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Sommario

Il presentestudio affronta il tema delle risorse di flessibilita distesma elettrico italiano
attraverso la partecipazione dellomanda al mercato, concentrando l'analisi a livello
nazionaleln particolare, la tesi si focalizzaile diverse strategie chen prosumer potrebbe
adottargperottenerd'aumento dell’autoconso,in aggiunta d& partecipazione al mercato
dei servizi di dispacciamento

Sono presi in considerazione tre diversi casi studio: la fornitura di solo autocoresasoo (
Behindthe Meter), la fornitura di autoconsumo e di riserva terziaria in un noeseaiza
vincolo di offerta minima ¢asoUnconstrained) @ino scenariache considera entrambi i
servizi con il vincolo della dimensione minima dell'offerteago Aggregated, che
rappresenta un probabile schema di regolamentazione futuro.

| primi tre capibli dellavoroforniscono unaiassegnalella letteraturan materia di(1) ruolo

del Prosumeresidenzialefornendouna panoramica delle sinergie siatema fotovoltaico

e storage (2) Mercati dell'energia elettrica in Italia, con particolare attenzidaestruttura

del Mercato del Giorno Prim@viGP) e del Mercato per il Servizio di Dispacciamento
(MSD) e all'evoluzione del mercato; (3) Aggregazione, con il dettaglio delle tipologie di
aggregatori e degli usi a livello mondiale. Nel capitolo 4 vienegsta & metodologia e
vengono presentati i modelli distema di accumulo a battegar i diversi casi. Il capitolo

5 illustra la descrizione dei dati utilizzati nella tesi. Il capitolo 6 mostra i risultati delle
simulazioni e dell'analisi di sensibilita tutti gli scenari

Gli esiti dello studio mostrao che la partecipazione aSD permette aiProsumer di
aumentare l'autoconsume anchemigliorare la redditivita dél 6 i nv esSeianent o
concentriamo sull'aggregazionemergeche avendo pitutenti regdenziali aggregdt e
possibileotterere risultati migliori. Tuttavia, € meglio diminuire la dimensione minima
dell'offerta pelincrementare la quota énergia scambiata su MSBliminando addirittura

il vincolo di offerta minima,si incorre inun casoancoramigliore, perchési consegano

| aitoconsumgiu elevatoe i maggiori ricavi.

Parole Chiave: Prosumer, aggregazione, autoconsumo, riserva terziaria, sistema di
accumuloelettrochimico, mercato dei serviziancillari .






Abstract

This study addressebe issue of increasing the flexibility resources of the Italian electric
powersystem through the participation of the demand in the market, focusing on the analysis
at a domestic level. It fases on different strategies that the prosumer could intelgrate
guarantee the increase of seBihsumption, but also the participation in tAacillary
Services Mirket(ASM)

Three different case studies are considered: the provision of onossifimgpion (Behind

the Metercaseg, provision of seHconsumption andertiary reserve in a market with no
minimum bid (Unconstrainedcas@, and amother case considering both services with the
constraint of the minimum bid sifAggregateatas@, represenhg alikely future regulatory
scheme

The first three chapters pride a literature review of (1Jhe Domestic Prosumenle,
providing an overview of the synergies between Photovoltaic SysterBaitety Energy
Storage $stems(BESS; (2) Electricity Marketsn Italy, with particular attention tDay-
AheadMarketDAM), ASM, and the evolution of the market; (3) Aggregation, detailing the
types of aggregatsrand the uses worldwide. [Bhapter 4the methodology is explaingd

and the models of the BESS for the different cases are presented. Chapter 5 shows the
descriptiorof the data used in the thesighile Chapter 6 shosthe results of the simulations

and sensitity analysis in all the cases.

The outcome of this studlyighlights that participation in theASM allows prosumers to
increase seltonsumptionincrease revaues and, thus, the BESS investment interfsive
focus on aggregation, it is noticed that by having more houses aggregated, bettararesults
be achievd, but we do betterf ithe minimum bid sizés decreasetb havemore energy
exchanged o0ASM; whereas by do not have a minimum Iside we do even better since it
shows the highest sedbnsumption and the highest revenues of all the cases.

Keywords: Prosumer, aggregation, selfconsumption, tertiary reserve, battery energy
storage system, ancillary srvices market.

Vil






Extended Abstract

Effective Management of Aggregated Energy Storage
Systems at Domestic Level fBel-Consumption and
Frequency Regulation

Helen Cérdoba

l. Introduction

One of the most critical changes to
electrical systems is the ndreasing
penetration of Renewable Energy Sources
(RES) into thedistribution network[1].
Higher diffusion of RES into distribution
networks increases the needs of power
reservedq?2] for ensuring system stability
since the intermittent and unpredictable
production dramatically affects the
security and reliability of ta system. This
need for flexibility implies substantial
changes in the way energy systems and
markets are handld8].

Recently, the electricity market has been
opered to generation sourcesthat
previously were notenabledto provide
balancing servicessuch asDistributed
Energy Resourcg®ERS. Regulators are
moving in the direction of more inclusive
markets, where participants provide more
resources at a lower cost.

The implementation foRES aggregation
through entities known as Virtual Power
Plants(VPPs) is one of the most recent and

effective ways to achieve this, and thanks
to the concept of aggregation, regulators
are opening up Ancillary Services Market
(ASM) to RES and DERs paripation.
For instance, this is gradually happening in
Italy [4].

This study addresses the issue of
increasing the flexibility resources of the
Italian electricity system through the
participation of the demand in the market,
focusing on the analysis at domestic
level. 1t will be focused on different
strategies thaht prosumer could integrate
to guarantee the increase of self
consumption, but also the participation in
the market for frequency regulation. These
domestic users equipped with ESS will
participate in DayAhead Market (DAM)
and in theASM, where Tertiary Bserve
(TR) is offered.

Considerable attention will be dedicated to
represenng the regulatory framework

correctly. Some assumptions will be

introduced to represent a likely future
regulatoy schemeand to obtain results

that can bgeneralized.
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ll. Proposed Methodology

A BESS numerical model was
implemented ira Matlab Simulinktool.

The model requires as inputs:

1 Energy to Power Ratio (EPR) for
battery, defined as the ratio among
nominal energyO , QaQ and nominal
powerd Q.

1 The Power requested to the BESS.

{ Saturation levels for SoC"Y¢ 4 =0
and "Y¢ & =100

1 Samplingrate of 1/3600 Hz for all the
cases since each step of the simulation
is equivalehto an hour.

This model B] cansimulate the runtime
provision of grid services by the BESS
considering the energy flows exchanged
with the networkn DAM and ASM.

The prosumer is subject to the dedicated
withdrawal of PV generatiotn DAM, the
Balarce Responsible PartyBRP) is the
one in charge of providing the
injection/withdrawal prograron the other
side theBalandng Service ProvidefBSP
functiors as an aggregator and proved
services to the ASMIhemodel considey
that the BRRbehavesdeally by incurring
no erros in the programThe imbalances
pad by the prosumer will b@nly when
BESSreachegshe saturations limitdue to
inadequate management whereas the
energy non provided to the ASM will be
charged to the BS#hat eventually shares
the cost and benefits withe prosumer

It has beemropose different case studies
that show which is the optimum point
where a prosumer could work.

x Behind-The-Meter

By having the power produced by the PV
plant © ) and the loadconsumption
(0 ), it is computedthe difference in
power 0 ).

~ ~ ~
g 5 g

U v U

(1)

For a matter of simplicity, athevalues in
the model are in per unit. This difference
in powe is transformed into -cate and
becomes the required by the controlie

AC, @ i ¢O By having ®
i 6O  andthen® 1 ¢OY coming
from an auxiliary contribution the

prosumer has thtotal in AC required to
the batteryw 1 ¢

If o 1 6O is positive it means
that the battery getdischarged(Eq. 3)
Instead, ifw 1 GO is negative,
this means that the battery coufgkt
chargedEq.2)

~

O 1 ean @)
w 1 o0 IS
@ i @AD ®3)
A ¢ G Al
s ~
Both s ands depends onw
(B Gal and"Y¢ .0

After computing®@ i @A 0, it is only
consideredeal power(w 1 @~ R )
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flowing in the batteryin the casethe
battery iswithin the limits of SoC If the
batteryis outside theelimits, this means
that the battery is noapableof providing
the requested andhe prosumerhas
imbalances. After  having @
(IR , it is convertedrom DC to
AC to compare the real in AC (&

(IS R with the total required in
AC. By having the ral power and
comparing it with 0 (Eq.1) it is
possible toknow the exchanges of the

prosumemvith the gridwhich could be due
to the saturation of So®@r when 0 >

0 10 0 i (4)

If 0 > 0,the prosumewithdraws from
the grid, instead with 0 <0, injecs
energy into the grid.

x Unconstrained Case

In this casethe prosumestill takes care of

the selfconsumption{SC)logic but also it

is introduced the participatioto ASM

with the provision ofthe tertiary reserve.

This implies:

1 the forecast of the power band
available in the following market

session for tertiary reserve, considering

the expectedY¢ variation due to self
consumption

1 the market model for defing the
guantity awarded in the market

In this market, sincthe prosumerdoesnot
have a constraint on the minimum kide,
all the availablegpower is bid The market

model defines if the offer is either awarded

or not by compaimng the pricesid and tle

prices of the market taken from historical
data.

Tertiary Prediction

To evaluate the amount ehergyavailable
for tertiary reservethe prosumermust
estimatdhe energy variation for the whole
market session due to all the services
provided by the BES. Since the market
gate closure happens one hoefdre the
delivery time (1) and the market session
lasts 4 hours (from hour t to t+3), the
prediction must involvéive hourly energy
variations.

The modelfirst calculatesSC logic and
provision of ertiary from the previous
market(Eq. 5)

E Qo (5)
Lo~
P \/
E ;

Where:

 E E 7 Eis total energy predicted
onehour before the delivery.

1 ,oad andP V , arethe
Load and PV energy predezt one
hour before the delivery.

1T E ; is the real energy
exchanged based on the awarded
guantity for hour 41 in the previous
market session.

For the market session,

(6)

E, Qs n ,oad

PV

Xi
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Wherei is the hour of delive,, ,E7 E

is the total energy predicted for each hour,
ancL,o~~* ,PV are Load and

PV energy predicted for each hour.

The total variationdepends on the hourly
predictions in Eq. 5 anddE 6
"YE® QX (7)
I'O b O 1]
With Eq. 7 then iis possible to compute
how muchpotentialenergythe prosumer

has for upward and downward services.

For upwardjt is as followed:

60y E7E
s vés zo (8
YEO
where: 6'C ; E7E is the total

available energy for upwar'Y¢ 9is the
actual'Yé , ('Y€ & is equal to 0%ndQ ,
is the nomimal energy of the battery.

The available power for the next houss
then evaluatedconsideing an average
efficiency (— of the system and a
safety factor(0 aimed to increase or
decrease the risk on the market.

E7 9)
E7E

z) z -

8

o: 1

h
00
TQ

For the downward servicehe prosumer
followsthe next equation:

6C 5 IETE (10)
YE A YE 520
YEQ® ;

Xii

Where:6 'C j E 7 Eis total available
energy for downward’Y¢ 4is the actual
"Y€ ,CYE & is 100%.

Theavailabledownwardpower(® 0
for thenexthoursis:

(11)

After themodelhasthe available power for
both services(0. U  F6.0U  , the
modelchecks the power that is allowed to
bid by comparing the prices thahe
prosumerbids and the one that is in the
market For upwad reserve, the prices that
areacceptegdshould nobe greater than the
one set by the markéEq.12), differently
for downward reserve, wherbids are
acceptedn case the price bid is greater
than the one on the mark&q.13)

(12)

n'" r n' s r

N R R (13)

n' s 5 Il
In this model, the strategy to choose
between upward and downward reseve
request to the batteing orientedto avoid
SoC saturationlf the battey is closer to
SoC=54%, the prosumer bidsupwad.
Instead if the battery ielow 54%,bids
downward.Thesebidsare requested to the
batteryand after knowing 0 of the
battery the modeldecides how muchis
given to tertiaryreserveandSC by giving
priority to this htter since the program
proposed by the BRust be respectday
the prosumer.
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x AggregatedCase

Most of the ASMs only accept bids larger
than a minimum threshold (in MW). This
minimum thresholdimits the participation
to ASM of DERs unlesghey aggregate
together.The aggregated unit is managed
by the BSPthat participatein the market
on behalf of DERsIn the framework of
this study, it is adoped a minimum
referencesizeof 0.2 MW for bothupward
and downward reservehis assumptions
coherent with the evolution dhe Italian
regulatory framework, recently enabling
the participation of DERs with bids as
small as 0. MW [6]

For this study, the simulations are
performed on five batteries working in
parallel. These fiveprosumerswith similar
profiles are part of an aggregated unit
composed of domestic users oragd do
the same activity as before, self
consumptionand tertiary reservd he tdal
available energy by these five prosumers is
scaled up to the total numbef houses
(assuming these five batteries are a
representative sample of the whole
aggregated unit).

This involves:

1 Five batteries with their controllers that
forecast the tertiary reserve available
considering thexpected 8C variation
due to seHconsumpion;

1 The total aggregated band needs to
respect the threshold of the minimum
bid size

1 Then the market modallefines the
guantity awarded

The model does the same as the
unconstrained caseand the available

powerfor upward and downwand found
for eat prosumerandthen is resaed to
find the total aggregated power.

This total aggregategpower has a first
constraintregardingheminimum bidsize
In addition to thisthe modecomparsthe

prices on the marketi t h t (E@l2b i

andEq.13)to identify the potentialupward
and downwardallocated reserve When
compliance has been verifiethe model
follows the same strategy to choose
between the upward and downward
reserve offered to avoid SoC saturation
Then this selected tertiary reserve is
requested to the batteries.

O  is foundfor all the batteriesrhere
part of this reapoweris for SC andother
for tertiary. By knowingthe total real
tertiary power of each prosumey the
aggregatorcompute the totalaggregated
real energythatshould be equal or greater
than0.2 MW to be awarded.

I1l. Results

x Behind-The-Meter

In this case the prosumeronly bid on
DAM. From Eqg.l1, it is known the
difference ofpowers on the side of the
prosumersin Figure 1 it could be seen
that whenevethe prosumeihas moreload
Powerthan PV powerthe difference haa
positive value: BESS is reqeéed to
discharge for that specific time
Meanwhile whenthe prosumehas more
PV Power than the consumptiahmeans
thatthe prosumecan chargethe batery.

Xiii
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DISCHARGING AND CHARGING PROCESS

W c-rate
S0¢(%)

03
0.2
01
Zo 'lulll I
T
02

03

1090 1100 1110 1120 1130 1140 1150
TIME (HOURS)

04 L
1070 1080

Figure 1 Discharging and Charging Proce
of Behind the Meter Cas

If the batteryreacles 100% of SoC, then
there is not enouglspaceto store the
energy, sdhe prosumeneed to injectit
into the grid On the other side, ithe
prosumer hasnore consumptionvithout
having a generation of the PV Powdhe
batery reache®9%, andthenthe prosumer
withdraws from the grid Both situations
areconsidered imbalansé¢o the prosumer
(i mbal ance fee of

x Unconstrained Case

In this case, along with SC, the prosumer
also participatesn ASM through tertiary
reserveslt has been assumed a regulatory
framework in which the prosumer could
access on his own to the marlagtd can
bid everything available to the tertiary
reserve without the restriction of the
minimum bid.

If the prosumer provides an pward
reserve to the markeby following Eql2,

it is only acceptedvhen the price bid is
lower than the one on the marlast shows
Figure 2.Only in that case, it provides
upward regulation

Xiv

UPWARD ENERGY TO BID AFTER COMPARISON OF PRICES

08 = Upvard FremyAvaiabie |
Upveard Erergy Bl

Upveard Prios Bid (6KWH) |

05 «+=+ Upward Markat Prica (E4/h)

o lpul

01 | | I I
== LN
1065 1070 107!

5 1080 1085
TIME (HOURS)

Figure 2 Upward Energy to Bid after
comparison of Prices

Different from the upward reserve and
following Eq13, it couldbesea in Figure
3 thatprosumelis accepted fodownward
regulation whenever the priceffered is
higher than the one on thenarket
(prosumer buys back energy)

DOWNWARD ENERGY TO BID AFTER COMPARISON OF PRICES
ooe] I | I I 0N

Upward Price Bid (€K
01| +=++ Upward Merket Prios. (EKWh)
015}

10 (e

-025-
gn.s‘
-0.35+
-04
-0.45

-0.5°

88 89 90 a1 95 96 97 9‘8

Fine (oURs)
Figure 3 Downward Eneygto Bid after

comparison of Prices

The modelfollows the strategy explained

in Section || only offering downward

energy when the SoC is low, upward when

the SoC is highwith the purpose to keep

the SoC far from saturation.

DISCHARGING AND CHARGING PROCESS
. A

= - SC

80

70

o
@
7

-60

[pu]
SoC(%)

40

_-‘_- :
IIIIII-- a0
20

10

Ol PN N T

-0.5|

L |
1680 1685 1690 1695 1700 "

TIME (HOURS)

Figure 4 Discharging and Charging Proce
of Unconstrained Case
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This tertiary bid together with power
requested for selfonsumption 0

givesthe total powerequired(Figure4).
x AggregatedCase

The aggregated case introduces in the
market the constraint of the minimum bid
size. Tertiary reserve bids are only
acceptedf their quantityis equal oilgreater
than 200 kW Again, upward bids are
selected if offered prices lower than the
one on the markeais shown in Figure 5.

UPWARD TO BID AFTER CONSTRAINTS

500 ~— Prica bid by the aggrogator (EKWh)

=== Market proe (€kWh)
2

=

300

200

100 I | I

o - -
2034 2036 2044
)

15
=
5]
I | 05
0
2040 2042 2046 2048
TIME (HOURS

Figure 5 Upward to Bid after constraints

2038

Downward reservdid, in addition to the
guantity constraint, are acceptetienthe
price bid is higher than the one on the
market as in Figure 6.

DOWNWARD TO BID AFTER CONSTRAINTS
o g
100

; ' ' I 0.08
¥ || 004
; i 0.02
(| A %
0.02
-200
004
| Dowrwerd Avaiiabie precicied
250 s Dowrward Afler min bid

Downwerd Afler merket
-~ Proo bid by the aggregator (€KVWh)
-~ Merket price (€KVWh)

1876 1878 1880

-0.06
300/

1882 1884 1886

TIME (HOURS)

Figure 6 Downward to Bid &t constraints

1888 1890 1892 1894

For theaggregatedase it is expected that
the prosumerexchanges less enerdgr
tertiary thanin the unconstrained case
because of the additional constraint on the
minimum bid

V. Sensitivity Analysis

For each of the case# was testedthe
battery sizingand other parametets have
a large sensitivity analysi$t wasstudied
EPR= 2.5h, 3 h, 3.5h, 4 h, and for the
Nominal Power of the battery0;= 1.5
kW, 2 kW, 2.5 kW, kW.

x Behind-the-Meter (BtM)

Figure 7 showsthat whenEPR increases
the injection isdecreasing aittle, but
decreasethe most whem increases.

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND ENERGY INJECTED (kWh)

Energy Injected (kWh)
|
|

EPR (h) "
2 NOMINAL POWER (kW)

S

Figure 7 Surface Plot & , EPR and
Energy Injectedn Behind The-Meter

Figure 8showsthat atl.5 kW and EPR=2.5
h hashigh numbers of withdrawn energy,
then there is a minimum point of the
withdrawn energy around-25 kW and
EPR=33.5 h, that gives the highest self
consumptionfor battery sizing and after
these points, istars increagng againfor
largerEPR and nominal power.

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND ENERGY WITHDRAWN (kWh)

460
455}

¥
450

440

Energy Withdrawn (kWh)
A

A
2 B
8 a

425
15 =

25
NOMINAL POWER (kW) 325

3
EPR (h)

Figure 8 Surface Plot @ , EPR and
Energy Withdrawrin Behind The-Meter

XV
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Figure 9 shows that largest BESS are not |t can be appreciated in Figure ®hd

financially advantageous becausse EPR

and 0 increag, there is no return on the

investmentand this isdue to thehigh
CAPEXfor larger batteries.

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h) AND NPV (€)

600.
400,
200

NVE) Y ol
200 —— =
-400 < Tl

-600.
3

NOMINAL POWER (kW) 15 25 EPR (h)

Figure 9 Surface Plot & , EPR and NPV
in Behind The-Meter

x Unconstrained Case

For this analysisijt has beenconsidered
one prosumerwith its batteryproviding
tertiary and SCFor the available tertiary,
the modé has applied a safety factaio
change the ratioof bid quantity with
respect to available quantity(so, the
market risk) In figure 10, t could be seen
that byincreasing powesind EPRthe self
consumption of the prosumeéncreass,
also with respecotBtM case:introducing
the ASM has an increasing benefd the
prosumer.

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND ENERGY SELF-CONSUMED (kWh) at K=0.75

é 1940 &
B 1920
E 1900 —
2 -
2 1880¢
§ 1860 S
55 1840 0 3 b
o 1820 g A B
2 1800 o P 7
2 780 4
& 1780
1760-J
4 b -
= “Ta
35 —
"N =i
EPR(h) 3 T

eAE "2 NOMINAL POWER (kW)

Figure 10 Surface Bt of0 ,+ 0.75 and

Self-consumption

XVi

Figure 12hat agt is increasd the nominal
power of the battergndv , theprosumer
exchangesnore energy in the market.

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND ENERGY EXCHANGED (kWh) at K=0.25

Wh)
[T -}
€2 2 g
8¢d 83

450
400.- i

nergy Exchanged (K

asn

E
g

) 25

EPRGAY) 3 ¥
2 NOMINAL POWER (kW)

25 15

Figure 11 Surface Plot & , Energy
Exchanged, EPR at constant K= 0i@5
Unconstrained Case

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND ENERGY EXCHANGED (kWh) at K= 1

3 8
8

Wh)
3
3

2
8

1700
1600-

Energy Exchanged (k!
S@32
88388

1100

= o 2
EPR (h) S NOMINAL POWER (kW)

Figure 12 Surface Plot & , Energy
Exchanged, EPR at constant Kl
Unconstrained Case

NPV generallyincreasesn this case but
still the increasing CAPEX let smaller
batteries be more attractivilhan larger
batteriesfrom an economic point ofiew
(Figure 13)

SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND NPV (€) at K= 0.5

1000

900

800 . coemam
7004 -
600
500
400
300-|
200,

NPV (€)

2 NOMINAL POWER (kW)

25715

Figure 13 Surfac®lot of 0 ,NPV, EPR at
constant T® in Unconstrained Case
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SURFACE PLOT OF NOMINAL POWER (kW), EPR(h)
AND NPV (€) at K= 1

1200
1100 g
1000 e =T

@ 800 Y e B e

z 70
Z 600
500
400

35

EPR(h) .
-2 NOMINAL POWER (KW)

25 15

Figure 14 Surface Plot & ,NPV, EPR at

constant+ p in Unconstrained Case
A largeru increases CAPEXFigure 14)
However, as the powes approaching 3
kW and EPRSs greater tha.5 h, it shows
a decrease in the NR\dince CAPEX is
predominantA BESS with0; = 2 kW and
EPR = 3 h gets the maximum NPV.

x AggregatedCase

The minimum bid sizéor the aggregation
in ltaly is 200 kW so that prosumers can
only bid if aggregatedit was consideed
aggregated urstcomposed by domestic
prosumersonly. A sensitivity analysis is
proposedor different aggregatasizes As
in the previous casest is studiedthe
perspective of a prosum&PR & constant
and for all the cees 0 = 1. In Figure B,

it couldbe seerseethatthe highest energy
exchanges in larger batteries.

SURFACE PLOT OF NOMINAL POWER (kW), NUMBER OF HOUSES
AND ENERGY EXCHANGED (kWh) at EPR=3.5 h

1000

Energy Exchanged (kWh)
A

e . “ y e
700 . . - 25

Number of Houses %00 =, e "2 NOMINAL POWER (kW)
400 15

Figure 15 Surface Plot &f, houses and
Energy Exchanged at EPR=3.5h
Aggregated Case

One thing thait should beappreciateds
that when0;= 1.5 kW andthere are400
houses aggregatgithere is pverexchange
of energy oPASM. Instead, by increasing
0; and houses, the energy exchanged
increases more and moreherefore,
biggest NPVs are observed whdhe
prosumer is aggregated 000 houses.
By having small batteries, it could be seen
that is not of a big benefit to thpgosumer

to bid onASM if the houses aggregated are
smaller. One of the significant evolutions
of ASM include the decrease in minimum
bid size. A sensitivity analysis is
performed on the minimum bid sidéhas
beenconsidered the actual bid size of 200
kW, and the tested minimum bid sizes are
50 kW, 100 kW, and 150 kVBy reducing
the minimum bid sizetis possible to bid
more tertiary energy on thearket Figure
16) and thisreflects higher NPV with
respect to the other bid sizes.

SURFACE PLOT OF NOMINAL POWER (kW), MINIMUM BID SIZE (kW)
AND ENERGY EXCHANGED (kWh) at EPR=4 h

Energy Exchanged (kWh)

Minimum Bid Size (kw) 100

Nominal Power (kW)

Figure 16Surface Plot 00 , minimum bid
and Energy Exchangext EPR=4hn
Aggregated Case

V. Conclusion

The scope of this work was to discovier
through the effective management of
aggregated energy storage systems at the
domestic levela prosumer was able to
provide benefit to itself by maximizing the
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self-consumption and to the system by
providing flexbility .

The outcome of this study shows that
participation in the ASM allows prosumers
to increase selfonsumption and to
increaserevenues Kigure 17)and, thus,
the BESS investment interediPV was
more attractive in case of higher safety
factors, meamg that as a prosumeris
better to provide all or almost all the band
of tertiary power availabldt was noticed
that when the prosumers have smaller
batteries there is not muclenergy
exchanged. On the other hand, this is
different with larger battaes, where it is
exchanged more energy withSM but
since all the costs related to the investment
are higher than for small batteries, it does
not show good results in terms of NARGr
smaller batteries and a lower number of
houses aggregatedth the minimum bid
size of 200 kW, it could be seen as not
convenient to participate on tA&M since
there isnot exchangs of energy on the
market The best study caseas when
there was no minimum bid sizenceit was
evident that energy setbnsumed was
higherthan for the other casasd this case
alsopresented the highest revenues among
all the cases.

NPV(€)

B

Future improvementsould beto study the
impact of the payment and presharing
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between theggregator and the prosumer.
Furthermore, the imbalance iagt on
revenues is relevanfhus, a topico be
consideed could be developing strategy
aimingatreducingthis factor.
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Introduction

One of themost critical changes to electicsystemsis the increasingpenetrationof
Renewable Engy Sources (RESinto the distribution network[1]. This increaseis a
consequence of the energy transitipom fossil fuelbased genation towards energy
sourceswhich creates less environmental damage and pollution. Hdifiesion of RES

into distribution networks increases the needpmferreserveqd2] for ensuring system
stability since the intermignt and unpredictable production dramatically affects the security
and reliability of thesystem. This need for flexibility implies substantial changes in the way
energy systems and markets bamdled3].

Consequently, the power system requires new resources of flexibility, characterized by
constant and rapid ailability to vary their power exchanges with the network. The
aggregate impact of significant variable RES on the grid suggests the need focatiodsi

as already said, to current procurement mechanisms and ancillary services market designs
and rules

One of tlese change® theelectrial systemsand themost significant around the world has

been the rapid expansion of distributed energy messu(DERS) which are electricity
producing resources or controllable loads that are connected to Iddalutiisn [4]. The

use of DERSs, such as distributed photovoltaic (PV), energy storage systems (ESSs), and
demand resptse (DR), combined with innovative smart grid technologies (SGTs), has been
growing every year. DERs can effmore excellent customer choice and may also present
opportunities to optimize overall system investments and provide a range of grid services

[5].

Recently, the electricity market has been opening up to generation sdwacpsetiously
were not considered able to provide balancing services, sudbERs, and de to
digitalization, the technical possibilities to intate smal and mediurrsized prosumers are
continuously expanding, and one of these possibilities is tegration of energy storage

[6].

Thenewelectricity marketouldrely on efficient and affordable energy storage tetdgies

to manage a large share of intermittent resourGe® of these storage technologies is
lithium-ion batterieghatare an excellent example of electrical energy storage technologies
However, not all technologies are widely available and econdgfealsible. Cost, specific
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energy, power, safety, performance, @nellifetime of ESSs still need improvesnts([7]
and should be considered carefully for ESSs to become widely adopted in the distribution
grid and, thus, increase the flexibility of variable DG.

Regulators are moving in the direction of more inclusive markets, \wheieipants provide
more resourceat a lower cost. The implementation of RES aggregation through entities
known as Virtual Power Plants (VPPs)dese of themostrecent anceffective wag to
achieve this, and thanks to the concept of aggregation, tegue opening up Ancillary
Services Market (ASM) to RESand DERsparticipation For instance, this igradually
happeningn Italy [8].

This study addresses the issue of increasing the flexibility resources of the l&dtanity
system through the partpation of the demand in the market, focusing the analysis at a
domestic level.

The scope of this work is to verify the performancehef Battery Energy Storage System
(BESS of providing grid services, from both tedhal and economic points of view at
domestic levelThe study will focus on different strategies that the customer could integrate
to guarantee the increase of ssdhsumption, but alsthe participation in the market for
frequency regulationThese dmestic users equipped withSE, usedas sources of
flexibility, will participate in DayAhead Market (DAM) and in th&ASM, where Tertiary
Reserve (TR) is offered.

Thethesishere proposed evaluates BESS integration intéien ASM framework, as said
before. Considerable attention will beéedicated to representing the regulatory framework
correctly, andsome assumptions will be introduced to represent a likely future regulatory
schemeandto obtain results that can be generalized. The role of all teved parties,
such as the Balance §®nsible Party (BRP) and Balancing Services Provider (BSP), will
be described and will be technically and economically modeled.

The analysis focuses on-lan BESS, which is the most widespread electrochemical storage
device. A model of the battegirealy validated[9] will be modified to accurately model
smallscale BES&ndappliedto a set of casesmulaing BESS behavia The model to be
selectedwill show truthfulness in represergithe states of the battery performing power
cycles simulating services provisiofhe @Il model will receive as input the PV and load
data each hour angill link these parameters to the power requestete battery thawill

give back efficiency, anpdate ofthe state of charg&gC), and the real energy provided by
the battery. The modalill also include the rest of the system linking the battery to the grid
and managing the battery.
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Since this work aims to dewldith products traded on the markatsimulation of the market

itself is vital to evaluate when the battery is selected for provision. On the other hand, a
multi-service strategy should intent to perforoCSestoration by having a balanasong
serviceslt will bedevelogda strategy thawill keepas farfrom the limits of saturation of

the SC of the batteryi.e., themaximum $C and theminimum $C.

To assess how the different parameters affect the effectiveness and the economic
sustainability of tlke solution,a sensitivity analysibetween two main parameters of BESS

will be carried outnominal power0 ) and Energy to Power Ratio (EP#)find the optimal

point The result®btainedhighlight the economic return of the investment through the Net
Present Value (NPV)

Thesis Layout
The organization of this thesis is the following:

Chapterl describes the photovoltaic systgiits development during tlseyears andwhat

are the expected numbers in the future. It also presents Ba#teay energy storage system

is, the leadig technologies used for energy storage, the layout of the batteries to outline
which parameters characterize its design and behavior. Furthdncuses on the
photovoltaic system together with storage tladifunctionsthat are possible to exploit, and

the central business models proposethdiyeryproviders.

Chapter2 outlines the Electricity Markets in Italy, focus on Wholesale Market and Ancillary
Services Markets. A description of primary grid servicegiven, focusing on services
considered itthis study, starting with the wholesale market to give a brief explanation about
the avoided cost that is possible to have by performingceaumption. In the Ancillary
servicesjt is describe part of the sesices that are provided, butitv focus onfrequency
regulation that is the scope of the study. Part of the chapter is dedicated to the evolution of
the market, future trends, and some barriers

Chapter3 shows a definition of aggregator, an overview dfatvis happening in capacity
and services alivered in countries working on this concept. Additionatlye types of
aggregators that are possible to work with and the main functions that they coués laave
aggregatorare detailed Together with all thee mentioned abové, is describeda brief
explanation of revenue models

Chapter4 is dedicated to the representation and explanation of the methodology proposed
for this study. Here, all the descriptions and the reasons for the choices taken fer all th
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models doneare included The comprehenge procedure developed and used for the
implementation of services is explained together with the description of energy flows.

Chapter Sexplairs how the data ereselected, why some decisions were made, andhat
framework was preferable to work.

Chapter 6 contains the report of simulations and results found. It startsheittesults of

each of the cases and then thegesensitivity analysis by going through changes in nominal
power and EPR to show a degtion of the behavior of the BESS forchastudy case. A
comparison and examination of the results in terms of performance and economic return of
the investment are performed.

Chapter 7 includes a conclusive summary of the work done on the thesieandcomes
achieved, with possible reconemdations.



Chapter 1
The DomesticUser: from Consumer to
Prosumer

Energy production and consumption remaaritical focal point in global efforts to address
climate change. Climate strategies that set targets for partial or complete decarbonization
can establis indirect mechanisms for scaling growth in the renewable energy sector.

Solar Photovoltaic PV) has becomehe worlds fastesgrowing energy technology, with
gigawattscale markets in an increasing number of countries. Demand for solar PV is
spreading ad expanding as it becomes the most competitive option for electricity generation
in a growing number of markefor residential and commercial applications and increasingly
for utility projects[10].

This chapter shows a degtion in sectionl.1 about the PV system and its growth
worldwide with a focus on European Region, espsacialltaly. Section1.2 will introduce

the concept of Battery Energy Storage Solutions (BESS) and the technologies that have been
developed and esl over the years. BESS could be used for mobile or stationary applications,
but this studyonly focuseson sationary. Together with the abovementioned, it will be
shown the Basic layout of BESS and description of some important parameters that will help
in the study of the storag&ection1.3 will show the synergy of PV and storage and will
explain the utilitis and the business models
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1.1 Photovoltaic System

Photovoltaic technology is an integrated assembly of modules and other components that
allows to directly transform solar energy into electricity to provide a particular service, either
alone or incombination with a backup supply through the photovoltaic effect, i.e., the
property of some semiconductor materials to generate electricity attedf by light
radiation. Silicon, a common element in nature, is the primary material for the photovoltaic
cell. Several cells are electrically connected and encapsulated in a structure to form the
module. Several modules, connected in series and pafaliel the sections of a system
whose power can reach thousands of kW. Downstream of the photovoltaic medbkes
inverter, which transforms the direct current generated by the cells into alternating current,
which can be directly used by users or tfaned to the grid. The modules are towards the
sun on fixed structures or on structures capable of follothieig movement to increase solar
uptake, which have a tracking system.

The main applications of photovoltaic systems are:
A systems for users noected to the low voltage network;

A electricity production plants connected to the medium or high voltadie g
A integration with a storage system for users isolated from the network.

1.1.1 Growth and Trends Worldwide

Despite its elativelylow, onedigit yearonyear growth as shown irFigure 1.1, solar was
again the power generation technology withrttast sgnificant capacity additions globally
in 2018 and nore solar was deployed than for any otsiagletechnology{11].
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Figurel.1 Solar PV Growth in @18[12]
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The annual global market for PV increased only slightly in 2018, but enough to surpass the
100 GW (direct current) level (including omand oftgrid capacity) for the first time.
Cumulative capacity increased approximately 25% y@arend totalof 505.5GW; this
compares to a global total of around 15 GW only a decade d&itjeire1.1.) [12]

In 2018, slar PV had another strong year for new addii{biggire 1.2) boosted by growth

in emerging marketfl 2]. Solar also added more capacity than all renewables condbined
including large hydré and had twice as much installed than wind powhrs highdemand

in emerging markets and Europ@s mainly duéo ongoing price reductions, compensated
for a substantial market decline in China that had consequences around thid 2jorld
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Figurel.2 Solar PV Capacity ahAdditionsin 2018[12]

By 2018, nearly all countries and many swdiional jurisdictions had adopted some form of
renewable energy targ&everal new or resed renewable energy targets were established
in 2018, including theEuropean Union EU). For example, in 2018the European
Commission outlined its strategy for reaching a Zendon economy across the region by
2050, and individual EWnember countries/ere required to establish national energy and
climate plans to meet EWide 2030 targetgl0] where thegoalwasmeeting at least 32%
(revised upwards from 27%) of its final energy consumption fremewable sources

Europeseems likeone of the solar growth regions. Driven by Eh&) diading national 2020
targets, the continent added 11.3 GW in Z@idure 1.3), a 21% rise over the 9.3 GW
installed the year befofé1].
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The European Unioseems well prepared for the coming years when it comes to solar
because thmajority of the Elds 28 member states still have some way to meet their national
binding renewables targets in 2020, and increasiaglgptionfor low-cost solaf11].

While support schemes of some kind are still needed for solar PV in most countries, interest
in purely competitive systemsnsultiplying. Selfconsumption remained a&ssentiatiriver

of the market for new distributed systems imgaegions, and corpoeapurchasing of solar

PV expanded considerably, particularly in the United States and Hl@jpe

By focusng only in Europe Regionyb2018 19% of Europ& cumulative PV system
capacity was installedn residential rooftopsggbout 30% on commercial roofs, while the
industrial segment accounted for 17% and the utility market for BUBpFigurel.4 shows
the distribution for each country.
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1.1.2 Growth and Trends in Italy

The picture oftotal Europeansolar installed capacities shows that Germany remains
Europés largest solar posv plant operator with 45.9 GW ffll installed capacity, followed

by Italy with 19.9 GW. Again, Germany (36.5%) and Italy (15.8%) were horoeaohalf

of Europés solar power generation capacifig$].
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Figure1.5 EU28 Total Solar PV Inatled Capacityf11]

The scope ofthe studyis focused on Italy thaf thanks to its geographical position, has a
significant amount of the solar soutbathas allowed exponéal growth in the installation
of photovoltaic systems in recent years

By the year 2018, Italy libalready reached the goal they were Baty has been working
in projects tancreag the hosting capacity of the grid with more renewahlits the useof
smart technologies but also storage syst&aemerallytalking aboutphotovoltaicrelated
projects and experiencegbae has been thatrodudion of smart metering, increasing solar
in residentialcommerceand industries

In ltaly, in 2018, around40 MW of photovoltaic systems were installetqinly adhering
to theonthespot trading (that implements the net metering system) witin@ease of
power of 6.3%413], as shown imablel.1
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Installati nel 2017 Installati nel 2018 Var % 2018/2017
Classi di potenza (kW) n® MW n® MW n° MW
1<=P<=3 17.160 43,4 17.400 435 1,4 0,2
3<P<=20 25364 163,5 29.049 1785 14,5 9.2
20<P<=200 1.280 89,7 1.626 1216 27,0 356
200<P<=1.000 125 50,0 148 67,7 184 35,5
1.000<P<=5.000 2 3,9 1 1.0 -50,0 -74,1
P>5.000 5 63,1 1 27,5 -80.0 -56.4
Totale 43.936 413,6 48.225 4393 9.8 6,3

Tablel.1. PV Plants installed in 2017 and 2018 [13]

By the end of 201822,301 pbtovoltaic systems were installedlfaly, for a total capacity

of 20,108 MW(+ 2.2% compared to 2017), which during the year generated 22,654-GWh (
7% compared to 2017, mainly due to worse irradiation condit[@8%)Smallplants (power

less than or equal to 20 kW) make up approximately 90% of the total in terms of number
and 21% in terms of power; the average size of the plants is 24[53}W

2017 2018

Classe di potenza Numero Potenza (MW) L‘;:‘:';z:::} Numero Potenza (MW) L:Z:u[zﬁl:':}

1<=P<=3 262.214 716 826 279.681 760 806
3<P<=20 447.332 3.267 3.762 476.396 3.445 3.636
20<P<=200 52.591 4123 4625 54.209 4244 4375
200<P<=1.000 10.739 7.353 9367 10.878 7413 8.548
1.000<P<=5.000 950 2335 3.094 948 2328 2.813
P>5.000 188 1.890 2.703 189 1917 2476
Totale 774.014 15.682 24.378 822.301 20.108 22.654

Table1.2. Number of PV Plants and the total Power [13]

As already said, Italy has been working tar@ase hosting capacity and has been showing
a phase of rapid growth between 2IBL3, within a multiyear incentive frameworkased

on feedin premiums and feeth tariffs, namedConto EnergiaThen,the dynamic evolved
into a more gradual development.

Figure 1.6 showsthe evolution of the number and installed power of photovoltaic systems

in Italy in the past years until 2018h@& plants that came into operation during 2@/&8e
mostly installations servingesidentialusers

10
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Evoluzione della potenza e della numerosita degli impianti fotovoltaici
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Figurel1.6 Installed Power and Numbef BV Plants in Italy13]

At the end of 2018, appximately 81% of the 822,301 systems installed in Italy belong to
the domestic sector; the largest share of total power (49%) is concentrated in the industrial
area

In terms of numbey a broaddiffusion of small domestic systems is observed, mainly
between 3 kW and 20 kW, followed by those with power up to 3 kst of the installed
power is concentrated in the industrial sector, in particular in production sites with plants of
power between@ kW and 1 MW13].

Self-consumption

By selfconsumption it is mear the electricity producedwhich is not fed into the
transmission or distribution network of electricity as it is directly usedsing, onsite, all
or pat of the electricity generated by their system

According o Italianlaw,aselpr oducer i s generally defined
producing electricity mai nl yconsumptiontintalyis use.
not allowed athe moment, and only individual direct use of electricitydpiced (individual
self-consumption) is possible. However, legislation is now slowly opening to grid services
offered by PV operatofd 4].

In Italy, selfconsumptionin 2018 amounted to 5,137 GWh (equal to 22.7% of the total
production of photovoltaic plants and 38% of the production of only plants that self
consume), a higher value than in 2017 (20.1%). The highest level -@bssiimption was
recorded in JulyFigure 1.7), at the peak of production.

11
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Figurel.7 Energy seHconsumed in 201RL3]

The industrial sectowasthe one characterized by higher smhsumption (43% of the
5,137 GWh selconsumed in Italy during 2018), followed by the tertiary sector (27%), the
domestic (21%)and the agricultural sector (9%d)5].

1.2 Battery Energy Storage Solutiongd BESS)

A battery converts chemical energy into electrical energy. It is typically made of three major
parts: an anode, a cathpded an electrolyte, each made of a different material.

The chemical reactiorisetween the materials geate energyandmainly occur when the
battery is plugged into an external circuit that connects the anode and cathode, for example,
when it is placed into a mobile phone. The reactions cause electrons and ions to build up at
the anode[16] The electrons flow towards the cathode through the external cinhere

they provide electrical power (to the phone or car, for instance). The ions also flow towards
the cathode, but through the electrolytbich separates the anode alnel &athode. The ions

and electrons recombine at the cathode to complete the circuit and keep the reactions running
[16].

As the transformation of energy systems continues in many countries, policymakers have

focused on the delopment and deployment of enabling technologies to facilitate the
integration of renewable energy technologiash as energy storage.

12
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Energy storage has beengréical componentn enabling the grand transition and continues
to gain momentum globallyThe transformation of power networks, pushed by the
electrification of energy systems, requires additional energy storage capacity to tddglress
new flexibility needs of electric gridd7].

Storage can provide a range ofdgsevices at different timescales

1 Energy storage provides valuable services to all stakeholders across the value chain;

1 Energy storage isritical for unlocking intermittency of renewables and enabling the
grand transition;

1 Energy storage needs to bensmered as part of energy flexibility in general and
planned as part of distributed energy resources (DER). Even if energy storage will
always be the more expensive option, itessentialto consider energy storage
holistically alongside energy flexibiyi options in general;

1 Flexibility: With an increasing thrust towards renewable integration across the globe,
energy storage has the potential to manage demand and supply dynamics;

{ Efficiency: Pairing energy storage with the right assets can significastlyce
delivery losses.

1 Resilience: Energy storage applications like black start facilities enable the
maintenance of critical functions leadingatquick recoveryf17].

However, pominent barriers to storage deployment bartraced to the speed in which the
market for storage technologies and their applications are evéiihg

Some of theeritical challenges that need to be addressed are:

1 Perception of performance and safe@rid operatos have tobe confident that
energy storage systems will perform as intended withimitre extensivaetwork.
Advanced modeling and simulation tools can facilitate acceptnec®inly if they
are compatible with utility software;

1 CostEffectivenessActual energystorage technology contributes around 3@29%

[17] to the total system cost; the remainder is attributed to auxiliary technologies,
engineering, integration, and other services;

1 Regulatory and market guidelindsis critical to remove the rules that are distorting
the market and crippling investment. dfgy storage systems provide different
functions to their owners and the grid at large, often leading to uncertainty as to the
applicable regulations for a given prot. Regulatorychangeposes an investment
risk and dissuades adoption.

1 Cooperation frommultiple stakeholder€Energy storage investments require broad
cdlaboration among electric utilities, facilityand technology owners, investors,

13
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project developes; and insurers. Each stakeholder offers a different perspective with
distinct concerns.

Energy storage isvergrowingglobally. Falling costs and new deployment incentives are
fueling record investments in energy storagéhe prices of storage have deased
dramatically in the last decade. Lithidon batteries, which are the most diffusgge of
storage batteriedell from 1,000 USD/kWh in 2010 to 200 USD/kWh in 20178]
Remarkably, the potential for further cost redutis substantia by 2030, prices could fall

by more than 60% compared to current ley&8. At the same time, the existence of many
different storage technologies able to match different performance requirements suggests
that therds intense competition on performance and costs.

Also, environmental consideration and the benefits of smaller distributed generation
resourcesireanother driving force behind the integration of BESS ih&®nergy segment.
While the specifiadrivers todevelop energy storage markets vary by region and market
segment, the overarching goal of ESS deployments is to make the electricity grid more
efficient, resilient, secure, cestfective, and sustainable, as well as to expand the menu of
available electity market servicesAs a result, renewable installations paired with energy
storage are expected to continueiseinto the futurg18].

1.2.1 BESS Technologies

Battery technologies for energy storage devices cadifferentiated basednoenergy
density, charge, and discharge (round trip) efficiencytinifie and ecefriendliness Energy

density is defined as the amount of energy that can be stored in a single system per unit
volume or unit weight. Lithium secondabpgtteries store 15@50 watthours per kilogram

(kg) and can store 1.2 times more energy than N& batteries, two to three times more

than redox flow batteries, and about five times more than lead storage lhagerie

Chage and discharge efficiency are a performance scale that can be used to assess battery
efficiency. Lithium secondary batteries have the highest charge and discharge efficiency, at
95%, while lead storage batteries are at aboutiG@%, and redox flow badties, at about

70%i 75%][19]. Onecrucialperformance element of energy storage devices is théimde

and this factor has thmost significatimpacton reviewing economic efficiency. Another
primary consideration is ecfriendliness orthe extent to which the devices are
environmentally harmless and recyclable.

Energy storage systems provide a wide array of technological approaches for managing
power sipply to create a more resilient energy infrastructure and bring aesigs to

14
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utilities and consumersstorage technologies include mechanical (for example, flywheel,
compressed air, pumped hydro), electrochemical (for example, lHioinflow battery),

and thermal (for example, ice, phase change materials). Indivedilnddlogies are tailored

to different applicationsThe power system is dominated by pumped hydro energy storage
(PHES), well established for decades. BESS and, incpkat, Li-ion batteries currently
dominatethe interest othe marketdue to their modlarity and decreasing costs. Also
diverse blend of battery technologies is beginning to be deployed. Thermal energy storage
using molten salt is also being widelgad in connection with concentrated solar power
(CSP) project$20].

Various technology options exist for BES® said beforeéSome technologies are already
well established on the market (leadd, lithiumion, nicketbased), also serving the
stationary storage market, while others are still at the startimg godeployment or in a
demonstration phaselhe most spread in the world are-ibn and NaS because of
competitivecost andong life compaedwith theprice.

Lithium-ion batteries are commercially available batteries with relatively good performance
and a compact siz&he availability of the raw materials is seen as a potential risk factor of
the technology. Improvements in production technology, teetiow-cost materials (e.g.
partial replacement of cobalt with nickel), the increase of the fapesiergy, and the
increase in life duration (cycle life and calendar life)aueialin lithium-ion batteryrelated
research16] Thistechnology isalsoprevailingbecause of its multiple advantagegstoring

and releasig energyand upcoming decrease in pried], as shown ifrigurel1.8, thatopers

it up to abroaler range of potential applicans.

Lithium-ion battery pack price (real 2018 $/kWh)
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Figure 1.8 Trends of Lithiumion Battery Pricd21]
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Another type of battery is tHew battery whichis a form of rechargeable battery imah
electrolyte flows through an electrochemical cell that converts chemical energy directly to
electricity. The alditional electrolyte is stored externally, generally in tanks, and is usually
pumped through the cdlbr cells) of the reactor. Flow baties can be rapidlfirecharged

by replacing the electrolyte liquid (in a similar way to refilling fuel tanks for internal
combustion engines) while simultaneously recovering the spent material.

Thesignificantadvantage of this type of battery is thatvyeois not coupled in the same way

as other electrochemical systems, which gives considerable design latitude for stationary
applications. Additional advantages are good specific energy and recHariga®y, low
environmental impact, and low cost. Theadlvantages of this battery technology are system
complexity and high initial selflischarge ratgl6].

One more type of technology Molten salt batteries, also knovas liquid metal batteries

with low costs and high avabdity of materials. Examples are soditsulfur (NaS, molten

salt) and sodiummickelchloride A sodiumsulfur battery has a high energy density,
relatively high roundtrip efficiency (892%), long cygle life, and is fabricated from
inexpensive material$lowever, because of the operating temperatures of 300°C to 350°C
and the highly corrosive nature of the discharge products, such cells are primarily suitable
for largescale, normobile applicationsuech as grid energy storaffs].

1.2.2 BESS for Stationary Applications

During the last decade, the trends in the overall worldwide rechargeable battery market have
been mostly driven by the electric vehicles sector. mhture leaehcid battery technology

is, by far, the essential battgmarket in volume and will remain so in 2025 (about 550 GWh)
[16]. Of this installed lea@cid battery capacity79% can be found in cars as starting,
lighting, and ignition batteries while only a share of 9% is installestationary systems to
support telecom (4,2%), as UPS (3,5%) or to deliver other energy storage services (1,3%)
[16].

With the shift in 2012 of almost all carkers towards lithiumon battery technology for

the production ofheir (hybrid) electric vehicles, this battery market increased from an
installed capacity below 2 GWh in 2000 to 90 GWh in 2[aB%. While the original demand

was for 100% originating from the portable electronics indugtry saw a decrease to 35%,
reserving a share of 50% for electric mobility (i.e., cars, buses), 10% for applications like
power and gardening tools as well as elediicycles, and the remaining 5% for stationary
energy storage servicgss]. The use of lithiumon in the market is showing an increase
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but it also could be seen that the percentagd fasestationary, even if it is smatbmpare
to mobile applications, it is also increasing.

Other ptential customers of storagesides telecom that will increase more the percentage
of stationary applicationsnclude power generation unit owners, grid operatarsd
industrial and residetal consumers and prosumefd| of them seek to operate theystem
most costeffectivelyand.

Energy storage is indeguioliferatingglobally. The deployment of battetyas led to a push
for mandates and incentives promotings ttleployment both in ént of the meterif.,
utility -scale) and behind the metee(, residentialusers) Further decreasing costas also
offered areduction of regulatory hurdles and new business cases

One of these forwartboking changes has bedretlegislative landscape on Battery Energy
Storagethatis evolving in Europe thanks to the proposal of the EemopCommission on
the Clean Energy Package for all Europg@@$, which includes several positiveeasures

to fasten the deployment of storage systekssa result of thiscuropesawa growth of 49%

in 2017 compared to 201@ith the installation of about 600 MWh electrical energy storage
(primarily taken by battery systemsJontinuous growth is foseen for 2018 (about 850
MWh) and 2019 (1150 MWhYesulting in an installed capacity of 3.5 GWh (excluding
pumped hydro stor&j, coming from 0.6 GWh in 201%6].

It is good to point out thabf every field of applicatiorsuitable battery technology can be
identified for both powemtensive as well as energytensive applicationg=or example,
utility -scale batteries are being built to indirectly enable higlhemiable renewable
energyVRE)shares by broadly supporting gter grid flexibility andresiliencemainly to
support the grid centrally by providing ancillary services such as frequendgtreg or by
relieving transmission or distribution congestions localpwever,smallerscale energy
storage solutions are gwing at a faster pace than utilisgale.

1.2.3 Basic Layout of the BESS

BESSare modular systems that can be deployed in starshapging containers. Until
recently, high costs and low roundtrip efficiencies prevented their mass deployment.
However, increaskuse of lithiumion batteries in consumer electronics and electric vehicles
has led to an expansion in global manufacturingacy, as explained in the section before
resulting in a significant cost decrease that is expected to continue over the next few years.

The low cost and high efficiency of lithivion batteries hae been instrumental in a wave
of BESS deployments in eent years for both smadcale, behindhe-meter installations
and largescale, gridlevel deploymentswvhich made therthe most widely deployed type of
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batteries used in stationary storage applications tadagn rechargeable batteries consist
of two electrodes, anode and cathode, immersead ilectrolyte and separated by a polymer
membraneKigure1.9) [23].

Figure1.9 Lithium-ion component§20]

Li-ions, the working ionic component electrochemical reactions, are transferred back and
forth between he anode and the cathode through the electrdl®8. While the
concentration of lithium ions remains constant in the electrolyte regardless of the degree of
charge or discharge, it varies in the cathode and anode with tlyecarad dischargestates

[23] . The storage of lithium ions in electrodes occurs via three main electrochemical
reactiong24] in intercalation25], alloying[26], and conversior{27].

Figure1.10 Discharging/Charging in Lion Batterie420]
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