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EXECUTIVE SUMMARY

A Virtual Storage PlantVSR is defined asa platform capable of integrating the characteristics and
limitations of distributed individual storage unitsusing the same or different storage technologiesghile
maximizing their performance and reducing additional costs stemming froroptnal usage.

The oncept of VSPis brought up in terms ofepresentativescenarios, in which high penetration of
renewable energy sourcdRESand diverse availability of storage technologies are expected. Distidb
storage technologies cloge the end-users are provedo provide more benefits over largecale storag
units. VSP aggregates multiglestributed storage systems and can be regarded as a sheglgonsiveunit
fromi KS a@aiSY 2LISNI §2NRa LISNBRLISOGAGS

This report focuses on the methodology to provide the gughport functionalitiesof VSP amentionedin
High Level Use CaselB.the first part of the reportdture scenarioof RES penetratiomnd associated
storage capacities are identified, wheseveralstorage unitsare connected atdistribution level. Te
challengeselated to the VSP service delivery and market participation are discussed.

In the second parbf the report a modelling framework folVSPis described which includesdynamic
models of selected storage technologie3he presented modelling framework is used to teshe VSP
response in the simulation studies order b formulate the optimisatiorbasedcontrol problemtechnical
characteristics and constraint®nsidering different storage operations and geimhnectionsare analysed
usingthe IEC standarsl The setup for the ladratory-based VSP demonstration is also introduced.

Finally,a set ofalgorithmsis developed, whictenables costeffective storage coordination to provide
frequency regulation, voltagsupport and market participatianThecontrol algorithm for theprovision of
frequency and voltage regulations is based on distributed optimisation and consensus techmificds,
breaks the hierarchy between fast storage response and optimal storage uddge.algorithmfor VSP
market participation constitutes a stakeholdecentric model for energy storage systems to provide
multiple services to the energy and balancing markéise perbrmance of the proposealgorithms is
assessed througlsimulations using standard test network models. addition, TSEADSO cooperation
methodsare presented. Theseoordinationschemes consider the feasibilioy the demonstration cluster
in Greek network.

The deliverable shows great potentiat$é distributed storage technologies in gisitle applicationsvia
aggregation and coordinationVe hope the outcomes of th deliverablecan inspiremore efforts and
future investment towardsa large-scale storage da@oyment.
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1 Introduction

1.1  Purposeof the document

The increased penetration of natispatchable renewable energy resources (e.g. wind and solar)
introduces considerable uncertainties into the power networKs. order to synchronize with the grid
frequency most of these renewable energy sourc@RES)are interfaced to thegrid through power
electronic converters, which provides little frequency supportterms of inertial response and dynamic
frequency regulationsOn the other hand,the bidirectional power flowbetween transmission and
distribution networksbringsnew voltage issueswhichbecome severe considering tleismatch between
periods of peak loadand high renewable productionghe intermittent nature of RESchallenges the
economic dispatch of the generation resourtesvoid congestions the networks

The concerns of power system stability and reliability bring new opportunities for storag@dimgies,
which are identified agpromising solutions to improve the qualities of power delivemyder high RES
penetration levelsTheuse of storage technologies fgrid support can be dated back to several decades
agq during which the pumped hydro storag@PHSwere commissioned to provide various serviceg).
energy management and frequency and voltage suppdftere recently, smalscale storage units, such as
batteries, supercapacitors and flywheels, become popular as more benefitsecarovided by deployment
closeto the end-users.The technology advancement ameducedprice further strengthen the potential
benefits of smallscale storages over pumped hgdstorage in grieside applicatios. However,how to
coordinatea large number o$torage units in @osteffective manneiis stilla major concern

This report is the second deliverable of the work package 7 withinQR®OSSBOWfoject In the first
deliverable D7.1, an overview of the existing storage technologies and RES systems in the consortium
region, i.e. the soutleastern Europegis provided An importantconclusion othe overview is thamost of

the consortium countries drive the RES integrationgn ambitious way to medtrgets ofthe European

Union (EU) energy roadmap 205@hich aim at the80% - 95% greenhouse gas emission reduction
compared to the level of 199®owever, the availability and capacity of storage systems are stilatalv

most of these storage units arstill PHSdispatched ira central wayand mostly used for energy arbitrage,
whilst just a small portion of them can provide ancillary servibtarket andregulationare still among the

major barriersto large-scale stoage applications

In this context, the deliverable D7d&ms at demonstratinghe great potential ofmultiple storage units
forming the virtual storage plant (VS#®) grid support In this reportseveralVSPscenariosunder different

RES schemeare identified Suitable storage technologies along with their sizes and locations are analysed
based on the identified scenarioBxisting storage projectsra alsoconsideredto provide information and
insights on storage application§he dynamic models of distributed storage technologies are introdyced
and then novel methodolodges enabling costffective storagecoordination for voltage and frequency
regulatiors, market participation areleveloped The TSEDSO coordination schemes are alsscdssed,
which carenablethe response of distributed storage systems located in distribution levels.

1.2 Sructure of the document

This reportmainly focuses on th methodology development enablimgpsteffective storage coordination
to deliver the functionalities defied in the high level use caseH(U 5, i.e. frequency and voltage
regulations, market participations.

Thedocument is organizenh the following mairsections
Definition of VSP scarios

In Section 2, the current and future scenarios of RES deygoyare introducedSustainable Transition (ST)
and Distributed Generation (DG) atke two identified future scenarioswith the estimated share of
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renewables from 2030 to 204@urthermore the expected storage capacities aaealysel based on the

RES estimation in DG and ST scenarios, which indicate moderate growth in ST scenario and high growth in
DG scenario, respectively. Based on the future scenarios of storage technologies, chatiengeB
implementations for flexible services and market participation are discussed.

Distributed storage technologies for VSP application scenarios

In Section 3the state-of-the-art of the storage technologies ar@nalysel with respect to their types, zbs
and locations for providing various ancillary servidagther, a few of examples on previous and existing
projects (e.g.P\fEstiaproject, Lilon batteries in Suh&ranj, Slovenia and secotite EVBatteries project
are given in order tgrovide ideas on how the most commonlged battey technology takes part in the
market.

Modelling and characteristics of VSP

In Section 4the dynamic models of commonlysed storage technologies are developed, including the
flywheel energy storage syste the battery energy storage system, the supercapacitor energy storage
system and the PHS systerRor the converteinterfaced storage technologies (battery, flywheel and
supercapacitor), thesame controls for power convertersre introduced andapply to these storage
technologies.Furthermore,the characteristics and constraints of distributed storage technologies in grid
applications is discussed considering different control hierarchy documented in IEC/ISO standards.

Advanced coordination of distributd storage system for power system application

In Section 5, an advanced control framework is introduced enabling impriseégdency response from
multiple storage units within a VSP. The framework is proposed using the consensus algorithm and
distributed optimisationalgorithm, which is based on the online conaptimisation(OCO)The proposed
framework breaks the hierarchy between primary, secondary and tertiary frequency regulations, in the
sense that the grid frequency is brought back to the nomin&les¢hrough optimized response from a
large number of storage unit$he same control framework can be applied to voltage regulations from VSP.
In the second part of the section, a promisiogtimisationtool ¢ General Algebraic Modeling Systems
(GAMS [123}127] is presented with comprehensive case studies and comparisons wifterent
algorithms andptimisationtools. The results indicate the potential of using GAMS forogptémisation of
storage units within VSHEinally, the preliminary setupf the testbed at the SGLAB of UNIZG is also
presented which will be usedbr validating the presented algoritms the next deliverable.

Algorithm development enabling market participation of VSP

In Section 6,an optimisation algorithm is developed for VSP participating markets. The algorithm
constitutesa stakeholdercentric modé for energy storage systems to provide multiple services to the
energy andbalancingmarkets. The modequantifies the value proposition for stationary energy storage
systems to seize price arbitrage opportunities in émergy narket, and furthemparticipate in the balancing
markets by providing frequency regulations services to the system operator.

TSO and DSO coopaion approach

In Section 7, five TSRSO coordination schemes are presenteith an emphasion providingancillary
services to the TSOhis section includes the analysis of the feasibility of each coordination scheme for the
demonstration purpose of th TSEDSO Use Case (H:EUEBO01) in the area of Peloponnese
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2 Definition of VSPxenarios

2.1 Potential of VSFfor identified REScenarios

During the last years, the growing interest on the sustainable development, basedemewable energy
source REy$penetration increment, has introduced the need of developing a storage support system, in
order to compensate the disturbances introduced in the power systems that originally were developed to
operate with conventional dispatchable energy sources, likd, @as, nuclear, etc.

Due to the high cost reduction ghotovoltaic PV) and Wind technologies, joined to the current needs of
renewable source penetration with the aim of fulfilling the European objectives, an important RES
increment in the European peer system is foreseen. However, despite of the increment of RES
penetration, the security, flexibility and stability of the grid must be maintained or even increased,
guaranteeing the coupling between generation and demand, as well as, all the serguaesdador proper
system operation, like balancing, back up capacity, etc.

Power System Stability

Angle Stability Voltage Stability

Large Disturbance
voltage Stability

Transient Small gltgr;{illlzloltage
Stability ability

Figure 1. Overview of Power System Stability 0

Small Signal
Stability(Oscillatory)

A solution to this problem is to add smart control strategies to the inverters of single renewable energy
resources RES. The control strategy can be split on two timescales: fast (respensé 1ms) and slow
(response time of 1 min and slower) control. The distribution network will be kept stable in the event of
disturbances by using the fast control strategy that uses local measurements (e.g. voltage, available power)
as input.On this sbrt timescale, communication with remote entities is avoided as to maximize the
reliability of the system. The slow control, which typically will use communication, will help the system to
reach an optimal staté?].

Another solution to ensure the grid stability in the coming future, would be to grow the storage capacity of
the grid (by increasing the number of storage technologies installatiomsiped hydroelectrical storage

(PH$, batteries, etc. In this sense, as it will be explained below, PHS units are the most mature technology.
However, their capabilities with regards to fast control strategies (response time of 1ms) are limited.

In order to sole these issues, within CROSSBOW project it has been analysed, under different scenarios,
the use of distributed storage systems controlled from a unique poiatned Virtual Storage PlanfgPS).
In this respect, VSP can support the local voltage in th#ilgition network and even export reactive
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power compensations to the transmission level. Besides, VSP might be capable of supporting local
frequency when contingencies happen in the main grid. Due to the variability of ancillary services that
could be povided by a VSP, VSP product (developed in the framework of CROSSBOW project) will stablish a
determined operational limits/specificatioas a function of the technologies and storage units grouped as

part of a VSP unit. This characterization will allowht® system operator to know which requirements can

be fulfilled by each storage unit under different grid scenarios, and introduce each one in the energy mix
according to the grid requirements.

Below it is exposed the different scenarios that are objd¢his study.

2.1.1 Current scenarios

Nowadays, in general terms and at European Level, the storage technologies development has been limited
at PHS units due to the high cost that will suppose the implementation of storage equivalent units (in terms
of power and energy) with other technologies like batterieslfiti or REDOX), flywheels, etc., as well as,

the low maturity of these alternatives.

However, due to the recent efforts in reaching higher efficiencies and increasing the life of the components
and equiipment, joined to the important cost reduction, new facilities of alternative storage technologies
are appearing.

The following table summarized the new storage projects that are going to be developed in future years,
according to the TYNDP 2018 data base

Table 1. New storage project at European Level [3

HPSP Plant Pfaffenboen in Molin| Austria PHS 300 1.80 Under
construction
Kaunertal Extension Project Austria PHS 400 152 In permitting
iLand Belgium PHS 550 2 Planned
Offshore
HydroPumped storage in Bulgarii Bulgaria PHS 864 5.20 In permitting
Yadenitsa
Estonian PHES Estonia PHS 550 5.45 In permitting
HPS Amfilochia Greece PHS 680 3.97 In permitting
Kruonis pumped storage power| Lithuania PHS 225 8.20 Under
plant extension project consideration
Mont-Negre power Spain PHS 3.300 | 7511 | In permitting
PHES Navaleo Spain PHS 552 3.60 In permitting
CAES Zuidwnding Netherlands| CAES 247 192 Under
consideration
Coire Glas Scotland PHS 1.500 | 30 In permitting
Cruachan Il Scotland PHS 600 6.90 Under
consideration
Girones and Raimats Spain PHS 2.756 | 6490 | In permitting
CARES UK CAES 540 1.866 | Planned but
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not yet
permitting
Cheshire Gas UK CAES | 300 1620 | Under
consideration
Silvermines Ireland PHS 360 1.80 Under
consideration
Riedl Germany PHS 300 3.50 In permitting
P-PHES CUA Spain PHS 234 1.62 In permitting
PSPP Kozjak Slovenia PHS 356 8.56 In permitting
MAREX Organic Power Enel Ireland PHS 750 6.10 Planned but
Storage not yet
permitting

As it can be seen in previous table, in line with previous paragraphs, the most common storage technology
for the following years will be PHS. However, other new technologies, such as CAES (Compressed Air Energy
Storage), start to introduce in the powerdder.

This scenario matches with the curreldw-RESpenetration at distribution level in Europe, and the
centralization of new RES units in big farms/plants, being the PHS technology the most appropriate for
reducing the RES curtailment and improving #teommodation of flows. Nevertheless considering other
future scenarios where a higher RES penetration at distribution level is expected, this type of storage
technology (PHS) will not be the most appropriate for stabilising the grid, due it would requitevant
investment for adapting the grid to the requirements of an intermittent and disaggregated renewable
generation, and a variable consumption. However, a distributed renewable generation scenario combined
with a distributed storage concept will ke best configuration for maximize the benefits of VSP product
implementation, allowing to couple the generation and consumption, as well as, provide ancillary services
near of the point of generation and consumption, avoiding high investment in the system and
maximizing the grid efficiency. Due to the limitations of PHS technology at location level, new storage
technologies (mainly batteriesLiion and REDOX flow) should carry out an important role for a distributed
storage scenario, despite of irantly it is needed a high cost reduction.

In addition, the current low penetration of nedispatchable RES units in south east European countries
justify the low number of new storage projects in this region, due that the disturbances produced by the
new nondispatchable RES projects can be assumed by the current power system.

On the other hand, despite of the low number of project of small storages mentioned in D6.1 (mainly
implemented in Croatia and Greece), it is important to remark the current inentnof household
batteries (hybridized with solar PV) at European level that could contribute to make the grid more stable
and reliable if the future years. In addition several European countries allow to inject the household
overload production directlynio the grid, getting a financial compensation or reducing the associate
energy bill. If all of these household batteries were connected to the distributed or transmission system
they would be one the most promising assets for the future VSP implementatiento control thousands

or millions of individual batteries only could be carried out through an advanced and automated control
system in direct contact with system operator like VSP product.

At residential level, some relevantanufacturers of batteries, inverters and PV equipment are increasing
their opportunities and presence in the market, mainly supported by the recent cost reduction in the
investment required for a household PV.

Additionally, according to BloobergNEH, the forecast shows sales of electric vehicles (EVS) increasing
from a record 1.1 million worldwide in 2017, to 11 million in 2025 and then surging to 30 millionGre203
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they become cheaper to make than internal combustion engine (ICE)Tdase forecastseinforce the
idea previously announced: to coordinate these distributed storage systems (at residential level, electrical
vehicle, etc.) to support the grid stdiby.

2.1.2 Future scenarios

Regarding the previous Work done in D6.1 about the future scenarios of RES penetration and the storage
technology penetration associated to it, based on TYNDP 2018 rgorseveral scenarios of storage
technologies, suitable of being operated though the VSP product, have been detailed in the following
sections for each country where the CROSSBOW project is focused.

Considering the Sustain&blTransition (ST) scenario, a low growth of storage capacity is foreseen due to
the RES penetration increment would be carried out through centralized renewable projects, where the
PHS will continue being the best alternative as storage technology.

On the other hand, the Distributed Generation (DG) scenario considers a very high growth of storage
capacity in combination with a high RES penetration at distribution teneinly due to the high increment

of PV capacity. The general increment of RES capadityfavour the introduction of additional PHS,
however this scenario will be more favourable for batteries introduction, hybridizing PV power plants.

In the following table a summary of ST and DG scenarios is showed including the main parameters and
congsderations at European levi8]:

Table 2 Summary of ST and DG scenarios

System share of wind 13% 20% 29% 19% 27%
System share of solar power 5% 8% 12% 15% 25%
giec:Tr]naer;[gane production share o 1.8% 3% 5% 9% 13%
Power to gas share of demand 0% 0% 0% 1% 1%
Storage N/A Moderate growth High Growth

As mentioned in previous paragraphs DG willdoasidered as a good example of the future situation
where VSP product can play a very important role. For this reason, two main scenarios will be considered
with different RES and Storage penetration for 2030 and 2040.

Scenario IDG 2030

Based on thepublic consultation carried out by the end of 2017, as part of the TYNDP 2018 (ENTSO
report [5], stakeholders were invited to provide feedbackngsia questionnaire available online. After
analysing and processing all the information and data received main assumptions for RES and Storage
penetration were published in this report:

Main assumptions regarding the storage increment associated to themépwower plant (which would be
the main reason of the storage penetration increment):

() 10% of new solar installations are with batteries:

W 0.1 kWh of battery per each 1kW solar

W 500 W per kWh

Considering these assumptions and the PV increment capacity expectations for 2025 a 2030 mentioned in
D6.1¢ where the energy mix of each national power system was disaggregate among different renewable
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and nonrenewable technologieg as well as the expéed increment of batteries in terms of power and

capacity, the following table has been created in order to estimate the battery penetration in each national
power system.

Table 3 Estimation of the battery penetration in each national power system in DG2030

Serbia 100 5.535 5.435 27 54
Bulgaria 1.500 4211 2.711 14 27
Romania 1.500 11.642 10.142 51 101
Macedonia 32 1.389 1.357 7 14
Greece 2.904 7.410 4.506 23 45
Montenegro 20 413 393 2 4
Croatia 100 2.658 2.558 13 26
Bosnia & 0 2.396 2.396 12 24
Herzegovina

TOTAL 6.156 35.654 29.498 147 294

Note: The period considered for battery capacity estimation is from 2025 to 2030 due to the current
planned PV projects (2020) do not consider batteries as part of them yet.

PV capacity increment (MW)
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Figure 2. PV capacity increment according to DG 2030 (from 2025 to 2030)

According to the picture above, from 2025 to 2030 the main PV capacity increment (in MW) would appear
in Romania with more than 11.600MW of PV installed. Greece, Croatia and Serbia wsigaiBoantly
increase their capacity.

As the capacity and power grow of the batteries has been proportionally estimated based on the previous
PV capacity increment, the graphs below have the same shape than the previous described.
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Figure 3. Battery capacity and power increment according to DG 2030 (from 2025 to 2030)

An estimated typical size of the PV installations can be considered ambiaggl0 MW (peak power), so
the typical battery units to be installed in thigoe of PV plant will be in the range o680 kW with 2 hours
of capacity.

Scenario Il: DG2040

In this scenario, as in previous DG2030, the assumptions showed in TYNDP 201B}epertonsidered
for estimating the batteries storage penetration as follow:

Main assumptions regarding the storage increment associated to the new PV power plant (which would be
the main reason of the storage penetration increment):

w 50% of new solar installations are with batteries
w 0.5 kWh of battery per each 1kW solar
w 500 Wper kWh

Table 4 Estimation of the battery penetration in each national power system in DG2040

Serbia 5.535 7.832 2.297 287 574
Bulgaria 4.211 9.286 5.075 634 1269
Romania 11.642 16.481 4.839 605 1210
Macedonia 1.389 2.504 1.115 139 279
Greece 7.410 20.247 12.837 1605 3209
Montenegro 413 1.147 734 92 184
Croatia 2.658 7.542 4.884 611 1221
Bosnia &l 2.396 5.803 3.407 426 852
Herzegovina

TOTAL 35.654 70.842 35.188 4.399 8.797
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Note: The period considered for battery capacity estimation is from 2030 to 2040.

PV capacity increment (MW)
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Figure 4. PV capacity increment according to DG 2040 (from 2030 to 2040)

According to the previous picture, from 2030 to 2040 the main PV capacity increment (in MW) would
appear in Greece with almost 13.000 MW of PV installed. In this period, all the countries under study will
increase significantly their PV capacity.

As it was explained above, the capacity and power grow of the batteries has been proportionally estimated
based on the previous PV capacity increment, so that, the graphs below have the same shape than the
previous described.
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Figure 5. Battery capacity and power increment according to DG 2040 (from 2030 to 2040)

In this case, considering the same typical range of PV power plagtl® MW (peak power) than DG2030,
the typical battery units to be installed Wbe in the range of 2§ 5.000 kW with 2 hours of capacity.

In previous both DG scenarios (2030 and 2040) the number of distributed storage assets, as well as, the
typical power and energy of each one, introduce a very interesting opportunity of beimggad by a
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centralized product, like VSP, allowing to take advantage of different business cases that would be
impossible if the assets were operated in an isolated way. These main business cases could be summarized
in the following list:

w To balance the eess of RES productigmeduce/avoid curtailment

w To provide ancillary services to the grid

w To increase revenues from the storage units joint operation (aggregators)

w To reduce grid investment due to installation of new rispatchable RES units

The expead growth of battery storage in the power sector would be carried out through the combination

of larger batteries, despite of currently they are one of the critical segments of the estage markets

(as can be seen in previous section there are ntaviamt project of storage based on battery technology),

and the rapid growth of residential energy storage. As an example, Germany is one of the fastest growing
markets for residential battery storage, of around 100,000 solar storage systems instalke laginning

of 2019, mainly due to the price reduction of storage, which has fallen over 60% since late 2014 in some
European UnionEU countries|[6].

Besides, new possibilities will appear in relation with EVs and the use of their batteries in a similar way than
the use of the batteries of PV household facilities. It took five years to sell the first million electric cars, but

in 2018, it took only simonths, so itdastgrowingrate could position EVs batteries as a good alternative

for VSP product. However, currently EVs sales in SEE countries is lower than 1%, so its future use as part of
a VSP will take some extra years.

2.1.3 Services and advantages

Basel on previous scenarios of storage penetration and focused on DG scenario, where the storage
development is higher, a determined number of services and advantages can be associated to the
simultaneous operation of storage assets through VSP product. Regatigh Level User case BLUS,

the capacity of VSP for each UC is defined below:

w U1 TSEDSO cooperation for voltage conttmbngestion management via distribute storage
systems: in this UC VSP product can coordinate multiple distributes storageatetbgs part of PV
power plants, PV facilities considered in household and EVs. The grouped use of this storage units
will be able to avoid voltage limits violations and congestions. In this case, and focused on the
congestions due to the increased RE&dJpiction, the storage systems could reduce and even avoid
this problem, mainly in DG2040 where the power and capacity of the batteries would be higher
than DG2030.

w UCO02 Frequency regulation by VSP coordination: in this UC the VSP implementation waill offer
potential frequency regulation capacity due to the capacity of storage the energy when the
frequency is over the nominal value and inject extra power when its value is under the nominal
value. Regarding DG2030 scenario the batteries implemented in teaf®ew solar PV facilities
can offer regulation of around 0,5% (in terms of power) over the total new PV power installed. On
the other hand, in DG2040 scenario, the typical batteries implemented in the 50% of new solar PV
facilities can offer a range oégulation of around 12,5% (in terms of power) over the total new PV
power installed. This approadtientifiesthe potential of VSP product as one of the main relevant
solutions for frequency regulation.

w UCO03 Voltage support by VSP coordination: this f#esoé similar capability than in previous UC02
but focus on voltage and reactive power. In this case, the additional services and capabilities will be
offered by the type of inverter associated to the new battery systems included as part of new PV
power dant. Regarding DG2030 scenario 0,5% (in terms of apparent power) over the total new
solar PV power can be offered for regulation. In case of DG2040 scenario, 12,5% (in terms of
apparent power) can be offered for regulation.
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Figure 6. Inverter limitation [7]

w UCO04 Congestion mitigation by VSP coordination: in this UC due to the addition energy capacity
offered by new batteries installed in new PV facilities, the grid can avoid some typical Gongest
due to the nondispatchable power generation from this renewable source. As mentioned in UC02
and UCO3, the VSP product can offer power reduction of 0,5% and 12,5% respectively in DG2030
and DG2040 of new PV power plants, reducing on this way the stioggroblems and
consequently avoiding relevant investment in transmission and distribution grid to the introduction
of new PV (or nolispatchable power plants) in the power system.

w UCO05 Market participation: in this case VSP can show its capacitylggiroviding ancillary
services (frequency, voltage, etc.) or reducing the infrastructure investment, but also increasing the
incomes from the generator side allowing to carry out some operations likeghiféng, storing
the energy when its price iswer and injecting it in the grid when its price is higher. The range of
extra profits will depend on the market (country) where this operation will be carried out.

Finally, some relevant advantages associate to the previous sections and chapters areatidted
summarized below:

w Residential batteries could be linked together and dispatch to deliver grid support services, acting
like a unified storage power plant and being able to provide demasdonse and ancillary
services.

w Storage distributed solution,ear of the consumption point, would reduce the marginal cost of
dispatching energy, what could help to avoid more costly remedies such as firing up inefficient
peaking plants or building additional grid infrastructure (usually infrequently used).

w As a diference of a centralized storage system, based on PHS technology, strict requirements on
geographic terrains and locations would not be a limitation for distributed storage battery scenario
that could be installed in the location where is exactly needed.

w VS can support the local voltage in the distribution network and even export reactive power
compensations to the transmission level. In addition, VSP are capable of supporting local frequency
when contingencies happen in the main grid.

2.2  Challenge of VSimplementationsfor flexible service andmarket participation

The increasing penetration of RES into the EU power system (wind and solar PV in particular), has been
changing the roles and markets for some existing storage systems but at the same time opening up new
roles and opportunities for storage. A highly flé&ipower system would in principle have a very limited
requirement for energy storage. The power systems with increased penetration of RES in energy mix,
however, will continue to face many challenges with respect to flexibility and security of sumpgadimg

system flexibility (including the use of storage) can reduce the need for peaking generating plant and
increase the capacity factors of base load plant, reduce the numbers of starts and ramping required of
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thermal generating plants, hence reducitige operating and maintenance costs of generation, storage can
reduce the need to curtail wind and/or PV generation at times when renewable power generation exceeds
local demand and there is insufficient network capacity to export the sueplkeigy to another
region. In future, there willbe growing opportunities forthe introduction of specific markets for
short/medium term flexibility, in which all potential providers including demand response, electricity
storage and flexible generatocs&in compete on a level playing field.

When large storage is not available to support the excess of RES production in the same country or in a
neighbouring one (HLUL), the coordinated use of a set of smaller geographically dispersed storage units can
be cmsidered. In this case, a Virtual Storage Unit must overcome allctiedlenge already presented in
HLU3, but also the challenge of coordinating a large number of distrilsitgdge units and the need for

close collaboration with DSOs.

As stated inthe European energy roadmap 2050, EU has committed to reduce greenhouse gas (GHG)
emissions in developed countries below-88% of 1990 levels by 2050. Two of the main polluting
industries are the power industry and the transport sector, with 30 and 20.3 #eajlobal GHG emissions.
Central parts of reducing the emissions in these industries are the deployment of distributed renewable
energy in the form of wind and solar power, and electrification of the transport sector by transitioning to
electric vehiclesThese solutions result in major changes in how the power system is organised from the
traditional top-down flow of power with big power plants covering all the power demand, to a more
integrated model where power and consumption is located on the samdeyréd.

Higher levels of intermittent energy resources and demand results in problems for distribution system
operators (DSOs) as more distribution capacity is needed for shortpgéarieds. Congestions in the
distribution grids are traditionally treatetdy grid reinforcement. However, with increasing amounts of
uncontrollable distributed generation and higher demand peaks new methods are needed to handle
congestions in a technically and economically efficient way. As a result of the evolution of anaeligm

for electricity generation and distribution, distribution grid capacity will in many cases have low utilization.
Hence, constructing new distribution lines represents a high marginal cost. Utilizing local flexibility to
handle congestions is a moappealing alternative than upgrading the distribution grid capacity, especially
when considering the ability of consumers to contribute flexibility based on the developments in smart
metering and battery technology. New actors such as aggregators andlowk markets to handle
congestions in the local grid have emerged as a popular topécent years.

Distributed energy resources are an important part of the future power system or smart Diglgbuted
Energy ResourceBERcompose both generativand demand, the most central resources are:

w Distributed generation from wind and solar power
w Distributed storage or flexible demand, in the form of thermal storage, stationary batteries or
mobile batteries in electric pluin vehicles

DER have different effects on the distribution system, and integration of these resources can result in large
problems for the DSOs. It is important to deploy and operate these resources in a coordinated way to
resolve these issues, and in many ways, tffects of different DER on the distribution system can be
mitigated by theircomplementing characteristics.

In line with the overarching R&I framework set by the European Commission in Horizon 2020 in the
framework of Road Map 2012026 of ENTSQ =  Adpt@disepharéte C3 Cluster for Power System
Flexibility[10].

This cluster supports the deployment of existing and new system flexibility options such as:

w Storage solutions for fagesponding power (time dimension) and energy (less capacity needed) as
well as for novel solutions for system services. Technical requirements, economic, market and
environmental aspects must be evaluated.
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w Demand response encompassing the development of tools and specifications for the control of
such resources. It will alsaddress the integration of electric vehicles and the modelling of
customer behaviour and quantify the degree of flexibility provided by the distribution networks.

w ICT and enhanced RES forecast techniques would support the optimal capacity operation of the
power system while maintaining the quality and security of the supply.

w The enhanced use of the transmission assets.

The functional objective (FO) of this C3 Challenge oriented Cluster are:

T10 Storage integration Storage integration, definition and use sforage services; system added
value from storage

T11 Demand Response Demand Response, tools to use DSR; Load préfiéxtric Vehicle BV
impact

T12 RES forecast Improved RES forecast and optimal capacity operation

T13 Flexible grid use Flexible gid use: dynamic rating equipment, power electronic devices; use
of interconnectors

Moreover, ambitious scenarios for RES development by 2030 and 2050 for R&l activities will require more
flexibility and more dynamic operation of TSO businesses.

2.2.1 Flexibility services

The increasing electrification and share of decentralised resources entail a need for the extension and
reinforcement of the distribution and transmission grids to avoid congestions; distributed energy resources

can also be made available fortb& | yR ¢{ha dzZAy3 ySg W OGAGBS {eai-
enhancing the need for DSOs and TSOs to coordinate closely for grid and system needs.

Active System Management (ASM) is a key set of strategies and tools performed and used by DSOs and
TSOsfor the costefficient and secure management of the electricity systems. It involves the use and
enhancement of smart and digital grids, operational planning and forecasting processes and the capacity to
modulate, in different timeframes and distinct agageneration and demand encompassing flexibility
instruments (toolbox) to tackle challenges impacting system operation, thus ensuring proper integration of
RES and a high share of Distributed Energy Resources (DER), as well as the integration with energy
markets.

The services for different purposes that can be delivered by flexibility, which is part of ASM, are depicted in
Figure7.

AT -
Mor-[raguency Frequency

Ancillary

Ancillary Services

Services
Congestion

Managernent (incl. balamdiing)

Trade

FLEXIBILITY

Figure 7 Flexibility Services [9]
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Ancillary services arservices provided to DSOs and TSOs to keep the operation of the grid within
acceptable limits for security of supply and are delivered mainly by third parties (i.e. control power for
frequency control, reactive power for voltage control, black-start ¢élees) or by the TSOs and DSOs
themselves (topology changes and integrated network componeftsjillary services are classified as:

w frequency ancillary services (mainly for balancing);
w services for congestion management;
w nonfrequencyancillary services such as voltage control and grid restoration, among others.

ASM refers to these processes in general, basically to the actions taken by TSOs and DSOs to monitor and
ensure that the grid operational parameters are within satisfactory esndf encompasses the operational
planning processes, the required observability and controllability of the grid, the necessary data exchanges
and the interaction with market parties delivering those services.

To realise efficient and eordinated electreity grids, DSOs and TSOs need a toolbox or toolset comprising
different types of solutions for undertaking congestion management and balancing, which is related to
deliverable subject to WPLOCROSSBOW Wholesale and Ancillary Market toolset (AM) (SP5).

Increased distributed stationary storage and flexible load is not an objective in itself in the same way as RES
or plugin electric vehicle (PEV) deployment, but a valuat@source in terms of helping with the
integration of RES and PEVs. Stationary stoeal flexible load can help to reduce the need for costly grid
investments by shifting load from high load hours to low load hours, helping with the integration of RES and
PEVs as it reduces peak export and import. Batteries can be a viable option fDISthecompared to
building new transmission lines and expanding transformer capacity as it results in more efficient utilization
of the grid capacity. Installing batteries should be considered as an alternative to grid investments as it
might be cheaper andaster to employ. However, DSOs are in general not allowed to explicitly own
batteries as it is indistinguishable from generation when discharging, while generation and transmission is
commercially separated in most modern electricity markets. Batteris lbe owned by prosumers,
generators or by an actor in the newly proposed aggregator role, managing many prosumers and trading in
traditional and future local energy markets. Distributed batteries can also help with voltage support by
supplying or consump reactive power in addition to active power. Distributed storage and flexilale

are alsouseful from aconsumer pointof-view as it can contribute to reducing the power costs from spot
market, reducing tariffs by both reducing the maximum power corsdifKWmax) and increasing the
amount of own generation consumed.
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Table 5 Pros and cons for the distribution system as a result of distributed batteries [11]

Pros

Cons

Congestion management — Long or
short
generation peaks

term by reducing load and

Voltage support — Reduce need for
investments as lines, transformer or VAR-

compensation to ensure power quality

New markets and actors are not in
place yet — Local markets or new
contracts for flexibility, and aggregators

are needed

Need for communication technology
(ICT) — Some control strategies requires
direct communication/ control

Loss minimization — Reduce losses in
distribution grid by controlling power flow

Redundancy — Improve distribution grid
redundancy (N-1)

Power quality — Improve power quality by
smoothing fast changing DER

Table 6 Pros and cons for consumers owning distributed batteries

Pros Cons

Reducing Electricity Cost — Consuming Battery investment cost
power at cheaper prices, and possibility to
local

increase  self-consumption  of

generation

Reducing Tariffs —
drivers as max power consumed, time-of-

Reducing tariff

usage or total power consumed from grid

Redundancy — Backup power

2.2.2 Market perspectives for use of developeWSP scenariofor the region of South East
Europe

As the power system changes towards a smarter system with more DER, the traditional roles are changing
and the differences are getting smaller. More generation (and storage) is moving to the consumer side of
the system turning the consumers into prosumefee DSO will play a more active role in the balancing of
the power system as more generation is located at the distribution level. New markets and market actors
are under development to manage the different services offered by the DER. The main typ@rof ac
mentioned in the literature is the aggregator, with the responsibility of coordinating the different services
provided by the DER and offering them to other system actors such as the TSO, DSO aiteiBPae

many variants of theaggregator role desibed in the literature where it most often is an actor with or
without balance responsibility, while other mechanisms are mentioned where it is more like a platform for
flexibility services. Regardless, the main objective for the aggregator is to maxhmizerofit for the
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prosu'mers by reducing their costs while providing valuable services for the other actors. This is challenging
as some actors will have conflicting interests at different points in time, thus designing good markets for
different servicesand control systems for DER is critical.

A number of market products have already been identified as possible ways to implement new markets in

flexibility>
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perspective but, from a technological perspective, electricity storage could be a competitor with thermal
generation in flexibility markets, and there by significantly reduce curtailment, despite the fact that the
ramping capability of generators continues tmprove. These existing and emerging applications of
electricity storage at system level include:
w Energy Arbitrage (Less expensive electricity is used for charging the storage, which is later

discharged by supplying electricity to the grid during pesiof expensive electricity);

w Provision of ancillary services, which include reserves and frequency control, voltage control and
black start capabilft The ancillary services markets are still under development in the EU and the
need and corresponding siof these markets may be limited, they are typically seen as potentially
more profitable for electricity storage than energy arbitrage;

w Congestion management and network-gpade deferral, i.e., electricity storage can be used to
managecongestion on the grid (e.qg., regional and cross border transfers) and potentially defer
network upgrades, increase transmission utilisation and reduced transmission costs;

w Generation Adequacy, i.e., ensuring that sufficient power is available at all diespite the fact
that high penetration of RES exerting pressure on the utilisation and profitability of thermal
generation, may lead to over capacity for much of the year and shortages in generation when the
sun is not shining and the wind is not blowidthough recent analysis carried out by various
organisations around the world clearly demonstrates that the value of energy storage technologies
in systems with largeontribution of RES may be very significant, development oftirea
optimisation andcontrol strategies in systems with various energy storage technologies that differ

in size, energy density, technical performance and lifespan, is in very early stages.

Additionally, the contribution of storage technologies, particularly those distributeé@ughout the
network, to overall system dynamic performance is very limited and is at very early stages of research.

Table 7 Overview of energy storage applications in the electricity sector. Source: EASE

Generation/Bulk

Services

Ancillary
Services

Transmission
Infrastructure
Services

Distribution
Infrastructure
Services

Customer
Energy
Management
Services

. ~ Primary frequency ransmission e End-user peak
Arbitrage - ! ~ i Capacity support -
- control investment deferral ! shaving
. . - . . ime-of-use
Electric supply Secondary N . . Contingency grid
LI ! Angular stability - . energy cost
capacity frequency control ! support N S
’ management
Support to . ~ . S Particular
- ertiary frequency ransmission Distribution T
conventional N ! L reguirements in
control support investment deferral A ~
generation power guality

Ancillary services
RES support

Frequency stability
of the system

Capacity firming

Black start

Curtailment
minimisation

Voltage support

Limitation of
disturbances

MNew ancillary
services

Distribution power
quality

Maximising self-
production & self-
consumption of
electricity

Dynamic, local
voltage control

Demand charge
management

Intentional islanding

Continuity of
energy supply

Limitation of
disturbances

Limitation
of upstream
disturbances

Reactive power
compensation

Reactive power
compensation

EVintegration
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In a mediumterm pergective (510 years), not only ancillary services but also energy, arbitrage based on
stored energy could be a valuable application. Investment deferral, both at the DSO and TSO levels, could
be a further promising application, but is dependent on the tatpry framework. Sel€onsumption and
storage of renewable electricity could also become more vepieead.

However, energy storage will likely play an important role in linking the electricity system closely to its
neighbouring sectors in the energy syst and cross border cooperation, thereby decarbonising them.
Private as well as industrial heat demand are obvious candidates for future supply from the electricity
system and the transport sector will undoubted]ylthough perhaps at a slower ratgbe sifted to supply

by energy based on sustainable electricity. Energy storage applications able to support the decarbonisation
of heating and cooling and transport will become increasingly valuable.

There are a number of challenges facing energy storagel@@went in South East Europe (SEE). Electricity
markets in the region have traditionally been very highly regulated and dominated by-csteted
enterprises. Although there is a push for greater competition through deregulation, that transition is
happenirg at different rates throughout the region, with little progress being made in most markets. Given
the lack of competitive markets, there are limited opportunities for independent companies to own storage
assets. It is likely that mandates or other goveamninfluences will be required to stimulate the regional
market. A further challenge is the high level of generation overcapacity throughout the region.

Despite these challenges, there is a potential for a strong energy storage market in Eastern Etinepe in
coming decade. The most attractive markets are likely to be the EU countries in the region (Hungary, Latvia,
Slovenia, Estonia, Lithuania, Romania, Bulgaria, Czech Republic, and Slovakia) since these countries are
bound to EU laws regarding electricitnarket deregulation and reduction gfeenhousegas emissions. In
addition, there are potentially attractive opportunities in Southern European countries, such as Croatia,
Serbia, and Georgia.

2.2.3 Review of existing limitationg8]

Energy storage technologies hold significant potential to help drive development in emerging economies by
improving the quality of the electricity supply and faating the effective integration of renewable energy.

The rapidly falling costs and improving capabilities of stationary Energy Storage SyE®8s along with
growing industry expertise, will quickly open new markets and -effsctive applications dr energy
storage. Developments in the industry to date have shown that the specific trends and dynamics in energy
storage markets, this is particularly true for many emerging economies. The specifics of each market, such
as the applications that storaggstems will provide, and the types of technologies best suited to them, will
depend on a number of factors, including:

w ¢KS YAE 2F SEA&GAY3T 3FSYySNIGA2y NB&az2dNOSasz A
w ¢tKS SEA&AGSYyOS 27 SE h paitidulardopSalirfy Ninged Aydra pldntd S NX
which can greatly limit the need for new ESSs

w ¢tKS SEGSYyd 2F GKS St SOGNROAGE YINYSG GKIG
utilities, which will determine who can own ESS and what servicesecarovided

w ¢KS St SOUNROAGE NIYGS aGNUzOGdzNBa F2NJ Odzad 2y
parameters of (Behinthe-Meter) BTMstorage

W {dFroAtAGE FYR NBftAFTOATAGE 2F GKS St Sford NA OA
customers due to lack of generation capacity, lack of transmission capacity, aging infrastructure,
and extreme weather

Most activity in the energy storage market to date has centered on select countries and regions, mostly
with well-developed economieand in energy markets with favorable regulatory frameworks for extracting
value for storage projects. There are a number of lessons and best practices that can be learned from the
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industry in these areas, and the limited development that has already tplase in emerging economies
can beanalysal.

Perhaps the most important factor in a successful energy storage market is the availability-adskow
financing for ESS project development. In order to unlock-dost financing, it is important to utilize
technology from reputable and established vendors that can offer warranties and performance guaranties
on their products. This reliable technology must be paired with experienced and capable system integrators
who ideally have a record of previous succelspfoject development. It is also critical that energy storage
industry participants educate relevant stakeholders, such as investors, grid operators, and energy
regulators, on the benefits of energy storage. These factors can reduce the perceived imtessieand

greatly increase interest and trust in energy storage as a beneficial technology for emerging markets, thus
reducing the cost to finance and develop such projects. This in turn will result in more replicable projects,
rather than highly custoimed and specific systems, which will be crucial for the market to truly reach scale.
Finally there are a number of barriers to energy storage market growth that must be overcome. Some of
these barriers, such as the level of competition, and some aspdatsgalation in energy markets, are
complex and unlikely to be changed in the néaim. Officials in some advanced power markets have
begun exploring ways to revise market rules and regulations to boost the participation of ESSs and other
Distributed Enegy Resources DERs in their grids. Although these efforts remain in early stages, there are a
number of operational practices and regulatory changes and practices that can enable better energy
storage systems and foster the transformation of power systemi® imore resilient, clean, and
technologically diverse grids. These include:

() /| 2Y&ARSNI 9{{ F+ta&a | dzyAljdzS IyR Ft3y2aGdA0 | aas
the technology, and allow multiple players on the grid system to install, @md, operate the

system

w hupJ8oyhpetitive markets for ancillary services to multiple technologies rather than only

sourcing from large generators, thereby allowing storage operators to obtain additional sources of
revenue for different services provideenabling financial feasibility

w 9 y O 2 dzNérrEa Eontracks ol SeNdces from energy storage, thereby reducing risk for
finance institutions.

w lff2¢ | 33aINBIFTGSR 59wa G2 LINLAOALIGS Ay OFL
W L vy dirER/aryiizg) ites to better align supply with demand, allowing customers to use BTM
energy storage to reduce their electricity costs

W WSTF2NY dziAfAde o0dzaAySaa Y2RSfta (2 SyO02dzNI 3S
investment: Althoughenergy storage is often a cheaper alternative to substation or transmission
investments, utilities are often incentivized to make large capital investments

Other barriers, such as the requirement to use locally produced products in storage systems at part
procurement processes, are easier to change. These types of local content requirements, while well
intentioned, have proven to be a significant barrier to energy storage development given the lack of
vendors with quality technology in many emerging nedsk and the scale economies in existing
manufacturing hubs. It is also recommended that utilities and governments in emerging markets always
consider ESSs alongside traditional grid investments. Given the falling costs of the technology, storage will
continue to be an economical alternative or addition to lasggale grid infrastructure in many areas.
Requests for information from storage vendors and developers have proven to be an effective way to help
stakeholders in emerging markets better understand fhaential opportunities and impact for energy
storage in their service territories and areas of operation. Despite these barriers it is expected that energy
storage will play an increasingly important role in the development of many emerging market iesuntr
over the coming decade.
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3 Distributed Storage Technologies for VSP Application Scenarios

3.1  State of the Art of Distributed Storage Technologies

Energy storage technologies are experimenting an exponential growth, breaking records in installed
capacityyear by year. Moreover, it is significantly remarkable that in 2018, for the first time, the new
energy storage power installed was higher in a distributed s@adhindthe-meter storage), than at a
transmissiorgrid scale (bulk storage), as showrfrigure8.

2018
Behind the Meter: 1.9 GW

G
Fa

Behind the Meter
® Grid-scale

2014

2013 2015 2016 2017 2018

Figure 8. Global annual energy storage deployment. Source: IEA [13]

It can be observed how, in 2018, distributed, or behihe-meter, energy storage power installed doubled

the value for 2017. These numbers mean that more and more, the energy storage capacity in the electricity
system is ownedrad managed by small users, normally active consumergrosumersthat produce and
selfconsume their own electricity, storing the surplus in their batteries to increase theicaeffumption

factor, many times motivated by expiring subsidies to gmjdction of distributed renewable electricity
generation.

In Europe, the biggest player is currently Germany, with more than 100000 systems installed. Moreover,
DSNX¥IFyes G23aSGKSN) gAGK CNIyOSz: O2YYAOGGSR @AGK
manufacturing industry. It is remarkable that, in the case of Germany, the market of distributed energy
storage grew beyond the subsidy programmes. This local market is starting to invest in flow batteries as a
potential alternative to the market leader, litmorion batteries, as shown iRigure9.
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Figure 9. Technology mix in storage installations, excluding pumped hydro. Source: IEA [13]
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The wide depletion of distributed energy storage systems can be understood from an economical
perspective, as many of these projects are thecatted renewableplus-storage projects. This model has
become the global trend as it impros¢he economics of both the power and the storage systems.

In this distributed energy generation and consumption, energy storage cannot be anymore understood only
as a static service for the owner suchgaserationstorageconsumption, but in the context of the services

and applications that it is able to provide according to the grid needs. Flexibility is on its path to become as
important as surplus energy storage for these systems.

3.2 VSP Providing Anciltg Services

Figure 10 shows the activation and deactivation set points in time for the different ancillary
services/markets for frequency restoration, since the momantimbalance is detected (yellow arrow in
Figurel0).

P A

Inertia

Primary Reserve
Secondary Reserve
Tertiary Reserve

~5s 30s 15min 60min t

Figure 10. Actuation timeframe for each ancillary service to activate/deactivate set point. [14]

VSP can provide ancillary services in two different markets, the balancing service market and the capacity
market. If the plant was not to sell arancillary service, it could eventually sell or buy electricity in the
wholesale market as any other consumer or generator.

The role of the VSP in the balancing service market would be to provide, by means of a fast response,
capacity and/or energy for fragency containment and restoration. That could be done in two different
markets, in the primary market in case the VSP would have taken part in the wholesale electricity market,
or in the secondary markets, in case it had been decided to bid directlyandady.

The other case in which VSP can play a relevant role for the ancillary services market is by means of
entering the capacity market to provide the system with security of supply. However, this capacity market
has only been implemented so far in aMfe&ountries with a large deployment afattery energy storage
system BESE such as the UK or Australia.

3.3 Type, Size and Location of Distributed Storage Technologies

The optimal integration of decentralized energy storages will be an extremely importskitiniahe near
future for the utilities. Hficient integration and control strategies are needed to get good economic and
technicalbalancebetween the utilities and the customer side.

Continuing on Chapter 2.1 and the work that is done on the future seenahe focus here will ben
battery storagessystemswhich are installed closely wistributed energy resources (mainly PV plants).

Today, PV technology igenerally consideredas a costcompetitive source for increasing electricity
production and fo providing energy access. Nonetheless, marketsamylocations continue to be driven
fINBStf@ o6& NBIdAFdA2ya 2N I320SNYyYSyid AyOSyiliirgSao
100 GWmilestone of solar powein 2016.Furthermore it is estimi@d that, by 2050, the net PV production
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capabity in the EU will be +197.3 GW highreaching almost 300 GW in 2050 whergbgrmany, France,
Italy, and Spaiwill have a prominent role in the spad of PV technology in Eurof#6].

The key to addressing the variability and uncertaintyP@fandenewable electricity integratiom general

Ad GKS AyONBlLaay3a 2F GKS 2@SNI ft conSpeokide fafvdriéty@of Ay
bSEAOAfAGE ASNIIAOSAS AyOfdzZRRAY3I LINRPOBA&AAZY 2F 2LISNI
generation and loadWith respect to applications for the daily balancing of demand and supply in the
electricity systema 4 2 NI 3S 2 LJiA2ya adzZOK | a LlzYLISR K@RNRB &aiz2N
compressed air storage, or battery systems are of main interest

Although the vast majority of thglobal stationery and gridonnected energy storage capacitymes from
the pumpedstoragehydropower(95.9% in 2016) major growth can be noticecelectrochemical (battery)
storage

The rechargeable battery is one of the most widely used electrical energy storage technologies in daily life
and industry. Electrochemicgbattery) storageis attractive becauseit is easyto deploy, its economical,
compact, and provides virtually instant response both to the input from the battery and the ofripmut

the network to the battery Expert outlooks on battery storagee mixed, largely hinging on whether the
future of electricity systemwill be increasngly decentralized or remainentralized. Those experts who
expected decentralization foresaw an important role for battery storage in both the short anetdomg
particularly in corbination with solar PV systems and believing this approatirsupportthe economics of
household battery systems namelyby rising electricity prices and decreasing battery costs. Thus, most
experts saw battery storage as capable of being implemented in Germany to a greater extent towards 2020
in comparison withother options due to perceived higher feasibility of implementation and advantages in
financing smaller projects. In the lotgrm towards 2050, batteries were seen as important for renewable
integration by those experts who foresaw a more dominant role decentralized energy production,
particularly optimal solar integration and congestion relief at the distribution level. Those who expected a
more centralized energy production system in the future did not say batteries would be unimportant, but
tended © rank other technologies higher due to perceived higher potential of these technologies to
integrate renewables

It is plausible to assume that theconomic aspect of electrochemical storage systems will be improved
greatly bytheir development in the futire. According toFigurell, by 2030it is forecasted that together

with the increase in efficiencyhe installation costs of battery storage systems&wf 06S &AA3IYyAUOIl v
[27]. Consequently, the Return of investment (ROI) will be reduced and the rooftop PV installation coupled
with a batterystorage system will become a more attractive option for the costurireany case, ue to

current EU project development trends K Sa4 S yS¢ bSEAGE S HKayeSHolBed onthel 2 NI 3 ¢
highly developed economic regions. Without governmental suppdrtdt RA FUOdzt G (2 &dz00S
energy storage system projeasddespite the rapidly falling costs thesevestments are still expensive.
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Figure 11. Energy round-trip efficiencies and installation costs of electrochemical technologies,
20167 2030.
(Abbreviations: LA = leaaltid; VRLA = vakregulated leaehcid; NaS = sodium sulphur; NaNiCl = sodium
nickel chloride; VRFB = vanadium redox flow battery; ZBFB = zinc bromine flow battery; NCA = nickel cobalt

aluminium; NMC/LMO = nickel manganese cobalt oxide/lithium manganese oxide; LFP = lithium iron
phosphate; LTO = lithium titanat
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Figure 12. Example of an electrical network with high penetration of DES in the medium and low
voltage level

An electrical network with high penetration of DES is representelignre12. In the medium and low
voltage level we can distinguish following DEStsgjias:

1. Integration of enewables

When used for integration of renewables, DES canasca buffer and smoothens out the renewable
generation allowing for seamless grid integrationalignwind and solar generation peaks with demand
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peaks.Additionally DEScan also be used to contrdte ramp rate (MW/min or kW/mingndto eliminate
rapid voltage and power swings on the electrical grid.

2. Frequency and voltage regulation:

Commonly used in smagrid and micregrid applications. Voltage and frequency stihilion is
accomplished by dlancingthe fluctuating demand andenables a changing generation mixthout
oversizing equipment

3. Load levelling:

Reducing stress on grid equipmeoan be achieved byatteningthe demand peaks and thus postpone the
or compleely eliminate grid updates. This strategloas higher mix of intermittent of renewables into the
gridand therefore offering interesting possibilities fevolving business models

4. Peak shaving:

Managesthe highest peak loads withowaying additional paer fees and mproves load factorThis
strategy also Blpsto control the amount of reactivgpower flowing through the grid and offers the
possibility for DES to be used as a\@édaack up power for critical loads and equipment

Based on size of thenergy storage (capacity and the rated power) and the application, DES systems can be
connected to different network voltage levels. Fexample, the grid levels in the GermAmstrian
Switzerland interconnected grid are: ExtdighVVoltage (XHV) in the ansmission grid (220 kVAC or 380
kVAC), Higivoltage (HV) in the supiregional distribution grid (36 to 150 kVAC), MediMoitage (MV) in

the regional distributiongrid (1 to 36kVAC)hNd LowVoltage(LV)in the local distribution grid (0.4kVAE

[29].

Behindthe-Meter (BTM) applications require a connection of hESat the grid level of the meter, which
is typically the LV level for small consumers (e.g., residestiaall industrial), and the MV level for large
industrial consumers

Furthermore applications for local grid supportvdltage and frequency regulation, integration of
NB y S 4 I) tefuiBeithé storage system at the grid level, typically again the L\Wiahitvel Theseutility -
scaleDESghat providegrid ancillary services can feature system power in the Megaraaije and thus
require connection to the MV or poterily the HV level in the future.

Figurel3 shows the grid level chosen for mediuto large scale industrial and utiligcalebattery-based
DESaccording to their nominal energy and nominal power baseguiicly available project data.
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Figure 13. Grid level study of selected battery based DES in Germany showing the connection
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between storage system power/energy and network voltage level at the point of connection [28]

Data collected fromGlobal Energy Storage Databa®sweals a turning point between low and medium
voltage installations at approximately 200 kW, and a peak power connected to low voltage at 400 kW.
Additional cost fora MV connection (i.e., transformer, and particularly medium voltage svgéar) might

0S 2dzaGAUSR F2NJ £ NESNJ LINR2SOi
favorable with larger systems: Traodf between cost for appropately sized cable connections suitable for
high power transmission at a lower voltage leftelver initial investment but higher operational costjl
additional investment for transformers and switgiearfor a higher voltage connection (higher initcasts)

is project dependent and thus neettsbe investigated separately.

Also, dependent on the application a schematic comparison of electrochemical storage technologies
suitability is given in the followingable8 [30]. However, the tableloes rot give any description on the
status ofeconomic and technicaispectdn relation to the various grid applications.

CROSS BOrder management of variable renewable energies

and storage units enabling a transnational Wholesale market

Ayadlrttlraazyas

Table 8.Comparison among different electrochemical storage systems for the key grid applications

. . . . Redox . Super
@ @ @ @ o ® o

Time-shift

f:]‘:gg‘r”;jl"of °® °® ® °® ® Y o
Network investment deferral @ @ [ ® o @ o
Primary Regulation o ® [ ® @ ® ®
Secondary Regulation ® o [ ] ® @ o ®
Tertiary Regulation [ ] @ [ o o ® ®
Power System start-up @ [ [ ] @ o @ o
Voltage support [ @ @ ® @ ® o
Power quality L ] o ] ® @ o ®

e Suitable

As mentioned in Chapter 2, the battery energy storage system market experienced a strong growth in the
recent years, where the battery systems are mainly used in combinatiornredftop photovoltaic systems

e Less suitable

o Unsuitable

to store excesgeneration peakandusethoseduring demand peaks.

A brief overview of the technology mix of the battery energy storage system market is given in the
following diagramskigurel4, Figurel5andFigurel6.
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Figure 14. Comparison of residential and small industrial solar energy storage systems on the
market [31]
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Figure 15. Comparison of small industrial and large industrial solar energy storage systems on the
market [32]
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