 the imbalance price lies around commodity price when
dispatched control power is small but becomes more extreme at high imbalance
volumes. While extreme imbalance prices may be caused by generators with
very low eciency outside their optimal power point it can also be argued that
there is a strategic bidding component in the pricing of regulation capacity
[113]. Imbalance prices may be more extreme in some years than in other years
leading to both risks and opportunities for market entrants. Power purchase
agreements (for either generation or consumption) which include the imbalance
costs in their xed price (or xed margin) may suer from extreme pricing in
one year, energy storage could benet from extreme pricing.

Figure 5.5: Net imbalance clusters (in MW) plotted against imbalance prices in
the Netherlands. Imbalance prices are taken on a minute basis. Source: [152]
The value created for an 1MW/1MWh energy storage system requires extensive simulation and this will be done in section 6.2. Since in chapter 5 it
was found that a li-ion NMC system can conduct 6000 cycles with an estimated
system price of ¿850/kWh, a rough estimation of the revenue can be obtained
by summing

1 X
πt
60 t

∀t | πt > EUR140/MWh ∨ πt < EUR0/MWh

(5.1)

which results in EUR44.000 for an 1MW ESS when looking at 2016 minutely
imbalance price data. Given that every cycle creates a revenue of at least
EUR140, at most 314 cycles are expected to be conducted yearly.
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5.1.4.1

Expected development

During periods of high electricity consumption more generators are producing electricity compared to periods of low electricity consumption. Under the
assumption that the merit order remains constant, the amount of available regulation power is then higher during times of high electricity consumption and
therefore imbalances are less likely to cause extreme imbalance prices. In 5.6
it can be seen that imbalance prices uctuate more when bids on the bid price
ladder are further apart. As discussed in 5.1.2.1 and 5.2.2 the production of
renewable electricity results in conventional generation being pushed out of the
market. This in turn reduces the available regulation capacity thus potentially
increasing the volatility of imbalance prices.
This eect is amplied by the uctuating energy supply of RESs which
will likely cause larger and more frequent grid imbalances. This is quantied
by [57] who indicates that for every 8MW installed wind capacity 1MW of
additional regulation capacity would be required under the assumption that the
Dutch electricity grid would not allow balancing with neighboring countries. In
reality this gure is likely to be lower but it may still serve as an indication
that imbalance prices are expected to uctuate more in the near future. In an
analysis conducted by CE Delft for the Dutch electricity grid, imbalances are
expected in the order of 2 GW due to the increasing penetration of RETs by
2023, signicantly more than the 300 MW of imbalance which occurred in the
2013 electricity grid [22].

Figure 5.6: Left: Bid price ladder indicating the price of activated regulation
capacity at various levels of grid imbalance, for a period of 3 days. The closer the
lines are together, the more regulation capacity is available. Right: Imbalance
prices for a period of 3 days. It can be seen that imbalance prices uctuate
more when bids on the bid price ladder are further apart.

5.1.5 Time shifting
In the Dutch electricity system the consumer is taxed a xed amount per consumed kWh of electricity but production of electricity is untaxed. An overview
of the energy tax rates is given in 5.1. Electricity consumers with solar PV
installed may become nett producers on sunny days. On such moments the
revenue of solar panels is only the electricity price while a consumer not being a
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nett producer can subtract every produced kWh from his consumption, thereby
discounting at a tari of electricity price plus electricity tax. When such a tari
scheme is taken into account this can result in a load shifting application where a
storage will be charged during periods of overproduction and discharged during
periods of overconsumption.

Table 5.1: Overview of energy taxes for electricity. Renewable energy tax is excluded
from this list.
Consumption [kWh/year]
Tax rate [EUR/kWh]
0 - 10.000
10.000 - 50.000
50.000 - 10.000.000
> 10.000.000 (industrial)
> 10.000.000 (not industrial)

EUR 0,10070
EUR 0,04996
EUR 0,01331
EUR 0,00053
EUR 0,00107

To stimulate the diusion of solar PV among households net metering has
been applied for consumers with a grid connection smaller than or equal to
3x80A. Since small consumers have little or no access to other markets outlined
earlier, energy storage cannot yet be made nancially viable on the household
level. Net metering is however expected to end in 2020 now that the investment
cost for solar PV is so low that the subsidy is considered to be a too strong
incentive. In 5.7 it can be observed in Germany that in a country where no net
metering is applied, energy storage becomes nancially attractive for households
leading to a rapid diusion of small-scale energy storage.

Figure 5.7: Installed energy storage systems at households in Germany. Source:
[83]
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5.2 Ancillary services
Ancillary services are services provided by market parties to support the stability of the electricity grid. The ancillary services are dened on a European
level by ENTSO-E but leave room for each associated TSO to create dierent
products for their required ancillary services. Grid balancing in case of unexpected disturbances is among the most important ancillary services. Three grid
balancing services are dened, each of which act within a dierent timeframe:
primary reserve, secondary reserve and tertiary reserve.

Figure 5.8: Design of ancillary services for grid balancing on the European level.
Source: [6]
Ancillary services dened in the Netherlands but not covered in this report
are the provision of reactive power and the provision of black start capability.
Provision of reactive power is well served by capacitor banks causing the reward
per VArh to be very low and is therefore not interesting for storage technologies.
Black start capabilities are not covered in this report as only a limited amount
of black start capacity is needed and this is typically contacted on a long term
basis causing the market to be very small.

5.2.1 Primary reserve
Primary reserve (also frequency containment reserve, FCR) is the rst set of
reserve power to act in case of an unexpected disturbance in any of the synchronously connected European countries. Units providing primary reserve
power have to be able to deliver their rated primary reserve power completely
within 30 seconds and should be able to do so for a period of at least 30 minutes,
the '30 minute rule'. Units need to be prequalied in order to be allowed to
provide primary reserve power.
The market for primary reserve is tendered on a weekly basis in conjunction
with Germany, Switzerland and Austria, but each TSO is required to obtain at
least 30% of its required primary reserve power from its own control area. The
oered amount of control power in the tender process is 1 MW or higher, in
blocks of 1 MW. The oered amount of control power may consist of multiple
prequalied assets, each providing at least 100 kW of control power.
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An unit's response is based on the measured deviation in the grid frequency.
The nominal grid frequency in continental Europe is set to be 50 Hz but demandsupply imbalances cause small deviations in the grid frequency as the grid's
inertia prevents a blackout. The frequency distribution is shown in gure 5.9.
The required response by the ESS increases linearly with the grid frequency
where the maximal response is at a 200 mHz frequency deviation.

Figure 5.9: Grid frequency histogram. Data measured on 10 second intervals
over the year 2015 (n = 3153029). Source: [136]
Primary reserve power is in general only provided by gas-red power plants
among fossil-fueled generators. The limited amount of gas-red power plants
available to provide primary reserve power yields the highest market prices of
all ancillary services, with prices between EUR2.000 and EUR3.000 per MW
per week as can be seen in gure 5.10. The stochastic nature of the occurrence
of events leading to the activation of primary reserve results in an activation
pattern that requires units to deliver an amount of upward regulated energy that
is approximately equal to the downward regulated energy. This implies that
there is no need for a price per delivered unit of energy and that the primary
reserve could be well served by energy storage since no continuous amounts of
energy are required.
Since 2014 the primary reserve tender has been coupled with Germany, Belgium, Switzerland and Austria to create a market where 793 MW is tendered
[131]. European regulations require that every country still procures 30% of its
primary reserve in its own country and that no more than 90 MW is exported.
In the case of the Netherlands the requirement of tendering 96 MW results in
29 MW of primary reserve having to be available in the Netherlands and 186
MW of primary reserve that may maximally be tendered. The market coupling
has signicantly increased market liquidity and stabilized prices as can be seen
in gure 5.10.

5.2.2 Secondary reserve
The secondary reserve (also automatic frequency restoration reserve, aFRR) is
the second set of reserve power to act in case of an unexpected disturbance
and is used to restore system balance within one control area (the Netherlands)
and to make the primary reserve available to react to a new disturbance. Units
providing primary reserve power have to be able to ramp their provided power
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Figure 5.10: Historical prices for primary reserve power tendered on the common
market with Germany, Switzerland and Austria in light gray. Historical prices
for primary reserve tendered on the Dutch market. Source: [131]
up and down by 7% of the rated power per minute, such that full power can be
delivered within 15 minutes. The rated power should be available for a period of
at least 4 hours and the minimum bid size is 5 MW. The market for secondary
reserve is tendered on a 50/50 quarterly and yearly basis and the product is
designed to be synchronous, thereby requiring that units providing secondary
reserve power are both available for ramping up and down. Although wind
turbines and solar PV have sucient ramp rates to provide secondary control
power, the other mentioned constraints eectively exclude wind and solar from
providing secondary control power.
The control of secondary reserve power is done by TenneT and is based on
their measurement of grid imbalance in the Netherlands. Units are activated by
a merit order in which the least expensive unit is called upon rst. Units are
priced by the price each unit specied in the tender procedure and a distinction is
made between a capacity payment and an energy payment. The most expensive
unit that is called for within a 15 minute time interval determines the imbalance
price for that time interval. The average capacity price was EUR94.000/MW
in 2016 (EUR120.000/MW in 2015) with contract periods of three months or
one year and energy prices generally lay between EUR450/MWh and EUR250/MWh [54]. TenneT is required to contract at least 300 MW of secondary
reserve power.

5.2.3 Tertiary reserve
The tertiary reserve (also manual frequency restoration reserve, mFRR) is the
last set of reserve power to act in case of an unexpected disturbance and is used
to restore system balance when very large disturbances have occurred. In the
Netherlands the tertiary reserve is designed as 'emergency power' (noodvermogen) and is commonly delivered by backup diesel generators. Activation of the
tertiary reserve typically occurs 40 times per year [45].
Activation of the tertiary reserve occurs manually by the TSO and therefore
the minimal contracted power is set to be 20 MW. Providers of tertiary reserve
power are however allowed to oer a pool of smaller assets. After activation by
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the TSO the units providing tertiary reserve have to provide their full power
within 15 minutes for a period of at least 60 minutes.
The tertiary reserve product includes both a capacity price and an energy
price. The capacity price is approximately EUR10.000/MW in 2016 (EUR19.000/MW
in 2015) and is tendered on a quarterly basis, requiring 96% availability [54].
The energy price is determined by the maximum of:
 EUR200/MWh
 EUR200/MWh + APX price
 The imbalance price determined by the secondary reserve * 110%
When the tertiary reserve is activated the imbalance price will be equal to the
energy price of the tertiary reserve.

5.3 Congestion management
While energy storage is often discussed in the light of providing stability to
the grid, the valuation of an energy storage system operating in support of the
electricity grid typically depends upon the location. This section will discuss
the possibility for energy storage to provide value to the SO by discussing the
grid taris that would allow for a reduction of the maximum power (kW) taken
from the grid in paragraph 5.3.1, by assessing the energy tax which can act as
an incentive to reduce the amount of energy (kWh) taken from the grid and by
describing some cases in paragraph 5.3.2.

5.3.1 Peakshaving
While increasing self-consumption may provide value to the grid, it may provide
more value to the SO if energy consumption was decreased at times where
electricity consumption is maximal. This would stimulate peakshaving thus
allowing SOs to reduce the need for grid reinforcement. Several studies on this
topic have been conducted and results show that a strong price incentive will
induce behavioral change [160, 143]. Energy storage at households could benet
from dynamic net taring and this could prove to be an important instrument
at low voltage networks which are often dicult to reinforce in city centers.
For industrial consumers additional variable tari components exist in The
Netherlands. Two of such components are the contracted power (kW contract)
and the maximum power per month (kW max). The maximum power per month
equals the maximum consumption on a 15 minute basis. The contracted power is
the reasonably expected maximum power that will be consumed on a 15 minute
interval and is increased if a higher peak power consumption occurs but can be
decreased on request by the consumer with certain limitations. The contracted
power can be seen as a xed monthly fee. Typical values for the kWmax are in
the range of EUR1.50 - 2.00/kW/month and for the contracted power EUR1.00
- 1.50/kW/month such that reduction of the peak power by 1MW would yield
approximately EUR30/kW/year [52].
Reduction of the contracted and maximum power gives a substantial return
when taking the limited required use of the ESS into account. Theoretically
an 1MW ESS could reduce network taris by approximately EUR30.000/year
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whilst being put to use only 15 minutes per month. However, targeting only
this value stream may be insucient to compensate for the investment costs of
energy storage as the cost price for ESSs is an order of magnitude higher than
the yearly revenue. Given the limited use of the application this value stream
has potential to be combined with other value streams.

5.3.2 Grid upgrade deferral
The integration of RE sources in the existing grid often leads to challenges. This
is especially the case for countries bordering to an open water where wind speeds
are higher and a wind turbine obtains maximal revenues. An example of this
on large scale is Germany where many wind farms have been built in northern
Germany but a a majority of demand comes is in southern Germany. Many
projects are undertaken to combat this issue, one example of this is the 4GW
HVDC cable that will allow electricity to be transferred from north to south
[53]. With a cost of EUR6.5 billion this is one example where the integration of
RE requires costly grid reinforcement which cannot be prevented by alternative
solutions such as dierent price mechanisms [165].
While energy storage would likely not be an adequate solution to transmission grid upgrades as illustrated here, it could prove to be an alternative on
a case-by-case basis in residential distribution grids. Tant et al. nd that low
voltage residential distribution feeders which suer overvoltage problems could
benet from energy storage to further facilitate the integration of solar-PV [149].
It is suggested that SOs could apply energy storage for long term application as
well as for short term application where energy storage would be applied until
grid upgrade can be planned more cost-eectively with other upgrades. The
study however highlights several associated aspects that should be included in a
cost-benet analysis but were not included in the study, further illustrating the
case-by-case approach which is required if a SO wishes to defer grid upgrade by
implementing energy storage.
An overview of the investment costs for grid upgrade are given in table 5.2.
These investment costs are socialized through the network taris which can be
observed when the results are compared with the typical cost of EUR30/kW/year
found in paragraph 5.3.1. The traditional top-down structure of the electricity
grid causes a cascade eect when signicant grid upgrades are required. To
upgrade a MV connection, the HV to MV connection and the HV grid would
also require upgrading in some cases. The integration of RES may, however,
cause local power ows which is a typical scenario in the case of large-scale PV
on the LV grid. Energy storage may be able to defer grid upgrades when the
ESS is operated under a set of constraints ensuring reliability of the system.

5.4 Summary of revenue streams
The various markets have dierent characteristics and although none is specically designed for energy storage systems which results in signicant barriers to
entry, energy storage systems are not excluded from entering any of the discussed
markets. In table 5.3 an overview is given of the available revenue streams with
their characteristics and expected revenue. In this section the most viable value
streams will be summarized.
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Table 5.2: Investment costs for the grid, adapted from [135]. Investment costs
include component and installation costs and have an estimated lifetime of 50 years
with an annual expenditure of approximately 1.5% of investment costs. Lifetime
costs are calculated by adding the annual expenditure to the investment costs over
the expected lifetime.
Grid level
Investment costs
Lifetime costs
[EUR/kW]
[EUR/kW]
HV grid
HV to MV grid
MV grid
MV to LV grid
LV grid

408
250
705
200
862

714
438
1234
350
1509

The revenue streams categorized as arbitrage typically have low entry barriers and uctuating energy prices. Most volatile is the imbalance market discussed in section 5.1.4 for which a rough estimation of EUR44.000/year is given.
Using algorithms which incorporate the exact battery cell characteristics the expected value may increase further, on which will be elaborated in chapter 6.
The available ancillary services are characterized by higher entry barriers
and higher revenue. The primary reserve is the ancillary services product which
requires the shortest reaction time and has the highest revenue. With weekly
tender prices between EUR2.000 and EUR3.000 per MW an expected yearly
revenue in the order of EUR104.000 - EUR156.000 may be realized. The case
of primary reserve is further discussed in chapter 6.
Cooperation between public parties and DSO/TSO is very limited due to
strict regulations. This prevents the provision of congestion management services other than peakshaving to reduce grid taris and increasing the selfconsumption of produced electricity to avoid paying energy tax over consumed
electricity. These revenues are limited but have few constraint and thereby may,
combined with revenue streams from arbitrage, result in a positive cost benet
analysis.
With the further integration of RES it can be expected that the volatility
on the energy markets will increase which could cause other value streams to
become relevant for ESSs. Research nds that price spread on the day-ahead
market is expected not to increase [159]. The intraday market may become
interesting in the future as improving electricity production forecasts for RESs
may cause increased trading on the intraday market, combined with the trend
of increasing liquidity.
The potential market volume for ESSs is not unlimited. With the assumption
that market size remain constant, the market size of the secondary reserve is
300 MW and market size of the primary reserve delivered by ESSs installed
in the Netherlands is at least 29 MW and at most 793 MW because of the
shared European market. In reality the required secondary reserve is expected
to increase with [22] coming to a required market size of 2 GW. In addition
congestion management issues could prove to increase the demand for energy
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Table 5.3: Overview of available electricity markets. Entry barriers are barriers
associated with an asset traded by a BRP on an energy market.
Minimal
discharge
Minimal
Cycles
Revenue
Asset entry
time
power
per year
barriers
Future
contracts
Day-ahead
Intraday
Imbalance
market
Primary
reserve
Secondary
reserve

0.1 MW

12 hours

365

0.1 MW

1 hour

700

0.1 MW
-

1 hour
-

≤ 314

0.1 MW
pooled to
1MW
1 MW

1 hour

300

4 hours

-

Tertiary
reserve

Pool of 20
MW

1 hour

40

Peakshaving

-

-

-

Time
shifting

-

-

-

EUR4.380
/MWh installed
EUR11.000
/MW/year
N/A
EUR44.000
/MW/year
EUR130.000
/MW/year
EUR95.000
/MW/year +
energy payment
EUR15.000
/MW/year +
energy payment
EUR30.000
/year/MW
reduced
EUR50
/MWh shifted

Market access
Market access
Market access
Energy contract
Prequalied
assets only,
weekly tender
Quarterly tender
Quarterly tender
Requires
industrial
consumer
Requires
industrial
consumer with
RE generation

storage further if those applications cannot be combined with other applications.
As discussed in section 2.3 the market design could be changed to improve
the functioning of the innovation systems. This may increase revenue from
ancillary services and congestion management services. Without intervention
there is little reason to assume that ESSs applied on any of these markets will
face increased revenue. Possible changes to the market design will be discussed
in chapter 7.
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Chapter 6
Case studies

Within the SI-literature, the functions entrepreneurial activity and market formation are considered to be crucial for the system behavior. When these functions are well developed with regard to energy storage, they are likely to result
in the deployment of ESSs by rms as rms recognize the ability to obtain prot
over the lifetime of the ESS. As was discussed in section 5 there are many value
streams which an ESS can use to create revenue, although not all value streams
may be a good t to the technology.
In gure 6.1 an overview is given of the use cases recorded in the DOE Global
Energy Storage Database, demonstrating that shifting energy consumption over
time, frequency regulation, shifting RE production over time and capacity rming (output smoothing over longer time periods) are the most predominant use
cases. For lithium based ESSs electric bill management is also often used.

Figure 6.1: Overview of the observed use cases for energy storage systems
recorded in the DOE Global Energy Storage Database given as percentage of all
953 observations in the database. Results are given for all technology types and
for lithium-based technologies. One project observation in the database may
have multiple associated use cases. Use cases with less than 95 observations in
the total set are dropped. Source: [138]
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In [102] interviews were used to collect data from technology providers, electricity utilities, system integrators and research organizations. The applications observed most often are (in order) capacity rming, output smoothing,
frequency regulation and load following. The frequency regulation application
matches the primary reserve market discussed in section 5, conrming that the
ndings from the Dutch electricity market partially match ndings from other
studies, although it also demonstrates that applications in other electricity markets cannot be directly copied to other markets.
Based on the market analysis from previous paragraphs the application of
energy storage as primary reserve and as arbitraging asset on the imbalance
market were found to potentially result in nancially viable use cases. This
section will assess the nancial viability which can give an indicator of the
entrepreneurial activity. Should the outcome of this section be that the use
cases provide insucient revenue then protected spaces should be created such
that entrepreneurship and market formation take place and energy storage can
develop further.

6.1 Primary reserve
When speaking about applications for energy storage the delivery of primary
reserve is often mentioned as the most viable application for energy storage
[102]. This is both due to the high nancial reward for the delivery of primary
reserve and because the design of the primary reserve matches the fundamental
characteristics of energy storage. In this section the working principles will be
discussed, a cost benet analysis is conducted and an outlook for the case is
given.

6.1.1 Working principles
The TSOs regulate the daily average frequency to ensure that it remains on average 50 hertz1 , correcting it with ±0.02 Hz when necessary [55]. This ensures
that over the course of a day the energy balance of an unit acting as primary
reserve is neutral if no losses were involved. In reality the grid frequency constantly uctuates around 50 hertz as can be seen in 6.2 and as was discussed
in 5.2.1. The required response by the ESS increases linearly with the grid frequency such that it discharges with 1MW at 49.8 Hz and charges with 1MW at
50.2 Hz.
The performed simulation (see page 112) shows that the limited energy reservoir of an ESS is unlikely to be depleted since the uctuating grid frequency
induces short periods of charging and discharging. Active charge management is,
however, necessary to ensure that the SOC remains within limits. The outcome
of the simulation is that a lithium-ion ESS would have a charge throughput of
approximately 300 MWh per year operating as primary reserve, matching 300
cycles per year for a 1MW/1MWh ESS. In [172] a cycle rate of 1000 cycles/year
is assumed, illustrating the dierence between various markets with sometimes
equal terminology.
1 The grid frequency is maintained at 50 hertz to ensure that clocks timing their ticks on
the grid frequency will not deviate. The correction of the frequency is hence called the 'Time
Error Correction'.
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Figure 6.2: Top-left: 5 minute rolling average of the grid frequency for a typical
day (April 11th 2015). Top-right: State of charge development for an ESS
with 95% one-way eciency for April 11th 2015. Bottom: Average delivered
power for an ESS operating as primary reserve over the year 2015 for periods
of (left) 60 minutes and (right) 15 minutes. The simulation shows that for an
1MW/1MWh ESS the average power within a 15 minute interval is typically no
more than 250 kW or 150 kW within a 60 minute interval. This indicates that
the amount of cycles is limited. Data from [136]
This analysis shows that the primary reserve application is a very suitable
application for lithium-ion energy storage as the typically required power is low
and the limited cycle aging can provide a use case of 10-20 years.

6.1.2 Cost benet analysis
As mentioned in paragraph 5.2.1 the design of the primary reserve requires units
to be available at any time to take from and feed in the grid their rated power
for a minimal period of 30 minutes (the '30 minute-rule'). This matches with
a 1 hour discharge rate and therefore lithium-ion NMC is considered as battery
technology. Taking into account 5% one-way losses and the degradation of the
ESS this requires that the ESS has a capacity of around 1.3MWh for a 1MW
rated power. As was found in paragraph 4.3.4 the cost of such an ESS including
transformer is approximately EUR1 million. The cost of commissioning and
local works such as building a concrete foundation is approximately EUR50,000.
For reasons of confidentiality this section is removed from the
report.
Overall the operating expenses are approximately EUR19.000/year and with
revenue from the primary reserve tender being an estimated EUR2,500/week or
EUR130,000/year the payback period of the system is 10 years. The grid fees
can be reduced if the ESS is connected at a site with existing consumption
and/or production but this is strongly case dependent. An overview of the
costs is given in table 6.1.
From the simulation it was found that the ESS capacity degradation is limited due to the low stress exerted by the primary reserve application as can be
seen in 6.2. Under some conditions this even leads to manufacturers providing
a 20 year warranty on battery cells [63]. When applying the simple methodol66

ogy of summing battery degradation per cycle and per year an estimated ESS
lifetime (to 80% capacity) of 10 years is found [137]. Performing many short
cycles, however, is known to reduce battery degradation as is studied in research focusing on battery performance in hybrid electric vehicles [107]. The
exact degradation of an ESS operating as primary reserve can only be veried
in hindsight as it would take a test over multiple years to accurately determine
the degradation characteristic.

Table 6.1: Overview of costs and revenue for an 1MW/1MWh lithium-ion ESS
operating as primary reserve.
Yearly cost
Investment cost
ESS li-ion NMC 1.3MWh/1MW
Commissioning
O&M

EUR1,000,000
EUR50,000
EUR19,000

Yearly revenue
Primary reserve

EUR130,000

Metric

10 year period

15 year period

Net present value
Internal rate of return
Payback period

EUR58,510
1.0%
10 years

EUR612,765
6.4%
10 years

6.1.3 Outlook
The internationally coupled market for primary reserve has created a larger
market for assets participating on the primary reserve thereby stabilizing tender
prices and reducing the risk of oversupply for suppliers. Instead one study nds
that the required regulation power increases signicantly with installed wind
turbine capacity, eectively increasing the required secondary reserve power with
1 MW for every 8 MW of wind power when placed in an area with a diameter of
500 km[57]. While this result holds for spinning reserve, the product designed in
the USA which shares many characteristics with secondary reserve but does not
represent primary reserve, it is an indicator that the required amount of primary
reserve power will more likely rise than fall. This supports the notion that the
growing share of RE replaces conventional generation and thereby reduces grid
inertia, making the grid frequency more susceptible to sudden imbalances [153].
However, the current market design does not guarantee a return on investment which creates high market risks associated with price volatility. Within
the current market design of the primary reserve only limited benet stacking
can be applied and as such this cannot be used to mitigate risks. The market
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for ESSs would benet from long-term contracts but there is no indication of
longer tender periods being realized in the Netherlands.

6.2 Imbalance market
As discussed in paragraph 5.1.4 the prices representing imbalance settlement
are very volatile and the Dutch market design allows market parties to take
advantage of these imbalance prices. The limited set of requirements make
trading on the imbalance market open to any party with a electricity meter
with telemetry, allowing for benet stacking to create a business case. There
are several scenarios in which an ESS could not be tendered on the market
for primary reserve such as when insucient capacity is available on the grid
connection, when the ESS cannot be dimensioned suciently large or when
ramp rates are insucient. For such cases and in the case of missing one of the
weekly tenders the ESS can be setup to trade on the imbalance market.
While trading on the imbalance market provides exibility for the trader,
no contracts exist to provide a certain income. Imbalance prices are determined
by momentary imbalance volume and the individual bids of balancing service
providers (BSP). The imbalance volume is stochastically distributed and the
volatility of the imbalance volume can be assumed to remain constant or increase
under the inuence of RES, but not decrease. The individual bids of BSPs which
compose the bid price ladder, must individually at least reect the marginal costs
of balancing due to eciency losses and opportunity costs (in the case of BSPs
who's technology serves multiple use cases such as farmers) but can also include
a strategic bidding component (see also [113]). The strategic bidding component
results in market revenue varying signicantly by year, thereby increasing the
risk associated with this value stream.
An adequate trading strategy for arbitrage is required to balance revenue and
degradation. Charging or at too high prices or discharging at too low prices may
cause an ESS to obtain insucient revenue over its cycle life, while charging at
too low prices or discharging at too high prices may cause an ESS to perform less
cycles while degrading due to the limited calendar life. This is demonstrated in
gure 6.3 in which it can be seen that a lithium-ion ESS is required to perform
at least 400 cycles per year at an average revenue of EUR200/MWh to generate
a positive return on investment. Given the limited variability in the electricity
prices, a trade-o exists between the amount of cycles conducted yearly and
the average revenue per cycle. A trading algorithm might need to reduce the
average revenue per cycle to increase the amount of cycles conducted yearly if
one wishes to receive a return on investment.
In this section a trading algorithm will be developed with the goal of optimizing the return on investment for an ESS by taking advantage of a longer
cycle life characteristic for small-DOD cycles and electricity market conditions.

6.2.1 Decision algorithm
For reasons of confidentiality this section is removed from the report.
6.2.1.1

Mathematical formulation

For reasons of confidentiality this section is removed from the report.
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Figure 6.3: Payback period for various charging strategies as a function of conducted cycles per year and average prot per cycle, not accounting for faster
cycle life degradation due to intensive cycling (i.e. > 400 cycles/year). The red
line indicates end of life for an ESS with a cycle life of 6,500 cycles and calendar
life of 24.5 years, typical for a modern lithium-ion ESS. To realize a positive
return on investment a strategy for arbitrage should be chosen which is below
the red line.
6.2.1.2

Calculate conducted equivalent cycles

For reasons of confidentiality this section is removed from the report.

6.2.2 Simulation
A simulation is done on 2014 imbalance prices published by TenneT. The simulation takes the electricity price per minute, the ESS characteristics and the
system state as input and outputs a charge or discharge setpoint. Contrary
to simulations taking a linear optimization approach, the simulation conducted
here does not assume perfect foresight and thereby provides a real-world scenario.
The simulation consists of several parts:
1. Imbalance price calculation
2. Decision algorithm
3. Grid limitations
4. Peak shaving
5. Battery model
The parts of the simulation are visualized in gure 6.4. In addition to the
decision algorithm presented in section 6.2.1, two algorithms are added: the
'xed' decision algorithm and the 'simple' decision algorithm. These algorithms
are discussed in sections 6.2.2.2 and 6.2.2.3.
6.2.2.1

Imbalance price calculation

In the algorithm a heuristic is applied to calculate the quarterly imbalance prices
from the minute prices by analyzing if TenneT publishes a take or feed price.
During most quarterly intervals either take or feed prices are published and then
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Figure 6.4: Overview of components within the imbalance trading simulation.
the quarterly imbalance price is calculated by taking the highest published take
price or by taking the lowest published feed price within the quarterly interval.
If within the 15 minute interval both take and feed prices are published, dual
pricing is applied to the imbalance price such that dierent taris exist for BRPs
with a nett surplus of electricity and BRPs with a nett shortage of electricity.
Cases in which the heuristic shows imperfections are:
1. If the BRP's imbalance position is known in real-time, the BRP knows
which imbalance price should be applied in case of dual pricing. The
simulation assumes that the BRP's position is unknown in real-time and
that no action is possible. A BRP's prole can be given as input to account
for dual pricing in the results, otherwise the ESS is assumed to be a price
taker by standard macroeconomic theory and the take price is used in case
of dual pricing as this should be correct in 50% of all cases.
2. If the ESS is installed on a location with an electricity generator a distinction can be made between nett generation periods and nett consuming
periods. Since no electricity tax is applied on electricity generators, the
tax rate should only be added to the electricity price when nett electricity
is consumed.
Implementing a heuristic allows for faster computation of the imbalance prices as
the implementation of an exact algorithm which also accounts for all exceptions
creates a more complex algorithm.
6.2.2.2

Fixed decision algorithm

In section 6.2.1 an advanced decision algorithm was developed which accounts
for some nonlinear eects in battery degradation. The algorithm causes the ESS
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to become more reluctant to discharge when its state of charge is low while being
reluctant to charge when the state of charge is high. However, other algorithms
can also be used to decide if an ESS should charge or discharge. Although these
algorithms may not account optimally for all eects, they are likely less complex
and less computationally intensive. The 'xed' algorithm is composed to take 4
setpoints:
1. Minimal charging price when SOC ≥ 70%
2. Minimal charging price when SOC < 70%
3. Maximum discharging price when SOC ≤ 30%
4. Maximum discharging price when SOC > 30%
The algorithm is visualized in gure 6.5. This relatively easy algorithm can be
implemented within low-level languages and may provide sucient results for
some situations.

Figure 6.5: Outcome of the simple decision algorithm with the solid line depicting the maximum price for charging and the dashed line depicting the minimum
price for discharging, both as a function of the ESS' SOC.

6.2.2.3

Simple decision algorithm

A decision algorithm can also be composed to provide the ESS with a charge/discharge setpoint dependent on the input electricity price and SOC. For charge
decisions the maximum price decreases linearly with the state of charge between
two points, for discharge decisions idem. The decision algorithm takes as input the minimum and maximum prices for a fully charged and fully discharged
ESS. This algorithm results in the ESS being fully charged or discharged less
often, making it available to extreme electricity prices on both sides while simultaneously degrading slower as lithium-ion technology degrades faster at the
boundaries of its state of charge bandwidth. A visualization of the simple decision algorithm is given in 6.6.
6.2.2.4

Limitations

To account for any grid limitations or peakshaving targets an electricity consumption prole can be added to the simulation. This simulation is combined
with the maximum power consumption in two ways:
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Figure 6.6: Outcome of the simple decision algorithm with the solid line depicting the maximum price for charging and the dashed line depicting the minimum
price for discharging, both as a function of the ESS' SOC.
1. A parameter for the physical grid connection capacity is implemented.
This physical limitation is relevant in the case of e.g. wind farms which
benet from imbalance trading when there is sucient capacity on the
transformer.
2. A parameter for the administrative grid connection capacity is implemented (kWmax). When a peakshaving application is required a forecast
is assumed such that the ESS is fully charged when it is used for peakshaving. Given the high cost of increasing the kWmax, the kWmax is set
as a hard limit for the decision algorithm.
In both cases the ESS will charge or discharge if required to ensure that the
total electricity consumption remains within limits.
6.2.2.5

Cases

Several simulations have been conducted to determine revenue from the imbalance market for several scenarios. The three available decision algorithms are
compared in simulations 1, 2 and 3 to compare the result of the added intelligence. For the 'xed setpoint' and 'simple' decision algorithm the setpoints are
set to be EUR150/MWh for charging at high SOC, EUR80/MWh for charging
at low SOC, EUR10/MWh at for discharging at high SOC and EUR-20/MWh
at low SOC. These setpoints have been proven to be optimal in simulation runs
not discussed here.
In simulations 4, 5 and 6 various energy storage technologies are compared
to simulation 3. The simulated ESS capacity is varied between 1 MWh and 4
MWh and the eciency is varied between 95% and 60% to give an estimate of the
revenue for a hypothetical ESS based on a dierent energy storage technology
such as redox ow or molten salt. The complex decision algorithm is used to
give an estimation of the maximum revenue potential although the algorithm
still uses the li-ion NMC characteristics as input. For the complex decision
algorithm a parameter Pspot of EUR40/MWh is used, representing the average
electricity spot price. An overview is given in table 6.2.
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Table 6.2: Input parameters for various simulations in which the revenue from
the imbalance market is determined. The column setpoints refers to the setpoints
described in section 6.2.2.2.
Simulation
Decision
Setpoints [EUR/MWh] Capacity
Eciency
algorithm
one-way
1
2
3
4
5
6

Fixed
Simple
Complex
Complex
Complex
Complex

150, 80, 10, -20
150, 80, 10, -20

1 MWh
1 MWh
1 MWh
4 MWh
1 MWh
4 MWh

95%
95%
95%
95%
60%
60%

6.2.3 Results
Simulations are conducted using the input parameters presented in table 6.2
and using imbalance price data for 2016. An overview of the results is given in
table 6.3 and in Appendix A: Illustration of imbalance market simulation results

Table 6.3: Results from the simulations with input parameters given in table 6.2.
More detailed graphs can be found in Appendix A: Illustration of imbalance market
simulation results.
Sim.
Revenue
Cycles Time with
Time with Equivalent Duration
SOC > 80% SOC < 20%
cycles
1
2
3
4
5
6

EUR54,078
EUR47,876
EUR67,809
EUR98,923
EUR66,963
EUR101,437

249
183
358
128
376
136

27%
45%
12%
7%
7%
2%

42%
25%
21%
17%
30%
34%

226
166
264
82
262
93

64 sec
74 sec
75 sec
97 sec
126 sec
92 sec

In the rst simulation xed setpoints are used to charge and discharge a
hypothetical 1MW/1MWh ESS. It is found that such ESS would conduct 249
cycles and obtains a revenue of EUR54.000/year. The distribution of the SOC
over time indicates that the ESS is often close to either being fully charged or
fully discharged which increases the ESS' degradation rate.
In the second simulation a simple decision algorithm is used to determine
if the ESS should charge or discharge. While total revenue has decreased compared to simulation 1, the average revenue per cycle has increased with 20%
due to a reduced amount of cycles. This increases the ESS' lifetime, demonstrating a more ecient use of the ESS. The computational time increases with
approximately 16%,
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In simulation 3 the complex decision algorithm is applied. Compared to
simulation 1 both the revenue (+25%) and the amount of cycles (+44%) have
increased, however, the cycle depth is signicantly reduced resulting in a relatively small increase in the amount of equivalent cycles (+17%). Compared to
simulations 1 the complex decision algorithm increases the revenue per equivalent cycle with 7% but compared to simulation 2 the revenue per equivalent
cycle is reduced with 11%. Since the revenue increases with the application
of the complex decision algorithm while not severely decreasing the amount
of conducted equivalent cycles, it can be concluded that the complex decision
algorithm has a positive impact.

Figure 6.7: Illustration of results for simulation 3, as described in section 6.2.2.5.
Left: Increase in revenue over the simulation period. Center: Histogram of the
state of charge observations. Right: Boxplot of the state of charge observations. Visualizations of the other cases are given in Appendix A: Illustration of
imbalance market simulation results.
Simulations 5 and 6 simulate a lower ESS eciency. While the revenue and
amount of (equivalent) cycles is comparable to simulations 3 and 4, the ESS is
found to have a low SOC more often. This result can be explained by looking
at the low eciency which causes the ESS to discharge more than it charges.
Further optimization of the simulation parameters can solve this issue.
One simulation can on average be conducted in a time period of 88 seconds,
indicating a high code eciency. There is a large variation in the computational
time required for the simulations using the complex decision algorithm. Because
the computational time of the rst two simulations is within two standard deviations of the results of the complex decision algorithm, it cannot be concluded on
a 95% condence interval that the application of the complex decision algorithm
has a signicant eect on the computational time required for the simulation.
The variation between the results is likely to be exogenous to the simulation.

6.2.4 Cost benet analysis
The expenses for an ESS operating on the imbalance market are similar to an
ESS operating on the imbalance market in most aspects. In this use case a
1MW/1MWh ESS is taken, which has a smaller capacity than the ESS used
in the case for primary reserve. The kWmax, however, is signicantly higher
since the algorithm doesn't limit the maximum power of the ESS and a monthly
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maximum energy consumption per quarter of 250kWh is found, equal to a power
of 1MW. This results in a yearly fee of EUR17,160/year for the kWmax cost
and a fee of EUR14,310/year for the kWcontract cost. An overview is given in
table 6.4.

Table 6.4: Overview of costs and revenue for an 1MW/1MWh lithium-ion ESS
arbitraging on the imbalance market.
Yearly cost
Investment cost
ESS li-ion NMC 1MWh/1MW
Commissioning
O&M

EUR800,000
EUR50,000
EUR36,470

Yearly revenue
Imbalance market

EUR67,809

Metric

10 year period

15 year period

Net present value
Internal rate of return
Payback period

EUR-536,610
- 15.0%
-

EUR-379.915
- 6.6%
-

It is found that the nett yearly revenue is insucient to create a return on
investment for the case of providing arbitrage on the imbalance market. The
yearly operating costs in the case of arbitraging are 90% higher than in the
case of providing primary reserve while the yearly revenue is 55% lower. Should
the grid fees be reduced to EUR0 then the investment would yield a return of
EUR92,135 over 15 years. This could be the case for industrial locations with
high and time-limited energy consumption peaks or on locations where nett
electricity is produced. The case of arbitraging could also be combined with
peak shaving the energy consumption. In such a situation a saving on the grid
related fees would be created, thus creating an additional revenue stream.
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Chapter 7
System failure analysis

The limited opportunities to create prot by deploying a utility-scale ESS indicate that the SIs are insuciently functioning because the functions entrepreneurial
activity, market creation and knowledge development are insuciently developed. Additional analysis of the electricity system may give an indication of the
system failures which can improve the functioning of the SIs.
The electricity system is a complex arena in which a variety of actors competes to maximize their individual revenue while submitting to the rules which
are designed to ensure the stable functioning of the electricity supply to end
consumers. The design of liberal markets around the supply of electricity has
been complex in nature due to the distinctive split between energy utilities and
grid operators and the various technologies available for the generation, transmission and distribution of electricity [86]. Now that the various markets have
been outlined in earlier sections, system imperfections can be identied which
prevent widespread adoption of energy storage systems.
To be able to dene system failures, it should be dened what the goals of
the Dutch electricity system are. A distinction can be made between higher
order goals of the electricity system and goals of the electricity market. The
formation of an electricity market is typically associated with liberalization of
the market which, in turn, is typically done with the goal of maximizing global
welfare.
The design principles of electricity markets focusing on balancing services is
discussed by Nobel [113]. Nobel argues that, as a general rule, market design
ought to avoid aws which may lead to free riding rather than fostering competition. Higher order goals mentioned by the literature are operational security
of supply (eciency) and incentive compatibility (eectivity or aordability)
[113]. Modern literature adds to this a sustainability component to create an
energy trilemma of aordability, reliability and sustainability [126]. Ideally, all
objectives are reached but in some electricity systems the dimensions are often
found to be out of balance.
The literature often distinguishes between generation, transmission, distribution and consumption when discussing the electricity system. Each of these
four parts can logically be coupled to one of the three goals of the system:
sustainability in the generation of electricity, reliability in transmission and distribution and aordability of consumed electricity. Actor groups within one of
these four parts may thereby have conicting goals which can unbalance the
76

system. Within this chapter observations of the imbalance between the goals
will be discussed and solutions will be proposed to change the existing electricity system towards a system with increased support of the higher order system
goals. It will be shown that there are several issues with respect to energy storage within the current market design which can be solved, resulting in improved
overall functioning of the electricity system.

7.1 Framework
The system of innovation approach (SI) has become increasingly popular in
the recent years [169]. Following the SI approach it is argued that innovation
follows an interactive and non-linear approach in which actors (rms) interact with other organizations (research institutes, customers) and institutions
(regulations, culture). The interactions between actors and institutions may be
imperfect, leading to untouched innovation potential. Following this perspective
the SI literature has introduced so-called system failures which "can serve as a
rationale for innovation policy design" [169]. A categorization of system failures
in the literature identies the following failures:
1. Infrastructural failures being both physical and science and technology infrastructure. An example is the absence of roads for a country attempting
to develop trade.
2. Institutional failures
(a) Hard institutional failures being suboptimal regulations. Hard institutions are consciously created.
(b) Soft institutional failures being "failures in the social institutions".
Soft institutions have spontaneously evolved and are implicit parts
of the system. Soft institutions include social norms and values,
tendencies to trust and risk averseness and can often be referred to
as 'the way business is done'.
3. Network failures
(a) Strong network failures being the lock-in of a rm if it maintains too
close links with third parties, resulting in the rm missing out on
new opportunities.
(b) Weak network failures being the inability to progress due to missing
links to new parties.
4. Capabilities' failure being the lack of capabilities available to a rm to
innovate, thereby creating an inability to jump to new technologies.
As is illustrated in [169], a system can suer from multiple failures within one
type of failure and a system can suer from multiple types of failures. Moreover
some examples of system failure may be dicult to categorize as they could be
argued to t in multiple categories. For this reason this analysis takes a hard
institutional failure to be an example of consciously created legislation which
prevents an optimal market outcome, while a capabilities' failure is dened to
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be an example of imperfect legislation for which alternatives are demonstrated
in pilots or other electricity systems (UK, USA).
By the denition of [169] actors are seen as both inuencing the institutions within which they function and as being inuenced by the institutions.
This places policy makers centrally in the system and as such actor groups are
identied which interact with policy makers. [169] identies the actor groups
demand, companies, knowledge institutes and third parties. When taking the
strictly organized electricity sector in account, however, the impact on electricity system design by actors belonging to categories demand, companies and
knowledge institutes is likely limited.
The relevant actor groups can be dened by taking the four system parts as
discussed earlier: generation, transmission, distribution and consumption. The
associated actor groups then become generating companies, TSOs, DSOs and
consumers (or more recently, prosumers). Consumers can then be dierentiated
to industrial consumers and households. With the scope of this research being
on utility-scale energy storage, households are of little interest. Industrial consumers, on the other hand, are typically subject to institutions related to the
other actor groups. Therefore this actor group is replaced by a more generic
group 'third parties' to account for any system failures which do not t the
other three actor groups.
It should be noted that system delineation is considered to be a challenging
matter since knowledge elds or technologies can be intertwined and as such
the SI-literature allows some variety in the way the delineation is done [104].
When a dierent scope is applied the actor groups may be delineated dierently
to allow for a better t with the content.

Table 7.1: Overview of the types of system failures, classied according to the
SI-policy framework by [169].

DSOs

TSOs

Generation

Third
parties

Infrastructural
Hard institutional
Soft institutional
Strong network
Weak network
Capabilities
In this chapter an analysis is conducted using existing literature and by
deducing failures from the existing regulations, with every section representing
a theme from the electricity system. Failures are identied which prevent the
electricity system from being an electricity system which is technology neutral
and minimizes social and economical costs. The systemic problems involving
the development of RETs are not considerd within this research as is done in
[111]. Rather, this research attempts to pinpoint individual systemic failures
which prevent an optimal valuation of RETs close to maturity and which could
be addressed within a reasonable short term of 0-2 years.
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In section 7.6 a summary is given of the various system failures and policy
recommendations are given with the goal of supporting the energy transition
towards a sustainable and technology-neutral energy system.

7.2 Vertical unbundling
Standard micro-economic theory suggests that competitive markets result in
larger economic eciency resulting in lower prices and costs. The reform of
a traditional electricity sector towards a liberal one requires several changes,
as is outlined by [86]. Of these reforms, the vertical unbundling of generation,
transmission, distribution and supply is required to ensure the security of supply
whilst allowing competition to take place. It is also one of the most visible
reforms and one which leads to discussion since the vertical unbundling has
taken various shapes in various countries. While in the Netherlands the TSO is
state-owned and the DSOs are legally unbundled, neighboring country Germany
implemented legal unbundling for the TSO and unbundling by accounting for
the DSO activities [86].

7.2.1 Collaboration DSO - market
The vertical unbundling in the Netherlands has been given shape by requiring
that DSOs do not perform any activities for which competition exists1 . As such
collaboration with market parties is a complex matter since in many cases it
can be argued that the DSO was to take on an activity which could be provided
by private actors. Innovation is then hindered as there is no clear guideline on
which activities should not be undertaken. An example of the complexity would
be the situation in which the DSO is owner of an ESS and allows market parties
to use the ESS for trading activities. In this case it can be argued that asset
ownership by a private rm may result in higher market eciency and therefore
the DSO should not be asset owner.
The strict regulation of DSOs has led to high risk aversion among DSOs to
avoid interference with the liberalized markets. This has prevented collaboration
between DSOs and market parties and thereby prevents market parties from
capturing most of the grid associated benets [132]. Under current regulations
it is legally dicult (but not impossible) for a SO to collaborate with market
parties and there is limited room for experimentation, even when there is a clear
social benet [155].
Under existing regulations the DSO can be seen as owner and operator of the
distribution grid with the dual objective of facilitating (1) a reliable electricity
connection (2) against minimal costs. Arguably most alternatives to today's
best practices for maintenance of the electricity grid conict with at least one
of these goals. A typical example is the integration of energy storage which can
support the grid's reliability but typically against higher costs than the typical
alternative of grid reinforcement [30]. In some future scenarios the DSO could
allow commercial actors to provide solutions to increase the reliability of the
electricity grid, at lower cost than the typical alternative. This would, however,
require a signicant change in existing regulations and best practices among the
DSO.
1 See

article 17 from the Dutch Electricity Law from 1998.
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This limited possibilities for collaboration between DSOs and market parties
are an example of hard institutional failure. This hinders the combination of
value streams ('benet stacking') from congestion management and arbitrage
and thereby hinders the socially and economically optimal operation of ESSs.

7.2.2 Variable grid taring
The small appetite for risk is also demonstrated through the regulated grid
taris. SOs design their grid to sustain intense power ows for a prolonged
period of time to ensure the reliability of the system. In reality the grid load is
far less than the allowed grid load for the majority of time and the amount of
'critical moments' are limited. A exible grid tari could elicit a reduction of
demand for electricity at times when the grid load is critical as is demonstrated
in several studies [160, 143]. Since legislation appears to be open to variable
grid taring and the technical requirements are met for industrial consumers,
this appears to be an example of failing to innovate and hence a capabilities
failure.
Exemplary is the provision of peak shaving services by a market party. Any
electricity consumer who has a grid connection with a capacity more than 3 x
80A is billed 'transport services'. Components of these transport services which
incentivize reducing the peak power consumption are the contracted power and
the kWmax, both calculated on a monthly basis. Suppose a factory located on an
industrial area draws its peak power at night time while all other companies on
the industrial area are closed and suppose that these factories are all connected
to one medium voltage ring operated by the DSO. This factory is then billed
with taris equal to the taris billed to other factories on the industrial area
even though the load on the medium voltage ring is likely to be lower than
during daytime. As such the incentive for all companies on the industrial area
to peakshave is equal while the DSO would benet most from peakshaving
during daytime.

7.3 Stable revenue streams
Historically, many of the energy markets have been designed in such a way
that the commodity price reects the operational expenditure (OPEX) plus a
premium to cover the capital expenditure (CAPEX). This is reected by a dominance of energy payments (EUR/MWh) over capacity payments (EUR/MW).
However, recent technologies associated with RE such as solar-PV and wind
turbines tend to have marginal OPEX leading to a distortion of energy market prices. For the case of RETs distorting the spot electricity prices the phenomenon is commonly referred to as the merit order eect as discussed in section
5.1.2.1.
A similar eect can occur for ESSs generating revenue from energy arbitrage. ESSs typically have a high eciency (with a possible exception for ywheels) and therefore a very low OPEX combined with a relatively high CAPEX
[132]. Within the current market design this may lead to a 'race to the bottom'
in which revenues go to zero and no actor gets any return on its investment
[134]. An illustration of this situation is given in gure 7.1. This market design
increases risk associated with the investment and thereby reduces the attrac80

tiveness of the investment which slows down the diusion of both technologies
generating RE and so called enabling technologies.
Figure 7.1: Illustrative eects of increasing energy storage penetration on a
market design with limited capacity such as the primary reserve. Source: [134]

While the market design for the lucrative primary reserve service does include capacity payments, the short tender period fails to reduce the risk associated with investments in energy storage. National Grid (the UK TSO) solved
this issue by issuing a tender that specically focuses on energy storage with a
contract period of 4 years [109]. This reduces the investment risk and allows the
TSO to gain experience with the functionality of energy storage. In addition the
existing risk reduces the willingness of external nanciers to provide nancial
capital, in contrary to solar-PV installations and wind farms which benet from
the stable SDE+-subsidy. This is associated with reduced resource mobilization within the SI perspective but also reduces the return on investment from
entrepreneurs, which in turn reduces the attractiveness of energy storage.
Since the transition towards a cleaner electricity system is slowed down, the
revenue streams lacking long-term stability within the current market design can
be categorized as a hard institutional failure. This is exemplied by the merit
order eect within the commodity electricity price, by the possibility of the
primary reserve revenue to marginalize and by the lack of long-term contracts.

7.4 Mono-directional power ow
Taring structures have been designed with the conventional model in mind
in which electricity only ows in one direction, from generator to consumers.
Since the electricity markets have historically been designed with this monodirectional power ow in mind, some parts of the electricity system may be
considered to have suboptimal elements.
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7.4.1 Energy tax
In the Dutch taring system, grid costs are fully transferred from the DSO to
the end consumer [52]. No fees are paid over nett produced electricity making
electricity generating facilities exempted from any grid payments. An ESS can
function both as generator and as consumer, causing it to be taxed for consumed
electricity even when it is providing a grid supporting service [132]. Moreover,
the majority of the electricity used to charge the ESS is later fed back into the
grid and then consumed by other consumers, creating a situation in which one
unit of electricity is taxed twice. Imposing enery tax on stored electricity reduces
the unit's protability and can be labeled as a hard institutional failure. Since
the failure is caused by the market design not recognizing storage as a dierent
market activity than generation and consumption, the failure is categorized
within the actor group 'third parties'.
The classical top-down view on the electricity system can also be illustrated
by assessing the product requirements of the various ancillary services. The
product requirements for various ancillary services have been designed in a time
where alternative technologies were considered to be immature and as such the
product requirements typically match the technical specications of conventional fossil fueled generators. Recent technological progress has, however, led
to technologies other than conventional generators to be able to partially meet
these requirements. An example is the provision of secondary reserve by wind
turbines: While wind turbines can often perfectly provide power within the required ramp rate, other requirements such as the 100% availability over a period
of 3 months and the availability of both upward and downward regulation power
hinder this technology from oering its exibility [167]. One argument to allow
RETs to provide reserve power despite their limited availability is that on days
with a small share of RE in the energy mix, the supply of energy is likely to be
more stable thus requiring a smaller amount of balancing services [130]. This
then allows RETs to provide a solution to instabilities created by RETs.

7.4.2 Integration RET capabilities TSO
Where some technologies (wind turbines) may require an adjustment of existing ancillary services products to allow inclusion of these technologies, other
technologies (energy storage) may require an adjustment of existing ancillary
services products to allow the full potential to be captured. A recently created
product for primary reserve that was designed by National Grid required the
storage SO to provide frequency response within 4 seconds. The benets of such
a 'Enhanced Frequency Response' product may be valuated to be 2.7 times as
high compared to balancing services from combustion turbines, making up for
the potentially higher tender costs [101]. Another example is the reprogramming
of inverters in wind turbines to generate synthetic inertia which is applied by a
Canadian grid operator [80]. The failure to capture the benets from including
modern technologies to support the transmission system stability may be classied as a capabilities failure as it would require the redesign of the ancillary
services by TSOs2 .
2 The failure to innovate is further exemplied by TenneT's attempt to implement 'reverse
emergency power' and thereby unlock existing exibility. This variation on the tertiary reserve
has been delayed by at least one year [48, 44].
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7.4.3 Integration RET capabilities DSO
As discussed in section 5.3.2 DSOs may also benet from the integration of
ESSs to support the distribution grid stability. Dutch DSOs, however, have
very limited access to real-time data on the state of their low-voltage system
which is required before being able to integrate ancillary services which support
the system stability [171]. The failure to capture the benets from including
modern technologies to support the distribution system stability may therefore
be classied as an infrastructural failure among DSOs.

7.4.4 Benet stacking
The current product requirements for ancillary services also prevent 'benet
stacking' in which an asset would provide multiple services at the same time.
As is frequently mentioned in the literature, benet stacking would allow tapping
into multiple value streams [82, 170]. The slower discharge rates of ow batteries
for example could simultaneously provide primary and secondary reserve power
as it is able to respond rapidly (within seconds) but is also able to operate for
multiple hours at maximum power.

7.4.5 Legacy regulations
A last example of legacy regulation from a fossil based electricity system is
the requirement of a class 0.1 energy measurement installation [151]. Class 0.1
is the denition of a very accurate measurement but is typically only applied
for electricity generators producing electricity in the order of hundreds of MWs
or to calibrate measurement devices. Since the minimum required power of a
technical unit is 100 kW it can be concluded that the class 0.1 requirement
does not align with other regulations for the same product. Similarly TenneT's
regulations indicate that a power measurement is made available on a 4 second basis and that this is to be communicated to TenneT's data center over a
leased line connection. Leased lines are, however, a deprecated technology in
the Netherlands and are not commercially available anymore. These examples
of legacy regulation can be seen as hard institutional failures according to the
SI framework because they represent existing suboptimal regulations.

7.5 High entry barriers
Within the existing requirements several barriers to market entry can be identied, often as a result of stringent regulation. One example of stringent regulation aiming at reducing risks is the 30-minute rule, requiring that an asset
must be able to take or feed its rated power for a time period of 30 minutes at
any given moment. A second example of stringent regulations are the complex
permitting procedures required for the installation of RETs or ESSs.

7.5.1 30 minute rule
With conventional generation historically providing balancing services there has
never been a discussion about this requirement but with the introduction of new
technologies a further specication of the product design was required. There
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is an ongoing debate between TSOs where some TSOs argue to apply a 15
minute rule as it would match the design of the secondary reserve which should
be activated within 15 minutes [46]. This indicates that the 30 minute rule is
overly stringent on ESS dimensioning and that a 15 minute rule would likely
be sucient. The 30 minute-rule is a very important one as it directly aects
the ESS cost price, eectively doubling the required energy storage capacity
compared to the 15 minute rule.
While the existing discussion and resulting uncertainty around the 15-minute
rule can be argued to be a soft institutional failure as it demonstrates the inability of TSOs to cooperate and results in uncertainty to market parties, the
implementation of the 30 minute rule can be considered another soft institutional system failure since it demonstrates an overly strong risk averseness of
some TSOs. Given that the secondary reserve is designed to take over from the
primary reserve within 15 minutes, a capacity requirement of 30 minutes can be
considered overdimensioning which will result in lower system eciency.

7.5.2 Complex permitting procedure
[11] notes that 'uncertainty in regulatory signals or agency position can also
deter innovation'. This is exemplied by the permitting procedure around ESSs.
Whenever one wishes to construct a building on an area that wasn't designated
for this specic type of property the municipality's land-use plan has to be
altered. In the case of a containerized ESS, however, it can be argued that the
ESS is a movable property and as such is not bound to such policies. This,
however, creates risks when a conict arises between the land owner and the
ESS owner because the legality of contracts surrounding a movable property can
be disputed [29]. It is then required to le a change of the municipality's landuse plan but an exemption can be used on behalf of the 'kruimellijst' (art 2.12,
section 1, under a, sub 2 Wabo) where it is mentioned that a building serving in
favor of a utility can be exempted from ling for a change in the land-use plan.
It can then be argued that an ESS operating on the balancing markets serves
to stabilize the electricity grid. Only after the approval of the exemption by the
executive board of the municipality the procedure for obtaining a permit can be
started. The procedure for obtaining a permit typically takes 8 weeks but this
may be extended and requests for extra information may delay the procedure.
It shows that this permitting procedure is complex and thereby deters innovation. In the case of energy storage it is likely that projects will often be
undertaken at dierent municipalities and as such every municipality has to participate in the process of forming an opinion about energy storage. Since these
procedures are formal regulations they can be categorized as a hard institutional
failure, categorized within the actor group 'third parties'. Policy makers could
induce innovation by creating a procedure for various RETs with a national
board of advisers, thereby speeding up the process and allowing knowledge to
diuse among municipalities.

7.6 Using the SI-policy framework
The SI-policy framework provides policy makers with a tool to identify the most
stringent obstacles for innovation. As is commented by the authors, "most prob84

lems in the innovation system will not be uni-dimensional but will consist of a
complex mixture of causes and eects and involve several actors", making the
framework a somewhat simplied representation of the system and its interactions [169]. The framework, however, supports in determining which type of
innovation problem is most prominent and thereby helps in proposing the right
corrective actions.
A schematic overview of the various identied system failures is given in table
7.2. Failures which can be classied as hard institutional failures are the limited possibilities for cooperation between DSO's and commercial parties (e.g. to
provide congestion management services), the focus on energy payments within
the current electricity market design, the payment of energy tax over consumed
electricity when this is done to support the electricity grid, the complex permitting procedures for energy storage systems and the legacy regulations in place
which have originally been designed for large fossil fueled generators because
they are regulations which prevent the electricity system from integrating new
technologies which could reduce the total system cost.
The suboptimal cooperation between TSOs with respect to market design
and the risk averseness of TSOs demonstrated through implementation of the
30 minute rule can be classied as soft institutional failures. Implementing
solutions for these system failures will have an immediate positive impact on the
level of competition between assets (ESSs and conventional generators) within
the market for primary reserve, which will result in a lower total system cost.
Several examples of capabilities' failures have also been identied. The lack
of variable grid taris on the DSO level, the valuation of response speed within
the various ancillary services, the slow integration of the technical capabilities
of RETs to support grid stability and the impossibility of benet stacking of
ancillary services are all demonstrated to be feasible within pilots or other electricity systems but have not been implemented in the current electricity system.
These system failures can be addressed by changing the market design and, if
implemented correctly, are likely to result in a more ecient energy system.
The system failures within the actor group 'DSOs' can be addressed by
reviewing national policy. While maintaining the position that DSOs should
not perform activities for which competition exists, a task force consisting of
policy makers, key personnel from DSOs and representatives of market parties
could describe situations in which DSOs are allowed to collaborate with market
parties. The introduction of variable grid taris can be realized by implementing
policy which sets requirements on a timely introduction. This is an example of
how stringent regulation can induce innovation as described by [11].
System failures within the actor group 'TSOs' could be adressed using various methods. The hard institutional and capabilities' failures may be solved
by initiating a task force consisting of experts and policy makers with the goal
of proposing new regulations and products. Solving the soft institutional failures, however, may require an approach which attempts to change the culture
among TSOs, making them more innovative and letting the European TSOs
value cooperation among TSOs.
The 'generation' actor group involves all actors which are involved with the
generation and valuation of electricity. The hard institutional failure of focusing
too much on energy payments can be addressed by creating a task force consisting of experts of various actor groups such as TSOs, DSOs, APX Group and
actors involved in the operation of RETs. The task force should focus on how
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Table 7.2: Overview of the system failures in chapter 7. The type of systemic failure
is classied according to the SI-policy framework by [169], the type of actor involved
is adapted to match the content of this research.

DSOs
Infrastructural

Integration
RET
capabilities
(1)

Hard
institutional

Cooperation
DSO market

TSOs

Generation

Third
parties

Legacy
regulations

Complex
permitting
procedure

Stable
revenue
streams
Energy tax

Cooperation
between
TSOs
30 minute
rule

Soft
institutional
Strong
network
Weak network
Capabilities

Variable
grid taris

Integration
RET
capabilities
(2)
Benet
stacking

to improve or alter the market model such that new technologies for generation
and storage of electricity can be integrated in a way that social welfare is maximized, investigating amongst others the option of creating capacity markets.
The new market design should then also improve the SI function resource mobilization as reduced risk could make ESSs interesting investments for investors.
Addressing the imposition of energy tax on the storage of electricity can also
be covered within this task force but this failure seems easier to solve due to its
more limited scope.
A somewhat identical approach can be used to assess the further integration
of RET capabilities: a task force in which RET manufacturers are also involved
could assess ways in which the market design can be opened towards new technologies, again creating a competitive market with optimal social welfare.
The issue of the complex permitting procedure at local governments consists of two parts. First, the process for obtaining the required exemption for
the change of the land-use plan can be completed faster if physically smaller
RETs such as ESSs or PV panels are included within the 'kruimellijst' as described in section 7.5. Second, municipalities may require extra information
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on safety aspects which can slow down the permitting procedure. This could
be addressed by creating a set of information coming from a trusted authority,
which could then be used by regional governments to help them with their decision forming procedure. Alternatively, energy storage technologies could obtain
a certicate from a trusted authority which should then demonstrate towards
regional governments that a permit can be issued.
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Chapter 8
Scenario analysis

Dutch policy measures regarding RE sources could historically be considered
to be inconsistent and changing over time, resulting in a slow uptake of RET
[84]. This is in sharp contrast with e.g. Germany which has provided a policy
framework with sucient incentives for the integration of RE sources, leading
to a strong increase in electricity generated from wind and sun. As discussed in
sections 6 and 7 the integration and valuation of ESSs can be improved when
several policy failures are solved1 . The adoption of ESSs is currently lagging
compared to countries such as the US and Japan [132].
In this chapter a scenario analysis is conducted to identify various directions
towards which policy makers can develop the electricity system. The scenarios
have a specic focus on the role of energy storage in the Dutch electricity system
of 2030 such that the scenario study can provide an answer to the main research
question and the fth sub-question. The goal of the scenario study is to identify
if, and in what way, energy storage is likely to be adopted.
The three dimensions 'security', 'sustainability' and 'aordability' are taken
from the energy trilemma and constitute the objectives of EU energy policy [126,
147]. Using three dimensions instead of two likely constitutes a wide approach to
a scenario study which may potentially narrow the scope of individual scenarios,
resulting in less depth in individual scenarios. The value of a scenario analysis
lies in scoping possible futures and analytically deducing possible outcomes.
Given the large amount of assumptions required to quantify scenario outcomes,
this scenario analysis will predominantly qualitatively describe outcomes.

8.1 Dimensions
8 scenarios can be dened based on the energy trilemma, of which an overview
is given in table 8.1. A 'business as usual' scenario is dened of which scenarios
can vary in one, two or three degrees. Because the scenarios which vary in only
one degree may be somewhat similar to the 'business as usual' scenario, these
scenarios are discussed in a less extensive manner.
1 The cases of the Dutch policy support of (hybrid) electric vehicles and the German Energiewende have shown that policymakers are able to form clear and consistent policy in
support of a technology or a range of technologies [145, 154].
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Table 8.1: 8 scenarios based on three variables sustainability, aordability and security from the energy trilemma. Scenarios displayed in light gray are discussed only
shortly.

Security
high
Security
low

Aordability
high
Aordability
low
Aordability
high
Aordability
low

Sustainability high
Copper
plate
Out of
control
Successful
cooperation
Storage
everywhere

Sustainability low
Capacity
markets
Business
as usual
Gold
rush
Experiments
are the norm

The 'security' dimension relates to the security of supply within the electricity grid. The Netherlands' grid outage rate is very low compared to other
countries and as such the security of supply can be said to be very high already.
Grid investments are done to ensure a reliable and safe electricity grid. In a
high scenario policy makers would therefore continue on this route by investing in new transmission and distribution cables to increase grid capacity where
congestion problems appear and by keeping conventional generators online to
provide electricity on moments when there is insucient supply. A high security
scenario assumes a more risk averse government with a careful stance towards
the large-scale integration of renewables and other technologies since the eect
of such technologies in the grid remains uncertain. In a low security scenario
the involved public parties would take a more risk seeking approach exemplied by a larger willingness to deploy new technologies. The possibility of grid
problems caused by limitations of such new technologies or caused by the large
scale integration of renewables is assumed to be 'part of being a early adopter'
and solved pragmatically. In a low security scenario the involved actors would
prioritize the integration of sustainable and low cost technologies over 'known'
technologies.
The 'sustainability' dimension relates to the eort of both public and private stakeholders to create a more sustainable energy supply. The Netherlands
is lagging in the adoption of RETs with a share of 5.6% in the energy mix and
recent reports suggest that the ambition of a 14% share of renewables in the
energy mix by 2020 will not be met [21]. In a high scenario the rate of adoption
RETs increases, thereby lowering the average market price of electricity (due to
the merit order eect) and potentially increasing price volatility. The installation of RETs is then associated with network problems such as grid congestion
and increased demand for reserve power. In a low sustainability scenario the
adoption rate for RETs stagnates, creating a status quo for the involved actors.
The 'aordability' dimension relates to eort of realizing an aordable electricity supply. This dimension relates to the eorts of involved actors to alter
the existing electricity system and its institutions such that social welfare is
optimized. This can be done both by redesigning electricity markets to induce
competition and by allowing technological innovations to add value to the electricity system. In a 'high aordable' scenario the cost aspects of the electricity
system is considered very important. In a 'low aordable' scenario the cost
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aspect is of less importance and instead focus is on the other dimensions. An
example of this is the integration of wind energy as soon as possible to meet objectives on renewable energy, rather than waiting and proting of cost reductions
due to eects of learning.
In a low aordability scenario the involved actors are very willing to invest:
Private actors because they recognize business opportunities and public actors
because they can socialize their costs without having to give much account.
Parties believe that by partaking in research activities, the cost of doing research
now is ultimately compensated by the cost reductions in the future as a result of
this research. The extent to which this is the case or to which research activities
are meaningless is determined by the other dimensions.

8.2 Business as usual
The 'Business as usual' scenario is dened as being low on sustainability, low
on aordability and high on security. The Dutch electricity system is one of few
systems where transmission, distribution and generation of electricity are completely separated. Although the separation of grid activities and other activities
and the economic regulation of distribution and transmission activities prevent
abuse of monopolistic power, the public funding of SOs is also likely to lead to
inecient use of funds [161]. Moreover the current emphasis on security of supply, which is a DSO's prime concern, is likely to create a suboptimal outcome
since the DSO has little incentive to innovate and adopt new technologies.
Currently the system can also be considered to score low on sustainability
since the Netherlands is lagging on its ambitions and in the business as usual
scenario this trend will continue, ultimately preventing an energy transition
from taking place before 2030 [21]. The Netherlands will not invest much in RE
sources and although there are sucient nancial incentives, new installations
will suer from the political barriers which have not disappeared over time.
Instead the currently existing overcapacity of conventional electricity generators
is used to match the growing demand. If neighboring countries have managed
to make RE take up a large portion of their energy mix, the Dutch electricity
generators could perhaps even be used to export energy to neighboring countries
when they experience a shortage of supply.

8.2.1 Policy and regulation
Within this scenario there is ample change in regulation. The 30 minute rule
discussed in section 7.5 is implemented, causing the required storage capacity
for an ESS applied on the primary reserve to be high.

8.2.2 Market development
Due to the increasing penetration of electric vehicles and renewable energy technologies the investment costs for grid reinforcement are likely to show a steep
increase. This leads to an increase in grid connections fees but does not provide
sucient incentive for consumers to go o-grid.
Due to the low integration of RES, the availability of conventional generators
remains high in this scenario. This would ultimately lead to prices of ancillary
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services to be low.

8.2.3 Role of energy storage
When congestion problems occur these will be solved by grid reinforcement
instead of applying alternatives such as energy storage. Moreover the use cases
which were presented in section 6 do not improve any further and are considered
risky, resulting in a low adoption rate.

8.3 Capacity markets
The 'Capacity markets' scenario is dened as being low on sustainability, high
on aordability and high on security. The risk averseness of a society that
tries to maximize energy security leads to investment decisions aimed towards
changing as little as possible. This is possible because investing in RETs has no
priority and the Netherlands would continue on the path it set in today. With
one exception: nobody is willing to pay.
Since the adoption of RETs ultimately might cause congestion issues, the
adoption rate is slowed down. Targets for renewable energies will be at the lower
bound of the permissible range within the context of the collaboration with other
European countries. Subsidies will be minimized and instead of allowing market
parties to integrate RETs at virtually any location, the planning of both large
scale and small scale projects is centrally organized. SOs are required to select
locations where RETs may be installed, choosing locations that allow for low
cost grid reinforcement, and tendering any project such that the integration goes
by lowest cost. Energy storage would play no role in congestion management
services.
Because other countries continue to invest in RETs and the Netherlands ambitions a lowest-cost solution, interconnector capacities will be increased. This
allows the Netherlands to become importer of cheap green energy and exporter
of expensive gray energy. Energy storage will play no role since sucient conventional generators remain online to provide ancillary services, limiting the
volatility of spot prices and the protability of arbitrage.

8.4 Out of control
The 'Out of control' scenario is dened as being high on sustainability, low on
aordability and high on security. After failing to meet the ambitions for RE
and seeing the energy transition taking place in neighboring countries such as
Germany and the UK, new goals are set and there is much political support
for meeting these ambitions. Combined with the low priority of creating an
aordable energy system, the Dutch government aims much higher this time
and the goals are to be met no matter what. This leads to rm and long-term
policy in support of RETs.
Since DSO's only have limited resources policy favors large scale projects
instead of many small projects. This leads to nett metering being abolished
because of its large cost but because of the increasing grid costs and the lower
costs for both solar PV and home storage the diusion of household-scale solar
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PV continues. Solar PV pays for itself without subsidy and PV systems are immediately integrated with home storage systems. Ultimately grid reinforcement
is required on many locations to combat local congestion problems.
The development of large scale RE projects is made easier by shortening the
political process every project has to go through, especially when there is little
impact on residents. Combined with large sums of subsidy many projects nd
their way but end up being placed in rural areas again requiring grid reinforcement. Since the regulated taris for grid reinforcement haven't changed many
projects are capped at 10MW to prevent the custom tari calculation to come
into place. Costs for connecting these rural RE projects are, however, higher
than the regulated taris leading to an increasing amount of grid costs that
need to be socialized.
The large share of RE in the energy mix causes spot market prices to go
to zero on sunny and windy days. This does not threaten protability of such
installations however as subsidies ensure that at least a minimum protability is achieved. To further increase protability energy storage is implemented
alongside RE projects for the purpose of arbitrage. Especially redox ow batteries become popular for their long lifetime, low price and modularity. More
rural locations may choose for a capped grid connection of 10MW but install a
larger amount of RE capacity in combination with electricity storage in redox
ow batteries. The large share of redox ow batteries ultimately compete with
residential home storage on the markets for ancillary services, thereby driving
prices to zero as the market design still focuses on short-term energy payments
over long-term capacity contracts.

8.5 Experiments are the norm
The 'Experiments are the norm' scenario is dened as being low on sustainability, low on aordability and low on security. The requirements on grid stability
are loosened and SOs are given space to experiment with new technologies.
This results in experiments with promising battery technologies and new RETs.
Achieving a more sustainable grid, however, is not a high priority which thereby
prevents experiments from ever becoming more than just experiments. Instead
subsidies for the deployment of RETs decrease as policy makers conclude that
from a strictly economical perspective it makes no sense to subsidize the majority of revenue for RE sources while substantial smaller amounts could aid
conventional generators in becoming protable.
The large amount of experiments is facilitated by strong policy incentives
which promote innovation in the energy sector. The DSO is one of the most
important actors in this eld as it has obtained more freedom to experiment
when grid stability became less of a priority. DSO's still expect the energy
transition to take place, learning from Germany and other countries that the
integration of RET might come quicker than expected.
Market prices will not become signicantly more volatile than today as the
energy markets are not redesigned, thereby limiting the potential for energy
storage to arbitrage on the energy markets. The low sustainability and low
aordability of the electricity system will lead to an oversupply of Dutch conventional generators ultimately balancing the European grid. Energy storage
will play a negligible role in the electricity grid but will remain an important
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topic on the innovation agenda should policy makers implement more sustainable and cost-ecient energy policy.

8.6 Copper plate
The 'Copper plate' scenario is dened as being high on sustainability, high on
aordability and high on security. There is strong support from policymakers
towards the integration of RETs and towards a more sustainable transport sector
which then leads to the large scale adoption of electric vehicles. The support
from policymakers leads to a reduction of the amount of rules involved such
that more projects are successfully tendered. The importance of the Dutch
electricity system being 'aordable' is thereby challenged as the large share
of RE inherently requires grid reinforcement in a signicant amount of place.
This ultimately leads to rising costs for the distribution of electricity causing
political tension and requiring SOs to minimize the increase in costs which is
done by decreasing the expenditure on innovation activities which are conceived
as 'expensive' and 'irrelevant' since they have no short-term business case.
The importance of the electricity grid being secure leads, together with the
growing adoption of RES, to SOs being required to reinforce the grid. Because
the innovation activities have been marginalized for years SOs have no experience with energy storage and because cooperation with market parties is barely
impossible to incorporate multi-purpose ESSs into the grid. The only option
for grid reinforcement therefore remains increasing cable capacity, until people
speak of 'sitting on a copper plate'.

8.6.1 Policy and regulation
To ensure that the sustainability targets are met the permitting procedures
are changed to become less restrictive This then allows RE installations and
ESSs to be installed faster, thereby increasing the share of RE in the energy
mix signicantly in 2030. Because the various ancillary services products are
redesigned to benet from the capabilities of RETs, the installations become an
indispensable part of the electricity system.
The commodity markets for electricity are redesigned as the growing share
of renewable energy causes the electricity price to go to zero on sunny and windy
days. Would the current market design have been unaltered then RETs would
have been unable to create any revenue on the electricity markets. This creates
a situation in which RETs operate on subsidies rather than compete with other
technologies in a liberalized environment.

8.6.2 Market development
In some areas the large share of renewables causes may reduce the locally required grid capacity but in most places the peak power is unaected as solar PV
and the average consumption pattern have little overlap. The focus on security
of supply leads to DSO's wanting to solve the issue on their own. Cooperation with the private sector is absent thereby hindering innovation. The high
costs for grid reinforcement ultimately leads to a socially suboptimal outcome
as many issues would have been solved more eciently when private parties
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were to be involved. The role of demand response is viewed with suspicion as
its availability cannot be guaranteed.
The large share of renewables causes spot market prices to go to zero on
windy and sunny days when demand can be matched by supply of RE. To
compensate for the low electricity price and the high subsidy costs the tax on
electricity is increased, ultimately leading to an energy system which is centrally
nanced. On days where demand cannot be matched by RE supply the commodity price spikes as conventional generators are started to provide electricity.

8.6.3 Role of energy storage
Private parties are still very willing to invest which causes many investments to
be done in energy storage to act as primary reserve. Since ESSs know little operational costs2 the prices of the primary reserve tenders ultimately marginalize.
This leads to many installations becoming valueless and the owners potentially
going bankrupt. There is no xed income from congestion management services
as the SOs focus on increasing grid capacity and are not allowed to cooperate
with private parties.
To maximize the share of RE in the energy mix there is an overcapacity of
PV and wind energy installations. On sunny and windy days these installations act as secondary and tertiary reserve as curtailment takes place while on
days with insucient electricity generation from sun and wind, gas-red generators assisted by demand response provide the required exibility. To minimize
the curtailment of energy from renewables demand response is promoted but
stringent requirements are set to ensure grid security which causes the role of
demand response to be minimal.
Ultimately the social welfare is far from optimal and, despite the lowest-cost
integration of RETs, the necessary grid investments make the energy transition
to become very expensive.

8.7 Storage everywhere
The 'Storage everywhere' scenario is dened as being high on sustainability, low
on aordability and low on security. There is a large and widespread willingness to make the energy system more sustainable. Policy makers support the
integration of RE both by reducing the complexity of legislative procedures for
large scale projects and by means of nancial support. The aordability and
the security of supply, however, are neglected.
The strong incentives for RE cause both large-scale and small-scale RE
projects to be developed. As in the 'Out of control' scenario this leads to many
projects being developed of which some cause grid problems. Since security of
supply is not an important driver, most nancial resources are allocated towards
the realization of RE projects but the resources allocated towards SOs do not
increase signicantly. This creates issues as the need for grid reinforcement cannot be adequately solved by SOs, who then resolve to collaborating with market
parties to combat the decreasing grid stability.
2 As

discussed in section 6.
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8.7.1 Policy and regulation
The willingness to create a more sustainable electricity system results in policies being reviewed and adjusted to match the sustainability objectives. This
involves the loosening of permitting procedures, adjusting legacy regulations to
better accommodate RETs and increased cooperation between SOs and rms.
The cooperation with rms results in an opportunity for energy storage but
within the contract details not much attention is given towards grid stability
(e.g. by minimally penalizing unavailability). Lastly, variable grid taris are
introduced not only for consumption of electricity but also for the production
of electricity in some cases.
Because of the increase in workload for SOs for which adequate resources are
not available, the SOs become slow institutions. The soft institutional failures,
which typically require a change in culture within organizations, are thereby
not not solved. Instead of improving the overall organizational functioning,
SOs need their resources to be focused on operational procedures.

8.7.2 Market development
Larger RE projects mainly suer from congestion problems which SOs solve by
applying dynamic network taris. Producers are then penalized for producing
electricity at moments of low energy demand. With the strong focus on sustainability, energy storage is considered a more attractive option compared to
curtailment of energy leading to energy storage being deployed at most large
scale projects.
Smaller projects such as rooftop PV are also supported by policy makers but
these may cause voltage problems at the local distribution feeder [30]. While
some 'prosumers' may see this as an inevitable part of the energy transition,
others see this as an opportunity to become self-sucient in their energy supply
leading to widespread application of the home storage battery. Since every actor
is solving its own problem, cooperation between actors is limited and a broader
system approach is missing. This ultimately leads to a suboptimal outcome.

8.7.3 Role of energy storage
To resolve the bottlenecks which exist in the electricity grid due to the fast realization of RE projects, more reserve capacity is tendered as ancillary services.
The low focus on aordability of the system causes an adaption of the available ancillary services products to receive low attention and as such the system
cannot benet from the additional capabilities which RETs and ESSs have to
oer. With the absence of conventional generation an interesting business case
for energy storage exists and all forms of electricity storage are connected to
the grid. To ensure grid stability in some way the pricing of ancillary services
has a oor which makes the operation and maintenance of energy storage economically viable. The large amount of connected storage systems is sucient
to provide backup capacity in cases when there is insucient RE generation to
match demand of electricity.
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8.8 Gold rush
The 'Gold rush' scenario is dened as being low on sustainability, high on affordability and low on security. Traditional energy companies see their business
model threatened by RE and market entrants. These companies realize that RE
will replace conventional generation and act accordingly by entering these markets with much allocated resources. Rather than focusing on the deployment of
RETs, rms are focusing on creating prot out of the newly created markets.
The risk-seeking behavior creates a gold rush within the electricity sector as all
rms jump upon possible business cases.

8.8.1 Policy and regulation
Attempting to increase competition within the electricity markets at dierent
system levels, new price incentives and competitive markets are created. This
includes variable grid taris, adaptation of markets and ancillary services to t
RETs and energy storage technologies and a liberalization of congestion management services which allows DSOs to use exibility oered by market parties.
Policy makers are open to the suggestion of rms and suggestions are quickly
converted into new policy.

8.8.2 Market development
In an attempt to transform their company towards being an innovative company,
traditional, asset-owning energy companies use their capital to make advantage
of new market opportunities. The various large players thereby jump on new
opportunities and in every new market they nd that margins are reduced until
no prot is made. Ultimately this results in large, asset-owning companies
going bankrupt while smaller players are reluctant to invest since market failure
has occurred by the dominant actors doing large investments. Since the rms
narrowly cooperated with SOs, the stability of supply decreases.
A shake-out occurs among the actors within the energy sector, which causes
both private and public parties to take a conservative approach with respect to
their company strategy. SOs and policy makers focus on keeping the electricity
grid stable while smaller parties nd it dicult to obtain sucient nancing,
creating a poor investment climate. The role of energy storage is limited as
legislation is not adapted in favor of new technologies and potential investors
choose to invest in other countries.
A new market structure can be formed and new entrants become dominant
but the Dutch system is set back several years compared to neighboring countries. Although the share of RE in the energy mix is negligible, the various
bankruptcies of energy generating companies have threatened the security of
supply as a shortage of energy might arise. This causes the price of futures for
electricity to increase and results in spot prices becoming increasingly volatile.

8.8.3 Role of energy storage
The newly created electricity markets largely revolve around energy storage
and demand response as they allow benet stacking and attempt to solve both
local and regional grid issues. This leads to high adoption rates for ESSs and
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the Netherlands becomes one of the front-runners in this area. However, when
the revenue streams marginalize and the installations quickly become stranded
assets, the market models have to be redesigned. This then renders some use
cases of existing ESSs nancially not viable and they need to be moved or
exported. Despite the limited period of operation, the rapid uptake of energy
storage created a quick decrease in ESS cost. Ultimately energy storage becomes
an integral component of the electricity system although the electricity system
is yet to include more renewable energy.

8.9 Successful cooperation
The 'Successful cooperation' scenario is dened as being high on sustainability,
high on aordability and low on security. After the Dutch government has
failed to induce the targeted amount of RE for 2020 new goals have been set
and policy makers have made RE a priority within the political arena. Policy
makers recognize the opportunity for the Netherlands to become a dominant
industry within the international energy transition and barriers which prevent
the sector from developing are quickly and eectively removed.

8.9.1 Policy and regulation
To ensure the energy system's aordability policy makers aim to optimally distribute nancial resources among project developers. For this reason various
tenders become available with sucient funds which aim at both diusion of
mature technologies and the development of new technologies. Many large scale
projects are centrally appointed such that bidders can make use of information
provided by policy makers. The tender period for energy storage is several years
to provide market parties with certainty and to create a stable investment climate. In this way the private parties compete intensively and policy makers
are able to obtain information from diverse stakeholders which can improve the
tender process for future projects.

8.9.2 Market development
DSOs are tasked with ensuring that the electricity grid will be able to cope with
a high penetration of RE in a cost-eective manner and are allowed space to
experiment with new technologies and to collaborate with the private sector.
This results in a model in where energy storage is applied as ecient as possible
and 'benet stacking' can be applied. With the large scale integration of RE
and electricity storage the need for conventional generators to provide reserve
capacity is replaced and conventional generation will shut down. Long-term
contracts reduce the risk of price volatility and provide an investment climate
in which market parties are stimulated to operate eciently. Ultimately this
results in a socially optimal electricity system.
With conventional generation being mothballed a large change in the markets will occur. The market for future contracts becomes obsolete as renewable generation is only traded on the spot market. Trading opportunities on
short-term markets will increase and energy storage will provide nearly all the
ancillary services. Since the supply of electricity is only partially exible (i.e.
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downward regulation is available and energy storage is only available at very
high prices) the point at which the given supply of electricity matches the more
exible demand for electricity determines the price, creating a merit order. The
increasing price uctuations make for an interesting business case for demand
response which will be widespread.

8.9.3 Role of energy storage
Ultimately various storage technologies will be applied to address the various
requirements. Lithium-ion will provide both power and energy to solve imbalances over the course of an hour while redox-ow storage will predominantly be
used for energy arbitrage to secure moments when insucient RE is generated
or to provide congestion management services to the DSO.

8.10 Comparison of scenarios
The various outcomes of the scenarios can be compared to other scenario studies.
An American scenario study conducted by [174] describes several scenarios of
which three scenarios resemble the scope of this scenario study:


Next-generation Performance-based Regulation Pathway describes a sce-



Clean Restructuring Pathway describes a scenario in which electricity mar-



Unleashing the DSO Pathway describes a scenario in which the DSO
contributes to the management of the power grid via increased coordination with transmission market operators (TMO), creating a DMO. A
performance-based compensation framework is imposed allowing the DMO
to create market signals and investment incentives. The scenario resembles
the 'Successful cooperation' scenario in this chapter, creating a exibility
market in which rms can provide services to SOs in order to minimize
the total costs.

nario in which electric utilities3 are rewarded based on performance rather
than being compensated for incurred costs. This allows the utilities to
become more cost-competitive and compete with the o-grid market by
oering new services. This scenario contains elements of the 'aordability
high' scenarios in this chapter as the SOs can take on partnerships and
attempt to operate more eciently. The NREL scenario, however, describes the performance metrics as being dened by policy makers while
this chapter describes a cooperation between SO and rms for which the
SO is not rewarded.
kets are restructured to incentivize RE and demand response. The change
requires only limited changes to the market design and can be compared to
the 'high sustainability' and 'high aordability' scenarios from this chapter
in which the electricity markets are redesigned to accommodate RE.

Despite the institutional dierences between the American and Dutch electricity system4 it can be seen that the scenarios described by [174] approach the
3 Vertically integrated
4 E.g. the existence of

companies which also own a part of the electricity grid.
vertically integrated energy utilities.
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scenarios described in this study. The American electricity system has traditionally been more focused on creating price signals, which can be seen in the
scenarios more resembling the 'high aordability' scenarios [81]. The creation
of price signals may allow the electricity system to successfully incorporate RES
and improve the valuation of energy storage.

8.11 Quantication
This scenario study attempts to quantify the results using a basic set of assumptions and will test the hypothesis from the scenario in section 8.9 that redox
ow will become the technology of choice for energy arbitrage from a nancial
perspective. First, as discussed in chapter 5 there are some cases in which benet stacking is possible such as imbalance trading and peak shaving. If policy
makers adjust policy to facilitate a cost-optimal integration of value streams,
other combinations of value streams can also be made compared to the existing
combinations.
Second, when cooperation between SOs and market parties is possible, it
is assumed that the value of congestion management can be fully unlocked by
market parties in combination with other value streams. The value to the grid
operator is assumed to be EUR30/kW/year as found in sections 5.3.1 and 5.3.2.
Various possible methods can be used to construct a market model from this
value stream such as bilateral agreements, time-of-use taring or maximum demand taring (kWmax). Here it is assumed that long-term bilateral contracts
are used as matches the needs of both DSO's, which are attempting to maximize grid stability, and commercially driven actors, which prefer a xed income
stream such that a return on investment is guaranteed and risk is minimized.
Third, it is assumed that arbitrage on spot and intraday markets is done by
ESSs using redox ow technology. It is assumed that 2016 investment cost is
EUR760/kWh for an ESS using redox ow technology and that investment costs
decrease with 8%/year to EUR237/kWh in 2030, in line with [114]. It is assumed
that cycle life is unlimited, that calendar life is 15 years and that round-trip
eciency is 80%. This would require a EUR95/day/MWh (EUR27.689/year)
price dierence to yield an 8% IRR when the ESS is charged at a cost price of
EUR0/MWh. It can be assumed that the production of electricity from solarPV will cause a double-dip prole as depicted in gure 8.1 such that two cycles
per day are possible when trading on the spot market.

Figure 8.1: Stylized spot price development over a day depicting the 'double
dip' prole.
However, dierent combinations are possible when benet stacking is ap99

plied. One possible combination would utilize redox ow technology to provide
congestion management and arbitrage. The investing party and the DSO could
create a bilateral agreement with a duration of 15 years during which it is
agreed that the ESS is available for a limited period of time. The stable revenue
stream reduces the investment risk and as such the required return on investment is lower compared to investments with a larger associated risk. When a
2% IRR is assumed the required yearly nett revenue is EUR72.656/year for a
1MW/4MWh redox ow ESS with an investment cost of EUR934.000. This
value should, however, not exceed the value to the DSO which is assumed to
be EUR30.000/year because the DSO is still required to opt for a cost-optimal
investment. In combination with this value stream, revenue can be increased
by performing arbitrage. Should the investing party target an 8% IRR, an additional EUR79.070/year should be generated. Given the 4 MWh ESS capacity
this would require an average daily price uctuation of EUR68/MWh/day between two periods of 4 hours. This does not include operating expenses which
would increase the required average daily price uctuation. An overview of this
calculation is given in table 8.2.
Given the market-wide battery price decrease of 14%/year found by [114],
the battery price decrease parameter is varied between 4% and 14%. This
results in a required average daily price uctuation of EUR12 - 144/MWh/day.
In simulations of the electricity spot price for 2030 by [159] it is found that
the average largest daily uctuation is in the range of EUR40-60/MWh/day
dependent on input parameters. Considering that the electricity price is likely
to show a double-dip prole, the required average daily price uctuation of
EUR68/MWh/day in the base case can be said to be feasible. This result,
however, is strongly dependent on the battery price development.
A similar case can be made for a lithium-ion based ESS if the value to the
grid operator is assumed to be independent of the ESS' energy capacity. With an
assumed current investment cost of EUR1.050.000 for a 1MW/1.3MWh ESS as
was found in section 5.2.1, the required revenue from arbitrage is EUR12.745/year
in the base case and varies between EUR4.958/year and EUR39.269/year depending on the chosen parameters. The required average daily price uctuation
would be approximately 50% less compared to the case for a redox ow ESS,
indicating that the application of a li-ion ESS would be the nancially optimal choice despite its higher cost per kWh. Under the assumption that both
technologies follow the base case trajectory, it follows that lithium-ion will remain the dominant battery technology over the coming years and that a 2030
energy system will lean on lithium-ion ESSs. The hypothesis that redox ow
will become the nancially optimal technology for energy arbitrage when benet
stacking can be applied is rejected.
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Table 8.2: Calculation of the required revenue for a 1MW/4MWh redox ow and
a 1MW/1.3MWh li-ion ESS. The annual battery price decrease is varied over the
scenarios while a system price is assumed of EUR760/kWh for a Zn-Br redox ow
ESS and EUR1.050.000 for a li-ion ESS acting on the primary reserve, in line with
ndings from chapter 4. Revenue from congestion management is assumed to be
the minimum of EUR30.000/year and the return associated with a 2% IRR. Revenue
from arbitrage and primary reserve is calculated as the dierence between the return
associated with an 8% IRR and the revenue from congestion management.

Annual battery price
decrease [%/year]
Investment cost
in 2030 [kEUR]
Round-trip eciency
Revenue from
congestion management
[EUR/year]
Required revenue from
arbitrage [EUR/year]
Required average daily
price
uctuation
[EUR/MWh/day]

Redox ow 1MW/4MWh
Best
Base
Worst

Best

14%

8%

4%

14%

8%

4%

EUR363

EUR934

EUR1.694

EUR127

EUR327

EUR593

80%

80%

80%

89%

89%

89%

EUR28.263

EUR30.000

EUR30.000

EUR9.892

EUR25.430

EUR30.000

EUR14.165

EUR79.070

EUR167.912

EUR4.958

EUR12.745

EUR39.269

EUR12

EUR68

EUR144

EUR12

EUR30

EUR93
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Li-ion 1MW/1.3MWh
Base
Worst

Chapter 9
Conclusion

In this report the role of energy storage in a future electricity grid is discussed
from a holistic viewpoint, using a multi-method approach. The theory on Systems of Innovation (SI) is used to illustrate that energy storage does not operate
within a vacuum but instead the whole electricity system should be assessed to
determine the value of an ESS. Within this thesis the Dutch electricity system
is taken as the national and sectoral SI under study with its actors, regulations
and conventions. Since entrepreneurial activity is a key driver of the further
development of the SI and since entrepreneurial activity depends on the existence of prot-yielding opportunities, research into the economic viability is
required to determine the degree to which energy storage can provide value to
the electricity grid.
For various energy storage technologies the operating principle, direction of
development and pricing is discussed to answer the rst research sub-question.
Lithium-ion currently is the most used technology and the li-ion NMC type
battery shows very good price/performance characteristics for applications requiring an one hour discharge time. Li-ion battery cell prices have decreased 14%
per year market-wide marking the rapid diusion of li-ion cells in applications
but price data is only very sparsely available [114]. It is, however, important to
realize that the battery cell only makes up for approximately 41% of the cost
of an energy storage system and as such the yearly price decrease is expected
to be lower than 14%. Further research on learning rates may provide insight
into the cost price development and result in more accurate projections on the
future price.
The rapid development and current adoption of redox ow storage systems
is an indicator that this technology may become the technology of choice for
applications requiring a longer discharge time because of its long cycle life,
decoupling of power and capacity and low cost for capacity expansion. At
this moment, however, ESSs using molten salt technology have lower initial
investment costs as can be seen in gure 9.1. For high power applications, li-ion
LTO is likely to be the technology of choice.
Various value streams are accessible for grid connected storage systems. The
discussed markets are categorized as arbitrage, ancillary services and congestion
management services. Some markets have signicant entry barriers and the
congestion management services are discussed in this light because the existing
incentives to provide grid stability likely do not represent the real value of
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Figure 9.1: Overview of estimated ESS investment cost for various technologies
for various c-rates (ratio kW to kWh). Costs determined based on the overview
in table 4.6. Li-ion NMC proves to be the most cost eective technology for
most applications. Li-ion LTO and molten salt (NaS) are most cost eective at
extremely high power and low power applications respectively.
exibility for SOs. Energy storage systems can create revenue on all markets but
in some cases the entry barriers are high, thereby creating only limited revenue
compared to the initial investment cost. Relevant applications are (in order)
the primary reserve, imbalance market, secondary reserve and peak shaving,
thereby answering the second research sub-question.
In section 5.2.1 the design principles of the primary reserve were discussed
and in section 6.1 it is found that applying an ESS on the primary reserve is
nancially viable with a 6% IRR and 10 year payback period. The stability of the
revenue stream is, however, threatened by the weekly tender periods. Energy
storage would benet from long-term contracts but there is no indication of
longer tender periods being realized in the Netherlands.
In section 5.1.2.1 it is found that the integration of RE results in a visible
merit order eect which threatens the business case for owners of RE sources.
The integration of RE also causes stronger grid imbalances which have to be
balanced by the activation of regulation capacity by the TSO TenneT. In the
Netherlands the activation of regulation capacity is associated with a variable
price credited to the balance responsible parties causing the imbalance and this
price is published every minute allowing market parties to use these imbalances
as a revenue stream for energy storage systems. In section 6.2 the application of
an ESS on the imbalance market is discussed and a decision algorithm is introduced which increases both yearly revenue (+25%) and revenue per equivalent
cycle (+7%) compared to an algorithm using xed price points for charging or
discharging when simulated on market data for 2015. It is found that application of a li-ion ESS on the imbalance market is not nancially viable unless grid
fees are reduced or storage is placed behind the meter. The two case studies
provide an answer to the third research sub-question. The limited opportunities to create prot by deploying a utility-scale ESS indicate that the SIs have

103

developed insuciently.
In section 7 an analysis is conducted to determine where failures exist in the
current design of the electricity system. Using the SI-policy framework [169]
system failures are identied within the actor types DSOs, TSOs, generation and
third parties of which an overview is given in table 9.1. Policy can be adjusted
to allow cooperation between SOs and rms and policy can be revised to make
use of the capacities available within new technologies. Creating price signals
which represent the grid state can be used to improve the overall eciency of
the electricity system operation.

Table 9.1: Overview of the system failures in chapter 7. The type of systemic failure
is classied according to the SI-policy framework by [169], the type of actor involved
is adapted to match the content of this research.

DSOs
Infrastructural

Integration
RET
capabilities
(1)

Hard
institutional

Cooperation
DSO market

TSOs

Generation

Third
parties

Legacy
regulations

Complex
permitting
procedure

Stable
revenue
streams
Energy tax

Cooperation
between
TSOs
30 minute
rule

Soft
institutional
Strong
network
Weak network
Capabilities

Variable
grid taris

Integration
RET
capabilities
(2)
Benet
stacking

Policy recommendations include the setup of one or more task forces to assess
possible collaboration between DSOs and market parties and to adjust existing
legacy regulations which limits the role of the TSO. Also new regulations can
be developed to introduce a variable grid tari and to improve the integration
of RETs and energy storage technologies into the current electricity market
design which favors energy payments over capacity payments. On the side
of regional governments the process of decision forming can be accelerated if
information on new technologies is provided from a centrally trusted authority.
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Identication of the existing system failures provides an answer to the fourth
research sub-question. Additional research can be conducted to describe exact
implementations of solutions for these issues as this is a complex matter which
goes beyond the scope of this thesis.
A scenario study on three dimensions shows that policy may strongly inuence the adoption of RETs as well as the role of energy storage in a future
electricity grid. The dimensions aordability, sustainability and security relate
to the energy trilemma and can subsequently be used to direct policy eorts towards a certain direction. The scenario 'business as usual' is dened as focusing
on security and not on sustainability and aordability, leading to a scenario in
which SOs will keep reinforcing the grid and in which conventional fossil fueled
generators will be used to provide the necessary exibility. A socially optimal
outcome may be reached if policy makers adapted policy to facilitate stronger
collaboration between parties which is demonstrated in the 'successful cooperation' scenario. Energy storage is likely to provide key functionality in scenarios
where sustainability is important, together with either security of supply or the
aordability of supply as in these scenarios additional price signals are created
which benet ESSs. This shows that additional policy measures are required
for energy storage to become an essential part of the electricity system.
The scenario study answers the fth sub-question. When comparing the
results to a scenario study conducted by [174] it can be seen that there is a large
focus on creating sucient price signals which can allow commercial actors to
alleviate congestion issues.
In the scenario study it is hypothesized that in some scenarios lithium-ion
and redox ow both have a viable use case, with redox ow being predominantly
used to provide congestion management services to the DSO while also providing
energy arbitrage. In section 8.11 this hypothesis is tested but the hypothesis is
rejected because it is found that the low price of a li-ion ESS combined with its
higher eciency results in the li-ion being a more cost-eective solution than
redox ow systems.
It can be concluded that there is sucient room to improve the valuation
of energy storage within the Dutch electricity grid, although viable use cases
currently already exist. The exact functionality which can be provided within
a future electricity grid depends on the policy measures which can prepare the
electricity system for the integration of a large share of RESs. Ultimately policy
makers are challenged to create an aordable, sustainable and stable electricity
system.
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Chapter 10
Appendix A: Illustration of
imbalance market simulation
results

Figure 10.1: Illustration of results for simulation 1, as described in section
6.2.2.5. Left: Increase in revenue over the simulation period. Center: Histogram of the state of charge observations. Right: Boxplot of the state of
charge observations.
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Figure 10.2: Illustration of results for simulation 2, as described in section
6.2.2.5. Left: Increase in revenue over the simulation period. Center: Histogram of the state of charge observations. Right: Boxplot of the state of
charge observations.

Figure 10.3: Illustration of results for simulation 3, as described in section
6.2.2.5. Left: Increase in revenue over the simulation period. Center: Histogram of the state of charge observations. Right: Boxplot of the state of
charge observations.

Figure 10.4: Illustration of results for simulation 4, as described in section
6.2.2.5. Left: Increase in revenue over the simulation period. Center: Histogram of the state of charge observations. Right: Boxplot of the state of
charge observations.
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Figure 10.5: Illustration of results for simulation 5, as described in section
6.2.2.5. Left: Increase in revenue over the simulation period. Center: Histogram of the state of charge observations. Right: Boxplot of the state of
charge observations.

Figure 10.6: Illustration of results for simulation 6, as described in section
6.2.2.5. Left: Increase in revenue over the simulation period. Center: Histogram of the state of charge observations. Right: Boxplot of the state of
charge observations.
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Chapter 11
Appendix B: Simulation code
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Arbitrage decision algorithm

For reasons of confidentiality this section is removed from the report.
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Imbalance market simulation

For reasons of confidentiality this section is removed from the report.
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Primary reserve simulation

For reasons of confidentiality this section is removed from the report.
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