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a b s t r a c t

Opening the Balancing Markets (BMs) to Renewable Energy Sources (RES) and Battery Energy Storage
Systems (BESS) could support the integration of RES in decarbonizing power systems; nevertheless,
the limited energy content of BESS can reduce their reliability on the BMs. A novel control strategy
for revenue stacking of behind-the-meter and front-of-the-meter services on a domestic prosumer
equipped with photovoltaic production and BESS is presented in this study. The aim is to maximize
self-consumption and the economics while guaranteeing BESS state-of-charge management. A new
control (and bidding) strategy is developed to offer the available energy (and power) margins on the
Italian BMs, without saturating or depleting the energy content. The results show synergies between
self-consumption maximization and flexibility provision, i.e., the proposed approach demonstrates how
a multiservice-oriented operation of BESS improves the economic sustainability of the solution, with
a payback time between 5 to 9 years, decreases the energy exchange with the public grid and the RES
imbalance (imbalance reduced by 90%), and provides flexibility with high reliability (ranging 89%–97%).
Due to this, the strategy of reducing the imbalance of variable RES and then providing flexibility with
the left margins candidates itself as a standard routine for massively integrating RES via BESS.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The evolution of power systems and electricity markets sees
ew distributed energy resources (DERs) connected at Medium
oltage (MV) level increasing their penetration and aiming at en-
ering effectively the several markets, related to energy, capacity,
nd services [1]. A large share of these units is composed by
ariable Renewable Energy Sources (RES), such as wind and solar.
heir variability and unpredictability could increase the need
or power reserves capable to maintain the electricity balancing,
amely the equilibrium between generation and consumption
n each instant [1]. Power reserves and frequency control are
raded on the Ancillary Services Markets (ASMs) in EU [2]. Small,
istributed resources (e.g., below 1 MW) are traditionally not
nabled in these markets [3]. In any case, the substantial increase
n penetration of these resources [4] makes clear the need for
nvolving DERs in electricity balancing [2]. This can be achieved,
or instance, via the aggregation of resources in Virtual Power
lants (VPPs) [3].
Battery Energy Storage Systems (BESS) can enable variable

ES to ASMs, by reducing their imbalances toward grids and by

∗ Corresponding author.
E-mail address: giuliano.rancilio@polimi.it (G. Rancilio).
ttps://doi.org/10.1016/j.segan.2023.101097
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enabling the provision of ancillary services in RES + BESS hybrid
plants [5]. In any case, the massive application of batteries entails
issues with the use of scarce materials. This is apparent in the
case of Lithium-based batteries, even if progress has been made
recently in terms of reusing and recycling materials [6]. On the
other hand, sodium-based batteries are under study for a future
generation of more sustainable batteries [7].

It is known that BESS can provide accurate and prompt re-
sponses to requested power setpoints, but they have a durability
issue given by the limited energy capacity [8]. To avoid deple-
tion of the energy content, the control logic of the BESS’ opera-
tion must implement suitable state-of-charge (SoC) management
strategies [9]. SoC management strategies usually encompass a
cost, since energy for restoring the SoC towards a target SoC is
traded (e.g., purchased) on market. This causes either an addi-
tional cost in the electricity bill (in case the energy is withdrawn
from the grid) or a missing revenue (in case the battery is in
an integrated solution with a RES plant). This type of strat-
egy, namely explicit (or active) SoC management strategies, is
analyzed in [10]: it implies costs and enhanced battery aging.
Mechanisms for reducing the cost of energy balancing in limited
energy reservoirs while providing frequency control are proposed

in [11].
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Nomenclature

AC AlternatingCurrent
ASM AncillaryServices Market
AUX Auxiliarysystems
BM BalancingMarket
BSP BalancingService Provider
BESS BatteryEnergy Storage System
BtM Behind-the-Meter
CAPEX Capitalexpenditures
XBID Cross-borderintraday
D Dayof delivery
DAM Day-AheadMarket
DC DirectCurrent
DERs DistributedEnergy Resources
E/P Energy-to-powerratio
FtM Front-of-the-Meter
GHI GlobalHorizontal Irradiance
KPI KeyPerformance Indicator
LiB Lithium-ionbattery
mgmt Management
mFRR manualFrequency Restoration Reserve
MV Mediumvoltage
MW Megawatt
MWh Megawatt-hour
NCF Netcash flow
NMC Nickel–Manganese–Cobalt
NP Non-performance
NPP Non-performancepenalty
BMn n-sessionof Balancing Market
OPEX Operationalexpenditures
PV Photovoltaic
PCS Powerconversion system
RF RandomForest
RES RenewableEnergy Sources
RR ReplacementReserve
RMSE Rootmean squared error
SC Self-consumption
SMA SimpleMoving Average
SMC Sodiummetal chloride
SoC State-of-charge
TIDE TestoIntegrato del Dispacciamento Elet-

trico
UVAM UnitàVirtuali Abilitate Miste
VPP VirtualPower Plant

On the other hand, BESS’ SoC could be managed by providing
dditional market services (e.g., frequency regulation) with co-
erent characteristics. Different logics of service stacking can be
roposed, usually aiming at revenue stacking; providing multi-
le services can increase BESS’ economics [12,13]. To this aim,
ynamic stacking is an effective approach: the BESS provides
ultiple services simultaneously, devoting to each one a share
f power and energy variable in time [14]. A simplified scheme
f the dynamic stacking over time can be seen in Fig. 1. Usually,
riority is given to the service that shows better economic op-
ortunities. Other services are added in case the main service
s not exploiting all the energy/power capability of the BESS
r if the additional service has peculiar features improving the
eneral provision [15], for instance improving the BESS reliability.
2

Fig. 1. Graphical representation of the battery capability splitting in case of
dynamic stacking. The splitting can be done in terms of energy or power,
according to the nature (e.g., energy-intensive, power-intensive) of the services.

It has been shown that asymmetric products are generally more
compatible with RES and BESS: they allow to provide different
quantities of upward (to inject) and downward (to withdraw)
power. Control strategies can be developed exploiting asymmetry
for offering the available energy content of the providing as-
set [16,17]. Nevertheless, in real life conditions, the number of
simultaneous services a BESS could manage is limited [18].

In literature, the optimization of BESS control to success-
fully provide multiple services over a period (e.g., a monthly
period [19]) has been already investigated, showing promising re-
sults and compatibility with the provision of grid services — even
by considering the aleatory nature of loads, distributed genera-
tion and frequency. In [20], a BESS providing frequency regulation
is evaluated; moreover, a second service (energy arbitrage) has
been added managing it as an implicit SoC management and
estimating the revenues based on real market prices. In general,
the aleatory behavior of the market is disregarded when testing
the provision of ancillary services by BESS.

Studies on stationary BESS providing grid services usually
adopt a constant [19,20] or a variable efficiency model, gener-
ally as a function of the C-rate [21]. More complex models are
usually devoted to electric vehicle batteries [22]. As stated in
the literature [23], the accuracy of the analysis of BESS oper-
ation would benefit of a model considering variable efficiency
and the auxiliary losses. A multiparameter empirical BESS model
was developed in [24], resulting in high accuracy and reasonable
computational effort.

This paper proposes a novel control strategy to provide dy-
namic stacking with a small-scale domestic BESS, aimed to in-
crease revenues and to improve SoC management in the frame-
work of a national ASM. The BESS is located behind-the-meter of a
domestic prosumer equipped with PV. The stacked services are:
(i) the improvement of self-consumption and (ii) the provision
of manual Frequency Restoration Reserve (mFRR) on ASM. The
first service is provided with priority, offering then the available
energy and power on ASM. For the latter service, mFRR is selected
as the only asymmetric product available as of 2022 on the
Italian ASM [25]; the effectiveness of this feature in developing
an implicit SoC management strategy is tested. The performances
of the control strategy are checked against a reference case with
provision of self-consumption only. The results are in terms of
technical performance (e.g., energy exchanged with the grid and
reliability of the flexibility provision) and economics (e.g., the
revenue streams and the net present value of the investment).

The novelties of the study include the development of a
methodology for implicit SoC management via ancillary services
provision, compatible with a market framework. In addition, the
proposed modeling approach is considered more detailed and
organic with respect to the literature, as detailed in the following.

• The use of a multiparameter BESS model (considering vari-
able efficiency of battery, power conversion system and
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Fig. 2. Graphical representation of the proposed approach.
auxiliary systems) avoids disregarding part of the BESS per-
formance. A high-temperature (high-T) battery technology
(Sodium metal chloride) [26] and a standard low-temperat-
ure one (Li-ion Nickel Manganese Cobalt) [27] are modeled;
it is worthwhile to stress how the auxiliary systems demand
could become predominant in the share of losses, espe-
cially in the high-T battery. Despite the higher losses, the
Sodium-based batteries are selected (among the commercial
technologies) since they are studied as a technology that
represents a promising sustainable alternative to Lithium-
based batteries. Indeed, it does not deal with the use of
scarce materials [7].

• The development of a statistical-based Balancing Market
(BM) model and of a bidding strategy (tailor-made for finite
energy content assets) allows to consider the aleatory nature
of the market, particularly the Italian ASM [28]. Gener-
ally, while other sources of uncertainty (load, variable RES,
weather) are included, market uncertainty is disregarded in
studies on flexibility provision. Instead, it plays a relevant
role on performance, both on the technical and economic
side.

In addition, even if the technical modeling accurately represents
the Italian market, a standard balancing product (i.e., manual
Frequency Restoration Reserve as per Italian rules) coherent with
the EU framework is selected [2].

The adopted data for the considered BESS and prosumers come
rom the H2020-inteGRIDy project. In particular, they are relevant
o the San Severino Marche pilot site, coordinated by Politecnico
i Milano, and in cooperation with the local Distribution Sys-
em Operator ASSEM [29]. As a result, six small-scale batteries
ere installed and operated, four of them at the PV prosumers’
remises and two of them in research labs. Gathered data were
sed to develop and test the proposed multiple-service control
trategy, which combines local self-consumption and provision
f mFRR with the objective of maximizing the economic bene-
its. The experimental tests are not analyzed in the paper, but
hey successfully implemented the proposed control strategy in
eal distributed assets. The graphical representation of the work
one, better highlighting the modules, tools, and input/output
tructure, is given in Fig. 2.
The motivation for the study, supported by the outcomes, is

howing how a consistent control strategy for RES integrated with
ESS, relying on standard inputs and infrastructure (i.e., stan-
ard forecast models and procedures, standard communication
ystems for the eventual creation of a VPP) leads to significant
mprovements in terms of reliability and economics with respect
o standard control strategies (i.e., self-consumption routines).
ince this layout (domestic load, BESS and PV) is diffusing in the
arly 2020s (for instance, in Germany and Italy [30]), enabling it
3

to ASM participation can provide substantial system benefits and
represent a cost-efficient RES integration strategy. The developed
strategy, exploiting the synergies between services for reducing
the RES imbalances with self-consumption, and then offering
the left margins as flexibility, candidates itself to be massively
deployed to integrate RES in the future power system.

The remainder of the paper is structured as follows. Chapter
2 describes the Italian ASM in the European context. Chap-
ter 3 presents the proposed methodology for both the self-
consumption-only case and the multiple-service provision. It
illustrates the adopted models and the developed control strat-
egy. Chapter 4 describes the case study, coming from the H2020
inteGRIDy project, and the relevant data collected, and the fore-
cast models adopted. Chapter 5 shows detailed techno-economic
results, including the net revenues, the reliability of flexibility
provision and the effectiveness of the Multiservice strategy for
both the high-T and low-T technologies. Chapter 6 draws the
conclusions.

2. The ancillary services market in Italy

To better assess the provision of ancillary services, a detailed
market framework is required. The electricity spot markets are
generally split into energy markets (day-ahead market and in-
traday market) and ancillary services markets (ASMs). Generally,
participation in the ASM is more suitable to BESS, since they ask
a precise power provision for a limited time (generally, 15 min
to some hours), both upward and downward (respectively, dis-
charging and charging). The BM includes the ASM session closer
to delivery time. Traditionally, the ASM has been opened only to
large controllable power plants. However, because of the evolu-
tion of the power systems and the new needs in terms of assuring
their safe operation, nowadays ASMs are evolving and starting to
open also to DERs [3,31,32].

This is the case of Italy, in which the BM is showing an impor-
tant evolution trend. For example, the UVAM pilot project [33]
started in 2018 and admitted DERs to bid on the ASM down to
1 MW of nominal power. Smaller resources could bid on the BM
via aggregation, thus creating VPP with consumption, production
and storage units belonging to the same market zone. At the
time of writing (2022) the UVAM project is allowed to bid for
‘‘Other Services’’ in the Italian BM. It includes the provision of
two typologies of frequency regulation,(mFRR) and Replacement
Reserve (RR) – and the congestion management. From this point
on, we will consider the mFRR provision, otherwise known as
tertiary frequency control, on the Italian BM as the investigated
flexibility provision. To better detail the service, the following
paragraph presents a description of the Italian BM.

The BM in Italy is a pay-as-bid market where 1-hour bids are
=C
presented with a price (in /MWh) and a quantity (in MW). This
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Fig. 3. Structure of the Italian Ancillary Services Market, and the relevant time slot for each session considered by the Multiservice strategy.
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market in Italy has traditionally been composed of 6 sessions, as
can be seen in the top part of Fig. 3. The first BM session (BM1)
opens at noon, the day before the delivery (D-1), just after the
closure of Day-Ahead Market (DAM) and closes at 5.30 PM of D-1.
The next market session (BM2) opens at 11 PM of D-1 and closes
at 3 AM of the day of delivery (D). The following sessions, from
BM3 to BM6, open at 11 PM of D-1, as well. Their closures have
a shift of 4 h with respect to the previous one. The delivery time
of the services that can be contracted in each session starts 1 h
after the closure of the market session and ends at midnight of
D. In any case, each offer on BM can be updated until the end of
the last market session that contracts the hour of interest. Thus,
we consider as relevant hours the ones for which the ongoing
session represents the last chance to bid. The relevant delivery
hours for each BM session are the ones highlighted in dark red in
the bottom diagram of Fig. 3. Since DERs improve their forecasts
if they bid closer to real time, we can develop an effective bidding
strategy by bidding in each session for the relevant hours.

The Multiservice strategy defined within this paper presents
ids in each session for the corresponding relevant time slots.
Finally, the European context is fostering the evolution of

SMs. In Italy, this results in the evolution towards an hourly
ramework for BM sessions to be compatible with the Cross
order Intraday (XBID) Market closures. This transient regulatory
ramework will probably reach a final steady state with the
eliberation of the Integrated Code for the Electricity Dispatch
TIDE in Italian), foreseen for the period 2023–2024 [34].

. Proposed methodology

As previously introduced, the goal of the study is to develop
nd test a control strategy able to improve the techno-economic
erformance of a BESS installed at the residential prosumer
remises. To do so, a standard self-consumption routine is com-
ared to a Multiservice strategy, providing both behind-the-
eter (BtM) and front-of-the-meter (FtM) services (i.e., ancillary
ervices for frequency regulation). The control strategy takes care
f SoC management for the BESS by providing services on the
SM, increasing both the economics and the reliability. A dynamic
tacking with two services is foreseen:

• the first service is selected based on economic attractive-
ness;

• the second one has peculiar features that enable implicit SoC
management.
4

As illustrated in Fig. 1, the control strategy receives input from the
field, and from forecast models, it elaborates on considering the
market structure and, finally, returns bids compatible with the
provision of services with high reliability. The bids are sent to the
market model, which returns their acceptance or rejection. The
power setpoints (including the provision of the services and aux-
iliary systems demand) are fed to the BESS model, which returns
the provided power, efficiency, and SoC evolution. The outcomes
entail the energy provided for each service, the cash flows related
to BESS operation, and the reliability of the provision of ancillary
services.

This section describes the adopted models for BESS, the statis-
tical model of the ASM developed within this paper and the two
control strategies: self-consumption (SC) only and Multiservice,
which also includes the bidding strategy for BM. See Table 1 for
a list of the adopted symbols.

3.1. Developing an experimental BESS model

Two models are used. The first one is a high-T BESS model
representing the Sodium metal chloride (SMC) battery under test
in the inteGRIDy project. It is a multiparameter model, obtained
thanks to experimental tests and whose preliminary version was
presented in [35], that features:

• a different battery efficiency for charging and discharging;
• a constant efficiency for the Power Conversion System (PCS),

i.e., the inverter;
• a constant auxiliary power demand, different for charging

and discharging;
• a capability chart, showing the maximum available power

for both charging at discharging at each SoC.

Instead, a Li-ion NMC battery (LiB) model is taken from the
literature [24]. This is because the adopted LiB model has a layout
similar to the SMC battery model to be developed. Clearly, the
auxiliary system demand is much less relevant, since LiB is a
low-T technology.

The adopted models are both BESS oriented, i.e., they do not
consider the battery only, but also the PCS and the auxiliary
systems. See Table 2 for an essential comparison.

The considered plant layout, also useful for better describing
the power flows, is presented in Fig. 4.

In the picture, the following quantities are defined: Paux is
he power absorbed by auxiliary equipment, PBESSac is the power
xchange with the battery pack, at the a.c. side, P is the power
pv
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Table 1
Variable and parameters.
Symbol Definition

Paux Auxiliary systems demand
PBESS_ac BESS power delivered on AC side
Ppv PV production
Pgrid Power exchange with the grid
PBESS_ac_req BESS power required on AC side
η BESS efficiency
PBESS_dc_req BESS power required on DC side
PBESS_dc BESS power delivered on DC side
Pmax_dis Maximum discharge power
Pmax_ch Maximum charge power
SoCmin Minimum SoC
SoCmax Maximum SoC
En Nominal energy
S Sampling rate
SoC(t) State-of-charge at time t
Pinj Power injected to the grid
Pwith Power absorbed from the grid
PbidUp Upward bid power
PbidDn Downward bid power
PASM Awarded power on ASM
=CASM Awarded price on ASM
∆Eup Energy margin for upward ASM
∆Edn Energy margin for downward ASM
ESCest Estimated energy for self-consumption
EASMest Estimated energy for ASM
EAUXest Estimated energy for auxiliaries
PpredLoad Predicted power demand for loads
PpredPV Predicted power demand for PV
Pload,d,j Historical data on power demand for load on day d, hour j
PbidUp Bid power for upward ASM
PbidDn Bid power for downward ASM
=Cup Bid price for upward service
=Cdn Bid price for downward service
=CupMer Bid price for upward service in case of merchant strategy
=CdnMer Bid price for downward service in case of merchant strategy
=CupRel Bid price for upward service in case of reliability strategy
=CdnRel Bid price for downward service in case of reliability strategy
=CupSpread Spread for the injected (upward) MWh on ASM or DAM
=CdnSpread Spread for the withdrawn (downward) MWh on ASM or DAM
Xup Boolean upward: 1 if awarded, 0 if rejected
Xup Boolean downward: 1 if awarded, 0 if rejected
Eexch Absolute value of the exchanged energy excluded ASM energy
EupASM Awarded energy for upward ASM
EdnASM Awarded energy for downward ASM
PNP Non-performance power on ASM
NP Share of non-performance on total awarded power on ASM
Cbill Bill cost
=CDAM Zonal price on DAM
=Cfee Penalty for non-performance on ASM
RSC Net revenues from self-consumption
RASM Net revenues from ASM participation
ke Energy factor for computation of CAPEX (=C/kWh)
kp Power factor for computation of CAPEX (=C/kW)

Table 2
Comparison between the BESS models for the 3 kW, 8 kWh battery adopted in
the study.
Technology SMC Li-NMC

Battery efficiency Constant, different for
charge (87%) and
discharge (98%)

Variable between 54
and 95%, as a
function of power
and SoC, see [24]PCS efficiency Constant (85%)

Auxiliary systems
demand

Constant, different for
charge (225 W) and
discharge (120 W)

Variable between 7 and
37 W, as a function of
ambient temperature and
power, see [24]
5

injected by the PV generator, Pload is the power absorbed by
the load and, finally, Pgrid is the power exchange with the main
grid.

3.2. Behind-the-meter control strategy

The first control law implemented is devoted to maximizing
self-consumed energy. The tool receives as input the SoC, the Ppv
and Pload in each instant. In the general case, the First Kirchhoff
aw (see Fig. 4) mandates that the power supplied by the battery
s PBESS_ac (t) is computed as:

PBESS_ac (t) = Pload (t) + Paux (t) − Ppv (t) − Pgrid (t) (1)

where Pgrid (t) represents the exchange with the distribution grid
and is positive when power is absorbed from the grid. Following
the SC logic, the objective function is to minimize the exchange
with the grid during the entire observed period T, ideally to zero.

minimize Pgrid (t) , ∀t ∈ T (2)

According to this objective of minimizing the exchange of the
grid, the requested AC power to the battery PBESS_ac_req (t) (i.e. the
ideal power that the BESS must absorb to nullify the exchanges
with the grid) will always be calculated as:

PBESS_ac_req (t) = Pload (t) + Paux (t) − Ppv (t) (3)

As it can be seen from (1) and (3), it is important to consider
that the BESS always has auxiliary systems that must be fed.
Therefore, the battery pack charges in case the PV generation is
larger than the energy demand by the domestic loads and the
auxiliaries, otherwise it discharges. Then, the efficiency of the
battery represents the ratio between the powers on the AC and
DC side, considering both the efficiency of the battery itself and
the inverter’s one. The efficiency of the battery η(t) is a function
of the parameters presented in 4.1.

η (t) = η
(
SoC (t − 1) , PBESS_ac_req (t)

)
(4)

Once the power requested by the SC logic is known, the power
on the DC side that affects the SoC in the empirical model of the
battery is then calculated as:{
PBESS_dc_req (t) =

PBESS_ac_req(t)
η(t) , if PBESS_ac_req (t) > 0

PBESS_dc_req (t) = PBESS_ac_req (t) ∗ η (t) , if PBESS_ac_req (t) ≤ 0

(5)

Of course, the objective of minimizing the exchange with the
grid is subject to its power capability curve (defined in 4.1) and
the SoC of the battery itself. The power exchange of the battery,
both for charging and discharging, is calculated based on the last
known SoC value at t-1:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
PBESS_dc(t) = min

(
PBESS_dc_req (t) , Pmax _dis (SoC (t − 1))

)
if PBESS_dc_req(t) > 0

PBESS_dc(t) = min
(
−PBESS_dc_req (t) , Pmax _ch (SoC (t − 1))

)
if PBESS_dc_req(t) ≤ 0

(6)

here Pmax _dis and Pmax _ch represent the maximum power that
an be delivered at SoC(t-1), always taking positive values. Con-
equently, it is assumed that the battery would be able to provide
he given set point PBESS_dc . Finally, since PBESS_dc is the power
ctually flowing in the battery, the SoC is updated as in the
ollowing:

oC (t) =max
(
SoCmin,min

(
SoCmax, SoC (t − 1)

−
PBESS_dc(t)

∗ 100
))

(7)

En ∗ S ∗ 3600
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Fig. 4. Plant scheme composed by (from top to bottom, from left to right) the auxiliary systems, the battery, the PV generator, the loads, the meter (M), and the
connection with the public grid. The considered power flows are shown in red.. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
where the equation is generalized with S which defines the
sampling rate or the frequency of assigning set points to the
battery. The multiplication of S by 3600 s per hour generalizes the
transformation from power to energy. Then, exchanged energy is
divided by En and multiplied by 100 to have the SoC variation for
each step. Finally, the estimated SoC is compared with the upper
(SoCmax) and lower boundary of SoC (SoCmin), which are the upper
nd lower boundary of admitted SoC. In case the requested power
BESS_dc(t) leads to one of the SoC boundaries being reached, it
s updated as follows to consider the energy constraint of the
attery:

PBESSdc (t) = (SoC (t − 1) − SoCmax) ∗ En ∗ S ∗
3600
100 ,

if SoC (t) = SoCmax

PBESSdc (t) = (SoC (t − 1) − SoCmin) ∗ En ∗ S ∗
3600
100 ,

if SoC (t) = SoCmin

(8)

inally, if the power requested in (3) leads to some of the con-
traints being violated, a different power provided is obtained,
.e. PBESS_ac (t) ̸= PBESS_ac_req (t). In such a case, it needs to be
ecalculated applying the efficiency to PBESS_dc (t).

PBESS_ac (t) = PBESS_dc (t) ∗ η(t) if PBESS_dc(t) > 0
PBESS_ac (t) =

PBESS_dc(t)
η(t) if PBESS_dc(t) ≤ 0

(9)

PBESS_ac (t) represents the power that can be measured on the AC
side. Theoretically, in each instant t it should be equal to the
power that is requested PBESS_ac_req (t), leading to Pgrid (t) = 0
and optimizing the revenue in the electricity bill. However, this
is hardly achievable without vastly over-dimensioning the BESS;
otherwise, the prosumer will have to exchange energy with the
grid. For each time instant t , we can define two separate vectors
for injection Pinj(t) and withdrawal Pwith(t).{
Pinj (t) = min

(
0, PBESSac (t) − PBESS_req_AC (t)

)
Pwith (t) = max

(
0, PBESSac (t) − PBESS_req_AC (t)

) (10)

where Pinj(t) is negative in case grid injection occurs, 0 elsewhere;
Pwith(t) is positive in case withdrawal from the grid occurs, 0
elsewhere.
6

3.3. Multiple services provision: Simultaneous provision of self-
consumption and ancillary services

As already introduced, it is of interest to investigate a BESS
service stacking control logic. Service stacking can be used to
increase revenues, as well as to enhance the reliability of the
provision. One common approach is to elect a service as the
main service, and the others as secondary ones [19]. The main
service has the priority: the most economically rewarding service
is selected as main service. The statistical analysis presented in
Fig. 5 shows the average economic spread between discharging
revenue and charging cost for a BESS providing the three main
services available for small customers in Italy, as of 2023: ar-
bitrage, participation to balancing market and self-consumption
provision. This is obtained by considering, for year 2019, average
spread on DAM (arbitrage) [25], average spreads for BM [36], and
the average difference between bill cost and injection value for
a domestic customer [37]. Therefore, the selected priority service
is self-consumption enhancement.

Hence, the SC logic is guaranteed whenever possible; in par-
ticular, in the proposed approach, power and energy contents
not required for the self-consumption goal are offered on the
BM by the Multiservice strategy. The flowchart of the proposed
Multiservice control strategy is given in Fig. 6 and described in
the following.

During the nighttime, when the PV production is lower than
the load consumption, a downward reserve could be provided.
Vice versa during the daytime of sunny days, PV production over-
comes the load, the battery charges and therefore upward energy
is available. The provision of ancillary services aims to prevent the
depletion of SoC at the lower boundary (SoCmin) during the night
or saturation at the upper boundary during the day (SoCmax).
Indeed, the market bidding strategy is based on the battery’s
SoC: if the SoC(t) is higher than a target SoC (arbitrarily set at
50%), the strategy offers on the market more upward service than
downward (to discharge the battery), and vice versa. Assuming
that for time = t , a bid on the market with a value PASM (t) has
been selected, the power requested to the battery is updated as
in (11).

PBESS_ac_req (t) = Pload (t) + Paux (t) − Ppv (t) + PASM (t) (11)

where PASM is the power exchanged with the grid for the provi-
sion of ancillary services, positive for a request to provide upward
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Fig. 6. Flowchart for the Multiservice routine.
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eserve and negative for downward. Similarly to the checks per-
ormed for the SC strategy demonstrated with Eqs. (4)–(9), a
alue for the feasible power set point PBESS_ac_req (t) is obtained.
onsequently, the objective function of the control logic is to
inimize the difference between the power set point agreed on

he ASM and the actual one:

inimize Pgrid (t) − PASM (t), ∀t ∈ T (12)

This means reducing the exchange with the grid except for the
power provided on ASM. Not being able to provide the agreed
set point to the ASM leads to non-performance penalties, detailed
later in the chapter.

The modeling tool implements a simplified market model
of the Italian ASM, a controller for available energy estimation
(both upward and downward) and a bidding (pricing) strategy.
As detailed before, Italian ASM is divided into ex-ante and BM
sessions and trades several products: the residential BESS is only
bidding on BM for mFRR. Each day, six couple of bids (i.e., upward
and downward bids) are proposed at the BM gate closures, for the
relevant period of each BM session (see Fig. 3, bottom part). Thus,
for each market session starting at time h, a bid is presented at
time h − 1, with each bid containing the energy quantities (in
kWh) and the prices (in =C/MWh) for hour h to h+4.

3.3.1. Available energy estimation and bid quantity
The bid quantity is put equal to the available margins of the

battery, considering the energy flows during the next market ses-
sion. To do so, we define the energy content at the market closure
and the estimated energy variation in the next period. Computing
the estimated energy content at the end of the session will reveal
the available margins to be offered on the BM. Considering the
operation of the battery under study, the following elements are
of interest.
7

• The gap between SoC at market closure SoC (h − 1) and
oCmin is the margin for upward regulation (∆Eup) at the mar-
et closure. Similarly, the gap between SoCmax and SoC (h − 1)
epresents the energy content for downward (∆Edn).

Eup =
SoC (h − 1) − SoCmin

100
∗ En (13)

Edn =
SoCmax − SoC (h − 1)

100
∗ En (14)

• The estimated energy requirement for self-consumption (ESCest )
in the next 5 h (including the hour between market closure and
next session start and the 4 h of each market session) is computed
with two separate prediction models for the PV production and
the load, detailed in paragraph 4.3.2. ESCest can be either positive
(consumption > production) or negative and is estimated as in
(15).⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ESCest =

4∑
i=0

(
PpredLoad_i − PpredPV_i

)
∗

1
ηavgDis

if
4∑

i=0

(
PpredLoad_i − PpredPV_i

)
≥ 0

ESCest =

4∑
i=0

(
PpredLoad_i − PpredPV_i

)
∗ ηavgCh

if
4∑

i=0

(
PpredLoad_i − PpredPV_i

)
< 0

(15)

here PpredLi and PpredPVi estimate the load and PV production for
our i in kW; ηavgDis and ηavgCh are constant values for the average
ischarging and charging BESS efficiencies (assuming 92% as the
verage efficiency for Li-NMC BESS and adopting the values in
able 2 for the SMC BESS [24]).
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Fig. 7. Schematic representation of the available energy. At the market gate closure (h-1), the energy variation for self-consumption (SC), ASM participation and
uxiliary demand within the end of the next market session (5 h) is estimated and available energy is computed. Four cases are shown: (a) daytime and upward
all in the previous market session; (b) daytime and downward call; (c) nighttime and upward call; (d) nighttime and downward call.
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• The estimated energy exchange for the provision of pre-
iously contracted market services (EASMest ) must be computed.
ndeed, the last hour in the previous market session corresponds
o the h−1 to h period. The energy variation impacts the available
margin for the next bid. As it was previously mentioned, mFRR
contracts a resource either for upward or downward service each
hour. Therefore, EASMest is computed as in (16).

EASMest =
PASMup(h − 1) ∗ 1h

ηavgDis
− PASMdn(h − 1) ∗ 1h ∗ ηavgCh (16)

here PASMup(h − 1) and PASMdn(h − 1) are the awarded power
espectively for upward and downward mFRR for the period [h−

, h]. As per what was previously stated, either the first or the
atter term (or both) is zero for each hour.

• The auxiliary system demand (EauxEst ) is the average auxiliary
nergy demand for the 5 h between [h − 1, h + 4].
Finally, the available upward and downward energy content

re calculated as in (17) and (18), respectively.

EavUp =max
(
0, ∆Eup − ESCest − EASMest − EauxEst

)
(17)

avDn =max (0, ∆Edn + ESCest + EASMest + EauxEst) (18)

hese equations assure all factors affecting the available energy
or both services are considered and no negative values are of-
ered on the market in case the energy assessment for one of the
wo bids yields negative results. A schematic representation of
he available energy estimation is given in Fig. 7. As it can be seen,
he magnitude of the available energy contents is likely to change
ue to the moment of the day when the market session occurs
nd the previous outcomes on the ASM. Indeed, the availability of
pward energy (and consequently the maximum feasible upward
id) is usually larger during daytime and when in the previous
arket session the BESS had been awarded a downward bid (top

ight of Fig. 7). Oppositely, available energy for downward provi-
ion is larger during nighttime and following a previous upward
all (bottom left). EavUp and EavDn are divided by 4 h to obtain the
id quantity in kW. This is checked against the maximum power
hat can be dedicated to ancillary services provision (PmaxASM ) as
n (19) and (20). Of course, this is a simplified hourly check that
oes not assure that there would not be any issues during the
eal-time operation since it is based on average hourly values. For
he sake of the reliability of the provision, PmaxASM is 50% of Pn:
his is a parameter obtained after a preliminary fine-tuning. To
void micro-bids, a minimum threshold (PminASM ) is foreseen, too.
or the analysis in this paper, PminASM is equal to 200 W.{
PbidUp = min

(
EavUp

4 , PmaxASM

)
if EavUp

4 > PminASM (19)

PbidUp = 0 elsewhere f

8

{
PbidDn = min

(
EavDn

4 , PmaxASM

)
if EavDn

4 > PminASM

PbidDn = 0 elsewhere
(20)

here both PbidUp and PbidDn are absolute values representing the
ids for upward and downward reserve, respectively. It should
e noted that in this case, these bids represent hourly values, so
he energy offered is also the power set point during that specific
our.

.3.2. Load and PV forecasting
As discussed in paragraph 4.3.1, the multiple services pro-

ision requires an estimation of the available energy for the
rovision of mFRR. Following equations (17) and (18), the energy
stimation performed for each market session (h) is based on the
oC(h-1), the mFRR set point between [h-1,h] and the forecasted
elf-consumption profile of the user for the time period [h-1,h+4],
ince the duration of each session is 4 h and the bidding is 1 h
rior to the start of the session. This subchapter is concerned
ith the self-consumption estimation, by separately forecasting
he load and PV production during the 5 h of interest, which are
hen used in (15) to evaluate the SC profile. It is worth noting
hat the adopted forecasting procedure is a standard approach:
his assumption is taken to focus the work on the control strategy
evelopment. Indeed, if the control strategy shows effectiveness
ith a standard method, then it can be improved with more
ophisticated ones.
Both forecasting procedures are performed based on a sliding

indow, suggesting that the forecast is performed at the time
f submitting the bid at h-1 where h is the starting hour of
ach market session. Both PV and load estimations are performed
ndividually for each user.

Machine learning techniques are widely adopted for the pur-
ose of PV production forecasting [38], with various research
uggesting that the Random Forest (RF) algorithm provides high
ccuracy even when using smaller datasets for the training phase
39,40]. The PV forecast developed for the project is a hyperpara-
eter-optimized RF algorithm for regression that provides hourly
stimation for the PV production of each user, detailed in [40].
he PV production forecast is based on an RF algorithm consider-
ng weather parameters such as the global horizontal irradiance
GHI), temperature, humidity, and wind speed as features. It uses
he historical GHI from the closest point to the user and a time-
ector as input features, correlating them to the historical power
utput of the PV plant. Then, a prediction for PpredPVi where i ∈[h-
, h+4] is performed by correlating the GHI from the weather
orecast for those 5 h with the corresponding time vector.
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Table 3
Merchant/reliability strategy summary table.
Key Value

SoChi 75%
SoClo 50%
SoCmax 95%
SoCmin 30%
=CupMer 100 =C/MWh
=CupRel 70 =C/MWh
=CdnMer 20 =C/MWh
=CdnRel 30 =C/MWh

A simplified approach adopting the moving average is used,
nstead, for the load prediction. In general terms, the estimation
or the consumption PpredLi where i ∈[h-1, h+4], is computed as
in:

PpredLoad_i =
1

40 ∗ 5

40∑
d=1

h+4∑
j=h−1

Pload,d,j (21)

3.3.3. The bidding strategy
The bidding strategy is named ‘‘Merchant/reliability’’, mer-

chant being the part of the strategy when a lower award rate
is accepted for potentially higher economic benefit, while the
reliability strategy aims to assure that the bid is awarded by
reducing the potential remuneration. In the strategy, the BESS
bids both upward and downward capacity at different prices
coherent with the SoC. The reliability strategy assumes that being
awarded helps the battery SoC management. Indeed, in case the
battery is far from saturation and depletion (SoC is between a
lower and an upper threshold SoClo and SoC hi), the bid price
is the merchant price (=CupMer, =CdnMer). Instead, if battery is close
to saturation (SoC is above SoChi): the bid price is equal to
the reliability price for upward reserve (=CupRel) to increase the
possibility to discharge via upward provision. Eventually, if a risk
of depletion is detected (the SoC is below SoClo), the price is set
coherently to the reliability price for downward (=CupRel). The pos-
sibilities are shown in (22). The merchant prices are competitive
prices, set equal to the average awarded price for either upward
or downward service on the BM [36]. The reliability prices are
worthwhile prices, set as the average awarded prices minus (for
upward) or plus (for downward) the standard deviation of the
average awarded prices, retrieved as output of statistical analysis
on Italian BM [41]. Reliability prices are more likely to be awarded
and less remunerative. Indeed, reliability prices are offered in case
there is high interest in being awarded for modifying the setpoint
of the battery for restoring the SoC in that direction.⎧⎪⎨⎪⎩
[
eup,edn

]
=
[
eupMer,ednMer

]
if SoClo < SoC (h − 1) < SoChi[

eup,edn
]

=
[
eupRel,ednMer

]
if SoC (h − 1) ≤ SoClo[

eup,edn
]

=
[
eupMer,ednRel

]
if SoChi ≤ SoC(h − 1)

(22)

or performing SoC management, either a lower remuneration is
ccepted for discharging or a higher willingness to pay for charg-
ng is present. Merchant and reliability thresholds are shown in
able 3. We highlight the bidding strategy is ex-post the DAM.
herefore, every awarded call on ASM is remunerated at eup (the
rosumer receives that price) or paid at edn (the prosumer pays
hat price).

.3.4. The ancillary services market model
The Italian ASM is a pay-as-bid market with hourly contract

eriods. In the approach proposed, a simplified market model is
9

Fig. 8. Award/rejection rule for an upward bid by the ancillary services market
model.

implemented to assess the award/rejection of the bid. A maxi-
mum accepted price for upward reserve (=CupMax) and a minimum
accepted downward price (=CdnMin) are defined for each hour:
hese represent the marginal prices for the market. They are
stimated based on a statistical analysis of the Italian ASM de-
cribed in [42], performed on BM data retrieved from [25], for
he period 2017–2019, for the products including the mFRR and
R provision. The market model receives as input the marginal
rices =CupMax and =CdnMin, and the bid prices =Cup and =Cdn only in
ase the respective bid quantity is larger than zero. An upward
id is awarded in case the marginal price =CupMax is larger than
he bid price, as presented in Fig. 8. Vice versa, a downward bid
s accepted if the marginal price =CdnMin is lower than the bid
rice (the bid price represents the willingness to pay). In case
o bids are accepted, the BESS does not provide services on ASM
or the relevant period. In case only one bid is accepted, this is
utomatically awarded, and the corresponding quantity must be
elivered by the BESS for that hour. In case both bids are accepted,
nly one can be awarded. In this case, the awarded bid is decided
ased on the spread between the DAM price and the ASM price.

upSpread = eupMax − eDAM

ednSpread = ednMin − eDAM
(23)

here =CupSpread is the upward spread, =CdnSpread is the downward
pread, =CDAM is the DAM price (where =CDAM is a constant). If
he upward spread is larger than the downward spread, then
he upward bid is awarded; otherwise, the downward bid is
warded. This is justified by the assumption that a larger spread is
symptom of a larger need for that type of regulation by the mar-
et. The bids are either awarded completely or rejected, i.e., no
artial (in terms of awarded quantity in kW) award is considered.
efining two binary variables Xup (h) and Xdn (h) which depicts if
n upward or downward bid has been accepted for hour h of the
arket session, the power that needs to be provided for each hour
of the market session for the mFRR service is:

ASM (h) = PbidUp (h) ∗ Xup(h) − PbidDn (h) ∗ Xdn(h) (24)

he awarded price (eASM) can be both positive and negative: BESS
anager gets revenue for providing energy and it holds a cost for
uying it, as shown in (25).

ASM (h) = eup (h) ∗ Xup (h) − edn(h) ∗ Xdn(h) (25)

t is worth noting that the PASM is some kW: to cope with the
inimum bid size on ASM, the single BESS should be aggregated

n a VPP.
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.4. Techno-economic evaluation

The energy flows related to all the provided services are es-
imated, as well as the energy exchanged with the grid. Indeed,
his is a twofold KPI: it is important both for the user (the lower
he exchanged energy, the larger the self-consumption) and for
he system (larger energy flows increase the network operating
osts). The total absolute exchanged energy (Eexch) is the gross
ummation of the exchange with the grid, as can be seen in
26).

exch =

T∑
t=1

⏐⏐Pgrid (t) − PASM (t)
⏐⏐ ∗ 1

S ∗ 3600
(26)

he exchanged energy does not consider the energy traded on
SM, which is estimated explicitly. This is coherent with Eq. (12)
nd with the rationale of the control strategy: it aims to decrease
he exchange with the grid (the imbalance) and at the same time
o increase the provision of balancing. MFRR flows are computed
eparately for upward and downward regulation. The requested
nergy for downward regulation (EdnASM ) and upward regulation

(EupASM ), are the sum of the negative and positive values of PASM,
respectively shown in (27) and (28).

EupASM =

N∑
t=1

|PASM (PASM (t) > 0)| ∗
1

S ∗ 3600
(27)

dnASM =

N∑
t=1

|PASM (PASM (t) < 0)| ∗
1

S ∗ 3600
(28)

he requested energy for ASM trading (EASM ) is the sum of the
bsolute values of EupASM and EdnASM . Non-performance (NP) is
he marker for the reliability of the provision. NP is the amount
f energy that is not provided to the ASM and is penalized.
xpectedly, the non-performance can be calculated as the differ-
nce between the requested (PBESS_ac_req) and provided set point
PBESS_ac), considering a 5% tolerance margin with respect to the
et point requested by the ASM (PASM ): within that margin, no
enalties are foreseen [43]. It should be noted that the NP is
valuated only when a bid is accepted, i.e. PASM (t) ̸= 0.

PNP (t) = PBESS_ac (t) − PBESS_ac_req (t) ,

if |PBESS_ac (t)−PBESS_ac_req(t)|
PASM (t) > 5% and PASM (t) ̸= 0

PNP (t) = 0 elsewhere

(29)

hen, the overall NP (in %) is obtained for the entire analyzed
eriod T, as the integral of PNP(t) over the EASM, as in (30).

P =

T∑
t=1

|PNP (t)|
PASM (t)

(30)

astly, a comparative economic analysis between the two control
ogics – SC only vs the Multiservice strategy – is proposed. In
oth cases, the avoided costs thanks to self-consumption (RSC) are
he net sum of bill cost minus injection revenues: both costs and
evenues decrease if self-consumption increases.

SC =
(
Cbill ∗ EwithSConly − eDAM ∗ EinjSConly

)
−
(
Cbill ∗ EwithMultiservice − eDAM ∗ EinjMultiservice

)
(31)

here Cbill is the bill cost in =C/kWh, eDAM is the DAM zonal price
(we assume no incentive for RES injection), Ewith and Einj are the
withdrawal and injection in the SC only and Multiservice case.

The gross ASM remuneration is given by the hourly bid price
times the provided energy. It is a positive number (a revenue) for
upward provision and a negative number (a cost) for downward
10
provision. It is calculated for the entire period analyzed T with
the respective hourly values as:

RASM =

T∑
h=1

eASM (h) ∗ PASM (h) (32)

Then, the net ASM remuneration considers the penalties for NP.
The penalty (correlated with ASM prices in Italy) is arbitrarily set
to a high constant value (=Cfee). The final direct net revenue from
the ASM is evaluated as in (33).

RASM_net = RASM − NP ∗ efee (33)

To compare with the SC-only strategy, it must be noted that the
energy exchanged on ASM could have been exchanged on the
energy markets, instead. In case downward energy is provided,
the net benefits come from the difference between downward
prices and bill costs, where eDn < ebill. For upward provision,
the regulatory framework is relevant: the injection price could
vary in case of incentives, net or gross metering. Eq. (34) presents
the net benefit of ASM participation considering constant energy
exchange with the grid. The withdrawal is paid at Cbill, while
injection is remunerated at eDAM , i.e., with gross metering (this
is coherent with the regulatory framework for Italy after the
beginning of the phase-out of net billing in 2022 [44]).

RASM =RASM_net + min

(
0,

T∑
h=1

PASM (h)

)
∗ Cbill

− max

(
0,

T∑
h=1

PASM (h)

)
∗ eDAM (34)

4. Case study

The methodology proposed in Chapter 4 is applied on four
individual residential users. Data come from the H2020 inteGRIDy
project [29]. In all four cases, the users are equipped with PV pan-
els and a BESS. The users show different consumption patterns
and distinct sizes of the PV plant installed. However, the BESS
installed is 3 kW–8 kWh for all the users. Further optimization of
battery sizing is outside the scope of the work. The BESS sizes are
kept the same as the real assets.

4.1. Simulations (offline analysis)

The period investigated in the analysis is represented by 30
spring days, from the last week of April to the third week of May,
2021. Fig. 9 displays the load and PV profiles of each user for one
week in May, with the following displacement: User 1 (top left),
User 2 (top right), User 3 (bottom left), and User 4 (bottom right).
For the sake of simplicity, this layout and time interval will be
adopted for Figs. 10 and 11.

4.2. Economic parameters

The main economic parameters considered within the analysis
are presented in Table 4, along with the considered sources. Most
of the data are consistent with Italian data for the first half of
2021; such a choice is motivated to look for data not subject
to the European rise in energy prices experienced from summer
2021 [45,46]. The BESS CAPEX considers both the battery pack
and the PCS. They are based on commercial sources available
for Italy at the moment of writing [47,48] and they also include
the incentives in place nowadays in Italy: an incentive scheme
equal to 50% of the gross invoice of every investment in energy
efficiency or climate-friendly technologies [49]. Considering this
incentive could limit the replicability of the study outside Italy. In
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Fig. 9. Load and PV power profiles for the 30-day period and for the 4 analyzed prosumers.
Table 4
Economic parameters.
Key Value Source

Cbill 204.5 =C/MWh Italian domestic
customer’s data for H1
2021 [37]

Pz 66.9 =C/MWh Average zonal price for
Italian DAM for H1 2021
[25]

ASM marginal prices Variable From a statistical
analysis on Italian BM
for 2017–2019,
presented in [41]

=Cfee 140 =C/MWh Italian ASM upward
average price for H1
2021 [50]

ke (CAPEX) 400 =C/kWh Commercial sources
[33,34], also considering
50% discount on CAPEX
from [49]

kp (CAPEX) 150 =C/kW Institutional sources [51]
OPEX 5 =C/kWh/y Institutional sources [51]

any case, it is worth considering the incentive in the case study
to have quantitative results coherent with the Italian situation.
Schemes such as this, based on tax expenditures, are steadily
present in Italy for more than ten years (‘‘ecobonus’’).1

.3. The forecasting procedure

A dedicated weather forecasting service is in place to pro-
ide hourly predictions for the relevant area [42]. The weather
orecast is available 4 times per day at t ∈ {00:00, 06:00, 12:00,
8:00}. The previously introduced RF algorithm is trained using
1 days of historical data and performs the prediction using 150
ndividual decision trees.

On the other hand, because of the lack of any significant pa-
ameters on the users that could be used for correlation with their
onsumption, a 40-day Simple Moving Average (SMA) procedure
as adopted, estimating the overall consumption for the 5 h. At
he beginning, the profile was analyzed splitting in holidays and
orking days. It was found that splitting the days between week-
nds and weekdays does not improve the accuracy (neither for

1 See ‘‘Normativa Ecobonus’’: https://www.efficienzaenergetica.enea.it/
etrazioni-fiscali/ecobonus/documenti-di-riferimento/normativa-ecobonus.html
11
Table 5
RMSE for each user in kW.
User PV

(1 h)
PV
(5 h)

Load
(1 h)

Load
(5 h)

Cumulative
(1 h)

Cumulative
(5 h)

User 1 0.203 0.152 0.266 0.170 0.333 0.235
User 2 0.136 0.103 0.258 0.154 0.290 0.187
User 3 0.279 0.230 0.233 0.133 0.364 0.267
User 4 0.200 0.169 0.476 0.274 0.514 0.317

the PV nor the load), thus they were not split for the forecasting
procedure.

The performance of the two forecasting procedures was eval-
uated using the RMSE as a metric and focusing not only on
the hourly errors, but also the error on the relevant period for
BM (5 h). Moreover, since the final goal w to estimate the self-
consumption profile of the users, the cumulative error of the two
forecasting procedures was calculated as well, since it directly
affects the estimation of the SC profile. The results for each
user, both for the separate metrics and the cumulative one, are
presented in Table 5.

The estimation error reduces when the goal is to forecast the
overall profile needed for the market session. In addition, the
cumulative error is always significantly lower than the sum of the
individual errors of the load and PV forecast, suggesting that more
often than not, the two errors counteract each other. The average
cumulative RMSE of the 4 users results to be 0.25 kW, which aids
towards modeling the slack that needs to be considered when
offering the mFRR to the market.

Finally, Table 6 presents the cumulative 5-hour RMSE split by
market session. Expectedly, we can see that the errors are the
smallest during the night hours when the load uncertainties are
quite small and PVs’ are null. This suggests (as a future update to
the proposed control strategy) that case-specific bidding strate-
gies can be developed to have more conservative bidding during
daytime hours, considering the higher estimation uncertainties
and penalties due to non-performance.

5. Results and discussion

To evaluate the performance of the developed model and
control strategies (SC-only and Multiservice), simulations are per-
formed on the previously illustrated 30-day period. The following

https://www.efficienzaenergetica.enea.it/detrazioni-fiscali/ecobonus/documenti-di-riferimento/normativa-ecobonus.html
https://www.efficienzaenergetica.enea.it/detrazioni-fiscali/ecobonus/documenti-di-riferimento/normativa-ecobonus.html


G. Rancilio, A. Dimovski, F. Bovera et al. Sustainable Energy, Grids and Networks 35 (2023) 101097

(

s
o
o
s
d
p
t
n
b

Fig. 10. Self-consumption only profiles for BESS’ SoC (top red lines) and power (bottom black and green lines) for the 4 prosumers, with Sodium-based battery..
For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 6
Cumulative RMSE per market session for each user in kW.
User BM1 BM2 BM3 BM4 BM5 BM6

User 1 0.070 0.276 0.345 0.280 0.205 0.104
User 2 0.103 0.310 0.221 0.200 0.089 0.081
User 3 0.044 0.330 0.447 0.171 0.272 0.110
User 4 0.136 0.340 0.468 0.367 0.214 0.265

paragraphs show first the performance obtained with a high-
T Sodium-based battery. Then, the results for the Multiservice
strategy are compared with the ones obtained with the Li-ion
battery model equipped with the same control strategy.

5.1. The reference case: Self-consumption only

The first set of simulations concerns the provision of BtM
ervices only: the batteries are increasing the self-consumption
f the 4 prosumers. A zoom of the weekly power and SoC profiles
f the batteries for the 4 users is proposed in Fig. 10. As can be
een, the battery is subject to a daily cycle, with a charging path
uring the daytime (negative requested power) and a discharging
ath for the rest of the time (positive requested power). Often,
he lower SoC threshold is reached, and the battery can discharge
o more to feed the user’s load. In this case, a gap can be seen

etween the power requested to the BESS (PBESS_ac_req (t)) and the

12
power that it can provide (PBESS_ac (t)) (see the bottom part of
the diagrams in Fig. 10, with the actual power in black and the
requested one in green). In some cases, a gap can be seen also
during charging, if the PV production excess is greater than the
nominal battery power.

Under a self-consumption strategy, SoC evolution depends on
PV and load sizes: the larger the load is compared to the PV,
the longer the time that the battery remains at minimum SoC,
which in turn contributes to larger energy exchange with the grid.
For instance, Users 2 and 4 feature a bigger load, and the SoC is
depleted most of the time, obliging the prosumer to withdraw
from the grid. Numbers are proposed in top part of Table 7.
Indeed, the energy exchanged with the grid spans from 100 to
330 kWh: the superposition of production and consumption is
limited (i.e., a limited self-consumption).

5.2. Comparative analysis of control strategies: Multiservice vs self-
consumption

A second case study is devoted to the simultaneous provision
of self-consumption and ancillary services provision. The control
logic offers the available power and energy margins after self-
consumption provision on the ancillary services market. The SoC
and power profiles are shown for the 4 users in Fig. 11. As can
be seen, the SoC trends become spikier, with more daily cycles
with respect to self-consumption only. The provision of mFRR
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Fig. 11. Multiservice profiles for SoC (top red lines) and power (bottom black and green lines) for the four prosumers, with Sodium-based battery.. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
requires either to charge (downward) or discharge (upward) at
a constant power for some hours. The SoC saturation is almost
always avoided since the margins are computed as in Eqs. (17),
(18). Consequently, the requested and actual power profiles are
almost perfectly overlapping, with minor exceptions due to the
capability curve of the battery. This is because the Multiservice
strategy acts as an implicit SoC management strategy [10]: the
available band is larger downward in case the battery is close
to minimum SoC (or it is discharging due to self-consumption),
and vice versa. Therefore, the mFRR provision requests power
setpoints generally opposite with respect to self-consumption,
bringing back SoC towards the target (50%).

Table 7 returns a quantitative analysis of the energy flows.
These are shown as the energy exchanged with the grid (either
for satisfying the demand or for injecting the excess PV gener-
ation) and the energy traded on ASM (that is not considered as
energy exchanged). The SoC profile generally manages to avoid
saturation for all the Users, despite their different consumption
intensities: indeed, in case the consumption largely overcomes
the production, more downward service is offered by the Mul-
tiservice strategy, and vice versa. This can also be investigated
in Table 7, where User 2 and User 4 (energy-intensive users,
characterized by long time at minimum SoC in SC only case, as
seen in Fig. 10) show around 50% more downward energy traded
and half upward energy compared to User 1 and 3. A relevant
amount of energy is traded on ASM by all the users (more than
500 kWh per month), with a nonperformance (NP) on ASM almost
always below 5%. This means that a large amount of flexibility
can be offered by distributed systems and provided with a decent
level of accuracy (accuracy is seen as complementary to 1 of NP).
13
On the other side, the exchange with the grid for coping with the
imbalance between PV and load is drastically decreased, meaning
that the Multiservice also improves self-consumption.

Finally, Multiservice – LiB case considers the presence of a
LiB modeled as described in paragraph 4.1 [24]. As previously
mentioned, SMC batteries are under study for a future generation
of more sustainable batteries, while the LiB presents higher effi-
ciency and lower auxiliary demand. This enhances the quantity of
upward service that can be provided on ASM without depleting
the energy content.

Table 8 summarizes the economic outcomes. For the SC only
case, the cash flows are only related to the bill costs and the
DAM revenues. Bills are estimated by considering the average bill
cost for a domestic user in Italy in the first half of 2021: 20.45
c=C/kWh [37]. The injection value considers the direct selling of
DAM in the same period: 66.9 =C/MWh (or 6.69 c=C/kWh) [25]. As
can be seen, all the users need to withdraw much more than they
can inject, and the overall net cash flow (NCF) is always negative.

The multiservice case adds ASM net cash flows to the rev-
enue stacking: the provision of upward service is associated to
a revenue coherent with the awarded prices, estimated based on
the statistical BM model developed. Oppositely, downward calls
entail costs for the prosumer: battery is charging (or consumption
is satisfied) by the energy absorbed via mFRR provision. Also,
a penalty for NP (NPP) is considered (140 =C/MWh). The net
revenues are either positive or negative, according to the amount
of upward and downward provisions. In any case, the bill cost
shrinks thanks to the drastic withdrawal reduction. In the end,
the NCF improves for all the users.

As can be also inspected by Table 7, the LiB allows to shift the
traded energy on ASM towards upward energy, entailing a larger
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Table 7
Monthly energy flows.
Table 8
Monthly cash flows.
ASM net revenue with respect to the previous case (generally,
+10 =C on the 30-day period, see the bottom part of Table 8).
This is due to the larger efficiency and lower auxiliary demand of
LiB with respect to SMC. In any case, despite the technology, the
Multiservice strategy always generates a benefit on the exchange
with the grid and on the net revenues with respect to SC only.
14
The model considers market uncertainty: Fig. 12 shows the
violin plots of acceptance on the market. The offered price is
shown on the x-axis and the awarded quantity on the y-axis.
As seen in the left part of the picture, a lower price is offered
for downward service in case there is a less available quantity
(SoC is high). In this case, the merchant strategy is adopted and
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Fig. 12. Violin plots for the awarded ASM bids. In blue, the downward bids, with price (x-axis) and quantity (y-axis) awarded. In orange, the upward price and
quantity.
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the possibility of being rejected increases (i.e., the bid price is
often lower than the minimum awarded price for that market
session). Instead, in case of reliability strategy (second violin
of left picture), the bids are always awarded, and the awarded
quantity is around 1.2–1.5 kW (on each 3 kW battery): this means
that, in case SoC is low, the bidding strategy is willing to pay a
higher price to purchase energy, and the bid is usually awarded
since it is very convenient for the system operator to accept that
flexibility, that allows implicit SoC management. Symmetrically,
for upward reserve, the ‘‘reliability’’ strategy bids at 70 =C/MWh
hen SoC is close to the upward saturation limit: in this case,
he bid is usually awarded, and the awarded quantity is generally
igh, as can be seen in the right part of Fig. 12, first violin. In
ase of lower SoC (see the violin to the far right), the ‘‘merchant’’
trategy bids at a larger price and the market model returns very
ften a rejection of the bid.
For 28% of the time, the 3 kW batteries can bid on the market

ore than 1 kW of mFRR. This can give a general indication on the
otential to provide flexibility that can be achieved by domestic
atteries equipped with the Multiservice strategy if this approach
s scaled-up.

As suggested by the previous analyses, the Multiservice strat-
gy seems to give economic benefits for different users. To better
nderstand the magnitude of each user’s benefit, Fig. 13 graph-
cally proposes the comparison between SC and Multiservice’s
et revenues. For each User, the NCFs of the three case studies
re presented and the waterfall diagram shows the share of
enefits with respect to the SC only case with the SMC BESS
left bar): the second bar shows the improvement by introducing
he Multiservice strategy (with the same BESS); the third one
hows the benefit of considering a Li-NMC BESS (LiB); finally, the
ight bar shows the NCF of the Multiservice – LiB case for each
ser. The switch of control strategy allows always to give the
reater benefit (via revenue stacking). The impact is larger for
hose users who have a larger consumption with respect to the
V production: User 2 to the top right and User 4 to the bottom
ight recover around 50 =C per month, mainly thanks to the drastic
ecrease in withdrawal. The switch towards a LiB then provides a
arginal gain (around 10 =C per month), homogeneous for all the
sers. In the end, the larger economic benefit is shown for the
nergy-intensive customers (even if the NCF keeps negative for
ser 4). It is worth noting that in this analysis only the differential
ash flows are taken into account: i.e., no CAPEX and OPEX are
onsidered, as well as the increase in BESS decay due to the more

ntensive use for Multiservice strategy. n

15
5.3. Multi-year analysis on multiservice – LiB case

To better cope with the mentioned limitations – such as the
neglection of CAPEX, OPEX, and BESS life – a multi-year analysis
is eventually given. The results are schematically presented in
Fig. 14. The multi-year analysis compares the Multiservice – LiB
case with a Reference Case where no battery is present (only PV
and loads are considered). In the reference case, if instantaneous
production overcomes consumption, the energy is injected at
the zonal price; vice versa the energy is withdrawn at the bill
price. The study case is selected for the availability of a reliable
aging model for LiB [52] and for the availability of up to date
(2021) CAPEX data for residential batteries in Italy. The CAPEX
considered are the average of commercial sources [47,48] for a
battery with E/P equal to 1 h, also considering the incentives in
place in Italy at the moment of writing (50% invoice discount on
the total cost of the battery) [49]. The adopted equation is the
following one.

CAPEX = En ∗ ke + (Pn − En) ∗ kp

here, as presented in Table 4: ke is 400 =C/kWh, coherent with
hat was illustrated before; kp is 150 =C/kW, to take into account
duration of the battery different from 1 h and therefore larger
r lower costs of the inverter. The OPEX are 5 =C/kWh/year [51].
Besides costs, the net revenues related to bill management

nd ASM are considered. For bill management, the net cost vari-
tion of energy exchange in the Reference Case and in the case
tudy is considered. By adding the battery, the injection value
ecreases, since the energy is absorbed and then released for self-
onsuming, reducing the cost of the bill, too: generally, the net
conomic impact is largely positive, especially for the energy-
ntensive users (see the green columns of User 2 and 4 in the
ight part of Fig. 14). The ASM net value is the sum of the upward
evenues and the downward costs: it increases in case the ratio
etween PV production and load is larger, as can be seen by the
lue columns on the left part of the figure. Generally, the impact
f increased self-consumption is larger and allows to recover
he CAPEX in a brief time for energy-intensive users: as can be
een by inspecting the black dotted lines, the payback time is
round 5 years for User 2 and 4, much higher for User 1 and 3.
t is worth noting that this level of self-consumption can only be
chieved thanks to the Multiservice strategy: it helps preventing
he SoC depletion issues shown in Fig. 10. BESS lifetime does

ot significantly impact the analysis, i.e., lifetime is larger than



G. Rancilio, A. Dimovski, F. Bovera et al. Sustainable Energy, Grids and Networks 35 (2023) 101097

Fig. 13. Analysis of the net cash flows for the four users and the three case studies.

Fig. 14. Multi-year project analysis on Multiservice – LiB case.

16
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years and no residual value at the end of year 5 is included. All
he economic evaluation considers 2% of actualization rate.

As shown in Fig. 14 and previously discussed, the proposed
evenue stacking makes profitable for energy-intensive users the
nvestment in BESS, considering the commercial CAPEX proposed
n Table 4 and in case the expected battery life is larger than
years.

. Conclusions

This work presented a control strategy that can provide RES
ntegration in a market framework and can substitute standard
elf-consumption routines in BESS + RES systems. The Multi-
ervice strategy exploits the synergies between two services,
rastically improving the technical and economic performance
ith respect to the standard, single-service routine. The strategy

s simplified and applied to a replicable framework to enhance
ts applicability. For instance, the regulatory framework does not
onsider specific incentives on injected energy and the provided
ervice is represented by a standard balancing product (as per EU
egulatory definition). It is suggested that proposing this strategy
s a standard can significantly help in solving the problems of
ncreasing penetration of intermittent RES: the RES imbalances
nd the need for more flexibility. The positive outcomes of this
tudy can stimulate the regulation and policymaking to foster the
pening of ASMs to DERs.
The Multiservice strategy implements a dynamic service stack-

ng providing behind-the-meter and front-of-the-meter services
y a prosumer equipped with BESS and PV. Considering data of
our different users, data of Italian ASM and a 30-day frame-
ork, the techno-economic performance is estimated, with KPIs
oncerning the economics and the quality of service provided
o the system. A bidding strategy named ‘‘merchant/reliability’’
s tested: it bids (i) at a very convenient price when the state-
f-charge of the battery is close to saturation, to prevent it and
ncrease reliability; (ii) at a merchant price in case the risks of
oC saturation are low, to increase economics. The outcomes of
he bids are checked against a statistical model of the Italian Bal-
ncing Market, that returns the outcome of the bid (i.e., awarded
r rejected). It is worth noting that BESS enables the ASM par-
icipation for the PV prosumer. Indeed, in the case in which a
ESS is not present, a drastic demand response strategy should
e implemented.
Reliability in the provision of ancillary services is generally

bove 95%. The energy exchange with the grid was decreased by
0% in the case of Multiservice with respect to self-consumption
nly. The payback time of a Li-ion domestic battery is around
years in case of energy-intensive users, whereas the decrease

n withdrawn power at the DAM price, thanks to the provision of
ownward service, drastically shrinks the costs.
The limitations of the study rely in considering a national

ramework for the electricity markets and incentives in place. It
s well known that different countries have different specificities
n ancillary services trading [53]. Additionally, the use of a DAM
rice ante-gas crisis [45] can limit the applicability of the results
o post-2022 framework. In any case, the previous limitations are
artially coped by considering a standard balancing product (thus,
U framework) and the DAM vs ASM price spread (also qualita-
ively valid post-2022). Moreover, the state-of-health of battery
as not been considered: the adoption of a 10-years project
ramework is to guarantee the return on investment likely occurs
efore the end of battery’s life [54]. Additionally, no optimization
s performed in the control strategy: the self-consumption always
as the priority on the ASM participation. This limitation is moti-
ated by the specific national framework under analysis in which
mall customers have higher profit margin by reducing their bill,
ather than participating to markets via a BSP.
17
Further studies could investigate different incentive and tar-
iff schemes (for instance, what happens in case there is a net
metering system or other incentives on PV injection) and can
perform some sensitivity analysis with a specific focus on the
cost of batteries and the outcome of the ASM (e.g., what hap-
pens in case the rate of awarded bids on total is much lower).
Moreover, a simultaneous optimization between prioritizing self-
consumption and ASM participation can be performed in order to
reduce the bias introduced by the underlying national framework.
Of course, this would require an accurate forecast of not only the
local generation and load profiles, but also the behavior of the
market. Additionally, a BSP model should be added to assess the
effect of the aggregation of multiple batteries on the reliability
and the volume of flexibility that can be provided.

One possible direct application of the results reported within
this paper is to perform a nationwide analysis on the oppor-
tunities of household BESS participation to the ASM. Knowing
that in Italy, the mFRR needs are 500 MW at peak and 350 MW
off-peak [55]. For example, the analysis performed within this
paper showed that one third of the capacity of the battery can be
reliably available for market participation in a significant number
of hours. One direct application of the results would be to perform
a linear extrapolation to analyze the interaction between number
of BESS and the percentage of the ASM’s request that could be
supplied, whereas future studies can focus on a probabilistic
approach that can take into consideration the various behaviors
and availability of prosumers. Following the linear extrapolation
logic and given that as per 2022 data, 280 MW of small-scale
batteries (Pn < 6 kW) are already installed in Italy [56], it can
e estimated that they could provide around 19% of the peak
eeds for mFRR when controlled with the multiservice strategy
roposed within this paper.
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