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Political Statement

The main question of the Annex was: What can be the contribution of
distributed energy storage to the integration of renewables in our
future energy systems? After 4 years of intense discussion and ex-
change of over 40 experts from 15 countries in 8 meetings the following
results could be achieved

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report

A large variety of decentralized storages at a high degree of
maturity is available and therefore offer opportunities to im-
prove the operation of energy systems. The diffusion of and ex-
pertise on technologies differs in most countries. Transfer of
knowledge is therefore necessary.

Until now, decentralized storage systems are primarily locally op-
timized. The increasing deployment of decentralized stor-
ages allows for smart and grid-friendly operation in the fu-
ture without losing the local added value. R&D on intelligent
control mechanisms is needed.

Although many business models for decentralized storages are
already economically feasible or almost feasible and investment
costs are constantly decreasing, unfavorable or frequently
changing legislative framework conditions hinder extensive de-
ployment. Therefore, a stable legal framework that also ade-
guately considers decentralized storage is necessary.

Decentralized storage systems are particularly economically
advantageous if they are able to address multiple applications
at the same time. Especially cross-sectoral applications, i.e.
addressing electricity, heating or mobility market, show the high-
est impact.

o Today, power-to-heat is a cost-effective solution (e.qg.
heat pump with storage), which not only allows RES to be
integrated into the heating sector, but also offers flexibility
to the electricity sector. However, a level playing field is
necessary for power-to-heat solutions in order to make
business cases possible.

o Power2Mobility is a future solution integrating RES in
the mobility sector (CO2 reduction) and simultane-
ously offering decentralized flexibility to the electric-
ity sector. The direct coupling of electricity and mobility
(Vehicle to grid, VtG) is even more grid-friendly,

A cross-sectoral coupling of different decentralized storage
systems offers the highest flexibility to the grid. This re-
guires very fast, intelligent communication and control in a
smart network. Therefore, smart grid technology needs to be
addressed in research and brought to the market.
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Main Results In a Nutshell

The overall goal of Annex 28 is to foster the role of Distributed Energy
Storages, DES, and to better evaluate the potential storage capacities
for the integration of renewables at an economical competitive level.

Distributed energy storages (DES) are located at the consumer side.
Looking at the electricity grid, this would be the distribution level. This is
also the level, where local renewable energy sources should be inte-
grated. In general all types of energy storage technologies can contrib-
ute to DES solutions.

Subtask 1: “Storage Solutions for the Integration of Renewable
Energies”:

« Over 90 different distributed energy storage (DES) configurations —
a configuration consist of energy source, energy storage and en-
ergy user — have been identified. Most of them are commercially
available (TRL 2 9).

» About 40 % of the DES configurations are realized by electrical en-
ergy storage, 40 % by thermal energy storage and 20 % by power-
to-gas installations. In general all types of energy storage contribute
to DES solutions.

» Almost all DES configurations operated today are optimized for their
local application. Grid (electrical and thermal) services provided by
DES configurations are expected to present additional benefits.
More R&D is needed to quantify this approach.

Subtask 2: “Economic Analysis & Business Cases”

* There are many business possibilities, although the regulatory
framework must be modified to support the large-scale deployment
of DES, to harvest its many benefits across market segments.

* Therefore, there is an urgent need for multidisciplinary, and multi-
stakeholder R&D concerning the influence non-technical barriers
and regulatory framework on the business opportunities of DES.

Subtask 3: “Potential of Distributed Storage Solutions for the Inte-
gration of Renewable Energies”

* The potential of DES technologies was modelled in the context of a
whole energy system on a national scale. Three indicators were
used for evaluation: The annually discharged energy from the DES,
the reduction in the total annual CO2 emissions and the total annual
socio-economic cost of the system.

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 9



ECES Annex 28

IRE

+ The most feasible technology combinations are those that provide
flexibility to the electricity and the heating sector by the implementa-
tion of DES solutions (“flexible” sector coupling). In this context ther-
mal energy storage (TES) in district heating (power-to-heat) is a
promising approach.

* A redesign of the energy system towards more district heating in-
creases the potential for introducing low-cost distributed energy
storage like large-scale thermal energy storages. The same holds
for more electric vehicles with smart charging, which introduces a
substantial and cost-effective distributed electrical energy storage
capacity in the system.

* R&D demand exists concerning simulation approaches, which in-
clude local effects and allow quantifying the actual DES potentials
in more detail.

Subtask 4: “Control Requirements for Distributed Energy Stor-
ages”

* In order to operate distributed energy storage solutions with addi-
tional benefits to electrical and thermal networks, intelligent opera-
tion and control mechanisms are necessary. This could be realized
by e.g. Smart Grid installations.

» A state-of-the-art collection of smart grids including DES showed
three main applications: The support of substations and transmis-
sion & distribution (T&D) equipment, ancillary services like fre-
guency and voltage control and arbitrage operation caused by fluc-
tuating electricity prices. Mainly electrical DES are suitable for these
approaches.

* There is a high R&D demand when it comes to control requirements
for more complex energy systems, like coupling of the electricity,
mobility and thermal sector and the implementation of DES solu-
tions (e.g. “flexible” sector coupling).

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 10
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1 Executive Summary

1.1 Objectives, Structure and Approach of the Annex

1.1.1 Objectives

1.1.2 Scope

The overall goal of Annex 28 is to foster the role of Distributed Energy
Storages, DES, and to better evaluate the potential storage capacities
for the integration of renewables at an economical competitive level. For
this the following measures are taken:

+ Identifying actual applications for DES to integrate fluctuating renew-
able energy sources into future energy systems

+ Examining distributed energy storage technologies and their proper-
ties (including mechanical, electro-chemical, thermal and chemical and
biogas approaches)

* Reviewing storage properties requirements depending on the differ-
ent renewable energy sources (wind, PV, solar thermal, ...)

* Quantifying potential of DES systems for the integration of renewable
energies based on the actual final energy demand

* Promoting best practice and success stories examples

The scope of this Annex includes all energy storage technologies suita-
ble on the consumer side. Three main fields of application — households,
trade and commerce and industry — will be investigated.

The Annex will cover the following topics:

+ Assessment of all storage technologies which show a technical and
economic potential for distributed applications (e.g. batteries or cold and
heat storages) in uni- or bidirectional operation.

* Investigation of system concepts with the temporal mismatch be-
tween fluctuating, renewable energy sources (wind, PV, solar-thermal,
...) and the corresponding energy demand.

« Evaluation of national energy scenarios of participating countries with
focus on the development of renewable energies

1.1.3 Collaboration with other TCPs

Collaboration with other Technology Collaboration Programme (TCP)
within the IEA Technology Network is crucial for this Annex.

* TCPsfor Renewable energy sources: Wind, PVPS and Solar Heating
and Cooling from the Renewable Energy Working Party (REWP)

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 11
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+ TCPs for Applications: buildings, appliances and electric vehicles,
(EBC, Heat Pump Technologies, 4E and HEV) and Demand Side Man-
agement DSM from the End-Use-Working Party (EUWP)

* Programs for distribution and scenarios: DHC and the International
Smart Grid Action Network (ISGAN) as well as ETSAP

1.1.4 Main Question and Definition of ,Distributed Energy Storage*

The main question of the Annex is, what can be the contribution of
distributed energy storage to the integration of renewables in our
future energy systems?

This Annex is looking at “distributed” energy storages as storage solu-
tions located at the consumer side of the energy system. Figure 1.1 is
visualizing the relation of DES on the consumer side including local re-
newable energy sources, including the possibility of DES being located
directly at the renewable energy source.

The distribution grid is placed on top of this tetrahedron to represent the
connection to the higher grid levels with centralized power plants.

Distribution Grid

Consumer

Renewable Energies Distributed Energy Storage
(Local Sources)

Figure 1.1: Definition of ,Distribiuted Energy Storage“, DES

In order to categorize the different possibilities to utilize DES for the inte-
gration of renewables the following matrix was developed. It shows the
operation of DES systems for the integration of renewable energies on
different levels by usage of thermal and/or electrical and chemical energy
storage (which is limited to power-to-gas technologies in this context).

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 12
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Electric grid operated

Electric grid connected,
but locally optimized

»Island“ solution

Figure 1.2: Application/ storage technology matrix

1.1.5 Structure and Approach of the Annex

The Annex work is structured in Subtasks. The main question on how
much DES can contribute to the integration of renewable energies in fu-
ture energy systems is approached within Annex 28 from different sides:
* Bottom-up Approach:

Subtask 1 and 2 start from actual DES technologies and applications —
put together in “configurations” — and document the technological and
economic state-of-the-art.

* Top-down Approach:

Subtask 3 derives general trends and dependencies for different DES
technologies from the modelling of national scenarios.

In Subtask 4 the state-of-the-art of smart grids in connection with DES
was explored.

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 13
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Sub-Task 1 Sub-Task 2
Distributed Energy Economic Analysis &
Storage Solutions Business Cases

Leader: The Netherlands Leader: Sweden
Sub-Task 3

Potential of Distributed Storage Solutions for the
Integration of Renewable Energies
Leader: Denmark

Sub-Task 4

Control Requirements for Distributed Energy Storages
Leader: Germany

Subtask 1: “Distributed Energy Storage Solutions ”

Goal of this subtask is to outline the variety and possibilities of dis-
tributed energy storage technologies.

A three step approach covering the definition, description and charac-
terization of DES systems was proposed.

Overview of DES systems:
Systems commercially available & systems under development

Previously defined classification structure for DES within their application
(Source — DES — Consumer) will be called “configurations”.

Basic system description, including number of systems in operation, de-
tailed technology description, including working principle and Technology
Readiness Level (TRL).

Subtask 2: “Economic Analysis & Business Cases”

Goal of this subtask is to show possible business cases and their de-
pendencies on the actual economic conditions.

This Subtask will focus on actual examples of distributed energy storage
systems. It will cover real applications which are operated due to eco-
nomic reasons as well as demonstration plants, which will be able to be
operated in the future in an economical way.

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 14
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The work plan of Subtask 2 comprises the following activities:

+ Atechno-economic analysis of demonstration projects and commer-
cial installation of DES systems

» Listing of possible business cases for DES configurations following
the findings of subtask 1

Subtask 3: “Potential of Distributed Storage Solutions for the Inte-
gration of Renewable Energies”

Goal of this subtask is to identify trends of potential DES technologies
applications within a national energy scenario. The simulations will be
performed based on a model of the German energy system. Variations
of the parameters will give information about the impact of the different
storage solutions.

The workplan of Subtask 3 comprises the following activities:

» Estimation of feasible total storage capacity within certain boundary
conditions.

* Technical potential indicated by surplus RE reduction.

» Economic potential indicated by socio-economic cost of the total energy
system.

* Results should indicate most relevant storages to promote in the given
context.

Subtask 4: “Control Requirements for Distributed Energy Storages”

Important for the successful operation of distributed energy storage so-
lutions are intelligent operation and control mechanisms. This could be
realized by e.g. Smart Grid installations. Existing Smart Grid technolo-
gies and future R&D demand should be identified.

* Collecting the state-of-the-art in Smart Grid solutions with possible
respect to DES solutions

1.1.6 General Remarks for the evaluation and relevance of DES
*  “DES only to evaluate within an actual application”

The most important assumption for the work reported here is the fact,
that distributed energy storage systems can only be evaluated within an
actual application. It is not sufficient to calculate general storage capacity
demands (e.g. “...we might need x TWh storage capacity by the year
2015”). It is necessary to identify the real operation conditions — technical
and economic — given by the actual application. The requirements for an

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 15
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energy storage technology described by the application can go from stor-
age cycle numbers over required power output (or input) or storage ca-

pacity to remuneration of the actual benefit.

This is the motivation for the Subtask 1 approach to look at DES embed-

ded in “configurations” only.

» Increasing relevance of the topic (Publications)

Since this Annex has started the number of publications in this field has
increased immensely. The topic has also climbed up the ladder of im-

portance in the public and political discussion.

Number of Papers on
"Distributed Energy Storage"

1981
1983
1985
1987
1989
1991
1993
1995
1997
1999
2003
2005
2007

2001

Year

1.1.7 Meetings and Participating Countries and TCPs

2009
2011
2013
2015

Eight experts meetings and workshops were held. Every second meeting
was scheduled in Paris at the IEA. To the Paris meeting relevant TCPs

were invited.

The table below gives an overview of the Annex 28 expert meetings and

workshops.
Nr  Location Country Date Participants
1 Bad Toélz Germany April 10-11 2014 27
2 Paris France October 28-29 2014 28
3 Arnhem The Netherlands  April 29-30 2015 20
4 Paris France October 22-23 2015 21
5 Stockholm Sweden April 27-29 2016 19
6 Paris France October 20-21 2016 13
7 Copenhagen  Denmark April 26/27 2017 13
8 Bad Tolz Germany October 24-26 2017 12

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report
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Active Countries (Subtask leaders):

«  Denmark
*  Germany
Sweden

* The Netherlands

Participating Countries:

* Austria

* Belgium

+ Canada

* Denmark
* France

+  Germany
* lreland

* Republic of Korea
* The Netherlands

*  Norway

* Spain

+ Sweden

+ Switzerland
*  Turkey

* United Kingdom

Participating TCPs:

« ECES
« EBC
+ DSM
« H2IA
« DHC
+ SIR

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report
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Subtask 1 — Distributed Energy Storage Solutions

In order to identify the potential role of Distributed Energy Storage (DES)
for the implementation of renewables, DES needs to be included in an
energy system.

The goals of Subtask 1 are:

* To prepare an overview of DES system configurations. A DES sys-
tem configuration includes, apart from the energy storage, an energy
source and an energy consumer. This overview should include configu-
rations that are commercially available (TRL > 9) as well as configura-
tions under development (TRL < 9).

+ To prepare DES system configuration descriptions

1.2.1 Definition of DES system configurations

A DES system configuration consists of an energy source, an energy
user, as well as a DES technology with an application in the system. The
DES system configuration can be electric grid connected for supply of
additional energy or to return surplus energy to the grid. The DES system
configuration can also operate as an island system, i.e. without grid con-
nection. See also Figure 1.2.

In this report, DES system configurations will be illustrated by in-
fographics. An example of an infographic for a DES system configuration
is shown in Figure 1.3. The general lay-out is as following:

Upper left corner: the energy source, in this example consisting of solar
PV panels as electricity source

Top center: the energy user, in this case a single family house as elec-
tricity consumer

Bottom center: the distributed energy storage, in this example a battery.
Upper right corner: status of the DES system configuration with respect

to grid connection. In this example the house has a connection to the
electric grid.

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 18
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Solar PV \_  Single home

N Battery
Figure 1.3: PV-Single home-Battery-Grid connected

1.2.2 Overview of DES system configurations

In this report the DES system configurations that are in operation and/or
presented in literature, are subdivided by market application, like hous-
ing, commercial/institutional buildings, etc. The rationale for this subdivi-
sion is that:

e The various market applications have a different load profile and
annual energy demand, resulting in different DES solutions.

e DES technologies that are applied in larger scale projects, might
not be feasible or technically suitable for small scale applications.

e The decision making process is not the same for all market appli-
cations, resulting in different deployment barriers.

The subdivision by market application is given in following points:

e Residential DES system configurations-single house

In this group of DES system configurations a single family home is the
energy consumer. Both the electricity and thermal demand are relatively
small.

e Residential DES system configurations-housing development
In this group of DES system configurations a multi-family house (apart-
ment building) or a housing development is the energy consumer. Both

the electricity and thermal demand are 1-3 orders of magnitude larger
than those for a single house.

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 19
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e Commercial/institutional DES system configurations-single
building

In this group of DES system configurations a single building is the energy
consumer. This can be a commercial or an institutional building, but not
a residential building.

e Commercial/institutional DES system configurations - multiple
buildings

In this group of DES system configurations multiple buildings are con-
nected to a local electric grid and/or thermal distribution network. This
local electric grid and/or DH&C network (with the buildings connectd to
it), is the energy consumer in the DES system configuration. In case of a
mixed development, also residential buildings will be connected to the
local electric grid and/or DH&C network. The peak loads for the grid or
network will be significantly lower than the sum of the peak loads of the
individual buildings, as a result of load diversity.

e Industrial DES system configurations - single industry

In this group of DES system configurations a single industrial building,
like a factory, a laboratory, a warehouse or an agricultural building, is the
energy consumer.

e Industrial DES system configurations - industrial area

In this group of DES system configurations multiple factories and/or in-
dustrial buildings are connected to a local electric grid and/or thermal
distribution network. This local electric grid and/or DH&C network with
the buildings connected to it, is the energy consumer in the DES system
configuration. The peak loads for the grid or network will be significantly
lower than the sum of the peak loads of the individual industrial buildings,
as a result of load diversity.

e Mobility DES system configurations

In this group of DES system configurations means of transportation for
people, animals and freight and/or the energy supply infrastructure is the
energy consumer. So, this can be a private bike, car or boat, but also a
commercial bus, truck, train, ship or plane, as well as the infrastructure
to provide energy to these means of transportation.

1.2.3 Conclusions

From the assessment of the energy system configurations with distrib-
uted energy storage the following might be concluded:

e The number of energy systems enabling the application of distributed
energy storage is large: more than 90 DES system configurations
have been identified.

e Most of these DES system configurations are commercially available
or in the demonstration stage (technology readiness level TRL = 9).
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For larger scale projects, like mixed developments or industrial areas,
a combination of several DES system configurations is applied some-
times.

Several storage technologies might serve the same purpose in a
DES system configuration. The choice of the optimum storage tech-
nology will depend on system characteristics and local conditions.

For most storage technologies applied today in DES system config-
urations, alternatives with improved characteristics are under devel-
opment (these alternative storage technologies have a TRL <8).

The number of system configurations including electric energy stor-
age is about 40% of the total number of system configurations iden-
tified, and about equal to the number of configurations with thermal
energy storage. The remaining 20% of the system configuations in-
clude gas storage (mainly H2). This is contrary to the general opinion
that energy storage is equivalent with electric energy storage.

Almost all DES system configurations in operation today are locally
optimized, not grid operated (optimized). Grid operation of DES sys-
tems is expected to provide additional system advantages (grid ser-
vices). More R&D with respect to this topic is advised in order to
quantify the additional advantages, both for electric and thermal
grids.
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1.3 Subtask 2 - Economic Analysis & Business Cases

The vision of Distributed Energy Storage (DES), of various technology
and size, as enabler for implementing large shares of renewable energy
in our energy system (local, regional, and global) is firmly put forward
by the ECES Annex 28 DESIRE. In Subtask 2, a careful examination of
existing business cases has been at the center of attention to: a) bring
to attention cost-benefits for various actors, as well as values from a
functional point of view, and b) exemplify lessons learned from existing
projects and installations.

In addition, the subtask has also been able to compile descriptions of a
number of business cases related to DES (see online Appendix).

1.3.1 DES for Heating

Space heating represents more than 40% of the total energy use in
households while hot water heating accounts for less than 20% total
energy use. However, due to short bursts of hot water use (e.g. show-
ers), instantaneous peak thermal power load for hot water is much
higher than that for space heating. Distributed storage that levels out
the peak thermal power demand through load shifting and peak shaving
may alleviate grid instability and hence strengthen the network. Distrib-
uted load-levelling measures, such as DES, will aid in implementing
large shares of fluctuating renewable energy in the system. Also, sea-
sonal storage is fundamental for the increased use of solar heat in the
energy mix providing comfort heat, since summer heat can be stored
for winter use.

1.3.2 DES for Cooling

Comfort cooling, as well as industrial process cooling, are vital services
in a modern energy system. In fact, the cooling demand world-wide is
growing and this growth is likely to continue in the next decades. Con-
ventional cooling technology rely on electricity, and the demand often
co-incides with the hottest hours of a day, and in seasons where heat
sinks used in power generation often get too warm for full capacity gen-
eration. Cooling is then highly connected to an electricity system.
Thinking about levelling the cooling demand over a day, or even sea-
sons, is thus of importance in order to reach sustainability. Cold storage
is a key solution and commercial technology exists.

1.3.3 Energy Flexible Buildings

Picking up on one important concept of DES, the IEA EBC Annex 67 is
presently investigating the concept of energy flexible buildings (EFB),
and their ability to alleviate a part of the forecasted problem with large
scale implementation of renewables. Adding load (electrical demand) in
an existing system might bring the peak load beyond the maximum
possible, despite using “green technology” like heat and electric vehi-
cles (EV). However, buildings carry a certain thermal mass that cost-
effectively can be used as “storage of heat” (and cold) — e.g by pre-
heating the building excessively (within an allowed comfort range) be-
fore the peak hours (approx. 17:00-20:00 hrs), letting the building “free-
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float” through peak hours, and then provide additional heat immediately
after.

1.3.4 The Electricity Bank — “Die Strombank” — and DES in the Clouds

Just as the financial institutions “banks” manage the flow of money, the
electricity bank concept (ger. Die Strombank) proposes an on-site solu-
tion for handling on-location storage in an electricity grid where distrib-
uted renewable energy is present. The electricity bank consists of a dis-
trict (de-centralised) battery storage placed on location next to distrib-
uted generation (e.g. wind and solar PV) in residential communities and
small businesses. The local, distributed placement, helps alleviate the
central grid, and reduces transfer losses. In principle, this concept
works as a regular financial bank, with surplus electricity generated be-
ing stored, and then fed back to the local grid when needed. A “cloud”
solution connects prosumers with the storage, and helps manage each
individual electricity account.

1.3.5 Distributed Polygeneration

Building on the concept of CHP comes the next generation energy sys-
tems termed polygeneration. In these systems, the complete pallet of
energy services are addressed in integrated generation system. Pol-
ygeneration lends itself well to distributed generation and is large value
for implementing large renewable energy fractions in next generation
energy services. Aside from delivering multiple energy services (e.g.,
electricity, heat and cold) polygeneration can utilize a hybrid mixture of
energy resources (e.g. solar-PV, wind and fuel-based CHP).

1.3.6 On Policy affecting DES Business Opportunities — regulations and incentives

DES comes with vast opportunities to bring added value in forming a
sustainable energy system. Balancing the grid at large fractions of re-
newable electricity generation, as well as enabling secure, robust, and
cost-effective energy services are traits of integrating DES. Despite the
increasing awareness of this potential, there are still factors that hinders
implementation of keeping up with storage technology developments:
administrative barriers, limited access to grids, and excessive fees and
charges. DES does not fit into existing regulations, often because the
technology provides benefits to several parts of the market, like the
supply AND demand side, as well as the transmission AND distribution.

Most documented policy strategies are based on a focus on the electri-
cal network, renewables for electricity generation, and balancing the
grid when generating capacity becomes more fluctuating with increas-
ing share of solar and wind. However ST2 has brought forward the in-
terconnectivity of energy services.

1.3.7 Conclusions
» There are many business possibilities, although the regulatory

framework must be modified to support the large-scale deployment of
DES, to harvest its many benefits across market segments.
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* Therefore, there is an urgent need for multidisciplinary, and multi-
stakeholder R&D concerning the influence non-technical barriers and
regulatory framework on the business opportunities of DES.
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1.4 Subtask 3 - Potential of Distributed Storage Solutions for the Integration of
Renewable Energies

In subtask 3 of IEA ECES Annex 28, the aim is to identify which distrib-
uted energy storage (DES) technologies could be technically and eco-
nomically beneficial for the integration of fluctuating renewable energy
sources (RES) in different types of energy systems. In the subtask, the
technical and economic potential for DES solutions is quantified, and it
is identified which DES technologies have the largest total (technical and
economic) potential. For this, different DES technologies are modelled in
the context of a whole energy system on a national scale. For compari-
son and combination with the DES technologies, energy conversion
technologies and other methods for balancing supply and demand in the
system are also included in the modelling work.

1.4.1 Methodology

The modelling of the different technologies is performed using a sce-
nario-based approach, where the technologies are modelled one at a
time, as well as in some combinations. The modelling is carried out in the
settings of five different energy system typologies. For each of the sce-
narios fifteen variations are introduced, where the electricity generation
from fluctuating renewable energy sources (RES) (wind turbines and
photovoltaics) is gradually increased with each variation to investigate
the performance of the technologies in integrating fluctuating RES. In ad-
dition to this, variations in the energy storage or conversion capacity have
been carried out for some scenarios, and a sensitivity analysis has been
carried out on some of the model input parameters. The modelling has
been performed using the energy system simulation tool EnergyPLAN,
developed by Aalborg University.

The results of the scenarios are assessed using three indicators. These
indicators are used for quantifying the technical and economic impact of
and potential for introduction of each technology in the energy system.
The indicators are:

e The annually discharged energy (a measure of how well the tech-
nology facilitates the integration of fluctuating RES by consuming
overproduction and “discharging” it to the system again in another
form or at another time).

e The reduction in the total annual CO2 emissions arising from the
operation of the energy system.

e The total annual socio-economic costs of the energy system (a
measure of how much the operation of the energy system costs
society as a whole during one year).

The scenarios are considered feasible if the introduction of the technol-
ogy simultaneously lowers the CO2 emissions and total system cost and
increases the discharged energy, compared to the baseline scenario of
the same energy system configuration. The total potential of each tech-
nology is assessed based on the combined performance of each tech-
nology in the three indicators.
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1.4.2 Policy Recommendations

Based on the results of the modelling in this subtask, the following policy
recommendations can be given in order to obtain the best integration and
the greatest technical and economic benefits of transitioning towards
very large capacities of fluctuating renewable energy generation:

1.4.2.1 Recommendations for energy system redesign

District heating, with low-carbon heat generation: A system
redesign towards more district heating would be feasible. A con-
version away from individual heating towards district heating with
low-CO2 emitting heat generation should be prioritised. The rede-
sign towards more district heating increases the potential for in-
troducing low-cost distributed energy storage in the form of large-
scale thermal energy storages.

Electric vehicles with smart charging: A system redesign to-
wards more electric vehicles would be feasible. A conversion
away from internal combustion engine vehicles towards electric
vehicles should be prioritised. To maximize the positive effects of
introducing electric vehicles, they should be smart charged. The
redesign towards more electric vehicles with smart charging intro-
duces a substantial and cost-effective distributed electrical energy
storage capacity in the system in the form of vehicle batteries.

Some level of electrical interconnections to island systems
can be beneficial: Going away from island systems towards in-
terconnected systems would be beneficial on all indicators to
some extent. This measure, however, has a limited potential with
a high penetration of renewable electricity generation. The feasi-
bility of interconnecting current island energy systems to other en-
ergy systems should be investigated carefully where this is geo-
graphically and technically possible.

Less inflexible nuclear power: A conversion away from inflexi-
ble nuclear power towards other forms of low-CO2 emitting power
generation or towards very flexible nuclear power generation
should be prioritised in energy systems with a large nuclear power
capacity, that wish to integrate fluctuating RES.

1.4.2.2 Recommendations for distributed energy storage and conversion technolo-

gies

Flexible sector coupling: The most feasible technology combi-
nations are those that provide flexibility both in the electricity sec-
tor and the heating sector (district heating), and have a link be-
tween the two (power-to-heat). An example of this is a combina-
tion of DES and flexible sector coupling; e.g. combinations that
include tank thermal energy storage (TTES), heat pumps and flex-
ible electricity demand.
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Individual heat pumps: The introduction of heat pumps should
be prioritized in order to replace fossil fuelled heat generation in
individual heating.

Flexible electricity demand: It should be investigated and tested
(e.g. in demonstration projects) to which extent electricity consum-
ers are willing to be flexible and how socio-economically expen-
sive it would be to compensate them for their flexibility.

Thermal energy storages: When thermal energy storages are
implemented, connections with the electricity sector through
power-to-heat should be looked into for increasing the positive im-
pacts of the TTES. Thermal energy storages in district heating are
more economical and can have the potential to provide more flex-
ibility than thermal storages in individual heating.

Reduction of electrical energy storage investment costs:
Electrical energy storages, power-to-gas and electrical intercon-
nections are all technically beneficial for the energy system but
cause increased total system costs due to high investment costs.
Research and development should be prioritized with the goal of
reducing the price of these solutions. With the price levels used in
this model, the implementation of these technologies should only
be prioritized in energy systems where very high integration of
fluctuating RES and very large reductions in CO2 emissions are
clearly prioritized higher than the minimisation of the total socio-
economic energy system costs. The economic feasibility of these
solutions may be improved by implementing them in combination
with flexible sector coupling.

1.4.2.3 Other policy recommendations

Ensure a positive investment framework for technologies
that generate and integrate renewable energy: Measures
should be taken to ensure that energy technologies that generate
or integrate renewable energy in the energy system have a posi-
tive investment environment compared to energy generation
based on fossil fuels. This can be endorsed e.g. by removing sub-
sidies for fossil fuel consumption and/or by introducing economic
incentives for renewable energy generation and balancing tech-
nologies. Such policies would advance the transition towards a
CO2 neutral energy supply and make the integration of large
amounts of fluctuating renewable energy more economically via-
ble. Higher fuel prices make the introduction of DES and other
technologies for balancing energy supply and demand more eco-
nomically feasible, as shown by the sensitivity analysis of the re-
sults.

Increase COz emission prices: Measures should be taken to en-
sure that for existing polluters, the costs of emitting CO: reflect the
actual socio-economic costs related to the emissions. This would
make the integration of large amounts of fluctuating renewable
energy more economically viable and would make the introduction
of DES and other technologies for balancing energy supply and
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demand more economically feasible, as shown by the sensitivity
analysis of the result.
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Subtask 4 - Control Requirements for Distributed Energy Storages

In order to successfully operate distributed energy storage solutions in-
telligent operation and control mechanisms are necessary. This could be
realized by e.g. Smart Grid installations. Existing Smart Grid technolo-
gies and future R&D demand should be identified.

Owing to the fact the collaboration with other TCPs like ISGAN in this
Subtask could not be realized, the limited goals of this subtask are:

* Collecting the state-of-the-art in Smart Grid solutions

1.5.1 Smart grid applications of DES

Based on previous work in ISGAN Annex 1, the DOE Global Energy stor-
age database and expert interviews three distinct DES applications in
smart grids could be identified from 47 DES smart grid examples. The
vast majority of the examples identified utilized electrical energy storages
in the smart grid applications. The applications were evaluated regarding
their systemic, economic and energetic benefits.

e DES for limited substation capacity/islanding

The first application of DES in smart grids identified is the possibility to
support substations and transmission and distribution (T&D) equipment
and possibly run parts of the grid in island mode. Not only high feed-in
from renewables but also increasing demands due to new consumption
models (e.g. electric vehicle charging) can bring the T&D equipment to
its limits. Distributed energy storages can — if intelligently operated — re-
lieve this situation and defer a possibly expensive upgrade in T&D equip-
ment.

The systemic benefits of this application are the stabilization of the grid.
Economic benefit is the deferred grid upgrade investment. From an en-
ergetic point of view, the increased feed-in of renewables and reduced
losses are beneficial.

e DES for ancillary services

DES can also be utilized for ancillary services. Frequency control is nec-
essary to keep the frequency of the system constant and to adjust supply
and demand to any given time with respect to the active power. Besides
frequency control, grid voltage also needs to be controlled within the al-
lowed voltage range. Storages offer reactive power as well as fault power
and can control voltage by actively charging and discharging effective
power within a grid. Depending on the regulatory frameworks, energy
storages need to fulfil prequalification requirements. In the case of DES
aggregation of multiple DES systems is necessary to be able to partici-
pate in operating reserve markets. The intelligent management of these
high numbers of DES plays an important role especially when it come to
providing time-critical grid services. The systemic benefit of this applica-
tion is the stabilization of the grid. Economic benefit is the possible par-
ticipation and generation of profits in the operating reserve markets.
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e Arbitrage

The economic value of electricity fluctuates strongly with fluctuating sup-
ply and demand. Coming from a fossil fuel based electricity generation
these fluctuations were usually limited to night-day shifts due to lower
demands during night times. Heading towards systems with high shares
of volatile renewable generation the price fluctuations can increase. Dur-
ing times of low demand and surplus from renewables like wind and PV,
prices drop and even negative prices are possible. Whereas during peak
demand times and simultaneous low availability of renewables or un-
scheduled power plant outages. For arbitrage intelligent algorithms pro-
cessing price/weather and consumer data are needed to beneficially op-
erate the respective energy storage. Better data availability automatically
facilitates the optimization of the arbitrage operation and hence yields
bigger economic benefits.

e Combination of the above applications
In order to maximize the benefits, the above applications can also be
combined.
1.5.2 Conclusion
e The intelligent management of DES within smart grid applications
helps maximize the beneficial operation and can improve system sta-
bility.

e Today mainly electrical energy storages are applied in smart opera-
tion applications

e Challenges exist regarding the complexity of the interconnection of
high numbers of DES in a smart grid application
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Objectives, Structure and Approach of the Annex

Objectives

Scope

The overall goal of Annex 28 is to foster the role of Distributes Energy
Storages, DES, and to better evaluate the potential storage capacities
for the integration of renewables at an economical competitive level. For
this the following measures are taken:

» Identifying actual applications for DES to integrate fluctuating renew-
able energy sources into future energy systems

+ Examining distributed energy storage technologies and their proper-
ties (including mechanical, electro-chemical, thermal and chemical and
biogas approaches)

* Reviewing storage properties requirements depending on the differ-
ent renewable energy sources (wind, PV, solar thermal, ...)

* Quantifying potential of DES systems for the integration of renewable
energies based on the actual final energy demand

* Promoting best practice and success stories examples

The scope of this Annex includes all energy storage technologies suita-
ble on the consumer side. Three main fields of application — households,
trade and commerce and industry — will be investigated.

The Annex will cover the following topics:

+ Assessment of all storage technologies which show a technical and
economic potential for distributed applications (e.g. batteries or cold and
heat storages) in uni- or bidirectional operation.

* Investigation of system concepts with the temporal mismatch be-
tween fluctuating, renewable energy sources (wind, PV, solar-thermal,
...) and the corresponding energy demand.

« Evaluation of national energy scenarios of participating countries with
focus on the development of renewable energies

Collaboration with other TCPs

Collaboration with other Technology Collaboration Programme (TCP)
within the IEA Technology Network is crucial for this Annex.

* TCPsfor Renewable energy sources: Wind, PVPS and Solar Heating
and Cooling from the Renewable Energy Working Party (REWP)
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+ TCPs for Applications: buildings, appliances and electric vehicles,
(EBC, Heat Pump Technologies, 4E and HEV) and Demand Side Man-
agement DSM from the End-Use-Working Party (EUWP)

* Programs for distribution and scenarios: DHC and the International
Smart Grid Action Network (ISGAN) as well as ETSAP

1.4  Main Question and Definition of ,,Distributed Energy Storage*

The main question of the Annex is, what can be the contribution of
distributed energy storage to the integration of renewables in our
future energy systems?

This Annex is looking at “distributed” energy storage as storage solutions
located at the consumer side of the energy system. Figure 1.1 is visual-
izing the relation of DES on the consumer side including local renewable
energy sources, including the possibility of DES being located directly at
the renewable energy source.

The distribution grid is placed on top of this tetrahedron to represent the
connection to the higher grid levels with centralized power plants.

Distribution Grid

Consumer

Renewable Energies Distributed Energy Storage
(Local Sources)

Figure 1.1: Definition of ,Distribiuted Energy Storage“, DES

In order to categorize the different possibilities to utilize DES for the inte-
gration of renewables the following matrix was developed. It shows the
operation of DES systems for the integration of renewable energies on
different levels by usage of thermal and/or electrical and chemical energy
storage (which is limited to power-to-gas technologies in this context).
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EES EES TES P2G

TES

Electric grid operated
Electric grid connected, o
but locally optimized

Figure 1.2: Application/ storage technology matrix

Basically DES systems can be operated in order to provide grid services,
like primary control reserve. This can be found in the application/technol-
ogy matrix at “Electricity grid operated” in line 1 (see Figure 1.2). The box
below shows such an example.
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DES installations can also be grid connected, but locally optimized (see
line 2 in Figure 1.2). The benefit of such systems is a specific service for
the local consumer. In the box below you find an example for such an

application/technology combination in Japan.
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Island solutions however simply support off-grid systems by integrating
renewable energies and pprovide the match between supply and de-
mand. The example below (grey box) illustrates DES systems represent-
ing line 3 in Figure 1.2 — “Island Solutions”.
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Structure and Approach of the Annex

The Annex work is structured in Subtasks. The main question on how
much DES can contribute to the integration of renewable energies in fu-
ture energy systems is approached within Annex 28 from different sides:

* Bottom-up Approach:
Subtask 1 and 2 start from actual DES technologies and applications —
put together in “configurations” — and document the technological and
economic state-of-the-art.

* Top-down Approach:

Subtask 3 derives general trends and dependencies for different DES
technologies from the modelling of national scenarios.

In Subtask 4 the state-of-the-art of smart grids in connection with DES
was explored.

Subtasks
Sub-Task 1 Sub-Task 2
Distributed Energy Economic Analysis &
Storage Solutions Business Cases
Leader: The Netherlands Leader: Sweden

Sub-Task 3

Potential of Distributed Storage Solutions for the
Integration of Renewable Energies
Leader: Denmark

Sub-Task 4

Control Requirements for Distributed Energy Storages
Leader: Germany
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Subtask 1: “Storage Solutions for the Integration of Renewable Energies”

Goal of this subtask is to outline the variety and possibilities of dis-
tributed energy storage technologies.

A three step approach covering the definition, description and characte-
rization of DES systems was proposed.

Overview of DES systems:
Systems commercially available & Systems under development

Previously defined classification structure for DES within their application
(Source — DES — Consumer) will be called “configurations”.

Basic system description, including number of systems in operation,
detailed technology description, including working principle and Tech-
nology Readiness Level (TRL).

Subtask 2: “Economic Analysis & Business Cases”

Goal of this subtask is to show possible business cases and their
dependencies on the actual economic conditions.

This Subtask will focus on actual examples of distributed energy storage
systems. It will cover real applications which are operated due to
economic reasons as well as demonstration plants, which will be able
to be operated in the future in an economical way.

The work plan of Subtask 2 comprises the following activities:

* Atechno-economic analysis of demonstration projects and commer-
cial installation of DES systems

» Listing of possible business cases for DES configurations following
the findings of subtask 1

Subtask 3: “Potential of Distributed Storage Solutions for the Integration
of Renewable Energies”

Goal of this subtask is to identify trends of potential DES technologies
applications within a national energy scenario. The simulations will be
performed based on a model of the German energy system. Variations
of the parameters will give information about the impact of the different
storage solutions.

The workplan of Subtask 3 comprises the following activities:

* Estimation of feasible total storage capacity within certain boundary
conditions.

* Technical potential indicated by surplus RE reduction.
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« Economic potential indicated by socio-economic cost of the total
energy system.

* Results should indicate most relevant storages to promote in the
given context.

Subtask 4: “Control Requirements for Distributed Energy Storages”

Important for the successful operation of distributed energy storage so-
lutions are intelligent operation and control mechanisms. This could
be realized by e.g. Smart Grid installations. Existing Smart Grid tech-
nologies and future R&D demand should be identified.

* Collecting the state-of-the-art in Smart Grid solutions
1.6 General Remarks
* “DES only to evaluate within an actual application”

The most important assumption for the work reported here is the fact,
that distributed energy storage systems can only be evaluated within an
actual application. It is not sufficient to calculate general storage capacity
demands (e.g. “...we might need x TWh storage capacity by the year
2015”). It is necessary to identify the real operation conditions — technical
and economic — given by the actual application. The requirements for an
energy storage technology described by the application can go from stor-
age cycle numbers over required power output (or input) or storage ca-
pacity to remuneration of the actual benefit.

This is the motivation for the Subtask 1 approach to look at DES embed-
ded in “configurations2 only.

» Increasing relevance of the topic (Publications)
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Since this Annex has started the number of publications in this field has
increased immensely. The topic has also climbed up the ladder of im-
portance in the public and political discussion.
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1.7 Meetings and Participating Countries and TCPs

2007
2009

2011
2013
2015

Eight experts meetings and workshops were held. Every second meeting
was scheduled in Paris at the IEA. To the Paris meeting relevant TCPs

were invited.

The table below gives an overview of the Annex 28 expert meetings and

workshops.
Nr  Location Country Date Participants
1 Bad Tolz Germany April 10-11 2014 27
2 Paris France October 28-29 2014 28
3 Arnhem The Netherlands  April 29-30 2015 20
4 Paris France October 22-23 2015 21
5 Stockholm Sweden April 27-29 2016 19
6 Paris France October 20-21 2016 13
7 Copenhagen  Denmark April 26/27 2017 13
8 Bad Tolz Germany October 24-26 2017 12

Active Countries (Subtask leaders):

«  Denmark
+ Germany
*  Sweden

* The Netherlands
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Participating Countries:

* Austria

* Belgium

+ Canada

* Denmark
* France

+ Germany
* lreland

* Republic of Korea
* The Netherlands

* Norway

+ Spain

* Sweden

* Switzerland
*  Turkey

* United Kingdom

Participating TCPs:

« ECES
« EBC
+ DSM
« H2IA
« DHC
* SIR
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2 Subtask 1 — Energy systems with DES

21 Introduction

The potential role of Distributed Energy Storage (DES) for the implemen-
tation of renewables has been introduced in Chapter 0. It will be clear
that a storage technology always needs to be included in an energy sys-
tem in order to be useful.

The goals of Subtask 1 are:

* To prepare an overview of DES system configurations. A DES sys-
tem configuration includes, apart from the energy storage, an energy
source and an energy consumer. This overview should include configu-
rations that are commercially available (TRL > 9) as well as configura-
tions under development (TRL < 9).

+ To prepare DES system configuration descriptions, including an es-
timate of the number of systems in operation.

Subtask 1 is not dealing with detailed descriptions of specific energy sto-

rage technologies. These descriptions have been made in the past by
various institutions and will be referred to where appropriate.
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2.2  Definition of DES system configurations

A DES system configuration consists of an energy source, an energy
user, as well as a DES technology with an application in the system. The
DES system configuration can be electric grid connected for supply of
additional energy or to return surplus energy to the grid. The DES system
configuration can also operate as an island system, i.e. without grid con-
nection.

In this report, DES system configurations will be illustrated by in-
fographics. An example of an infographic for a DES system configuration
is shown in Figure 2.1. The general lay-out is as following:
e Upper left corner: the energy source, in this example consisting of
solar PV panels as electricity source
e Top center: the energy user, in this case a single family house as
electricity consumer
e Bottom center: the distributed enrgy storage, in this example a
battery.
e Upper right corner: status of the DES system configuration with
respect to grid connection. In this example the house has a con-
nection to the electric grid.

%— A —

Solar PV / _ Single home Grid

Battery

Figure 2.1: PV-Single home-Battery-Grid connected

Quite often, and also in this example, there are several DES technologies
that might fulfill the same role in this system configuration, now or in the
future. The DES technology (or technologies) that is most common (has
the highest TRL) in a given system configuration is referred to as DES
technology-1 later on in this report. An alternative DES technology (or
technologies) that might fulfill the same role in the system configuration
is referred to as DES technology-2 and typically is a DES technology in
the RD&D stage (lower TRL). In general, the RD&D for DES technology-
2 is aimed at eliminating one or more of the disadvantages of the pres-
ently applied DES technology-1, like high investment cost, low energy
density (thus large weight and volume), low storage efficiency, etc.
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Overview of DES system configurations

Introduction

In this report the DES system configurations that are in operation and/or
presented in literature, are subdivided by market application, like hous-
ing, commercial/institutional buildings, etc. The rationale for this subdivi-
sion is that:

a) The various market applications have a different load profile and
annual energy demand, resulting in different DES solutions.

b) DES technologies that are applied in larger scale projects, might
not be feasible or technically suitable for small scale applications.

c) The decision making process is not the same for all market appli-
cations, resulting in different deployment barriers.

The subdivision by market application is given in following paragraphs.
For each market application the DES system configuration are summa-
rized in a table and an example project is included. The tables contain
the following information:

1. Configuration code. This code is used to order the various DES
system configurations and for reference purposes.

2. Matrix position. This is the position of the DES system configu-
ration in the matrix that was developed to classify the DES tech-
nologies with respect to the level of electric grid integration, see
Figure 1.2. This results in DES system configurations that look
similar but differ with respect to the level of electric grid integration
(e.g. grid connected versus grid operated) and as a consequence
might differ with respect to technology readiness level.
Remark: The matrix position of a DES system configuration refers
to the level of electric grid integration. This implies that thermal
DES system configurations with a very low electricity consumption
(pumps, controls, etc.) are island systems from the electric grid
perspective.

3. TRL. The TRL refers to the DES system configuration with the
DES technology-1, so not to the storage technology only. DES
system configurations that are commercially available already, are
indicated by a TRL >9 (TRL=9 refers to "Actual technology proven
through successful deployment in an operational setting").
Remark: There are several quite similar definitions of the Tech-
nology Readiness Level. The definition of Public Works and Gov-
ernment Services Canada, Office of Small and Medium Enter-
prises (2011-08-12) is used here.

4. DES system configuration. Each DES system configuration is
described by the energy source, the application of the energy in
the system, as well as the DES technology. The DES technology
(or technologies) that is most common in the given system config-
uration is referred to as DES technology-1. An alternative DES
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technology (or technologies) might fulfill the same role in the sys-
tem configuration and is referred to as DES technology-2. The lat-
ter typically is a DES technology in the RD&D stage (lower TRL).
In general, the RD&D for DES technology-2 is aimed at eliminat-
ing one or more of the disadvantages of the presently applied DES
technology-1, like high investment cost, low energy density (thus
large weight and volume), low storage efficiency, etc.

2.3.2 Residential DES system configurations-single house

In this group of DES system configurations a single family home is the
energy consumer. Both the electricity and thermal demand are relatively
small.

Table 2.1 gives a summary of the DES system configurations that are in
operation and/or presented in literature. The configurations H1 and H2
only differ with respect to the level of electric grid integration. H3 is a DES
system configuration where electric energy from the grid is stored in bat-
teries of individual houses, but fully grid operated (one of the smart grid
storage solutions). A more detailed description of each configuration is
included in the Appendix.

Table 2.1: Residential DES system configurations-single house

Config. [Matrix |TRL DES system configuration

code position Energy source |App|ication |DES technology-1 DES technology-2
Residential DES system configurations-single house

H1 2-A >9 |Solar PV or wind Electric consumption Li-ion or lead-acid battery

H2 3-A >9 [Solar PV and/or wind Electric consumption Li-ion or lead-acid battery

H3 1-A 8 |Electric grid Electric consumption Li-ion or lead-acid battery

H4 1-C >9 |Electric grid DHW Hot water tank

H5 3-C 1 >9 |[solar thermal DHW Hot water tank

H6 2-C >9 |Heat pump-ambient Space heating and/or cooling |Building mass PCM increased building mass

H7 2-C >9 |Heat pump-ambient Space heating and/or cooling |Water tank PCM or thermo-chemical

H8 1-C 8 |Heat pump-ambient Space heating and/or cooling |Water tank PCM or thermo-chemical

H9 2-C >9 |Electric grid Fridge PCM

H10 1-C 8 |Electric grid Fridge PCM

Example: house in remote area, PV, not grid connected.

Solar PV \ Single home \ Grid

s

Battery
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Single Home Matrix-Classification 3-A, Config. Code H2

PV-Battery Off-Grid (Island-System)

OstpreufRenhitte, Austria

Completely grid-independent energy supply for remote areas

Technology Sta- Widespread use
tus

Storage Capac- 38.4 kWh
ity

Electrical Power 0.1 - 10 kW N —
Alpine System

An island system is used to provide electricity in areas without grid connec-
tion. By combining a PV-system and a battery, it is possible to avoid all the
issues with the conventional diesel generators, such as constant need for re-
fueling and the environmental pollution and instead provide cheap and re-
liable electricity around the clock.

Links
https://en.sma-sunny.com/en/worlds-first-three-phase-off-grid-system-with-li-
thium-ion-battery-supplies-power-to-alpine-cabins/

2.3.3 Residential DES system configurations-housing development

In this group of DES system configurations a multi-family house (apart-
ment building) or a housing development is the energy consumer. Both
the electricity and thermal demand are 1-3 orders of magnitude larger
than those for a single house.

Table 2.2 gives a summary of the DES system configurations that are in
operation and/or presented in literature. In the configurations HD6 and
HD8 the scale of a housing development enables the application of sea-
sonal underground thermal energy storage, which is not technically fea-
sible for a single house. A more detailed description of each configuration
is included in the Appendix.
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Table 2.2:

HD1 2-A
HD2 3-A
HD3 1-A
HD4 3-C 1
HD5 1C
HD6 3-C 1
HD7 2C
HDS 2-C
HD9 2-C
HD10  |1C
HD11  [3-C 1
HD12 |3
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Residential DES system configurations-housing development

>9
>9
8

>9
>9
>9
>9
>9
>9
8

>9
>9

Residential DES system col

Solar PV and/or wind

Solar PV and/or wind

Electric grid

Solar thermal

Electric grid

Solar thermal

Heat pump-amb. (centralized)
Heat pump-amb. (centralized)
Chiller (de-centr. and centr.)
Chiller (de-centr. and centr.)
Biomass boiler

Biomass/-fuel

figurations-housing development (DH&C)/apartment building

Electric consumption

Electric consumption

Electric consumption

DHW (centralized)

DHW (centralized)

Space heating

Space heating and/or cooling
Space heating and/or cooling
Space cooling

Space cooling

Space heating and DHW

CHP

Li-ion or lead-acid battery
Li-ion or lead-acid battery
Li-ion or lead-acid battery

Hot water tank

Hot water tank

UTES/water tank or pit storage
Building mass

UTES/water tank or pit storage
PCM: ice storage

PCM: ice storage

Hot water tank

Hot water tank

Redox flow battery, HT battery
Redox flow battery, HT battery
Redox flow battery, HT battery
PCM or thermo-chemical
PCM or thermo-chemical

PCM increased building mass

PCM, thermo-chemical, mine water
Thermo-chemical storage
Thermo-chemical storage

PCM or thermo-chemical

Example: housing development with centralized solar heating system.
Remark: The electricity consumption for this thermal DES system config-
uration is very low (pumps, controls, etc.). Therefore, from the electric
grid perspective, this is an island system.

\ Solar thermal J

= —

ential
area 4

" S %‘/ﬁ\ -

Underground Thermal
\_ Energy Storage /
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2.3.4 Commercial/institutional DES system configurations-single building

In this group of DES system configurations a single building is the energy
consumer. This can be a commercial or an institutional building, but not
a residential building.

Table 2.3 gives a summary of the DES system configurations that are in
operation and/or presented in literature. A more detailed description of
each configuration is included in the Appendix.

Table 2.3: Commercial/institutional DES system configurations-single

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report

Config. |Matrix |TRL DES system ation

code position Energy source lication IDES technology-1 DES technology-2
Commercial/institutional DES system configurations-single building

B1 2-A >9 [Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow battery, HT battery

B2 3-A >9 [Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow battery, HT battery

B3 1-A 8 |Electric grid Electric consumption Li-ion or lead-acid battery Redox flow battery, HT battery

B4 3-C 1 >9 |solar thermal DHW Hot water tank

B5 1-C >9 |Electric grid DHW Hot water tank

B6 3-C 1 >9 [solar thermal Space heating UTES/water tank or pit storage

B7 2-C >9 [Heat pump-ambient Space heating and/or cooling [Building mass PCM increased building mass

B8 2-C >9 [Heat pump-ambient Space heating and/or cooling |UTES/water tank or pit storage PCM or thermo-chemical

B9 2-C >9 |Electric grid-Chiller Space cooling PCM: ice storage Thermo-chemical storage

B10 1-C 8 |Electric grid-Chiller Space cooling PCM: ice storage Thermo-chemical storage

B11 3-C 1 >9 [Biomass boiler Space heating and DHW Hot water tank
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Example: stand alone building, PV, not grid connected.

o -

<
\J / 5
Comm. / inst.

Solar PV building
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2.3.5 Commercial/institutional DES system configurations-multiple buildings

In this group of DES system configurations multiple buildings are con-
nected to a local electric grid and/or thermal distribution network (e.g. a
campus with a CHP plant and a distribution network for heating and cool-
ing). This local electric grid and/or DH&C network (with the buildings con-
nectd to it), is the energy consumer in the DES system configuration. In
case of a mixed development, also residential buildings will be connected
to the local electric grid and/or DH&C network. The peak loads for the
grid or network will be significantly lower than the sum of the peak loads
of the individual buildings, as a result of load diversity.

Table 2.4 gives a summary of the DES system configurations that are in
operation and/or presented in literature. The scale of a multiple building
project enables the application of more than one DES system configura-
tion, several renewable energy sources and several storage technolo-
gies as compared to a single building or even a housing development. A
more detailed description of each configuration is included in the Appen-
dix.

Table 2.4: Commercial/institutional DES system configurations-multiple

buildings

Config. |Matrix |TRL DES system configuration

code position Energy source |Applioation |DES technology-1 DES technology-2
Commercial/institutional DES system configurations-mixed development/campus (DH&C)

BD1 2-A >9 |Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|

BD2 3-A 8 |Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|

BD3 1-A >9 |Electric grid Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|

BD4 2-A 8 |Hydropower Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|

BD5 3-A 8 |Hydropower Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|

BD6 2-C >9 |Heat pumps-ambient Space heating and/or cooling |UTES/water tank or pit storage PCM, thermo-chemical, mine water

BD7 3-C >9 |Biomass boilers Space heating Hot water tank

BD8 3-C >9 |[Solar thermal Space heating UTES/water tank or pit storage Mine water

BD9 3-C 8 |Geothermal-low enthalpy Space heating UTES or pit storage Mine water

BD10 2-D 8 |Solar PV and/or wind Electric consumption H2 and fuel cell

BD11 3-D 8 |[Solar PV and/or wind Electric consumption H2 and fuel cell

BD12 1-D >9 |Electric grid Electric consumption H2 and fuel cell

BD13 2-D >9 |Biomass/-fuel CHP Gas storage and/or hot water tank|PCM or thermo-chemical

BD14 3-D 8 Biomass/-fuel CHP Gas storage and/or hot water tank|PCM or thermo-chemical

BD15 2-D 8 |Hydropower Electric consumption H2 and fuel cell

BD16 3-D 8 |Hydropower Electric consumption H2 and fuel cell

BD17 2-A >9 |Electric grid Electric consumption Flywheel

Examgle' Mixed development, DH&C with heat pumps and surface wa-

E—

\ Surface water /

o

L

M\xed
develnpmenl

LTS - UTES
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2.3.6 Industrial DES system configurations-single industry

In this group of DES system configurations a single industrial building,
like a factory, a laboratory, a warehouse or an agricultural building, is the
energy consumer.

Table 2.5 gives a summary of the DES system configurations that are in
operation and/or presented in literature. A more detailed description of
each configuration is included in the Appendix.

Table 2.5: Industrial DES system configurations-single industry

Config. |Matrix |TRL DES system ation

code position Energy source Application DES technology-1 DES technology-2

11 2-A >9 [Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
12 3-A >9 [Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
13 1-A 8 |Electric grid Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
14 2-C >9 [Heat pumps-ambient Greenhouse climatization UTES or pit storage Mine water

15 3-C 1 >9 [Biomass boiler Space or process heat LT Water tank PCM, thermo-chemical

16 3-C 1 7 |[Geothermal-low enthalpy Greenhouse heating UTES or pit storage Mine water

17 3-C 1 >9 [Ambient air or surface water |Process cooling UTES or pit storage Mine water

18 3-C 1 8 |solar thermal-HT Process heat-HT Molten salt or solid material

19 3-C 8 |Biomass boiler Process heat-HT Molten salt or solid material

110 2-C 8 |Electric grid Warehouse refrigeration Stored products PCM

111 2-D 9 |Solar PV and wind Electric consumption H2 and fuel cell

112 3-D 8 |Solar PV and wind Electric consumption H2 and fuel cell

113 1-D 8 |Electric grid Electric consumption H2 and fuel cell
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Example: Greenhouse climatization using solar irradiation and heat
pumps, grid connected.

/'...
"tﬁn

Solar thermal

it Askakt

Greenhouse

1
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2.3.7 Industrial DES system configurations-industrial area

In this group of DES system configurations multiple factories and/or in-
dustrial buildings are connected to a local electric grid and/or thermal
distribution network. This local electric grid and/or DH&C network with
the buildings connected to it, is the energy consumer in the DES system
configuration. The peak loads for the grid or network will be significantly
lower than the sum of the peak loads of the individual industrial buildings,
as a result of load diversity.

Table 2.6 gives a summary of the DES system configurations that are in
operation and/or presented in literature. The scale of an industrial area
enables the application of more than one DES system configuration,
more renewable energy sources and more storage technologies than the
scale of a single industrial building. A more detailed description of each
configuration is included in the Appendix.

Table 2.6: Industrial DES system configurations-industrial area

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report

Config. [Matrix |TRL DES system configuration
code position Energy source |App|ication | DES technology-1 DES technology-2
Industrial DES system configurations-industrial area (DH&C)
IA1 2-A >9 [Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
1A2 3-A 8 |Solar PV and/or wind Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
1A3 1-A >9 [Electric grid Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
1A4 2-A Hydropower Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
IAS 3-A Hydropower Electric consumption Li-ion or lead-acid battery Redox flow or HT battery, CAES, PHS|
I1A6 2-C >9 [Heat pumps-ambient Greenhouse climatization UTES or pit storage Mine water
IA7 3-C 9 |Biomass boilers Greenhouse/space heating  |Water tank PCM, thermo-chemical
1A8 3-C Geothermal-low enthalpy Greenhouse/space heating  |UTES or pit storage Mine water
1A9 3-C 9 |Ambient air or surface water |Process cooling UTES or pit storage Mine water
IA10 2-D Solar PV and wind Electric consumption H2 and fuel cell
1A11 3-D Solar PV and wind Electric consumption H2 and fuel cell
1A12 1-D Electric grid Electric consumption H2 and fuel cell
1A13 2-D 9 |Hydropower Electric consumption H2 and fuel cell CAES,PHS
1A14 3-D 8 |Hydropower Electric consumption H2 and fuel cell CAES,PHS
1A15 2-D >9 |Biomass CHP Gas storage
IA16 3-D 9 Biomass CHP Gas storage

Example: Industrial area, using surplus wind for power to hydrogen, hy-
drogen storage.

R B «"'.. — 7
Tl —
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2.3.8 Mobility DES system configurations

In this group of DES system configurations means of transportation for
people, animals and freight and/or the energy supply infrastructure is the
energy consumer. So, this can be a private bike, car or boat, but also a
commercial bus, truck, train, ship or plane, as well as the infrastructure
to provide energy to these means of transportation.

Table 2.7 gives a summary of the DES system configurations that are in

operation and/or presented in literature. A more detailed description of
each configuration is included in the Appendix.
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Config. |Matrix |TRL DES system configuration
code position Energy source |Application |DES technology-1 DES technology-2

Mobility DES system configurations
T1 2-A >9 |Electric grid Bike Li-ion battery
T2 1-A 7  |Electric grid Bike Li-ion battery
T3 2-A >9 |Electric grid Car, truck, bus Li-ion or lead-acid battery CAES, FES
T4 1-A 9 Electric grid Car, truck, bus Li-ion or lead-acid battery CAES, FES
T5 2-A 9  |Electric grid Train Li-ion or lead-acid battery Redox flow battery, HT battery, FES
T6 2-A >9 |Electric grid Ship Li-ion or lead-acid battery Redox flow battery, HT battery
T7 3-D 9 |Electric grid Ship H2 and fuel cell
T8 3-D 7  |Electric grid Airplane H2 and fuel cell
T9 3-D >9 |Electric grid Car, truck, bus H2 and fuel cell
T10 3-D >9 |Biomass Car, truck, bus Gas tank
T11 2-A >9 |Electric grid Charging station Li-ion or lead-acid battery Redox flow battery, HT battery
T12 2-A >9 |[Solar PV Charging station Li-ion or lead-acid battery Redox flow battery, HT battery
T13 3-A 9 |Solar PV Charging station Li-ion or lead-acid battery Redox flow battery, HT battery
T14 2-A 9  |Electric grid Railway Fly-wheel

Example: charging station, PV, not grid connected.

— ya <
«‘/ A
\ Solar PV ) \ i i ‘
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Mobility Matrix-Classification 3-A, Conf. Code T12

PV-Battery Off-Grid

Zero Emission Urban Bus System Munster, Germany

Fast charging station for public buses

Technology Validation
Status

Storage Capac- 112 kWheg
ity

Power 55 kWe

Charging yprocedure

The ZeEUS project is aimed at testing innovative electric bus technologies
with different charging infrastructure solutions in ten demonstration sites
across Europe. Thanks to varied geographical and topographical characteris-
tics, the ZeEUS demonstrations validate economic, environmental and socie-
tal viability of the electric solutions. At the bus depot in Munster, fast charging
is provided by a solar PV and battery storage system.

Links

e http://zeeus.eu//

o http://zeeus.eu/uploads/newspapers/documents/die-elektro-
busse-sind-da-munster-von-aa-bis-zoo.pdf

2.4 Conclusions

From the assessment of the energy system configurations with distrib-
uted energy storage the following might be concluded.

e The number of energy systems enabling the application of distrib-
uted energy storage is large: more than 90 DES system configu-
rations have been identified.

e Most of these DES system configurations are commercially avail-
able or in the demonstration stage (technology readiness level
TRL 29).

e For larger scale projects, like mixed developments or industrial
areas, a combination of several DES system configurations is ap-
plied sometimes.

e Several storage technologies might serve the same purpose in a
DES system configuration. The choice of the optimum storage
technology will depend of system characteristics and local condi-
tions.
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For most storage technologies applied today in DES system con-
figurations, alternatives with improved characteristics are under
development (these alternative storage technologies have a TRL
<8).

The number of system configurations including electric energy
storage is about 40% of the total number of system configurations
identified, and about equal to the number of configurations with
thermal energy storage. The remaining 20% of the system config-
uations include gas storage (mainly Hz ). This is contrary to the
general opinion that energy storage is equivalent with electric en-
ergy storage.

Almost all DES system configurations in operation today are lo-
cally optimized, not grid operated (optimized). Grid operation of
DES systems is expected to provide additional system ad-
vantages (grid services). More R&D with respect to this topic is
advised in order to quantify the additional advantages, both for
electric and thermal grids.
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3  Subtask 2 - Economic Analysis & Business Cases

3.1 Introduction to Business Cases for Distributed Energy Storage

The vision of Distributed Energy Storage (DES), of various technology
and size, as enabler for implementing large shares of renewable energy
in our energy system (local, regional, and global) is firmly put forward by
the ECES Annex 28 DESIRE. In Subtask 2, a careful examination of ex-
isting business cases has been at the center of attention to: a) bring to
attention cost-benefits for various actors, as well as values from a func-
tional point of view, and b) exemplify lessons learned from existing pro-
jects and installations. The results of this subtask 2 work are presented
below.

In addition, the subtask has also been able to compile descriptions of a
number of business cases related to DES. Some of them are described
further below, whereas a full summary is given in the Appendix.

3.2 DES for Heating

3.2.1 Powerto

Space heating represents more than 40% of the total energy use in
households while hot water heating accounts for less than 20% total en-
ergy use [US EIA, 2015]. However, due to short bursts of hot water use
(e.g. showers), instantaneous peak thermal power load for hot water is
much higher than that for space heating. Distributed storage that levels
out the peak thermal power demand through load shifting and peak shav-
ing may alleviate grid instability and hence strengthen the network. Dis-
tributed load-levelling measures, such as DES, will aid in implementing
large shares of fluctuating renewable energy in the system. Also, sea-
sonal storage is fundamental for the increased use of solar heat in the
energy mix providing comfort heat, since summer heat can be stored for
winter use. This sub-chapter discusses such concepts further, underlin-
ing commercially available storage solutions.

Heat — P2H

The increased share of electricity generated from fluctuating renewable
energy sources, like wind and solar-PV, requires storage for balancing.
Especially the problems of excess power in the system will be large in
the future, since base-load (namely “fossil fuel’- and nuclear-based) gen-
eration cannot ramp down sufficiently fast in response to excess power
in the grid [Martin, 2016]. Depending on the duration, and quantity, ex-
cess electricity may be stored via e.g. batteries, pumped hydro, com-
pressed air energy storage (CAES), and so on. However, when linking
to a district energy system the concept of power-to-heat (P2H) is espe-
cially promising. One motivating factor is the significantly lower cost of
TES, as compared to e.g. batteries: order of 1$/kWh for large-scale TES
compared to well over $100/kWh for batteries [Zart, 2017]. The concept
of P2H is attracting growing interest in Europe, especially in Germany
and Denmark, as recently reviewed by Schweiger et al [2017].

For Germany, Bottger et al [2016] considered the technical potential for
P2H in DH systems. Restrictions, as compared to a theoretical potential
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of all DH demand, were put to only consider the surplus electricity (also
referred to as “negative residual load”) as it coincides with DH demand,
in an hourly simulation. Then, around 40% of the surplus occurring could
be used in P2H. For 2030 projections, this amounted to 21 GWel, and
for 2015 just under 6 GWel. With no doubt, if storage would have been
taken into consideration, the amount would be larger. Most DH networks
have central storages already in place, and if there are incentives
enough, could install additional capacity.

In Sweden, P2H has yet to be established and therefore, the technoeco-
nomical potential for P2H in the Swedish DH system was examined
[Schweiger et al, 2017]. For storage, they assumed that all DH networks
accommodate a hot water accumulator equivalent to 25% of its mean
daily demand, according to said “best practise” in today’s networks. Also,
this number was increased to 250% of the mean daily demand, to really
assess the opportunities for P2H. Three electricity scenarios were com-
pared: a) a conservative case where the present nuclear power is re-
placed by new, and wind and solar are not growing that much; b) a high
wind scenario, where nuclear power is phased out and solar-PV still is
only used to a small extent; and c) a high-wind-high-solar scenario where
both wind and solar-PV increase a lot compared to today. With electric
boilers to generate the heat, the potential was found to vary between 0.2
and 8.6 TWhl/year, depending on primarily the amount of renewable elec-
tricity generated. The higher number corresponds to 60+ % of wind and
solar-PV. Access to TES, and the amount of waste incineration and/or
industrial surplus heat available in the system were other important fac-
tors. Waste incineration, and industrial surplus heat (presently available
at very low marginal cost, but with low flexibility) was in this study NOT
available to be met by P2H. This indicates a sound approach to as-
sessing technical feasibility.

A final example study presented herein explores Finland. The combina-
tion of combined heat and power (CHP), DH and P2H via TES has been
analysed using theoretical modelling and optimisation for the Finish En-
ergy system [Rinne and Syri, 2017]. In this national-level case study, the
results showed that the optimal TES size should increase from today’s
17 GWh up to 100 GWh in order to balance wind power up to 24% of
electric power generation.

Based on the above examples, P2H is clearly of interest to regional dis-
trict systems, and is facilitated by the consideration of hot water accumu-
lators as TES. However, striving for de-centralised generation of all en-
ergy commodities (power, heat, cold ...), there is of course an opportunity
to take the concept further to de-centralised cases. In the optimum de-
sign of a 100% renewable, autonomous energy system, wind or solar-
PV electricity should at times of surplus be stored with optimal strategies,
e.g. in an optimally sized mix of batteries AND hot water accumulator if
there is a demand of electricity and heat. This will be further discussed
below, in section 3.6.

3.2.2 Seasonal TES

One important step towards increase share of renewable energy on a
global level is to bridge the gap in time and in space between available
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solar heat and/or industrial surplus heat, and the heating demand. Sea-
sonal TES systems are often used, with commercial technologies being
underground TES: primarily fields of boreholes(BTES), and aquifers
(ATES). Recently, it has been documented that 2800 ATES exist world-
wide allowing 40% to 70% energy savings as compared to no storage
scenarios [Fleuchaus, et al., 2018].

Merging technology is e.g. thermochemical storage, which has been
evaluated in many cases. The technical bottleneck on heat and mass
transfer inside the reactor, as well as economic factors still limit the wide-
spread implementation of this technology [Krese, et al., 2018].

Perhaps the most publically known commercial installation of seasonal
TES is the Drake Landing Solar Community in Alberta, Canada [Drake
Landing Solar Community, 2018]. A local heating network is servicing 52
homes with heat, of which approximately 90% is solar heat. The solar
collectors (glazed, flat plate) are installed on the garage roofs, and a
BTES is installed for storage. This BTES consist of 144 holes, 35 m deep.
The system is schematically described in Figure 3.1.

Detached garages with

Two-store
solar collectors on the roofs y

single-family homes

Solar
collector loop

Energy Centre
with short-

term thermal | || | L | D;s‘irict heac‘;ing loop
storage tanks o homet in community
<+— Borehole seasonal Y
(long-term) thermal
‘ ‘ storage

Figure 3.1: Drake Landing Solar Community — schematic Layout (taken
from [Drake Landing Solar Community, 2018])

As shown, a short term water storage (240 m3) interconnects the
seagsonal storage with the local heat network. During five years of oper-
ation (2007-2012), between 2000 and 3000 GJ/year has been injected
annually to the BTES [Sibbitt et al, 2012]. The BTES core temperature
has gradually increased and is reported to e.g. 58 °C in March 2016
[Drake Landing Solar Community, 2018]. Worth noting for this installation
is the design temperature of -31 °C.

An alternative layout of a local solar thermal heating network is that of
Attenkirchen, north of Munich, Germany. In this concept, a cylindrical
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concrete tank for stratified storage is surrounded by a borehole field
[Reuss, 2015]. A schematic is shown in Figure 3.2.

»

\}‘ District heating
\ Solar collector @

800 m’ : L Heat pump C)

Collector heat

exchanger
A
= \

@ Heat pump for
charging of the
[ﬁ] X] pitstorage

v s
| —Insulation
Combined
pit/duct storage ~Borehole heat

exchangers

Underground

Pit storage with concrete walll
500 m*

Figure 3.2: Attenkirchen local solar heating network (from [Reuss, 2015])

In this concept, the heat losses through the walls and bottom of the tank
(pit) storage are then “charged” into the borehole field and can be recov-
ered. With the tank, the system obtains flexibility in power (discharge and
charge rate) since BTES are comparably slow in heat transfer and the
power properties are limited. The concrete water storage is 500 m3, and
insulated on top with polystyrene [Reuss, 2015]. Heat pumps are inter-
grated in the system to aid in mastering the required temperatures in the
heating network.

Of equal interest to increasing the use of solar heat, is the use of indus-
trial surplus heat. At Xylem Water Solutions Manufacturing plant, in Em-
maboda Sweden, a high temperature BTES (designed for 60/40 °C tem-
perature) is installed to balance the long and short term heating and cool-
ing demand in manufacturing, without a heat pump [Andersson and Ry-
dell, 2018]. The physics of the storage is 300000 m3 in volume, based
on 140 holes drilled to 150 meters, and with a storage capacity of 3800
MWh. The BTES was taken into operation in 2010 and experiences show
that it is difficult to obtain temperatures over 50 °C, so the next actions
are to integrate a heat pump and decrease the operating temperature to
40/20 °C. Then, the thermal losses from the store will decrease, and the
cooling function of the manufacturing process will be improved.

3.3 DESfor Cooling

Comfort cooling, as well as industrial process cooling, are vital services
in a modern energy system. In fact, the cooling demand world-wide is
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growing and this growth is likely to continue in the next decades. Con-
ventional cooling technology rely on electricity, and the demand often co-
incides with the hottest hours of a day, and in seasons where heat sinks
used in power generation often get too warm for full capacity generation.
Cooling is then highly connected to an electricity system. Thinking about
levelling the cooling demand over a day, or even seasons, is thus of im-
portance in order to reach sustainability. Cold storage is a key solution
and commercial technology exists, as outlined below.

3.3.1 Ice Storage

Ice storage, for moving cold in time is nothing new. Historically, harvest-
ing ice on lakes and rivers during winter, and storing it until the summer
was a common technology. Ice blocks were shipped long distances, e.g.
from the north in the US to the Caribbean Islands. However, as refriger-
ation technology and electricity moved into the market, thinking about ice
storage became obsolete and in many cases the concept was phased
out [Weightman, 2004]. However, with increasing demand for comfort
and process cooling, the storage of cold in ice for securing cost-effective
cooling during e.g. peak hours, are again a conventional solution in many
places of the world. The reasons are: a) alleviation of peak electricity
demand — an important action for stabilizing the electricity grid; and b)
cost effectiveness — less installed chiller capacity can be used.

In Japan for example, distributed cold storage (often ice-based TES) al-
leviates about 2 GW of peak cooling demand [HPTCJ, 2018]. As depicted
in the Figure 3.3, below, the need for less installed chiller capacity is pro-
moted towards the demand side. However, incentives in terms of sup-
porting lower night-time electricity tariffs is also of interest for increasing
the amount of storage installed and maximising the peak demand reduc-
tion.

The size of installed capacity
recuired by & systerm with no
“thermal slorage” funchon

/\f‘\

—— Reduction in
Stored chilled '. installed
,n heat is used. capacity
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)
|
. Installed capacity
Erpogrfggg“% store in he case of use
chilled heat of “thermal
storage “function
22:00 18 00 220 'UCI

— Tirme period ﬁ

for cooling

Figure 3.3: The concept of utilising cold storage in air-conditioning for
peak-shifting the load (from [HPTCJ, 2018])

Today, a variety of commercial ice storage technologies exists, and it is
not the task for this report to promote any particular kind or company.
However, a few concepts are described schematically with keywords
search such as: ice storage, ice bank, ice storage installations, etc. The
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reader may carry out the search similarly to find the details on technolo-
gies. Some conceptual Ice Storage Configurations are summarized in
Figure 3.4.

Refrigerant

Water

Ice Slurry
| Tank filled with \\HeatTransfer Fluid

] : encapsulated | (—

| (balls) water/ice |/

Water

(a) (b) (c)

Figure 3.4: Examples of commercial concepts of ice storage: (a) ice-on-
coil; (b) ice-slurry; (c) encapsulated storage tank.

In the ice-on-coil configuration (Figure 3.4a), a cold carrier (refrigerant)
circulates through pipes sub-merged in a water filled tank. Ice builds di-
rectly on the coils, and the thickness of the ice layers grows as the stor-
age is charged. Figure 3.4b depicts an ice slurry storage, where small
ice crystals are dispersed in water. This concepts has some advantages
as compared to more static ice storage solutions: it provides a pumpable
storage capacity which renders flexibility in installation, and also good
power properties. However, the storage density (kWhth/m3) may be
lower than the static solutions.

A special case of “ice storage” is the snow storage installation in Sunds-
vall Central Hospital, Sweden [Nordell and Skogsberg, 2005]. This is an
“open-pond” type of storage owned and operated by the regional county
council. It is designed to hold up to 60000 m3 of snow, cleared from
roads, or, if needed, generated from artificial snow-making machines
(COPel well over 50). During above freezing temperatures, the melting
from the pile is slowed down by a 0.2 m layer of insulating wood-chips.
The melt water exchanges “cold” with the cold carrier servicing the hos-
pital. In addition to over 90% electricity savings, as compared to conven-
tional cooling, this snow storage facilitates snow-clearing in the winter,
and makes it possible to purify the snow melt water from road contami-
nants, before it is dispatched to nature. The system is schematically il-
lustrated in Figure 3.5.
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2. Oil and gravel filter

3. Pumps
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5. Heat exchanger
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Figure 3.5: Seasonal storage of snow for cooling Sundsvall regional
hospital in Sweden (from [Nordell, B., 2015])
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Hamada et al [2012] presented results from an evaluation of a snow stor-
age in Asahikawa City, Japan. Here, an existing building was renovated
to make use of an old parking floor (previously for postal delivery trucks)
as snow storage. The concept is described in Figure 3.6.
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Figure 3.6: Snow storage in renovated building, Asahikawa City,
Hokkaido, Japan (from [Hamada et al., 2012])

Results showed that over 50% of the initially stored snow was recovered
as useful cold, and the primary energy consumption was reduced by over
70% as compared to a conventional chiller system.

3.3.2 Distributed Cold Storage in District Cooling

Sweden accounts for 926 GWh of yearly district cooling delivery in 2015
with an annual average increase of 8% since year 2000 [Statistics Swe-
den, 2016]. Due to small allowable temperature differences between
supply and return, the district cooling network would reach its peak ca-
pacity during peak demand periods [Werner, 2017]. Several utility com-
panies hence have adopted the distributed cold storage operation where
the common technology is cold water stored during off-peak hours in
downstream sensible heat storage units. These are stratified cold water
storages, either above ground in tanks or underground caverns. The
stored cold thermal energy is then distributed to the users during peak
hours.

In 2010, a 45’000 m?* underground sensible heat cold water storage cav-
ern was commissioned in Hornsberg, Stockholm, Sweden, see Figure
3.7, showing the Stockholm District Cooling Network. The storage pro-
vides daily cycles where stratified cold water may be unloaded at maxi-
mum 5’000 m3/hr, the thermal power capacity is rated at 80 MWth with a
supply-return temperature difference of 14°C [Termoeknonomi AB,
2009]. The principle of the Rock Cavern Storage is described in Figure
3.7a. The utility company Stockholm Exergi AB (owned 50 % by Fortum,
and 50% by the City of Stockholm), bring forward that this particular in-
stallation leads to 30 000 tonnes/year reduced CO2 emissions [Stock-
holm Exergi, 2018 ]. An earlier installation of cold storage involves an
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aquifer underground thermal energy storage (ATES). The geographical
storage placements are shown in Figure 3.7b.
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Figure 3.7: Stockholm District Cooling System: (a) principle of the Hornsberg Rock

Cavern storage; (b) overview of network including distributed cold storage. (based on
[Stockholm Exergi, 2018])
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The rock cavern storage was a new installation as it was blasted into the
underground rock. The “innovation” needed for this concept was spe-
cially designed diffusers for distributing the in- and out-flow during oper-
ation. Maintaining stratification of water, with a temperature difference of
only 10-15 °C is a challenge.

It is also possible to use existing caverns, like in a recently reported pre-
study presented by Chiu et al [2018]. In 2017 an abandoned oil cavern
of the size 28’000 m? in Sundbyberg, Stockholm, Sweden was evaluated
as a potential cold water storage for use in alleviating district cooling net-
work peak load [Chiu et al, 2018]. Its placement, in relation to the utility
is rather central, as depicted in Figure 3.8.

At any rate, the concept could just as well be de-centralised in a larger
district cooling system — it all depends on the location of the existing cav-
ern. Through numerical modelling, an assessment showed promising re-
sults demonstrating thermal cline zone of maximum 1 meter at 1800
ms/hr. For a supply-return temperature difference of 10°C, this storage
may provide a maximum rating of 20 MWth. Again, one of the challenges
with this cold storage is to maintain a thermocline and good stratification
in the cold storage, even though the temperature difference during oper-

Figure 3.8: Potential cold storage in existing Rock Cavern, Sundbyberg,
Sweden.

ation is less than 10 °C. Through a careful design of the inlet and outlet
diffusion system in the storage, this is possible to achieve. Exemplifying
results are shown in Figure 3.9.

No decision on an actual installation has been made at the present time,
as practical installation considerations, like how to best make the instal-
lation in this water filled (with oil residual settled) cavern.

A new Swedish project on distributed cold storages also started in May
2018. This is a collaboration between KTH, RISE, Profu, and NorrEnergi
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AB. The project is mediated by Energiforsk! and is co-funded by the
Swedish Energy Agency, within the TERMO program as part of the pro-
ject "Thermal energy storage - the solution for a flexible energy system".
This distributed cold storage project will investigate how integrating vari-
ous cold storages into the district cooling networks can contribute to con-
sistent and efficient cold production that maximizes the proportion of nat-
ural cooling in the system, while securing quality delivery of cold. This
particular project will continue to collaborate with, to DESIRE, IEA ECES
follow-up annexes.

i

Figure 3.9: Thermocline depths during charging (top) and discharging
(bottom) cycles [Chiu et al, 2018].

Energy Flexible Buildings

Picking up on one important concept of DES, the IEA EBC Annex 67 is
presently investigating the concept of energy flexible buildings (EFB),
and their ability to alleviate a part of the forecasted problem with large
scale implementation of renewables [Jensen et al., 2017]. To illustrate
EFB, one example to contemplate was presented, which is here re-illus-
trated in Figure 3.10. This figure shows how adding load (electrical de-
mand) in an existing system brings the peak load beyond the maximum
possible, despite using “green technology” like heat pumps (approxi-
mately 2/3 geothermal heat) and electric vehicles (EV) (Figure 3.10a).
However, buildings carry a certain thermal mass that cost-effectively can
be used as “storage of heat” (and cold) — here, by pre-heating the build-
ing excessively (within an allowed comfort range) before the peak hours
(approx. 17:00-20:00 hrs), letting the building “free-float” through peak
hours, and then provide additional heat immediately after (Figure
3.10b).Also, the EV-charging must be controlled (ICT emphasized) to

I www.energiforsk.se
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keep the power demand below the maximum allowed, to avoid the instal-
lation of additional voltage capacity in existing systems.

In the scope of the this IEA EBC Annex 67, the potential of such building
flexibility, along with controlling the flexibility without loss of comfort, is at
the heart of the work plan. In their latest newsletter [[EA EBC Annex 67,
2018], among other things the stakeholders’ perspective was high-
lighted, since to fully capture the value of EFB, there is a need for a num-
ber of changes:

e Energy retailers must adapt their business models
e Occupants must be willing to change their behaviour

¢ And relations among actors will need to change towards increased
collaboration

A readiness for EFB adoption is, according to stakeholder perspectives,
given by factors such as:

e For buildings:

Automation

Flexible devices

Distributed energy resources
Refurbishment

Comfort

Return of investment

0O O O O O O

e For grid and market:

Grid condition
Market requirements
Real-time price
Tariffs and tax

o O O O

e Along with an effective two-way communication between building
and grid
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A number of ongoing projects related to EFB were also discussed, and
they are summarized in Table 3.1, below.
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Figure 3.10: Example of introducing heat pump and electric vehicle in existing voltage
outlet/feeder: (a) through un-planned installation, the peak load is increased beyond

the existing voltage feeder; (b) with excessive heating of the building, before the peak
hou

Hour of Day
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Table 3.1: Examples of projects related to Energy Flexible Buildings

Project Acro-
nym/Name

Essence of Scope

Project website

ForEVER/ Flexibility
potential of building
technology in electri-
cal distribution net-
works (Germany)

“the flexibility potential of buildings to stabilize
the electrical distribution networks”

http://www.ebc.eonerc.rwth-

aachen.de/cms/E-ON-ERC-

EBC/Forschung/Forschung-

sprojekte2/Projekte-Urbane-
Energiesysteme/~mqly/FoR-
EVER/?lidx=1

IEA HEV Task 28
Home Grid and V2x
technologies

The use of electric storage from plug-in electric
vehicles (PEVs) demands other than powering
the vehicles.

http://www.ie-
ahev.org/tasks/home-grids-

and-v2x-technologies-task-
28/

INCITE/ Innovative
controls for renewa-
ble source integra-
tion into smart en-

“innovative solutions for the challenging work of
controlling and designing the future electrical
networks”

http://www.incite-itn.eu/

tent Energy -—Inte-
grating Household,
Utilities and Build-
ings (Denmark)

understandings from interdisciplinary research
on e.g. technical R&D along with actors’ decision
motivators and communication.

ergy systems (H2020
ITN-ETN)
InterHUB/ Intermit- | Integrating buildings to the energy system via | https://www.strategi.aau.dk/F

orskning/Tv%C3%A6rviden-
skabelige+forskningspro-

jekter/interHUB

SABINA/ SmArt BI-
directional multi eN-
ergy gAteway
(H2020)

“...develop new technology and financial models
to connect, control and actively manage genera-
tion and storage assets to exploit synergies be-
tween electrical flexibility and the thermal inertia
of buildings.”

http://sabina-project.eu/

3.5 The Electricity Bank — “Die Strombank” — and DES in the Clouds

Just as the financial institutions “banks” manage the flow of money, the
electricity bank concept (ger. Die Strombank) proposes an on-site solu-
tion for handling on-location storage in an electricity grid where distrib-
uted renewable energy is present [Thomann, 2018]. The electricity bank
consists of a district (de-centralised) battery storage placed on location
next to distributed generation (e.g. wind and solar PV) in residential com-
munities and small businesses. The local, distributed placement, helps
alleviate the central grid, and reduces transfer losses. In principle, this
concept works as a regular financial bank, with surplus electricity gener-
ated being stored, and then fed back to the local grid when needed. A
“cloud” solution connects prosumers with the storage, and helps manage
each individual electricity account. The concept is schematically de-
scribed in Figure 3.11. During the project period, the concept was tested
at a MVV Energie Site in Rheinau-Sid, Germany.

Aside from the above example, there exist many other initiatives along
the same line. For example, the EWE Group of Germany offers “a stor-
age in the cloud” (CES for Cloud Energy Storage) solution to bring to-
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gether existing storage solutions in local networks and residential instal-
lations. Similarly to “cloud computing™ , storage installations are then
managed centrally, via the cloud, and make them available in a combined
manner. The aim is for CES to optimise the utilisation of installed DES
capacity. This concept is promoted under the acronym green2store
[EWE AG, 2018]. In the sonnenCommunity [Sonnen GmbH, 2018], their
batteries are offered into a digital power sharing platform for small-scale,
decentralised renewable energy electricity plants. All members of the
sonnenCommunity are able to share their self-generated electricity, with-
out involving large utility companies. Depending on the individual mem-
ber’'s need she can feed or withdraw electricity into/from the community.

All of the above are in fact business cases for DES in Renewable Energy
systems. However, as an alternative to DES, there is of course more
centralised energy storage solutions that could come with an “economy
of scale”, but may not alleviate the grid for transmission to the same ex-
tent as the Energy Bank. One merging concept of CES, which sets a
good example of the possibilities through “economy of scale” and its op-
portunity to work with “best-for-purpose” storage technology, is the one
presented by Liu et al [2017], in this report denoted CES-Liu. In the CES-
Liu, one central energy storage facility replaces DES, as customers are
offered a “virtual Battery” via an internet interface. Simulating a case
study in Ireland, Liu et al showed that the CES-Liu-concept can provide
the same quality service as DES, but at a lower cost. The lower cost
comes from taking advantage of the fact that not all CES-users have the
same load patterns — the shared storage resources can thus be opti-
mized, including the possibility for the CES-operator to also purchase
electricity from the grid, if needed. Also, the economy of scale of storage,
as well as making use of “fit-for-purpose” storage technologies in the
central facility are important for the cost advantages of the CES-Liu. “Fit-
for-purpose” storage technologies can e.g. be a matter of using high
power density power capacitors for peak power, and flow batteries or
even CAES for high energy density and shifting large quantities of energy
in time. [Liu et al, 2017].

2 Cloud Computing is the concept of an IT strategy that enables universal access to shared pools of com-
puter resources and services, source e.g.: https://en.wikipedia.org/wiki/Cloud_computing
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In Sweden, the CODES project (financed by the Swedish Energy
Agency, the City of Orebro, and InnoEnergy), will develop and test a bat-
tery management system for distributed batteries [CODES Project,
2018]. In the demonstration phase, batteries of 10-50 kwWh will be in-
stalled in 3-6 apartments in the city of Orebro. The frequency regulation

will be evaluated.
ﬁ Data/
Energy Cloud

E
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Figure 3.11: Conceptual schematic of the Energy Bank, based on
[Thomann, 2018].

Distributed Polygeneration

So far, this report has discussed either thermal networks or electrical
grids, and only slightly touching on the fact that energy services in a sys-
tem are inter-linked. Building on the concept of CHP comes the next ge-
neration energy systems termed polygeneration. In these systems, the
complete pallet of energy services are addressed in integrated genera-
tion system. Polygeneration lends itself well to distributed generation and
is large value for implementing large renewable energy fractions in next
generation energy services [Ghaem Sigarchian, 2018]. Aside from deli-
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vering multiple energy services (e.g., electricity, heat and cold) polyge-
neration can utilize a hybrid mixture of energy resources (e.g. solar-PV,
wind and fuel-based CHP). One example layout is shown in Figure 3.12.

As shown to the right in the figure, electric, heating and cooling load are
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Figure 3.12: Conceptual schematic of a distributed (grid connected)
polygeneration system (from [Ghaem Sigarchian, 2018]).

considered using a holistic energy supply chain. There are also storage
for these three commodities. On the supply side (to the left) PV, Wind
and a CHP and or boiler is integrated for electricity and heat generation.
Cold production is done via electric and/or thermal chillers, and excess
electricity can in fact be used to generate extra cold and heat stored in
the thermal storage capacity, as well as store the excess electricity in
batteries. Depending on application conditions, an optimisation will re-
veal which units are of use in each particular case. A recent study of this
particular system concluded that batteries are seldom part of an optimal
solution putting equal weight on minimizing the fuel (for CHP/boller),
economy and environmental impact. Storage is managed through the
thermal technologies, using micro-CHP for base-load with added solar-
PV in addition [Ghaem Sigarchian, 2018].

Below, a few real installations along the same concept are discussed.
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3.6.1 Hybrid Storage Solutions — the example of a Self-Sustaining Apartment Complex
in Britten, Switzerland.

The first self-sustained (in energy — not sewage included) multi-family
(nine apartments) building was inaugurated in Britten, Switzerland, in
2016. A facade entirely covered in solar panels, sand-blastered to re-
duce glare, is the core of the electricity production, along with battery
storage. However, a power-to-hydrogen electrolyser system, hydrogen
storage, fuel cell micro-CHP, underground thermal energy storage, and
heat pumps for hot water generation are also included [Umwelt Arena,
2018]. The installation is shown in Figure 3.13.

(b)

Figure 3.13: First self-sufficient multi-family house in Britten, Switzerland: (a) the PV-
facade; (b) installing underground hot water storage. (taken from [Umwelt Arena,
2018])

Energy efficient lighting, household appliances, and an internal heating
system that transfer excess heat from the south side of the building to
the north side, are additional features. Again, a multitude of storage so-
lutions work in combine to ensure the self-suffiency: electrochemical,
chemical and thermal storage technologies designed for a variety of time
scales — hours, days and long term.

3.6.2 The Hybrid Urban Energy Storage

Introduced to the DESIRE work in 2014 [Doetsch and Grevé, 2014], the
Hybrid Urban Energy Storage (HUES) is a concept where both electricity
and heat generation is planned around central, as well as local energy
storage technologies. The vision with this concept is to realize a high
share of renewable energy by a hybrid integration of generation, and
storage technologies, to meet the demands in a city. It is depicted in Fig-
ure 3.14.
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Structure of the Urban Hybrid Energy Storage

£~ Urban Hybrid Energy storage

» Sale of storage capacity + B

Central electric power storage

» RedoXx flow battery

Decentral electric power storage

> Lithium battery

Heat storage

» CHP, heat pump, domestic hot water

Additive load

» District heating system

FlexController

» Controls all subsystems district heating

natural gas

Figure 3.14: The Hybrid Urban Energy Storage Concept (from [Doetsch, 2014])

As shown, central battery solutions (flow batteries envisioned) are com-
bined with DES (lithium ion — household size). Also, the heat flow and
networks are interconnected with thermal energy storage integrated.

In addition to “fit-for-purpose” storage, HUES also emphasizes the need
for flexible generation and flexible “customers” as well. The concept is
additionally described at www.hybrider-stadtspeicher.de.

3.7 On Policy affecting DES Business Opportunities: Regulations and Incentives

DES comes with vast opportunities to bring added value in forming a
sustainable energy system. Balancing the grid at large fractions of re-
newable electricity generation, as well as enabling secure, robust, and
cost-effective energy services are traits of integrating DES. Despite the
increasing awareness of this potential, there are still factors that hinders
implementation of keeping up with storage technology developments:
administrative barriers, limited access to grids, and excessive fees and
charges [European Commission, 2018]. From a market perspective,
DES can be employed to the extent that the new energy system with
DES comes with a lower (or equal) cost as compared to the energy sys-
tem without DES.

In its Energy Storage Roadmap, the International Energy Agency (IEA)
[2014] describes policy and economic actions of importance for large
scale deployment of energy storage. The roadmap goes over how stor-
age does not fit into existing regulations, often because the technology
provides benefits to several parts of the market, like the supply AND de-
mand side, as well as the transmission AND distribution. Of course, there
is also an inertia towards change from existing traditional supply technol-
ogies and grid management practices. A number of mechanisms and ac-
tions are recommended in this roadmap:
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e Encourage and support energy storage in off-grid and remote com-
munities

¢ Real-time pricing

e Pricing by service

e Taxation on final products, rather than energy charge into a storage.

One example of the final point is Germany, where grid fees and taxes
must be paid when the electricity is “consumed”, e.g. charged into a stor-
age. This way, the concept of P2H is not so easy to get profitable [Bottger
et al, 2014], since taxes on the heat delivered also are due.

In addition to these points, the European Association for Storage of En-
ergy (EASE) encourages market design to allow for specialised storage
operators to emerge [Schroeder Pedersen and Durand, 2014]. The Eu-
ropean Commission [2017] also high-lights the storage operators and
mechanisms supporting their activities. For example, the storage opera-
tors are described as independent from the grid operators. As such, stor-
age operators offer multiple services to grid operators, but can at the
same time interact with other market actors, e.g. in the demand side. In
other words, storage should be cost-effective in its own, with a market
value to the flexibility and system benefits through storage.

Related to assuming independent storage operators, the European Net-
work of Transmission System Operators for Electricity (ENTSO-E) wants
for the grid operators to have access to storage data, central as well as
decentralised, for system security [ENTSO-E, 2016].

In 2014, the stoRE project published their final report [stoRE, 2014], a
work that was funded by the Intelligent Energy Europe programme. The
overall aim of the project was to improve the regulatory and market
framework so as to unblock the path for large scale “electrical” storage
facilities. Key elements of the European framework that potential hinders
investment in storage were identified, and improvements proposed. For
example, stoRE identified that most country policies and directives con-
tained references to “electrical storage”, so its importance for the future
is most likely recognize. However, a definition of electrical storage, and
a framework for its operation, was missing. Then, electrical storage gets
treated as a normal generation unit in many cases. Otherwise, recom-
mendations are in line with the above. However, in addition stoRE sug-
gests that national energy storage targets for grid balancing are put in
place by 2025.

Most documented policy strategies are based on a focus on the electrical
network, renewables for electricity generation, and balancing the grid
when generating capacity becomes more fluctuating with increasing
share of solar and wind. However, as described in this chapter, DESIRE-
ST2 has brought forward the interconnectivity of energy services. Com-
mercial actions are already in place for working with thermal DES, which
also have a balancing effect on the grid. Also, many business cases with
hybrid storage solutions (here denoted “fit-for-purpose storage technol-
ogy”) are being developed presently. Thus, policy, regulation, and mar-
ket framework must focus on the thermal side, so as not to put in place
mechanisms that are biased towards one system solution over another.
For example, when it comes to P2H, Schweiger et al [2017] found that
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in Sweden waste incineration, and industrial surplus heat (presently
available at very low marginal cost, but with low flexibility) reduced the
opportunity for balancing the grid with P2H. Then, careful planning of
mechanisms, and synergies between them and the sustainability objec-
tives behind, is needed as there are presently strong ambitions to make
better use of industrial surplus heat for heating [European Commission,
2016].

Regarding the policy and regulatory framework for DES, it is worth con-
templating those examples of government supporting energy storage
summarized by the IEA [2014]. These include e.g. subsidies, direct sup-
port of demonstration projects, direct mandates to actors to include stor-
age.

California, for example, has mandated solar panels on new single-family
homes and apartment buildings built after 1st Jan, 2020 with the goal of
increasing renewable energy share on the market [California Energy
Commission, 2018]. Adoption of this mandate will help increase the
share of clean energy, reduce the electricity load on the grid as well as
push forward the implementation of distributed energy storage systems.
Such institutionally set regulations may facilitate new business opportu-
nities and can also be considered in EU regulatory framework for certain
partner countries.

Additional examples of mechanisms are summarized in Table 3.2.

Table 3.2: Government Actions in Support of Energy Storage (based on [IEA, 2014]).

projects

Country Type of Support Overview

CANADA Direct mandate Ontario ministry of energy has included energy
- _ | storage in its energy procurement process, aiming
tI;ZcI)enctrlcny market evolu for 50 MW power capacity initially. Also, the pro-
curement process for feed-in-tarriffs (RE projects >
500 kW) has been re-structured to a competitive
model where systems integrating RE with storage

can be considered.
CHINA Support of demonstration | Financial support from the central government, e.g.

for the Zhangbei 36 kWh Li-ion battery project.

EUROPEAN UN-
ION

International collaboration

Policy framework develop-
ment

Co-funding of the stoRE-project [stoRE, 2014].

projects

GERMANY Support R&D Federal government supports R&D on storage, and
. . finance a website where the public can follow the
Public information : : .
progress of these projects. Also, a direct subsidy
Direct subsidy (2013) was given to DES combined with distributed PV.
JAPAN Support of demonstration | Projects that demonstrate a time-shift of at least

10% in conjunction with RE electricity. Funds up to
75% of storage cost.

SOUTH KOREA

Support of demonstration
projects

MW-scale Li-ion battery demonstrations.

us

Direct mandate, market
evolution, price distortion

The California public utilities commission require
large utilities to invest in over 1 GW of storage by
2020. Department of energy hosts a global energy
storage database. The federal energy regulatory
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reduction, international | commission works on opening market to storage,
collaboration. allowing companies other than utilities to sell mar-
ket assisting equipment.

Real-time pricing is, as mentioned above, a desired mechanism. Here,
moving to diverse day and night rates of electricity is at least one step in
this direction, and is already proving to enable cost-effectiveness of en-
ergy storage installations since it brings a value to the time-shifting of
energy. Many commercial installations making use of this, of which ice
storage for air-conditioning possibly is the most common.

An incentive measure for encouraging night time electricity use, and the
installation of storage, can for example consist of a basic rate related to
the maximum power capacity required [KW] ; and a metered rate [KWh]
which can vary depending on the time of day, or year [Wang and Kusu-
moto, 2001], or even follow the real-time pricing.

When it comes to utilising seasonal snow storage for our society’s in-
creasing demand for cooling, Nordell [2015] raises some barriers as NOT
being the function of the storage, but rather one of the cost of land in
densely populated areas as well as permits required. In Sweden, for ex-
ample, there is a need for building permits for any type of rock-cavern,
plus an environmental analysis as to potential negative consequences.
This is a lengthy procedure to take into account.
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Matrix-Classification C2

Ice storage Alachua County Library

An ice storage cuts day-time energy demand in half, and reduces cost of electricity
with over 60%.

Technology Status Commercial

Storage Capacity  N/A (est 450 kWh)

Power 125 kW

The Alachua County Library Headquarters in Gainesville, Florida, saves on the electricity bill
thanks to an ice storage installation which is charged during nighttime, for peak power re-
duction at night. The installation was done in conjunction with upgrading of the buildings’ old
HVAC system (from 1992). With the storage, the installed chiller capacity could now be re-
duced by 20%.

Links

e http://www.calmac.com/energy-storage-installation-alachua-county-library

Based on the above examples, and also the framework mechanisms pro-
posed and reviewed herein, the next step is to carry out an in-depth study
of these mechanisms’ individual, and combined, effectiveness for sup-
porting DES business development. Such a project must include ad-
vanced energy systems modelling, best-practice exchanges among ac-
tors involved, and a business development segment. A truly multi-disci-
plinary endeavour for the benefit of capturing the value of DES.

3.8 Concluding Remarks

DES is a high potential alternative to building large transmission lines
over a large regional area, where in the early DESIRE work such trans-
mission lines were discussed to be something to avoid. [Vad Mathiesen,
2012]. Although the author did not high-light DES as an enabling solu-
tion, the work in DESIRE-Subtask 2 clearly points to DES allowing ex-
cess electricity to be better utilized locally.
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For realizing DES business, there is clearly a need for development of
new relations (between actors), new actors (e.g. cloud management),
and also new business models covering many parts of the market. Also,
the regulatory framework and national/regional energy policies must be
updated to take a holistic view on energy services — generation, distribu-
tion, and demand-side integrated.

The final conclusions from this subtask 2 are:

* There are many business possibilities, although the regulatory frame-
work must be modified to support the large-scale deployment of DES,
to harvest its many benefits across market segments.

* Therefore, there is an urgent need for multidisciplinary, and multi-
stakeholder R&D concerning the influence non-technical barriers and
regulatory framework on the business opportunities of DES.
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Subtask 3 - Potential of Distributed Storage Solutions for the

Integration of Renewable Energies

4.1

4.2

Introduction

In subtask 3 of IEA ECES Annex 28, the aim is to identify which distrib-
uted energy storage (DES) technologies could be technically and eco-
nomically beneficial for the integration of fluctuating renewable energy
sources (RES) in different types of energy systems. In the subtask, the
technical and economic potential for DES solutions is quantified, and it
is identified which DES technologies have the largest total (technical and
economic) potential. For this, different DES technologies are modelled in
the context of a whole energy system on a national scale. For compari-
son and combination with the DES technologies, energy conversion
technologies and other methods for balancing supply and demand in the
system are also included in the modelling work. A categorization of the
energy supply and demand balancing methods included in this work is
shown in Figure 4.1.

Electrical energy Thermal energy
storage storage
Power-to-heat Power-to-gas

Curtail- Elt.ectrlcal )
inter- Flexible
ment of connect- demand
wind & PV

ions

Figure 4.1: A categorization of the technologies for balancing energy
supply and demand that are included in the modelling work in subtask
3.

Methodology

The modelling of the different technologies for energy supply and de-
mand balancing is performed using a scenario-based approach. The
scenario structure is illustrated in Figure 4.2. The technologies are mod-
elled one at a time in scenarios 1-15 and as combinations in scenarios
16-19. The technologies are modelled within the settings of five different
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energy system typologies (configurations A-E). Each energy system con-
figuration has a baseline scenario (AO-EO), to which the results of the
other scenarios within the same configuration are compared. For each of
the scenarios fifteen variations are introduced, where the electricity gen-
eration from fluctuating RES (wind turbines and PV) is gradually in-
creased with each variation to investigate the performance of the tech-
nologies in integrating fluctuating RES. This approach results in 63 sce-
narios, which each exist in fifteen variations, making a total of 945 model
simulations. In addition to this, variations in the energy storage or con-
version capacity have been carried out for some scenarios, and a sensi-
tivity analysis has been carried out on some of the model input parame-
ters. The modelling has been performed using the energy system simu-
lation tool EnergyPLAN, developed by Aalborg University [EnergyPLAN
2018].

IEA ECES Annex 28 »DESIRE«, Subtask 3 Report 87



ECES Annex 28

IRE

IEA SHC Task

52 Germany Calibrated to

model 2010 Statistics
for the year
2010

Slightly modified, partly
<+—— updatedto 2015 values,
no nuclear power

v v ¥ v ¥

Baseline Island mode More di.strict More (::-Iectric More nuclear
" . . heating vehicles power
Configurations A-E —» co:gg:lri:-:‘t;on, cor:;g:lriz:‘t;on, configur.ation, conﬁgur.ation, configur.ation,
scenario scenario baselln.e basellqe baselln.e
Scenarios 1-19 (A0) (B0) sc;zg:)no sc(eg;)no sc;zEn(;no
|
A1 B1 C1 D1 E1
A2+ B2 c2 D2 E2
A6* B6 Ccé Dé E6
A8* B8 o D8 E8
A9* B9 - D9 E9
A10* B10 - D10 E10
A11* B11 - D11 E11
A12* B12 - D12 E12
A16* (AT+A15) = C16 (C5+C13)
A17 (A3+AT+A15) = C17 (C3+C5+C13)
A18* (AT+A9*+A15) - C18 (C5+C9*+C13) D18 (D7+D9*+D15)
A19 (AT+A10+A15) = C19 (C5+C10+C13)

Figure 4.2: A listing of all modelled distributed energy storage or
conversion technology scenarios (#1-19), and in which energy system
configurations (A-E) they were modelled.

The results of the scenarios have been assessed using the three indica-
tors shown in Figure 4.3. These indicators are used for quantifying the
technical and economic impact of and potential for introduction of each
technology in the energy system. The indicators are:

e The annually discharged energy. This is a measure of how well
the technology facilitates the integration of fluctuating RES by
consuming overproduction and “discharging” it (i.e. sends energy
back) to the system again in another form or at another time.
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e The reduction in the total annual CO2 emissions arising from the
operation of the energy system.

e The total annual socio-economic costs of the energy system (a
measure of how much the operation of the energy system costs
society as a whole during one year).

The scenarios are considered feasible if the introduction of the technol-
ogy lowers the CO2 emissions and total system cost and increases the
discharged energy, compared to the baseline scenario of the same en-
ergy system configuration. The potential of each technology is assessed
based on the combined performance of each technology in the three in-
dicators.

The total socio-economic energy system costs
Economy per person, per year.
(€/person/year)

The CO, emissions arising from the energy
Environment system operation per person, per year.
(ton CO,/person/year)

The “discharged energy” per year

Energy system (i.e. how much energy the storage or conversion
solution “discharges” to the energy system)
(TWh/yr)

Figure 4.3: A description of the three indicators used for quantifying and
comparing the results of the model scenarios.

4.2.1 Main Results

The results of the baseline scenarios of all configurations AO-EO are
shown in Figure 4.4. The results are shown in terms of the economic
indicator (total annual socio-economic energy system costs per person),
the environmental indicator (total annual CO2 emissions per person) and
in terms of the electricity overproduction in the system on an annual basis
(i.e. the amount of electrical energy that cannot be integrated in the en-
ergy system). The energy system indicator of “discharged energy” is not
applicable for the baseline scenarios, as they contain no DES or other
technologies for balancing energy supply and demand in the system.
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Results: Baseline scenarios A0, BO, CO, DO, EO
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Figure 4.4: The results of the simulations for the baseline scenario for
each of the energy system configurations (AO-EO). Note that the
secondary axes do not all start at zero.

In the baseline configuration (AO), which resembles Germany’s energy
system, energy supply and demand balancing measures are needed for
wind and PV generation greater than around 300 TWh/yr. The island
mode configuration (B0) has total system costs and CO2 emissions sim-
ilar to AO, but a greater need for energy supply and demand balancing.
The introduction of more district heating (C0) lowers both the total system
costs and the CO2 emissions without introducing more need for energy
supply and demand balancing, compared with the baseline configuration
(A0). The introduction of electric vehicles (DO) together with more wind
and PV generation can yield the largest cost savings and CO2 reduction,
and has the least need for energy system balancing measures out of all
the baseline configurations. The nuclear power configuration (EO) has
lower CO2 emissions than the other baseline configurations but is the
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most expensive baseline scenario and has the greatest need for supply
and demand balancing.

System redesign measures can be a very effective way of cost-effectively
integrating large amounts of fluctuating RES and reducing CO2 emis-
sions. The results show that a transition away from energy system con-
figurations A (based on Germany’s energy system), B (island mode) or
E (more nuclear power) towards a combination of C (more DH) and D
(more EVSs) is beneficial on the indicators. The introduction of more DH
increases the potential for inexpensive large distributed thermal energy
storage and the transition to more EVs leads to the introduction of a large
distributed electrical energy storage capacity in the system. This capacity
can be utilised as flexibility for the system by ensuring that the EVs are
smart charged. Together with such redesign measures, flexibility in the
electricity and/or heating sectors should be introduced along with a
power-to-gas coupling of these sectors. An example of this is the combi-
nation of heat pumps and thermal energy storages in individual heating
solutions and flexible electricity demand.

The overall trends in the results of scenarios 2-19, are summarized for
each energy system configuration A-E in Table 4.1 through Table 4.5.
Electrical energy storages are technically feasible, but not economically
feasible due to high investment costs. It may, however, be possible to
implement EES in an economically beneficial way in some electricity sys-
tem configurations by combining them with the above-mentioned flexibil-
ity and power-to-heat technologies. The economic feasibility of the en-
ergy supply and demand balancing technologies is generally less in the
configuration with EVs as the EVs already offer considerable flexibility
via smart charging. The feasibility of these technologies in the EV con-
figuration would increase with even more fluctuating renewable electricity
generation. The results of the vast majority of scenarios are very robust
against changes in fuel costs and CO2 emission prices, as shown in a
sensitivity analysis of the results.

In the tables, the effect of each energy supply and demand balancing
technology (or combination of technologies) on the system is categorized
for the indicators into “beneficial” (green), “neutral” (yellow) or “not ben-
eficial” (red). The division in these three categories is defined as follows
for the three indicators:

e Total annual socio-economic energy system costs (change in
€/person/year, relative to the corresponding baseline scenario):
Green:x < —25
Yellow: —25<x <25
Red: x > 25

e Total annual CO2 emissions from energy system operation (change
in ton/person/year, relative to the corresponding baseline scenario):

Green: x < —0.2
Yellow: —02<x <0
Red: x>0

e The annual discharged energy (TWh/yr):
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Green: x> 10
Yellow: 0<x<10
Red: x <0

Table 4.1: The result trends for all scenarios in energy system
configuration A, divided into the categories “beneficial” (green), “neutral”
(yellow) and “not beneficial” (red) for each of the three indicators.
Scenarios 16-19 are hybrid scenarios with the following combinations:
A16=A7+A15; A17=A3+A7+A15; A18=A7+A9+A15; A19=A7+A10+A15.

Scenarios A # Total CO; Fluctuat-
system emis- ing RES
cost sions integra-

tion

Electric interconnections to abroad | 2

Flexible electricity demand 3

Electric heating in district heating 4

Heat pumps in district heating 5

Electric heating in individual heating | 6

Heat pumps in individual heating 7

Power-to-gas (biogas methanation) | 8

Li-ion batteries 9

Li-ion batt. coupled to photovoltaics | 10

Power-to-gas-to-power (hydrogen) 11

Vanadium-redox flow batteries 12

Pit & tank TES in district heating 13

Aquifer & tank TES in district heating | 14

Tank TES in individual heating 15

Heat pumps + Tank TES 16

Heat pumps + Tank TES + Flex. dem. | 17

Heat pumps + TTES + Li-ion batteries | 18

Heat pumps + TTES + (Li-ion+PV) 19

Table 4.2: The result trends for all scenarios in energy system
configuration B.

Scenarios B # Total CO; Fluctuat-
system emis- ing RES
cost sions integra-

tion

Flexible electricity demand

Electric heating in district heating

Heat pumps in district heating

ol W

Electric heating in individual heating
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Heat pumps in individual heating

Power-to-gas (biogas methanation)

Li-ion batteries

Li-ion batt. coupled to photovoltaics

10

Power-to-gas-to-power (hydrogen)

11

Vanadium-redox flow batteries

12

Table 4.3: The result trends for all scenarios in energy system
configuration C. Scenarios 16-19 are hybrid scenarios with the following
combinations: C16=C5+C13; C17=C3+A5+C15; C18=C5+A9+C13;

C19=C5+A10+C13.

Scenarios C

# Total CO2 Fluctuat-
system emis- ing RES
cost sions integra-

tion

Flexible electricity demand

Electric heating in district heating

Heat pumps in district heating

Pit & tank TES in district heating

13

Aquifer & tank TES in district heating

14

Tank TES in individual heating

15

Heat pumps + Tank TES

16

Heat pumps + Tank TES + Flex. dem.

17

Heat pumps + TTES + Li-ion batteries

18

Heat pumps + TTES + (Li-ion+PV)

19

Table 4.4: The result trends for all scenarios in energy system
configuration D. Scenario 18 is a hybrid scenario with the combination

D7+D9+A15.

Scenarios D # Total Fluctuat-
system ing RES
cost integra-

tion

Electric interconnections to abroad | 2

Flexible electricity demand 3

Electric heating in individual heating | 6

Heat pumps in individual heating 7

Power-to-gas (biogas methanation) | 8

Li-ion batteries 9

Li-ion batt. coupled to photovoltaics | 10

Power-to-gas-to-power (hydrogen) 11

Vanadium-redox flow batteries 12
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Heat pumps + TTES + Li-ion batteries | 18 ;

The indicator values for the scenario variations with the highest amount
of wind power and photovoltaic generation are used as a basis for the
categorisation in the tables. Not all technologies were modelled in energy
system configurations B-E; the results of the excluded scenarios in con-
figurations B-E were not anticipated to provide substantial additional in-
formation compared to the results of these scenarios in configuration A.

Table 4.5: The result trends for all scenarios in energy system
configuration E.

Scenarios E # Total CO2 Fluctuat-
system emis- ing RES
cost sions integra-

tion

Electric interconnections to abroad

Flexible electricity demand

Electric heating in individual heating

Heat pumps in individual heating

Power-to-gas (biogas methanation)

Li-ion batteries

Li-ion batt. coupled to photovoltaics

Power-to-gas-to-power (hydrogen)

Vanadium-redox flow batteries

None of the individual changes can make up for the gains of an energy
system redesign. The results show that individual heat pumps are feasi-
ble in all energy system configurations. Flexible electricity demand is po-
tentially feasible in all configurations except the EV configuration (D).
With even more RES electricity generation than introduced in the sce-
narios, it would likely also be feasible in configuration D. TTES are po-
tentially feasible in all investigated configurations, but have a small effect
on the integration of RES when implemented alone. A connection with
the electricity sector througsh power-to-heat should be looked into when
implementing TTES, for pursuing the benefits of this storage technology.

The most feasible technology combinations are those that provide flexi-
bility both in the electricity sector and the heating sector and have a link
between the two (power-to-heat). An example of such flexible sector cou-
pling is a combination that includes TTES, heat pumps and if possible
also flexible electricity demand.

Electrical energy storages are in general technically feasible, but not eco-
nomically feasible due to high investment costs. It may, however, be pos-
sible to implement EES in an economically beneficial way in some elec-
tricity system configurations by combining them with the above-men-
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tioned flexibility and power-to-heat technologies. The economic feasibil-
ity of the energy supply and demand balancing technologies is generally
less in the configuration with EVs as the EVs already offer considerable
flexibility via smart charging. The feasibility of these technologies in the
EV configuration can be expected increase with even more fluctuating
renewable electricity generation. The results of the vast majority of sce-
narios are very robust against changes in fuel costs and CO2 emission
prices, as shown in a sensitivity analysis.

4.3 Policy Recommendations

Based on the results obtained in this subtask, the following policy recom-
mendations can be given in order to obtain the best integration and the
greatest technical and economic benefits of transitioning towards very
large capacities of fluctuating renewable energy generation:

4.3.1 Recommendations for energy system redesign

District heating, with low-carbon heat generation: A system re-
design towards more district heating would be feasible. A conversion
away from individual heating towards district heating with low-CO:2
emitting heat generation should be prioritised. The redesign towards
more district heating increases the potential for introducing low-cost
distributed energy storage in the form of large-scale thermal energy
storages.

Electric vehicles with smart charging: A system redesign towards
more electric vehicles would be feasible. A massive conversion away
from internal combustion engine (ICE) vehicles towards electric ve-
hicles should be prioritised. To maximize the positive effects of intro-
ducing electric vehicles, they should be smart charged. The redesign
towards more electric vehicles with smart charging introduces a sub-
stantial and cost-effective distributed electrical energy storage ca-
pacity in the system in the form of vehicle batteries.

Some level of electrical interconnections to island systems can
be beneficial: Going away from island systems towards intercon-
nected systems would be beneficial on all indicators to some extent.
This measure, however, has a limited potential with a high penetra-
tion of renewable electricity generation. The feasibility of intercon-
necting current island energy systems to other energy systems
should be investigated carefully where this is geographically and
technically possible.

Less inflexible nuclear power: Emphasizing a conversion away
from inflexible nuclear power towards other forms of low-CO2 emitting
power generation or towards very flexible nuclear power generation
should be prioritised in energy systems with a large nuclear power
capacity, that wish to integrate fluctuating RES.
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4.3.2 Recommendations for distributed energy storage and conversion technologies

Flexible sector coupling: The most feasible technology combina-
tions are those that provide flexibility both in the electricity sector and
the heating sector (district heating), and have a link between the two
(power-to-heat). An example of this is a combination of DES and flex-
ible sector coupling; e.g. combinations that include tank thermal en-
ergy storage (TTES), heat pumps and flexible electricity demand.

Individual heat pumps: The introduction of heat pumps should be
prioritized in order to replace fossil fuelled heat generation in individ-
ual heating.

Flexible electricity demand: It should be investigated and tested
(e.g. in demonstration projects) to which degree electricity consum-
ers are willing to be flexible and how socio-economically expensive it
would be to compensate them for their flexibility.

Thermal energy storages: When thermal energy storages are im-
plemented, connections with the electricity sector through power-to-
heat should be looked into for increasing the positive impacts of the
TTES. Thermal energy storages in district heating are more econom-
ical and can have the potential to provide more flexibility than thermal
storages in individual heating.

Reduction of electrical energy storage investment costs: Electri-
cal energy storages, power-to-gas and electrical interconnections are
all technically beneficial for the energy system but cause increased
total system costs due to high technology investment costs. Re-
search and development should be prioritized with the goal of reduc-
ing the price of these solutions. With the price levels used in this
model, the implementation of these technologies should only be pri-
oritized in energy systems where very high integration of fluctuating
RES and very large reductions in CO2 emissions are clearly priori-
tized higher than the minimisation of the total socio-economic energy
system costs. The economic feasibility of these solutions may be im-
proved by implementing them in combination with flexible sector cou-
pling to the heating sector.

4.3.3 Other policy recommendations

Ensure a positive investment framework for technologies that
generate and integrate renewable energy: Measures should be
taken to ensure that energy technologies that generate or integrate
renewable energy in the energy system have a positive investment
environment compared to energy generation based on fossil fuels.
This can be endorsed e.g. by removing subsidies for fossil fuel con-
sumption and/or by introducing economic incentives for renewable
energy generation and balancing technologies. Such policies would
advance the transition towards a CO2z neutral energy supply and
make the integration of large amounts of fluctuating renewable en-
ergy more economically viable. Higher fuel prices make the introduc-
tion of DES and other technologies for balancing energy supply and
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demand more economically feasible, as shown by the sensitivity
analysis of the results.

e Increase CO2 emission prices: Measures should be taken to en-
sure that for existing polluters, the costs of emitting CO: reflect the
actual socio-economic costs related to the emissions. This would
make the integration of large amounts of fluctuating renewable en-
ergy more economically viable and would make the introduction of
DES and other technologies for balancing energy supply and de-
mand more economically feasible, as shown by the sensitivity analy-
sis of the result.
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5  Subtask 4 - Control Requirements for Distributed Energy
Storages

Important for the successful operation of distributed energy storage so-
lutions are intelligent operation and control mechanisms. In Subtask 4,
existing Smart Grid technologies and future R&D demand should be
identified. Since the collaboration with smart grid related TCPs like the
International Smart Grid Action Network (ISGAN) could not be realized
in the course of the Annex, the scope of this subtask had to be limited to
the first of the following three goals:

* Collecting the state-of-the-art in Smart Grid solutions

+ (Developing requirements for an intelligent operation of different en-
ergy storage technologies)

* (ldentifying future R&D demand for the actual implementation of DES
in Smart Grids)

The last two goals might be postponed to future activities.
5.1 Motivation for (DES in) Smart Grids

According to the Electric Power Research Institute “A Smart Grid is one
that incorporates information and communications technology into every
aspect of electricity generation, delivery and consumption in order to
minimize environmental impact, enhance markets, improve reliability and
service, and reduce costs and improve efficiency” [EPRI 2017].

There are multiple reasons that motivate the research and development
and final roll-out of such smart grids. Within this ECES Annex 28, the
focus is set on the integration of renewable energies through distributed
energy storages (DES). The increasing distributed generation of electric-
ity leads to increasing distance between consumer load centers and the
actual generation of the electricity. Additionally, the increasing volatility
of the generation due to increased renewable shares brings stability chal-
lenges to the grids. Grid components like substations are often not de-
signed for load flows to higher grid levels occurring during high renewa-
ble feed-in. This leads to an increasing need for flexibility measures,
which can be optimally implemented in such a “smart grid” [El-hawary
2014]. One solution could be distributed energy storages intelligently op-
erated in a smart grid to facilitate the integration of renewables otherwise
curtailed and to help stabilizing the grids. The intelligent operation ena-
bles the exploitation of the storages full potential.

5.2 Applications of distributed energy storages in smart grids

This chapter focuses on the collection of examples describing DES in
smart grid applications. The collection is based on expert interviews as
well as previous work in ISGAN Annex 1 [ISGAN 2013] and the DOE
global energy storage database [DOE Global Energy Storage Database
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2018]. The aim is to show existing applications where DES are imple-
mented in smart grids and to give an overview on the necessary infor-
mation flows and technologies needed.

The DOE database counts 1652 energy storage projects (at the time of
printing) out of which 128 are described as “smart grid” projects. Out of
these 128 projects, 38 could be identified as smart grid related DES pro-
jects for the integration of renewable energies. The ISGAN Annex 1 pro-
ject catalogue counts 98 smart grid projects. Nine DES related projects
could be extracted from this collection, of which five projects have a focus
on fostering the integration of renewable energies. Together with project
examples collected in expert interviews (dropping duplicate projects) a
total count of 47 DES smart grid examples was collected (see Table 5.1
for reference).

It is worth mentioning, that the vast majority of the projects implement
electro-chemical energy storages (mostly lithium based battery stor-
ages). Only few of the projects implement other technologies like redox
flow batteries, lead batteries, hydrogen storage with fuel cells, flywheels
or thermal storages.

Categorizing the examples shows three main applications for DES in
smart grids. Each main application is explained in the following accom-
panied by one short examplary project description. For a better under-
standing, a methodology for visualizing the information and electricity
flows in a smart DES application was developed based on the definition
of DES introduced in the introduction. Depending on the application dif-
ferent stakeholders own and/or operate DES. Benefits can be catego-
rized into systemic benefits, economic benefits and energetic benefits.

Table 5.1: List of Smart Grid projects with implemented DES [ISGAN
2013], [DOE Global Energy Storage Database 2018]

# Project Name Technologies

1 Freqcon's Tallaght Smart Grid Hybrid Lead-acid Battery/Electro-
Testbed, Dublin Ecoult chemical Capacitor

2 INGRID Hydrogen Demonstration Hydrogen Storage
Project

3 ACEA Raffineria Substation Smart Lithium lon Titanate Battery
Grid

4-18 Quick Charging EV's Powered by Lithium Iron Phosphate Battery
the Sun (15 project sites)

19 Santa Rita Jail Smart Grid - Alameda Lithium Iron Phosphate Battery
County RDSI CERTS Microgrid
Demonstration

20 Technology Solutions for Wind Inte- Lithium Manganese Oxide Battery
gration - Center For Commercializa-
tion of Electric Technology (CCET)

21 Del Lago Academy (IES) Lithium Polymer Battery

22 Marshall Steam Station Energy Stor-  Lithium Polymer Battery
age Project

23 McAlpine Circuit CES System Lithium Polymer Battery

24 PDE Smart Microgrid System Lithium Polymer Battery

25 SCE Irvine Smart Grid Demonstra- Lithium Polymer Battery
tion: CES
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26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

41
42
43
44
45

46

a7

250 kW / 1 MWh EIChe Wettringen

7-Eleven Distributed Energy Stor-
age System (DESS) - ConEdison /
Green Charge Networks

Gapado Island, Jeju Smart Grid Pro-
ject

Intelligentes Netz Energie Speicher
System (INESS)

La Guardia Airport Avis Car Rental -
Green Charge Networks

NICE GRID project in Carros (South-
ern France): Low Voltage Grid Bat-
teries (LVGB)

NICE GRID project in Carros (South-
ern France): Secondary Substation
Battery (SSB)

NICE GRID project in Carros (South-
ern France): smart hot water tanks
SCE Irvine Smart Grid Demonstra-
tion: RESU

The Zurich Dietikon 1 MW BESS
University of Hawaii Smart Grid Re-

gional and Energy Storage Demon-
stration Project (Maui Smart Grid)

Brooklyn Army Terminal Smart Grid
Demonstration Project

Washington State University 1 MW
UET Flow Battery - Avista Utilities

Orkney Energy Storage Park

Smart Grid Showcase Region Salz-
burg (Leafs Project)

VENTEEA

MILLENER project

REFLEXE smart grid France
Caterva SWARM

AEP Ohio gridSMART Demonstra-
tion Project

SWM/STORNETIC Flywheel stor-
age in virtual power plant

Cryogel Ice Storage at Sports Hub,
Singapore

5.2.1 DES for limited substation capacity/islanding
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Lithium-ion Battery
Lithium-ion Battery
Lithium-ion Battery
Lithium-ion Battery
Lithium-ion Battery

Lithium-ion Battery
Lithium-ion Battery

Thermal energy storage
Lithium-ion Battery

Lithium-ion Battery
Lithium-ion Battery

Valve Regulated Lead-acid Battery
Vanadium Redox Flow Battery

Lithium-ion Battery

Lithium-ion Battery,
Hot water storage

Lithium-ion Battery
Lithium-ion Battery
Lithium-ion Battery
Lithium-ion Battery
Lithium-ion Battery

Flywheel

Ice storage

The first application of DES in smart grids is the possibility to support
substations and T&D equipment and possibly run parts of the grid in is-
land mode. The electricity system has seen rapidly growing shares of
renewables within the past years. Especially photovoltaics generators
are largely situated on rooftops of residential or commercial buildings
within the distribution grids. Coming from a centralized generation of
electricity, the distribution grids are designed for load flows from higher
grid levels to lower grid levels. Renewable feed in within the distribution
grid however might exceed the demand patrticularily during sunny days
with low demand. Not only high feed-in but also increasing demands due
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to new consumption models (e.g. electric vehicle charging) can bring the
T&D equipment to its limits. Distributed energy storages can — if intelli-
gently operated — relieve this situation and defer a possibly expensive
upgrade in T&D equipment.

Islanding is usually a consequence of bigger disruptions in integrated
networks, where the network breaks up into smaller islanded grids with
asynchronous frequencies. Small parts of a bigger electricity grid how-
ever can run autonomously using DES until the integrated system is re-
stored. In case of the island mode operation, the energy storage keeps
the islanded part of the grid stable.

Figure 5.1 shows the visualization of energy and information flows for
this application. The energy storage can be situated in the distribution
grid, owned and operated by the grid operator. The DSO usually pro-
cesses information centrally. Weather forecasts enable better storage
operation planning during peak renewable feed-in. Information collected

Storage operator

Weather information
electricity < jm—]

Distribution Grid (substation)

— —

Figure 5.1: Visualization of energy and information flows in the
application of DES for limited substation capacity/islanding

at consumer site (e.g. by “smart meters”) enables real time demand es-
timations especially important during peak times. The automated data
processing at the DSO then controls the storage based on this infor-
mation. The DES can also be situated at consumer sites distributing the
needed energy onto multiple storages. The control signals however still
coming from the grid operator need to be transmitted to as many stor-
ages as needed to cope with the respective grid situation. This increases
the ICT effort but works analogously.

The systemic benefits of this application are the stabilization of the grid.
Economic benefit is the deferred grid upgrade investment. From an en-
ergetic point of view, the increased feed-in of renewables and reduced
losses are beneficial.
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5.2.2 DES for ancillary services

DES can also be utilized for ancillary services. Frequency control is nec-
essary to keep the frequency of the system constant and to adjust supply
and demand to any given time with respect to the active power. With

Batteries can react faster and more precise to
frequency changes

== = necessary power
for stable system

fossil power plant

batteries

Power in kW

-1.000

Time in 5 minutes steps

Figure 5.2: fast reaction times of batteries compared to fossil power
plants. [Younicos 2018]
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increasing production from inverter-based generation units like PV, spin-
ning masses need to be replaced by new technologies. Energy storages
can offer this functionality since the inverters can mimic the inertial be-
havior of electromechanical generators. Storages also offer primary and
secondary operating reserve capabilities especially due to their minimal
latency in the order of milliseconds Figure 5.2.

Besides frequency control, grid voltage also needs to be controlled within
the allowed voltage range. Storages offer reactive power as well as fault
power and can control voltage by actively charging and discharging ef-
fective power within a grid. This becomes escpecially important with in-
creasing distributed renewable generation levels. Figure 5.3 shows the
deviation of the grid voltage over the length of an exemplary low voltage
grid with various consumers with installed PV generators. The green area
represents the allowed voltage range. Feed-in from PV leads to an in-
crease in grid voltage whereas consumption leads to decreasing voltage
levels. The worst case — maximum feed-in from PV and no consumption
— is used for dimensioning a low voltage grid. Without energy storages,
the voltage surpasses the maximum allowed voltage in close proximity
to the substation and makes further feed-in from PV down the line im-
possible (red line). Storages at the end of the grid line or at each feeder
can help improve this situation and keep the voltage level in the allowed
range (green and yellow lines). However, it has to be considered, that a
poorly dimensioned storage at the wrong position can also have a nega-
tive impact on the voltage level (blue line) [Sterner, et al. 2015].

v
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it increasing storage capacities
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)
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grid line length

Figure 5.3: Voltage change in DG with and without electrical energy
storages at maximum feed-in and zero consumption [Sterner, et al.
2015]

Depending on the regulatory and market frameworks, storages need to
fulfill prequalification requirements. In the case of Germany, storages
need to have minimum capacities (power and energy) for participating in
the operating reserve markets. In the case of distributed energy storages
these capacities can only be reached by pooling multiple storages to-
gether.
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Figure 5.4 shows the visualization of the information and energy flows
for DES patrticipating in operating reserve. A trader who aggregates dis-
tributed energy storages operates the storages through a platform and
participates in the operating reserve market. The energy flow is directed
from the storage to the grid in case of positive operating reserve and from
the grid to the storage in case of negative operating reserve. Information
flows from the DSO to the trader providing the signal for operating re-
serve as well as from the trader to the storage for the operation. Addi-
tional information about weather and consumer behavior as well as mar-

information

Weather
electricity g

Distribution Grid (substation)

OR market

Storage operator

Figure 5.4: Visualization of energy and information flows in the
application of DES for ancillary services

ket data enables the trader to optimize his storages.
The systemic benefit of this application is the stabilization of the grid.
Economic benefit is the possible participation and generation of profits in
the operating reserve markets.
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5.2.3 Arbitrage
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The economical value of electricity fluctuates strongly with fluctuating
supply and demand. Coming from a fossil fuel based electricity genera-
tion these fluctuations were usually limited to night-day shifts due to lower
demands during night times. Heading towards systems with high shares
of volatile renewable generation the price fluctuations can increase. Dur-
ing times of low demand and surplus from renewables like wind and PV,

information

Weather electricity - uu—)

Distribution Grid (substation)

spot market

Storage operator

Figure 5.5: Visualization of energy and information flows in the
application of DES for arbitrage

prices drop and even negative prices are possible. Whereas during peak
demand times and simultaneous low availability of renewables or un-
scheduled power plant outages. Consequently, it may be profitable to
store electricity at times of low prices and use or sell it during times of
high prices. In the case of distributed energy storages, the storage oper-
ator needs access to the spot market or to price flexible electricity tariffs.
In any case, price information needs to be available. Additional infor-
mation on weather and consumer behavior can improve economics by
making market and consumer behavior predictions possible. Energy is
exchanged directly with the grid in the case of temporal electricity spot
market arbitrage. Another way of arbitrage is the decoupling of obtaining
cheap energy (e.g. electricity) and shifting the consumption to times of
high prices. For both arbitrage options mentioned, intelligent algorithms
processing price/weather and consumer data are needed to beneficially
operate the respective energy storage. Better data availability automati-
cally facilitates the optimization of the arbitrage operation and hence
yields bigger economical benefits.
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Matrix-Classification C-2, Configuration Code B10

Cryogel Ice Storage at Sports Hub, Singapore

An ice storage facility reduces operating costs and increases energy savings

Technology Status Commercial

Storage Capacity 100 MWhy,

Power 36 MW+ 16 MW,
“ice spray”

With a total ice storage volume of 2200 m?a large sports hub in Singapore is provided with
necessary air conditioning. The operational costs of the air conditioning are reduced dramati-
cally by shifting energy needs to times of low energy prices.

Links

e http://www.airclima-research.com/references

5.2.4 Combining applications for benefit stacking

The true potential of DES in a smart grid can be revealed combining mul-
tiple applications. The benefits can hence be stacked and the overall ef-
fect on the energy system and the integration of renewables, as well as
the economics are optimized. With intelligent control mechanisms, DES
can be operated to serve multiple purposes like substation support, op-
erating reserve, arbitrage and maximizing the self-consumption of a
building with fluctuating renewable generation capacities at the same
time.

This leads to questions about ownership and operation of the DES and
possibly diverging interests of the different stakeholders. A homeowner
buying a battery storage to increase his self-consumption has in the first
place no interest (and possibility no possibility due to prequalification re-
quirements) in providing ancillary services with his storage capacitiy. A
homeowner offered an incentive by a storage distributor/aggregator to
provide a small percentage of his storage capacity for ancillary services
however can benefit by increased self-consumption and revenues from
providing storage capacities to the aggregator. One example for this is
shown in the following example box.
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5.3 Information and communication infrastructure

The intelligent operation of distributed energy storages requires suitable
information and communication technology (ICT) infrastructure. Infor-
mation transmission between smart grid components and other parts of
the energy system and data processing and control is a crucial part of
any smart grid application. Figure 5.6 shows the overview of communi-
cation grids and routes in an electrical smart grid according to NIST
[NIST 2014]. Although the scope of this report only covers distributed
energy storages, it can be seen that interactions for the smart operation
of such storages go beyond the distribution grid. Storages situated in the
distribution grid or at customer site need to interact with distribution op-
erators through appropriate metering and service interfaces over field
area networks. The integration in markets also needs a communication
channel through either grid operators or third party service providers.
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Figure 5.6: Communication infrastructure overview in an electrical
smart grid [NIST 2014]

The applicable communication technolopgies and protocols vary for each
application. Ethernet, PLC, Zigbee, GPRS, WIMAX, LTE are the commu-
nication technologies applied in the Grid4EU projects [Frémont 2012]. A
lot of effort has been put in standardizing communication protocols within
the last decade. However, there exists a wide variety in protocols. G3
PLC, Meters and More, P1901, PRIME, ISO/IEC 14908-3, IEC 60870-5-
104, IEC 61850, IEC 62056, etc. are the protocols applied only in the
Grid4EU projects [Frémont 2012]. Besides the communication technolo-
gies and protocols, data and information models play also an important
role in the smart grid architecture and there again exists a multitude of
standards.

Most of the investigated smart grid projects use their own proprietary ICT
based on different standards optimized for the respective special appli-
cation. A universal standard regarding the ICT protocols is desirable but
possibly hard to implement due to the diversity of applications and inte-
grated hardware.

Challenges also exists regarding the complexity of the interconnection of
high numbers of components. Escpecially since the DES applications in
smart grids may also affect private homeowners, security and safety of
the systems and data privacy need to have topmost priority. The pro-
gressing digitalization might offer solutions to overcome these chal-
lenges. The concept of blockchain promises simplifications regarding the
autonomous contracting and trading between millions of interconnected
devices [BDEW 2017]. Biggest advantage is the dezentralised, direct
and autonomous transaction between production, storage and consump-
tion devices. Central intermediaries like metering operators, traders, sup-
ply companies and payment providers (e.g. banks) could become obso-
lete in the future electricity system. The economical and efficient access
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to the market would be facilitated for a theoretically infite humber of de-
liberately small devices including distributed energy storages in the elec-
tricity grids. [Hasse, et al. 2016].
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