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Sommario 

 

Il presente studio affronta il tema delle risorse di flessibilità del sistema elettrico italiano 

attraverso la partecipazione della domanda al mercato, concentrando l'analisi a livello 

nazionale. In particolare, la tesi si focalizza sulle diverse strategie che un prosumer potrebbe 

adottare per ottenere l'aumento dell'autoconsumo, in aggiunta alla partecipazione al mercato 

dei servizi di dispacciamento.  

 

Sono presi in considerazione tre diversi casi studio: la fornitura di solo autoconsumo (caso 

Behind-the Meter), la fornitura di autoconsumo e di riserva terziaria in un mercato senza 

vincolo di offerta minima (caso Unconstrained) e uno scenario che considera entrambi i 

servizi con il vincolo della dimensione minima dell'offerta (caso Aggregated), che 

rappresenta un probabile schema di regolamentazione futuro. 

 

I primi tre capitoli del lavoro forniscono una rassegna della letteratura in materia di (1) ruolo 

del Prosumer residenziale, fornendo una panoramica delle sinergie tra sistema fotovoltaico 

e storage; (2) Mercati dell'energia elettrica in Italia, con particolare attenzione alla struttura 

del Mercato del Giorno Prima (MGP) 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 viene spiegata la metodologia e 

vengono presentati i modelli di sistema di accumulo a batteria per 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 sensibilità in tutti gli scenari. 

 

Gli esiti dello studio mostrano che la partecipazione al MSD permette ai Prosumer di 

aumentare l'autoconsumo e anche migliorare la redditività dellôinvestimento. Se ci 

concentriamo sull'aggregazione, emerge che avendo più utenti residenziali aggregati, è 

possibile ottenere risultati migliori. Tuttavia, è meglio diminuire la dimensione minima 

dell'offerta per incrementare la quota di energia scambiata su MSD; eliminando addirittura 

il vincolo di offerta minima, si incorre in un caso ancora migliore, perché si conseguono 

lôautoconsumo più elevato e i maggiori ricavi. 

 

 

Parole Chiave: Prosumer, aggregazione, autoconsumo, riserva terziaria, sistema di 

accumulo elettrochimico, mercato dei servizi ancillari . 
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Abstract 

This study addresses the issue of increasing the flexibility resources of the Italian electric 

power system through the participation of the demand in the market, focusing on the analysis 

at a domestic level. It focuses on different strategies that the prosumer could integrate to 

guarantee the increase of self-consumption, but also the participation in the Ancillary 

Services Market (ASM) 

 

Three different case studies are considered: the provision of only self-consumption (Behind-

the Meter case), provision of self-consumption and tertiary reserve in a market with no 

minimum bid (Unconstrained case), and another case considering both services with the 

constraint of the minimum bid size (Aggregated case), representing a likely future regulatory 

scheme. 

 

The first three chapters provide a literature review of (1) The Domestic Prosumer role, 

providing an overview of the synergies between Photovoltaic System and Battery Energy 

Storage Systems (BESS); (2) Electricity Markets in Italy, with particular attention to Day-

Ahead Market(DAM), ASM, and the evolution of the market; (3) Aggregation, detailing the 

types of aggregators, and the uses worldwide. In Chapter 4, the methodology is explained, 

and the models of the BESS for the different cases are presented. Chapter 5 shows the 

description of the data used in the thesis, while Chapter 6 shows the results of the simulations 

and sensitivity analysis in all the cases. 

 

The outcome of this study highlights that participation in the ASM allows prosumers to 

increase self-consumption, increase revenues, and, thus, the BESS investment interest. If we 

focus on aggregation, it is noticed that by having more houses aggregated, better results can 

be achieved, but we do better if the minimum bid size is decreased to have more energy 

exchanged on ASM; whereas by do not have a minimum bid size, we do even better since it 

shows the highest self-consumption and the highest revenues of all the cases. 

 

Keywords: Prosumer, aggregation, self-consumption, tertiary reserve, battery energy 

storage system, ancillary services market. 
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Extended Abstract 

Effective Management of Aggregated Energy Storage 

Systems at Domestic Level for Self-Consumption and 

Frequency Regulation 

Helen Córdoba 

I. Introduction 

 

One of the most critical changes to 

electrical systems is the increasing 

penetration of Renewable Energy Sources 

(RES) into the distribution network [1]. 

Higher diffusion of RES into distribution 

networks increases the needs of power 

reserves [2] for ensuring system stability 

since the intermittent and unpredictable 

production dramatically affects the 

security and reliability of the system. This 

need for flexibility implies substantial 

changes in the way energy systems and 

markets are handled [3].  

 

Recently, the electricity market has been 

opened to generation sources that 

previously were not enabled to provide 

balancing services, such as Distributed 

Energy Resources (DERs). Regulators are 

moving in the direction of more inclusive 

markets, where participants provide more 

resources at a lower cost. 

 

The implementation of RES 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 participation. 

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 a domestic 

level. It will be focused on different 

strategies that the 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 Day-Ahead Market (DAM) 

and in the ASM, where Tertiary Reserve 

(TR) is offered. 

 

Considerable attention will be dedicated to 

representing the regulatory framework 

correctly. Some assumptions will be 

introduced to represent a likely future 

regulatory scheme and to obtain results 

that can be generalized. 
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II. Proposed Methodology 

A BESS numerical model was 

implemented in a Matlab Simulink tool.  

 

 The model requires as inputs:  

 

¶ Energy to Power Ratio (EPR) for 

battery, defined as the ratio among 

nominal energy ὉװὯὡὬ and nominal 

power ὖὯὡ. 

¶ The Power requested to the BESS. 

¶ Saturation levels for SoC:  Ὓέὅ=0 

and  Ὓέὅ =100. 

¶ Sampling-rate of 1/3600 Hz for all the 

cases since each step of the simulation 

is equivalent to an hour.  

 

This model [5] can simulate the runtime 

provision of grid services by the BESS, 

considering the energy flows exchanged 

with the network in DAM and ASM. 

 

The prosumer is subject to the dedicated 

withdrawal of PV generation. In DAM, the 

Balance Responsible Party (BRP) is the 

one in charge of providing the 

injection/withdrawal program; on the other 

side, the Balancing Service Provider (BSP) 

functions as an aggregator and provides 

services to the ASM. The model considers 

that the BRP behaves ideally by incurring 

no errors in the program. The imbalances 

paid by the prosumer will be only when 

BESS reaches the saturations limits due to 

inadequate management, whereas the 

energy non provided to the ASM will be 

charged to the BSP that eventually shares 

the cost and benefits with the prosumer. 

 

It has been proposed different case studies 

that show which is the optimum point 

where a prosumer could work.  

 

× Behind-The-Meter 

 

By having the power produced by the PV 

plant (ὖ ) and the load consumption 

(ὖ ), it is computed the difference in 

power (ὖ ). 

 

For a matter of simplicity, all the values in 

the model are in per unit. This difference 

in power is transformed into c-rate and 

becomes the required by the controller in 

AC, ὧ ὶὥὸὩ . By having ὧ

ὶὥὸὩ  and then  ὧ ὶὥὸὩ  coming 

from an auxiliary contribution, the 

prosumer has the total in AC required to 

the battery(ὧ ὶὥὸὩ   . 

 

If ὧ ὶὥὸὩ ȟ  is positive; it means 

that the battery gets discharged (Eq. 3). 

Instead, if ὧ ὶὥὸὩ ȟ  is negative, 

this means that the battery could get 

charged (Eq.2) 

 

 

Both  ʂ  and ʂ  depends on ὧ
ὶὥὸὩ ȟ  and Ὓέὅ. 

 

After computing ὧ ὶὥὸὩ, it is only 

considered real power (ὧ ὶὥὸὩȟ )  

ὖ  ὖ  ὖ        (1) 

ὧ ὶὥὸὩ
ὧװ ὶὥὸὩ ȟ zװʂ  

 

       (2) 

ὧ ὶὥὸὩ
ὧ ὶὥὸὩ ȟ

ʂ
 

    (3) 
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flowing in the battery in the case the 

battery is within the limits of SoC. If the 

battery is outside these limits, this means 

that the battery is not capable of providing 

the requested and the prosumer has 

imbalances. After having ὧ

ὶὥὸὩȟ  , it is converted from DC to 

AC to compare  the real in AC (ὧ
ὶὥὸὩȟ  with the total required in 

AC. By having the real power and 

comparing it with ὖ  (Eq.1), it is 

possible to know the exchanges of the 

prosumer with the grid which could be due 

to the saturation of SoC or when ὖ  > 

ὖ. 

 

If ὖ  > 0, the prosumer withdraws from 

the grid, instead, with ὖ  <0, injects 

energy into the grid. 

 

× Unconstrained Case 

 

In this case, the prosumer still takes care of 

the self-consumption (SC) logic but also it 

is introduced the participation to ASM 

with the provision of the tertiary reserve. 

This implies: 

¶ the forecast of the power band 

available in the following market 

session for tertiary reserve, considering 

the expected  Ὓέὅ variation due to self-

consumption; 

¶ the market model for defining the 

quantity awarded in the market. 

In this market, since the prosumer does not 

have a constraint on the minimum bid size, 

all the available power is bid. The market 

model defines if the offer is either awarded 

or not, by comparing the prices bid and the 

prices of the market taken from historical 

data. 

 

Tertiary Prediction  

To evaluate the amount of energy available 

for tertiary reserve, the prosumer must 

estimate the energy variation for the whole 

market session due to all the services 

provided by the BESS. Since the market 

gate closure happens one hour before the 

delivery time (t-1) and the market session 

lasts 4 hours (from hour t to t+3), the 

prediction must involve five hourly energy 

variations.  

 

The model first calculates SC logic and 

provision of tertiary from the previous 

market (Eq. 5) 

Where: 

¶ E  Ë7È, is total energy predictedװ

one hour before the delivery. 

¶ ,oad  and  PV , are the 

Load and PV energy predicted one 

hour before the delivery. 

¶ E ȟ  is the real energy 

exchanged based on the awarded 

quantity for hour t-1 in the previous 

market session. 

For the market session, 

 

ὖ ὖװ ὖװ ȟ  

 

(4) 

E ὯὡὬװ
Loadװ

PVװ

Eװ ȟ  

 

      (5) 

EװὯὡὬ װ ,oad

PVװ  

 

(6) 
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Where i is the hour of delivery, EװË7È 

is the total energy predicted for each hour, 

and Load  , PV  are Load and 

PV energy predicted for each hour. 

 

The total variation depends on the hourly 

predictions in Eq. 5 and Eq. 6 

 

With Eq. 7 then it is possible to compute 

how much potential energy the prosumer 

has for upward and downward services. 

 

For upward, it is as followed: 

 

 

where: ὃͅὉ ȟ Ë7È is the total 

available energy for upward, Ὓέὅ is the 

actual Ὓέὅ, Ὓέὅ  is equal to 0% and Ὁ, 

is the nominal energy of the battery. 

 

The available power for the next hours is 

then evaluated considering an average 

efficiency (–  of the system and a 

safety factor (ὑ  aimed to increase or 

decrease the risk on the market. 

 

For the downward service, the prosumer 

follows the next equation: 

 

Where: ὃͅὉ ȟ Ë7È is total available 

energy for downward, Ὓέὅ is the actual 

Ὓέὅ, Ὓέὅ  is 100%. 

 

The available downward power (ὃͅὖ ȟ  

for the next hours is: 

 

After the model has the available power for 

both services (ὃͅὖ ȟ ȟὃͅὖ ȟ , the 

model checks the power that is allowed to 

bid by comparing the prices that the 

prosumer bids and the one that is in the 

market. For upward reserve, the prices that 

are accepted, should not be greater than the 

one set by the market (Eq.12), differently 

for downward reserve, where bids are 

accepted in case the price bid is greater 

than the one on the market (Eq.13) 

 

In this model, the strategy to choose 

between upward and downward reserve to 

request to the battery is oriented to avoid 

SoC saturation. If the battery is closer to 

SoC=54%, the prosumer bids upward. 

Instead, if the battery is below 54%, bids 

downward. These bids are requested to the 

battery and after knowing ὖ ȟ  of the 

battery, the model decides how much is 

given to tertiary reserve and SC by giving 

priority to this latter since the program 

proposed by the BRP must be respected by 

the prosumer. 

 

ὝέὸͅὉ ȟ ὯὡὬ

Ὁװ װ Ὁ  װ

(7) 

ὃͅὉ ȟ Ë7È

Ὓέὅ Ὓέὅ Ὁz

ὝέὸͅὉ ȟ   

           

(8) 

ὃͅὖ ȟ Ë7

ὃͅὉ ȟ Ë7È

τὬ
ὑz –z  

 

  (9) 

ὃͅὉ ȟ Ë7Èװ

Ὓέὅ Ὓέὅ Ὁz

ὝέὸͅὉ ȟ  

 (10) 

      ὃͅὖ ȟ Ë7   
ὃͅὉ ȟ Ë7Èװ

τὬ
ᶻ
ὑ

–
 

 

    (11) 

   ὴװȟ ȟ ȟװὴװ ȟ  

 

ὴװȟ ȟ װ ȟװὴװ ȟ  

      (12) 

       

      (13) 



Extended Abstract  

 

xiii  

× Aggregated Case 

 

Most of the ASMs only accept bids larger 

than a minimum threshold (in MW). This 

minimum threshold limits the participation 

to ASM of DERs unless they aggregate 

together. The aggregated unit is managed 

by the BSP that participates in the market 

on behalf of DERs. In the framework of 

this study, it is adopted a minimum 

reference size of 0.2 MW for both upward 

and downward reserve. This assumption is 

coherent with the evolution of the Italian 

regulatory framework, recently enabling 

the participation of DERs with bids as 

small as 0.2 MW [6] 

 

For this study, the simulations are 

performed on five batteries working in 

parallel. These five prosumers with similar 

profiles are part of an aggregated unit 

composed of domestic users only and do 

the same activity as before, self-

consumption, and tertiary reserve. The total 

available energy by these five prosumers is 

scaled up to the total number of houses 

(assuming these five batteries are a 

representative sample of the whole 

aggregated unit). 

This involves: 

¶ Five batteries with their controllers that 

forecast the tertiary reserve available 

considering the expected SoC variation 

due to self-consumption; 

¶ The total aggregated band needs to 

respect the threshold of the minimum 

bid size; 

¶ Then the market model defines the 

quantity awarded. 

 

The model does the same as the 

unconstrained case, and the available 

power for upward and downward is found 

for each prosumer and then is rescaled to 

find the total aggregated power. 

 

This total aggregated power has a first 

constraint regarding the minimum bid size. 

In addition to this, the model compares the 

prices on the market with the bidôs (Eq.12 

and Eq.13) to identify the potential upward 

and downward allocated reserve. When 

compliance has been verified, the 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. 

 

ὖ ȟ  is found for all the batteries where 

part of this real power is for SC and other 

for tertiary. By knowing the total real 

tertiary power of each prosumer, the 

aggregator computes the total aggregated 

real energy that should be equal or greater 

than 0.2 MW to be awarded. 

 

III. Results  

× Behind-The-Meter 

 

In this case, the prosumer only bid on 

DAM. From Eq.1, it is known the 

difference of powers on the side of the 

prosumers. In Figure 1, it could be seen 

that whenever the prosumer has more load 

Power than PV power, the difference has a 

positive value: BESS is requested to 

discharge for that specific time. 

Meanwhile, when the prosumer has more 

PV Power than the consumption, it means 

that the prosumer can charges the battery. 
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If the battery reaches 100% of SoC, then 

there is not enough space to store the 

energy, so the prosumer needs to inject it 

into the grid. On the other side, if the 

prosumer has more consumption without 

having a generation of the PV Power, the 

battery reaches 0%, and then the prosumer 

withdraws from the grid. Both situations 

are considered imbalances to the prosumer 

(imbalance fee of 100 ú/MWh). 

 

× Unconstrained Case 

 

In this case, along with SC, the prosumer 

also participates in ASM through tertiary 

reserves. It has been assumed a regulatory 

framework in which the prosumer could 

access on his own to the market and can 

bid everything available to the tertiary 

reserve without the restriction of the 

minimum bid. 

 

If the prosumer provides an upward 

reserve to the market, by following Eq.12, 

it is only accepted when the price bid is 

lower than the one on the market as shows 

Figure 2. Only in that case, it provides 

upward regulation 

 

 

 

 

 

 
Different from the upward reserve and 

following Eq.13, it could be seen in Figure 

3 that prosumer is accepted for downward 

regulation whenever the price offered is 

higher than the one on the market 

(prosumer buys back energy). 

 

 

 
The model follows the strategy explained 

in Section II, only offering downward 

energy when the SoC is low, upward when 

the SoC is high, with the purpose to keep 

the SoC far from saturation.  

 

 

 
 

Figure 1 Discharging and Charging Process 

of Behind the Meter Case 

Figure 2 Upward Energy to Bid after 

comparison of Prices 

Figure 3 Downward Energy to Bid after 

comparison of Prices 

Figure 4 Discharging and Charging Process 

of Unconstrained Case 



Extended Abstract  

 

xv 

This tertiary bid, together with power 

requested for self-consumption (ὖ  

gives the total power required (Figure 4). 

 

× Aggregated Case 

 

The aggregated case introduces in the 

market the constraint of the minimum bid 

size. Tertiary reserve bids are only 

accepted if their quantity is equal or greater 

than 200 kW. Again, upward bids are 

selected if offered price is lower than the 

one on the market, as shown in Figure 5. 

 

  

 
Downward reserve bid, in addition to the 

quantity constraint, are accepted when the 

price bid is higher than the one on the 

market, as in Figure 6.  

 

 

 
For the aggregated case, it is expected that 

the prosumer exchanges less energy for 

tertiary than in the unconstrained case 

because of the additional constraint on the 

minimum bid. 

 

IV. Sensitivity Analysis 

For each of the cases, it was tested the 

battery sizing and other parameters to have 

a large sensitivity analysis. It was studied 

EPR= 2.5 h, 3 h, 3.5 h, 4 h, and for the 

Nominal Power of the battery,  ὖὲ= 1.5 

kW, 2 kW, 2.5 kW, 3 kW. 

 

× Behind-the-Meter (BtM)  

 

Figure 7 shows that when EPR increases, 

the injection is decreasing a little, but 

decreases the most when ὖ increases.  

 
Figure 8 shows that at 1.5 kW and EPR=2.5 

h has high numbers of withdrawn energy, 

then there is a minimum point of the 

withdrawn energy around 2-2.5 kW and 

EPR=3-3.5 h, that gives the highest self-

consumption for battery sizing and after 

these points, it starts increasing again for 

larger EPR and nominal power.  

 

Figure 5 Upward to Bid after constraints 

Figure 6 Downward to Bid after constraints 

Figure 7 Surface Plot of 0, EPR and 

Energy Injected in Behind-The-Meter 

Figure 8 Surface Plot of 0, EPR and 

Energy Withdrawn in Behind-The-Meter 
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Figure 9 shows that largest BESS are not 

financially advantageous because as EPR 

and ὖ increase, there is no return on the 

investment and this is due to the high 

CAPEX for larger batteries.  

 
 

× Unconstrained Case 

 

For this analysis, it has been considered 

one prosumer with its battery providing 

tertiary and SC. For the available tertiary, 

the model has applied a safety factor to 

change the ratio of bid quantity with 

respect to available quantity (so, the 

market risk). In figure 10, it could be seen 

that by increasing power and EPR, the self-

consumption of the prosumer increases, 

also with respect to BtM case: introducing 

the ASM has an increasing benefit to the 

prosumer. 

 

 

 

It can be appreciated in Figure 11 and 

Figure 12 that as it is increased the nominal 

power of the battery and ὑ  , the prosumer 

exchanges more energy in the market. 

 

 

 
NPV generally increases in this case, but 

still the increasing CAPEX let smaller 

batteries be more attractive than larger 

batteries from an economic point of view 

(Figure 13).  

 

Figure 9 Surface Plot of 0, EPR and NPV 

in Behind-The-Meter 

Figure 10 Surface Plot of 0, + 0.75 and 

Self-consumption 

Figure 11 Surface Plot of 0, Energy 

Exchanged, EPR at constant K= 0.25 in 

Unconstrained Case 

Figure 12 Surface Plot of 0, Energy 

Exchanged, EPR at constant K=1 in 

Unconstrained Case 

Figure 13 Surface Plot of 0,NPV, EPR at 

constant + πȢυ in Unconstrained Case 
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A larger ὑ increases CAPEX (Figure 14). 

However, as the power is approaching 3 

kW and EPR is greater than 3.5 h, it shows 

a decrease in the NPV, since CAPEX is 

predominant. A BESS with ὖὲ = 2 kW and 

EPR = 3 h gets the maximum NPV. 

 

× Aggregated Case 

 

The minimum bid size for the aggregation 

in Italy is 200 kW, so that prosumers can 

only bid if aggregated. It was considered 

aggregated units composed by domestic 

prosumers only. A sensitivity analysis is 

proposed for different aggregator sizes. As 

in the previous cases, it is studied the 

perspective of a prosumer. EPR is constant 

and for all the cases  ὑ = 1. In Figure 15, 

it could be seen see that the highest energy 

exchange is in larger batteries. 

 

 

 

One thing that it should be appreciated is 

that when ὖὲ= 1.5 kW and there are 400 

houses aggregated, there is never exchange 

of energy on ASM. Instead, by increasing 

ὖὲ and houses, the energy exchanged 

increases more and more, therefore, 

biggest NPVs are observed when the 

prosumer is aggregated in 1000 houses.  

By having small batteries, it could be seen 

that is not of a big benefit to the prosumer 

to bid on ASM 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 size. It has 

been considered the actual bid size of 200 

kW, and the tested minimum bid sizes are 

50 kW, 100 kW, and 150 kW. By reducing 

the minimum bid size, it is possible to bid 

more tertiary energy on the market (Figure 

16) and this reflects higher NPV with 

respect to the other bid sizes. 

 

 

 

V. Conclusion 

The scope of this work was to discover if, 

through the effective management of 

aggregated energy storage systems at the 

domestic level, a prosumer was able to 

provide benefit to itself by maximizing the 

Figure 14 Surface Plot of 0,NPV, EPR at 

constant  + ρ in Unconstrained Case 

Figure 15 Surface Plot of 0, houses and 

Energy Exchanged at EPR=3.5 h in 

Aggregated Case 

Figure 16 Surface Plot of 0, minimum bid 

and Energy Exchanged at EPR=4h in 

Aggregated Case 
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self-consumption and to the system by 

providing flexibility . 

The outcome of this study shows that 

participation in the ASM allows prosumers 

to increase self-consumption and to 

increase revenues (Figure 17) and, thus, 

the BESS investment interest. NPV was 

more attractive in case of higher safety 

factors, meaning that as a prosumer it is 

better to provide all or almost all the band 

of tertiary power available. It was noticed 

that when the prosumers have smaller 

batteries there is not much energy 

exchanged. On the other hand, this is 

different with larger batteries, where it is 

exchanged more energy with ASM but 

since all the costs related to the investment 

are higher than for small batteries, it does 

not show good results in terms of NPV. For 

smaller batteries and a lower number of 

houses aggregated with the minimum bid 

size of 200 kW, it could be seen as not 

convenient to participate on the ASM since 

there is not exchanges of energy on the 

market. The best study case was when 

there was no minimum bid size since it was 

evident that energy self-consumed was 

higher than for the other cases and this case 

also presented the highest revenues among 

all the cases.  

 

 

 
Future improvements could be to study the 

impact of the payment and profit-sharing 

between the aggregator and the prosumer. 

Furthermore, the imbalance impact on 

revenues is relevant. Thus, a topic to be 

considered could be developing a strategy 

aiming at reducing this factor. 
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Introduction  

 

One of the most critical changes to electrical systems is the increasing penetration of 

Renewable Energy Sources (RES) into the distribution network [1]. This increase is a 

consequence of the energy transition from fossil fuel-based generation towards energy 

sources, which creates less environmental damage and pollution. Higher diffusion of RES 

into distribution networks increases the needs of power reserves [2] for ensuring system 

stability since the intermittent and unpredictable production dramatically affects the security 

and reliability of the system. This need for flexibility implies substantial changes in the way 

energy systems and markets are handled [3].  

 

Consequently, the power system requires new resources of flexibility, characterized by 

constant and rapid availability to vary their power exchanges with the network. The 

aggregate impact of significant variable RES on the grid suggests the need for modifications, 

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

and rules.  

 

One of these changes to the electrical systems and the most significant around the world has 

been the rapid expansion of distributed energy resources (DERs), which are electricity-

producing resources or controllable loads that are connected to local distribution [4].  The 

use of DERs, such as distributed photovoltaic (PV), energy storage systems (ESSs), and 

demand response (DR), combined with innovative smart grid technologies (SGTs), has been 

growing every year. DERs can offer more 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 sources that previously 

were not considered able to provide balancing services, such as DERs, and due to 

digitalization, the technical possibilities to integrate small- and medium-sized prosumers are 

continuously expanding, and one of these possibilities is the integration of energy storage 

[6]. 

 

The new electricity market could rely on efficient and affordable energy storage technologies 

to manage a large share of intermittent resources. One of these storage technologies is 

lithium-ion batteries that are an excellent example of electrical energy storage technologies. 

However, not all technologies are widely available and economically feasible. Cost, specific 
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energy, power, safety, performance, and the lifetime of ESSs still need improvements [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, where participants provide 

more resources at a lower cost. The implementation of RES 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 participation. For instance, this is gradually 

happening in Italy [8]. 

 

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 the analysis at a 

domestic level.  

 

The scope of this work is to verify the performance of the Battery Energy Storage System 

(BESS) of providing grid services, from both technical and economic points of view at a 

domestic level. The study will focus on different strategies that the customer 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, used as sources of 

flexibility, will participate in Day-Ahead Market (DAM) and in the ASM, where Tertiary 

Reserve (TR) is offered. 

 

The thesis here proposed evaluates BESS integration in the Italian ASM framework, as said 

before. Considerable attention will be dedicated to representing the regulatory framework 

correctly, and some assumptions will be introduced to represent a likely future regulatory 

scheme and to obtain results that can be generalized. The role of all the involved parties, 

such as the Balance Responsible Party (BRP) and Balancing Services Provider (BSP), will 

be described and will be technically and economically modeled. 

 

The analysis focuses on Li-ion BESS, which is the most widespread electrochemical storage 

device. A model of the battery already validated [9] will be modified to accurately model 

small-scale BESS and applied to a set of cases simulating BESS behaviors. The model to be 

selected will show truthfulness in representing the states of the battery performing power 

cycles simulating services provision. The cell model will receive as input the PV and load 

data each hour and will link  these parameters to the power requested to the battery that will  

give back efficiency, an update of the state of charge (SoC), and the real energy provided by 

the battery. The model will  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 deal with products traded on the market, a simulation 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 perform SoC restoration by having a balance among 

services. It will  be developed a strategy that will keep as far from the limits of saturation of 

the SoC of the battery, i.e., the maximum SoC and the minimum SoC. 

 

To assess how the different parameters affect the effectiveness and the economic 

sustainability of the solution, a sensitivity analysis between two main parameters of BESS 

will be carried out: nominal power (ὖ) and Energy to Power Ratio (EPR) to find the optimal 

point. The results obtained highlight the economic return of the investment through the Net 

Present Value (NPV). 

 

 

Thesis Layout 

 

The organization of this thesis is the following: 

 

Chapter 1 describes the photovoltaic systems, its development during these years, and what 

are the expected numbers in the future. It also presents what a Battery energy storage system 

is, the leading technologies used for energy storage, the layout of the batteries to outline 

which parameters characterize its design and behavior. Further, it focuses on the 

photovoltaic system together with storage, all the functions that are possible to exploit, and 

the central business models proposed by battery providers. 

 

Chapter 2 outlines the Electricity Markets in Italy, focus on Wholesale Market and Ancillary 

Services Markets. A description of primary grid services is given, focusing on services 

considered in this study, starting with the wholesale market to give a brief explanation about 

the avoided cost that is possible to have by performing self-consumption. In the Ancillary 

services, it is described part of the services that are provided, but with focus on frequency 

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. 

 

Chapter 3 shows a definition of aggregator, an overview of what is happening in capacity 

and services delivered in countries working on this concept. Additionally, the types of 

aggregators that are possible to work with and the main functions that they could have as an 

aggregator are detailed. Together with all those mentioned above, it is described a brief 

explanation of revenue models. 

 

Chapter 4 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 for all the 
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models done are included. The comprehensive procedure developed and used for the 

implementation of services is explained together with the description of energy flows.  

 

Chapter 5 explains how the data were selected, why some decisions were made, and in what 

framework was preferable to work. 

 

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

each of the cases and then there is a sensitivity analysis by going through changes in nominal 

power and EPR to show a description of the behavior of the BESS for each study 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 thesis and the outcomes 

achieved, with possible recommendations. 
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The Domestic User: from Consumer to 

Prosumer 

Energy production and consumption remain a critical focal point in global efforts to address 

climate change. Climate strategies that set targets for partial or complete decarbonization 

can establish indirect mechanisms for scaling growth in the renewable energy sector. 

 

Solar Photovoltaic (PV) has become the worldôs fastest-growing energy technology, with 

gigawatt-scale markets in an increasing number of countries. Demand for solar PV is 

spreading and expanding as it becomes the most competitive option for electricity generation 

in a growing number of markets for residential and commercial applications and increasingly 

for utility projects [10]. 

 

This chapter shows a description in section 1.1 about the PV system and its growth 

worldwide with a focus on European Region, especially in Italy. Section 1.2 will introduce 

the concept of Battery Energy Storage Solutions (BESS) and the technologies that have been 

developed and used over the years. BESS could be used for mobile or stationary applications, 

but this study only focuses on stationary. 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 storage. Section 1.3 will show the synergy of PV and storage and will 

explain the utilities 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 in combination with a backup supply through the photovoltaic effect, i.e., the 

property of some semiconductor materials to generate electricity if affected 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 parallel, form the sections of a system 

whose power can reach thousands of kW. Downstream of the photovoltaic modules is the 

inverter, which transforms the direct current generated by the cells into alternating current, 

which can be directly used by users or transferred to the grid. The modules are towards the 

sun on fixed structures or on structures capable of following their movement to increase solar 

uptake, which have a tracking system. 

 

The main applications of photovoltaic systems are: 

 

Å systems for users connected to the low voltage network; 

Å electricity production plants connected to the medium or high voltage grid; 

Å integration with a storage system for users isolated from the network.  

 

1.1.1 Growth and Trends Worldwide 

 

Despite its relatively low, one-digit year-on-year growth, as shown in Figure 1.1, solar was 

again the power generation technology with the most significant capacity additions globally 

in 2018, and more solar was deployed than for any other single technology [11]. 

 

 
 

Figure 1.1 Solar PV Growth in 2018 [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 on- and off-grid capacity) for the first time. 

Cumulative capacity increased approximately 25% to a year-end total of 505.5 GW; this 

compares to a global total of around 15 GW only a decade earlier (Figure 1.1.) [12] 

 

In 2018, solar PV had another strong year for new additions(Figure 1.2), boosted by growth 

in emerging markets [12]. Solar also added more capacity than all renewables combinedð

including large hydroðand had twice as much installed than wind power. This high demand 

in emerging markets and Europe was mainly due to ongoing price reductions, compensated 

for a substantial market decline in China that had consequences around the world [12]. 

 

 

 

By 2018, nearly all countries and many sub-national jurisdictions had adopted some form of 

renewable energy target. Several new or revised renewable energy targets were established 

in 2018, including the European Union (EU). For example, in 2018, the European 

Commission outlined its strategy for reaching a zero-carbon economy across the region by 

2050, and individual EU member countries were required to establish national energy and 

climate plans to meet EU-wide 2030 targets [10] where the goal was meeting at least 32% 

(revised upwards from 27%) of its final energy consumption from renewable sources. 

 

Europe seems like one of the solar growth regions. Driven by the EUôs binding national 2020 

targets, the continent added 11.3 GW in 2018(Figure 1.3), a 21% rise over the 9.3 GW 

installed the year before [11]. 

 

Figure 1.2 Solar PV Capacity and Additions in 2018 [12] 
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The European Union seems well prepared for the coming years when it comes to solar 

because the majority of the EUôs 28 member states still have some way to meet their national 

binding renewables targets in 2020, and increasingly an option for low-cost solar [11]. 

 

While support schemes of some kind are still needed for solar PV in most countries, interest 

in purely competitive systems is multiplying. Self-consumption remained an essential driver 

of the market for new distributed systems in some regions, and corporate purchasing of solar 

PV expanded considerably, particularly in the United States and Europe [12]. 

 

By focusing only in Europe Region by 2018, 19% of Europeôs cumulative PV system 

capacity was installed on residential rooftops, about 30% on commercial roofs, while the 

industrial segment accounted for 17% and the utility market for 34%. [11] Figure 1.4 shows 

the distribution for each country. 

 

 

 

Figure 1.3 European Annual Solar PV Installed Capacity [11]  

Figure 1.4 Segmentation of the Capacity in some countries [11] 
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1.1.2 Growth and Trends in Italy  

 

The picture of total European solar installed capacities shows that Germany remains 

Europeôs largest solar power plant operator with 45.9 GW of full installed capacity, followed 

by Italy with 19.9 GW. Again, Germany (36.5%) and Italy (15.8%) were home to over half 

of Europeôs solar power generation capacities [11]. 

 

 

 

The scope of the study is focused on Italy that, thanks to its geographical position, has a 

significant amount of the solar source that has allowed exponential growth in the installation 

of photovoltaic systems in recent years. 

 

By the year 2018, Italy had already reached the goal they were set. Italy has been working 

in projects to increase the hosting capacity of the grid with more renewables with the use of 

smart technologies but also storage systems. Generally talking about photovoltaic-related 

projects and experiences, there has been the introduction of smart metering, increasing solar 

in residential, commerce, and industries. 

 

In Italy, in 2018, around 440 MW of photovoltaic systems were installed, mainly adhering 

to the on-the-spot trading (that implements the net metering system) with an increase of 

power of 6.3% [13], as shown in Table 1.1 

Figure 1.5 EU28 Total Solar PV Installed Capacity [11] 
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By the end of 2018, 822,301 photovoltaic systems were installed in Italy, 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 conditions) [13]. Small plants (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 24.5 kW [13]. 

 

 

 

As already said, Italy has been working to increase hosting capacity and has been showing 

a phase of rapid growth between 2008-2013, within a multi-year incentive framework based 

on feed-in premiums and feed-in tariffs, named Conto Energia. Then, the dynamic evolved 

into a more gradual development. 

 

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

in Italy in the past years until 2018. The plants that came into operation during 2018 were 

mostly installations serving residential users. 

Table 1.1. PV Plants installed in 2017 and 2018 [13] 

 

Table 1.2.  Number of PV Plants and the total Power [13] 
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At the end of 2018, approximately 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 numbers, a broad diffusion of small domestic systems is observed, mainly 

between 3 kW and 20 kW, followed by those with power up to 3 kW. Most of the installed 

power is concentrated in the industrial sector, in particular in production sites with plants of 

power between 200 kW and 1 MW [13]. 

 

Self-consumption 

 

By self-consumption, it is meant the electricity produced, which is not fed into the 

transmission or distribution network of electricity as it is directly used by using, onsite, all 

or part of the electricity generated by their system. 

 

According to Italian law, a self-producer is generally defined as the ñphysical or legal person 

producing electricity mainly for their use.ò Shared or collective self-consumption in Italy is 

not allowed at the moment, and only individual direct use of electricity produced (individual 

self-consumption) is possible. However, legislation is now slowly opening to grid services 

offered by PV operators [14]. 

 

In Italy, self-consumption in 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 of self-consumption was 

recorded in July (Figure 1.7), at the peak of production. 

 

Figure 1.6 Installed Power and Number of PV Plants in Italy [13] 
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The industrial sector was the one characterized by higher self-consumption (43% of the 

5,137 GWh self-consumed in Italy during 2018), followed by the tertiary sector (27%), the 

domestic (21%), and the agricultural sector (9%) [15]. 

 

1.2 Battery Energy Storage Solutions (BESS) 

 

A battery converts chemical energy into electrical energy. It is typically made of three major 

parts: an anode, a cathode, and an electrolyte, each made of a different material.  

 

The chemical reactions between the materials generate energy and mainly 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 circuit, where 

they provide electrical power (to the phone or car, for instance). The ions also flow towards 

the cathode, but through the electrolyte, which separates the anode and the cathode. 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 development and deployment of enabling technologies to facilitate the 

integration of renewable energy technologies such as energy storage. 

 

Figure 1.7 Energy self-consumed in 2018 [13] 
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Energy storage has been a critical component in enabling the grand transition and continues 

to gain momentum globally. The transformation of power networks, pushed by the 

electrification of energy systems, requires additional energy storage capacity to address the 

new flexibility needs of electric grids [17]. 

 

Storage can provide a range of grid services at different timescales. 

 

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

¶ Energy storage is critical for unlocking intermittency of renewables and enabling the 

grand transition; 

¶ Energy storage needs to be considered 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, it is essential to consider energy storage 

holistically alongside energy flexibility options in general; 

¶ 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 significantly reduce 

delivery losses.  

¶ Resilience: Energy storage applications like black start facilities enable the 

maintenance of critical functions leading to a quick recovery [17]. 

 

However, prominent barriers to storage deployment can be traced to the speed in which the 

market for storage technologies and their applications are evolving [17]. 

 

Some of the critical challenges that need to be addressed are:  

 

¶ Perception of performance and safety: Grid operators have to be confident that 

energy storage systems will perform as intended within the more extensive network. 

Advanced modeling and simulation tools can facilitate acceptance ð mainly if they 

are compatible with utility software;  

¶ Cost-Effectiveness: Actual energy storage technology contributes around 30%- 40% 

[17] to the total system cost; the remainder is attributed to auxiliary technologies, 

engineering, integration, and other services;  

¶ Regulatory and market guidelines: It is critical to remove the rules that are distorting 

the market and crippling investment. Energy 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 project. Regulatory change poses an investment 

risk and dissuades adoption.  

¶ Cooperation from multiple stakeholders: Energy storage investments require broad 

collaboration among electric utilities, facility, and technology owners, investors, 
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project developers, and insurers. Each stakeholder offers a different perspective with 

distinct concerns.  

 

Energy storage is overgrowing globally. Falling costs and new deployment incentives are 

fueling record investments in energy storage. The prices of storage have decreased 

dramatically in the last decade. Lithium-ion batteries, which are the most diffused type of 

storage batteries, fell from 1,000 USD/kWh in 2010 to 200 USD/kWh in 2017. [18] 

Remarkably, the potential for further cost reduction is substantial;  by 2030, prices could fall 

by more than 60% compared to current levels [18]. At the same time, the existence of many 

different storage technologies able to match different performance requirements suggests 

that there is intense competition on performance and costs. 

 

Also, environmental consideration and the benefits of smaller distributed generation 

resources are another driving force behind the integration of BESS into the energy segment. 

While the specific drivers to develop 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, cost-effective, and sustainable, as well as to expand the menu of 

available electricity market services. As a result, renewable installations paired with energy 

storage are expected to continue to rise into the future [18]. 

1.2.1 BESS Technologies 

 

Battery technologies for energy storage devices can be differentiated based on energy 

density, charge, and discharge (round trip) efficiency, lifetime, and eco-friendliness. Energy 

density is defined as the amount of energy that can be stored in a single system per unit 

volume or unit weight. Lithium secondary batteries store 150ï250 watt-hours per kilogram 

(kg) and can store 1.5ï2 times more energy than NaïS batteries, two to three times more 

than redox flow batteries, and about five times more than lead storage batterie [19]. 

 

Charge 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 about 60%ï70%, and redox flow batteries, at about 

70%ï75% [19]. One crucial performance element of energy storage devices is their lifetime, 

and this factor has the most significant impact on reviewing economic efficiency. Another 

primary consideration is eco-friendliness or the extent to which the devices are 

environmentally harmless and recyclable. 

 

Energy storage systems provide a wide array of technological approaches for managing 

power supply to create a more resilient energy infrastructure and bring cost savings to 



 

The Domestic User: from Consumer to Prosumer 

 

15 

utilities and consumers. Storage technologies include mechanical (for example, flywheel, 

compressed air, pumped hydro), electrochemical (for example, lithium-ion, flow battery), 

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

to different applications. The power system is dominated by pumped hydro energy storage 

(PHES), well established for decades. BESS and, in particular, Li-ion batteries currently 

dominate the interest of the market, due to their modularity and decreasing costs. Also, a 

diverse blend of battery technologies is beginning to be deployed. Thermal energy storage 

using molten salt is also being widely used in connection with concentrated solar power 

(CSP) projects [20]. 

 

Various technology options exist for BESS, as said before. Some technologies are already 

well established on the market (lead-acid, lithium-ion, nickel-based), also serving the 

stationary storage market, while others are still at the starting point of deployment or in a 

demonstration phase. The most spread in the world are Li-ion and NaS because of 

competitive cost and long life compared with the price. 

 

Lithium-ion batteries are commercially available batteries with relatively good performance 

and a compact size. The availability of the raw materials is seen as a potential risk factor of 

the technology. Improvements in production technology, the use of low-cost materials (e.g., 

partial replacement of cobalt with nickel), the increase of the specific energy, and the 

increase in life duration (cycle life and calendar life) are crucial in lithium-ion battery-related 

research [16] This technology is also prevailing because of its multiple advantages at storing 

and releasing energy and upcoming decrease in price [21], as shown in Figure 1.8, that opens 

it up to a broader range of potential applications. 

 

 

 

Figure 1.8 Trends of Lithium-ion Battery Price [21] 
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Another type of battery is the flow battery, which is a form of rechargeable battery in which 

electrolyte flows through an electrochemical cell that converts chemical energy directly to 

electricity. The additional electrolyte is stored externally, generally in tanks, and is usually 

pumped through the cell (or cells) of the reactor. Flow batteries can be rapidly ñrechargedò 

by replacing the electrolyte liquid (in a similar way to refilling fuel tanks for internal 

combustion engines) while simultaneously recovering the spent material.  

 

The significant advantage of this type of battery is that power is 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 recharge efficiency, low 

environmental impact, and low cost. The disadvantages of this battery technology are system 

complexity and high initial self-discharge rate [16]. 

 

One more type of technology is Molten salt batteries, also known as liquid metal batteries 

with low costs and high availability of materials. Examples are sodium-sulfur (NaS, molten 

salt) and sodium-nickel-chloride. A sodium-sulfur battery has a high energy density, 

relatively high roundtrip efficiency (89-92%), long cycle life, and is fabricated from 

inexpensive materials. However, 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 large-scale, non-mobile applications such as grid energy storage [16]. 

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. The mature lead-acid battery technology 

is, by far, the essential battery market in volume and will remain so in 2025 (about 550 GWh) 

[16]. Of this installed lead-acid battery capacity, 79% can be found in cars as starting, 

lighting, and ignition batteries while only a share of 9% is installed in stationary 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 carmakers towards lithium-ion battery technology for 

the production of their (hybrid) electric vehicles, this battery market increased from an 

installed capacity below 2 GWh in 2000 to 90 GWh in 2016 [16] . While the original demand 

was for 100% originating from the portable electronics industry, this 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 electric bicycles, and the remaining 5% for stationary 

energy storage services [16]. The use of lithium-ion in the market is showing an increase, 
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but it also could be seen that the percentage used for stationary, even if it is small compare 

to mobile applications, it is also increasing.  

 

Other potential customers of storage besides telecom that will increase more the percentage 

of stationary applications include power generation unit owners, grid operators, and 

industrial and residential consumers and prosumers. All of them seek to operate their system 

most cost-effectively and. 

 

Energy storage is indeed proliferating globally. The deployment of battery has led to a push 

for mandates and incentives promoting this deployment both in front of the meter (i.e., 

utility -scale) and behind the meter (i.e., residential users). Further decreasing costs has also 

offered a reduction of regulatory hurdles and new business cases. 

 

One of these forward-looking changes has been the legislative landscape on Battery Energy 

Storage that is evolving in Europe thanks to the proposal of the European Commission on 

the Clean Energy Package for all Europeans [22], which includes several positive measures 

to fasten the deployment of storage systems. As a result of this, Europe saw a growth of 49% 

in 2017 compared to 2016, with the installation of about 600 MWh electrical energy storage 

(primarily taken by battery systems). Continuous growth is foreseen for 2018 (about 850 

MWh) and 2019 (1150 MWh), resulting in an installed capacity of 3.5 GWh (excluding 

pumped hydro storage), coming from 0.6 GWh in 2015 [16]. 

 

It is good to point out that for every field of application, suitable battery technology can be 

identified for both power-intensive as well as energy-intensive applications. For example, 

utility -scale batteries are being built to indirectly enable higher variable renewable 

energy(VRE)shares by broadly supporting greater grid flexibility and resilience mainly to 

support the grid centrally by providing ancillary services such as frequency regulation or by 

relieving transmission or distribution congestions locally. However, smaller-scale energy 

storage solutions are growing at a faster pace than utility-scale.  

1.2.3 Basic Layout of the BESS 

 

BESS are modular systems that can be deployed in standard shipping containers. Until 

recently, high costs and low roundtrip efficiencies prevented their mass deployment. 

However, increased use of lithium-ion batteries in consumer electronics and electric vehicles 

has led to an expansion in global manufacturing capacity, 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 lithium-ion batteries have been instrumental in a wave 

of BESS deployments in recent years for both small-scale, behind-the-meter installations 

and large-scale, grid-level deployments, which made them the most widely deployed type of 
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batteries used in stationary storage applications today. Li -ion rechargeable batteries consist 

of two electrodes, anode and cathode, immersed in an electrolyte and separated by a polymer 

membrane (Figure 1.9) [23].  

 

 
 

 

Li -ions, the working ionic component of electrochemical reactions, are transferred back and 

forth between the anode and the cathode through the electrolyte [23]. 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 the charge and discharges states 

[23] . The storage of lithium ions in electrodes occurs via three main electrochemical 

reactions [24] in intercalation [25], alloying [26], and conversion  [27]. 

 

 
 

 

 

Figure 1.9 Lithium-ion components [20] 

Figure 1.10 Discharging/Charging in Li-ion Batteries [20] 


