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Abstract: The Battery Energy Storage System (BESS) is one of the possible solutions to overcoming
the non-programmability associated with these energy sources. The capabilities of BESSs to store a
consistent amount of energy and to behave as a load by releasing it ensures an essential source of
flexibility to the power system. Nevertheless, BESSs have some drawbacks that pose limitations to
their utilization. Indeed, effectively managing the stored and released energy is crucial, considering
the degradation of performance associated with these systems over time. The substantial capital
expenditure (CAPEX) required to install these systems represents a current constraint, impeding
their broader adoption. This work evaluates a techno-economic analysis of a 2MW/2MWh BESS
providing multiple services, namely participating in capacity and balance markets. The analysis is
based on a BESS model implemented in SIMULINK, adopting online data gathered from a Lithium
Iron Phosphate (LFP) battery facility. The model evaluates the auxiliary power consumption, state-of-
charge (SoC), state of health (SoH), and the round-trip efficiency (RTE) of the overall system. The
analysis is based on three price profiles: 2019 (Business-As-Usual), 2020 (COVID-19), and 2022 (Gas
Crisis). Furthermore, this work conducts a case study to analyze the behavior of the BESS. It entails
a sensitivity analysis, specifically evaluating the influence of CAPEX and upward bid price on the
economic viability of the project. The results show a strong relation between the CAPEX variation
and the Internal Rate of Return (IRR) of the project.

Keywords: BESS; RES; service stacking; electricity markets

1. Introduction

Renewable energy has become a paramount focus for European Union (EU) countries
since it plays a vital role in achieving the Greenhouse Gas (GHG) targets established
after the Paris Agreement. The European Commission presented the “Clean Energy for
all Europeans package” in 2016, which was politically agreed by the European Council
and the European Parliament in 2019. The EU countries reformed their energy policy
framework to reduce greenhouse gas emissions and use cleaner energy to comply with
the objectives of the agreement. Indeed, the decarbonization of the energy sector is one
of the main actions to reduce global warming. The package discussed different topics,
such as energy performance in buildings, energy efficiency, and electricity market design.
However, the most important aspect was related to renewable energy. In particular, the
package set an objective of reaching a 32% share of renewable energy in the overall energy
production in 2030 and net-zero carbon emissions by 2050 [1]. Therefore, the energy system
is currently undergoing a transition from conventional fossil-fuel-based generators towards
the adoption of Renewable Energy Sources (RES). This transition involves the shift towards
more local and distributed energy generation.

Nonetheless, the penetration of RES into the distribution network requires a series of
actions in the planning and operation of the grid to ensure the optimal utilization of these
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sources. Moreover, it is of paramount importance to assess the challenges associated with
the integration of RES into the electric power system.

Wind and Photovoltaics (PVs) are non-programmable and volatile energy sources
where the energy supply is intermittent and unpredictable, depending on the availability of
wind and the sun, making these technologies unreliable for energy supply [2]. Furthermore,
they can affect the stability, security, reliability, and power quality of the electric power
system due to their variability of supply and increased fluctuations in electricity provision.
Therefore, with their increased share in the renewable energy installed with respect to other
renewable sources, balancing the electricity supply and demand becomes more needed
and challenging [3]. Consequently, the power system requires new sources of flexibility to
ensure electricity supply reliability and continuity.

Battery Energy Storage Systems (BESSs) are considered a viable solution that can
play a vital role in addressing these challenges given their high power capacity in relation
to energy capacity [4], high ramping capability [5], and fast response [6]. In addition,
their production costs have been significantly reduced [7]. BESSs can play a vital role
in the integration of PVs and wind energy by providing storage capacity and ancillary
services [8]. Generally, the services provided by BESSs can be divided into three main
categories: applications related to the management of the Electric Power System (EPS)
operations, applications related to fast response provision in the context of changes in the
grid to enhance its stability and reliability, and applications related to the enhancement of
the power quality [9].

The scope of this work is to perform a techno-economic evaluation of the provision of
multiple services by a Lithium Iron Phosphate (LFP) storage facility. The cathode of the
battery under investigation consists of LFP, while the anode comprises graphite. Moreover,
the electrolyte utilized in this configuration is organic. In particular, this work aims to
understand the opportunities related to using this BESS in the Italian Electricity Market,
providing mainly two services: tertiary reserve and capacity market based on the price
profile of three main years, 2019, 2020, and 2022. The year 2019 is considered to be a
Business-As-Usual (BAU) year, the year 2020 is characterized by low demand and prices
due to COVID-19, and the year 2022 is characterized by high energy prices due to the
energy crisis caused by the Russia–Ukrain war. To achieve this goal, three main phases
are performed:

• Modeling of the capacity and the balancing markets defining the power setpoints
required by the BESS.

• Modeling the BESS based on online data collected from a currently operating LFP
battery facility to evaluate the round-trip efficiency (RTE), auxiliary consumption,
state-of-charge (SoC), and state of health (SoH).

• Techno-economic analysis for the provision of multiple services to evaluate the eco-
nomic viability of the project.

2. Literature Review

It is of paramount importance to highlight the different components of the BESS
as they should be considered when modeling its behavior. Electrochemical cells are the
core elements of batteries, and they can be connected in series or in parallel to form a
battery pack. However, the other components of the BESS ensure its reliable operation
and connection to the electric grid. These components are identified and summarized
as follows:

• Battery Pack: The battery pack is made up of a group of cells that can be connected in
series or in parallel.

• Battery Monitoring System (BMS): The BMS is responsible for checking the voltage
between each cell and the voltage with respect to the ground to ensure that the battery
is operating within the nominal area. It manages the charging and discharging of
each cell to avoid the over/under voltage of the cells. Moreover, the temperature, the
current, the SoC, and the SoH can also be monitored using the BMS.
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• Auxiliaries: The auxiliaries include the Heat Ventilation Air Conditioning (HVAC)
system, Supervisory Control and Data Acquisition (SCADA), motorized switches, fire
alarm systems, and control and monitoring systems. They have a vital role in the
operation of the BESS by ensuring the proper operation conditions for the system.

• DC/AC Inverter: The inverter allows the connection of the battery to the AC grid. It
plays a vital role in the economics of the BESS. Moreover, the inverter’s efficiency is
generally high.

• Programmable Logic Controller (PLC): The PLC is dedicated to the coordination of
the BESS and the precise regulation of energy flows with the electrical grid.

• Transformer: The transformer is used to raise the voltage to a suitable voltage level
for the connection of the battery to the grid.

2.1. BESS Models and Case Studies from the Literature

Fully considering all the components of the BESS is crucial when modeling its oper-
ation. Indeed, the inclusion of the auxiliaries in the model can affect the accuracy of the
model. The auxiliary system’s operation directly affects the performance of the BESS as, for
example, the operation of the HVAC system can directly affect the cell temperature, which
is an important factor for BESS aging. Moreover, the energy consumed by the auxiliary
system cannot be neglected as this influences the efficiency of the system. Rancilio et al.
investigated in [10] the effect of modeling the auxiliaries’ consumption on the efficiency
calculation. They simulated the BESS performance in providing frequency regulations.
They found out that excluding the auxiliary consumption can increase the efficiency of the
overall system, but this can lead to an error of up to 10%.

Despite these facts, most of the studies found in the literature focus on modeling the
electrochemical behavior of the cell [11,12], neglecting other aspects such as the auxiliary
consumption. Therefore, there is a gap in the literature when it comes to modeling the
overall behavior of BESSs. Hutchinson et al. [13] presented an analytical model for a
BESS in MATLAB/Simulink, and they verified the accuracy of the model based on an
existing 2 MW installed battery. Moreover, they used the Root Mean Square Error (RMSE)
to check the accuracy of the model. They achieved an RMSE of 1.29% and 1.05% when
comparing the SoC estimated by the model with measurements from the installed BESS.
However, they assumed fixed charging and discharging efficiencies and did not model the
auxiliary loads. These crucial assumptions can dramatically affect the results obtained.

In [14], Lange et al. developed a model to simulate the behavior of the BESS when
providing peak shaving. The model developed uses Look-Up Tables (LUT) to model the
efficiency of converters and the capability limits of the BESS. In their model, the capacity of
the battery system, charging power, discharging power, and safety offset were optimized.
Although this model considers the converters, the auxiliaries are not modeled, which can
affect the accuracy of the results. Furthermore, it is important to highlight that the aging
model was not incorporated into the study’s framework for the purpose of monitoring the
battery’s health.

On the other hand, several researchers have modeled the overall behavior of the
BESS, taking into account the converters and auxiliary power consumption. Rancilio et al.,
in [15], developed, verified, and validated an empirical model for the technical analysis
of grid-connected Lithium Nickle Manganese Cobalt (L-NMC) BESS performance. They
defined a test protocol based on standards and charging/discharging experiments. More-
over, the model includes three main parts. The first part includes the battery cells and
the power conversion system (PCS), consisting of the inverter and the transformer. The
second element of the model is the BMS, which defines the limits of operation based on
the pre-defined capability curves. The last element of the model is the auxiliary loads,
including the HVAC, alarms, and SCADA. The RTE was modeled as a function of the SoC
(%) and the power set points (p.u.), while the auxiliaries were correlated with the power
set points (p.u.) and temperature (◦C). Conversely, the paper does not explore cell aging or
include an economic analysis.
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Grimaldi et al., in [16], developed a data-driven empirical model to describe the
aging and the energy performance of a utility-scale Li-ion battery. The novelty of the
model is that data were collected from a real-world operating BESS. The authors adopted
the methodology described in [15] to develop their model. However, it is noteworthy to
mention that the correlation between the RTE and the SoC is not presented in this model. On
the other hand, the auxiliary power consumption was correlated with the temperature (◦C)
and the AC power set points (p.u.). The aging model is based on semi-empirical equations
collected from the literature to estimate the calendar aging, the cycle aging, and the SoH.
The authors evaluated different Energy Performance Indicators (EPIs) by providing three
main services: Primary Frequency Control (PFC), Secondary Voltage Regulation (SVR),
and PV Unbalances Reduction. However, a business model has to be incorporated into the
model to evaluate a techno-economic analysis for the BESS.

2.2. Utility-Scale BESS and Services Provision
2.2.1. The Italian Electricity Market

The structure of the Italian Electricity Market, assumed as the focus of this paper,
is based on Decree No. 79 of 16 March, 1999 [17]. It is based on two different markets:
The Forward Electricity Market (Mercato a Termine dell’Energia) and the Spot Electricity
Market (Mercato a Pronti dell’Energia). The Forward Electricity Market is the market where
energy trading is based on predetermined prices and terms for future delivery. On the
other hand, the Spot Electricity Market is based on the supply and demand curves, which
define the market clearing price and quantity. The Italian Spot Electricity Market can be
divided into the following sessions:

• Day-Ahead Market (DAM)
• Intra-Day Market (IM)
• Ancillary Services Market (ASM)

– Ex-ante
– Balancing Market (BM)

The Day-Ahead Market, Mercato del Giorno Prima (MGP), is the first market session of
the electricity market. It is the auction market where a large amount of energy is generally
traded. This market closes at noon on the day before delivery (D-1). Demands can be
satisfied by bidding in the electricity pool or through bilateral contracts.

In the Intra-day Market, Mercato Infragiornaliero (MI), the market participants are
allowed to adjust their bids defined in the MGP. Opposite to MGP, less energy is usually
traded in the MI. It is divided into three MI-A auction sessions and one MI-XBID continuous
trading session. Additionally, the submitted supply offer and demand bids are evaluated
based on the same criterion defined in the day-ahead market. However, the accepted
demand bids are paid at the zonal price.

In the Ancillary Services Market, Mercato per il Servizio di Dispacciamento (MSD),
the Italian Transmission System Operator (TSO), Terna S.p.A., is the only buyer. It secures
the energy reserves and the resources needed to maintain the real-time balance of the grid
and maintain the system’s stability and security. Moreover, it is a pay-as-bid market where
accepted bids are paid at the offered price. It is noteworthy to mention that, in Italy, not all
ancillary services are traded based on organized market sessions. As illustrated in Figure 1,
the services traded in the MSD can be classified as frequency and non-frequency ancillary
services [18].
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Figure 1. Frequency and non-frequency ancillary services market.

The ancillary services designed to maintain the power system’s frequency and the
balance between generation and demand are summarized and discussed below:

• Frequency Containment Reserve: The Frequency Containment Reserve (FCR), also
known as Primary Frequency Control, is the first action needed in the context of
imbalances. The principles of FCR provision are defined in the grid code Annex
A15 published by TERNA [19]. In particular, this service is automatic, activated
locally, fast, and aims to stabilize the frequency value in the event of load generation
imbalances. This service must be activated within 30 s starting from the occurrence of
the imbalance [20]. As this service is required by the TSO of each EU member state,
the reserve imposed on each state is defined according to the European Network of
Transmission System Operators for Electricity (ENTSO-E) prescriptions.

• Frequency Restoration Reserve: The Frequency Restoration Reserve (FRR) is divided
into automatic (aFRR) and manual (mFRR). The aFRR, also known as Secondary
Frequency Control (SFC), is an automatic regulation that aims to restore the frequency
at the nominal value of 50 Hz. The provision of aFRR is controlled centrally based
on a regulating signal received by the speed regulators of the units participating in
this service [21]. Moreover, the so-called Automatic Generation Control (AGC) is the
applied control for the generators [21]. AGC uses the area control error (ACE) as
evidence of any disturbance or imbalance in the system [22].

• Replacement Reserve: The Replacement Reserve (RR) must be fully delivered within
120 min, and it is usually used to solve problems related to shifts in demand, variable
injection from RES due to forecast errors, and the long faults of some generating
units [23]. The RR can be divided into upward and downward RR. The upward RR
corresponds to the cases where the injection is increased or the consumptions are
reduced. On the contrary, the downward reserve corresponds to increasing consump-
tion or reducing generation. In this context, the Trans European Replacement Reserve
Exchange (TERRE) project was approved by ENTSO-E in 2016 as the European plat-
form for the exchange of balancing resources from replacement reserves [24]. The
exchange platform is based on the LIBRA solution in which the balancing energy bids
are optimized and allocated to the members of the TERRE project in order to meet
their needs.
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To contextualize the market size, it is essential to note that within the Italian electricity
markets significant volumes of energy are traded. Specifically, the volumes amount to
290 terawatt-hours (TWh) in the DAM, 26 TWh in the IM as of 2022, and 11.2 TWh in the
ASM as of 2023, with 4 TWh in the ASM ex-ante and 7.2 TWh in the BM [25,26].

2.2.2. The Evolution of Ancillary Services Market for BESS Participation

Traditionally, the ancillary services have only been provided by conventional large-
scale power plants such as coal, natural gas, nuclear, and hydro power plants [27]. Given
the increase of variable RES share and the decommissioning of fossil-fuel-based power
plants, maintaining the stability and security of the power system is likely to become more
challenging for the grid and regulators [28]. Therefore, the centralized approach that has
been followed in providing the ancillary services is becoming outdated, and the electricity
market design should be revised to adapt to the integration of the new flexibility sources,
the Distributed Energy Resources (DER) such as the BESS.

The Balancing Service Provider (BSP), as defined by [29], is the market participant
that owns units or an aggregate of units capable of providing balancing services. On the
other hand, Balancing Responsible Parties (BRP) are the market participants responsi-
ble for the injection and withdrawal programs of their generating units as well as their
imbalances. Imbalances are defined as the difference between the scheduled energy vol-
ume and the final one within the imbalance settlement period, a time unit within which
the imbalances are calculated. Therefore, the BSP can aggregate a group of DERs for
the provision of balancing services, given some terms and conditions, in a scheduling
area [29]. These DERs can include demand facilities, Energy Storage Systems (ESS), and
power generation facilities.

Given the new paradigm, many countries are adapting their regulations and
legislations to facilitate the integration of DER into electricity markets.
Rancilio et al. discussed in [30] the trends, features, and trade-offs of the evolution of
the Ancillary Services Market to cope with the integration of DER.

In Italy, only conventional power plants with power > 10 MVA, programmable, and
connected to the transmission network were allowed to provide the ancillary services as
defined by the Italian Transmission System Operator (TERNA) in the Italian grid code.
However, in 2017 a series of pilot projects were initiated by the Italian National Regulatory
Authority (NRA), ARERA, to gradually evolve the provision of ancillary services by Non-
Programmable Renewable Energy Sources (NP-RES). Different pilot projects have been
activated with the purpose of investigating the possibility of Enabled Virtual Units (Unità
Virtuali Abilitate: UVA) to participate in the ancillary services provision [31]. The ancillary
services allowed to be provided by DERs were limited to mFRR and RR, with a minimum
bid size of 1 MW [32]. Initially, the remuneration in the UVAM pilot project was based
on a combination of energy remuneration expressed in EUR/MWh based on the energy
activated in the ASM and a capacity remuneration expressed in EUR/MW based on the
capacity available for the regulation [33]. In 2021, another pilot project expanded the
services that the units mentioned before are allowed to offer to include the aFRR as well.
In addition, the Fast Frequency Response (FFR) was introduced as a new service to be
provided with a minimum bid size of 5 MW.

2.2.3. Services Provided by BESSs and Revenue Stacking

BESSs can be aggregated with other plants and participate in the provision of grid
services. They are attractive energy sources, as they are capable of offering a wide range of
applications such as arbitrage, ancillary services, and the integration of intermittent RES.
However, a BESS is characterized by high capital costs [34]. One of the effective ways of
maximizing the profitability of the BESS is through revenue stacking.

BESSs are widely used in different applications. These services can be categorized
into power-based services and energy-based services. Power-based services require a
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high power for a limited amount of time, whereas energy-based services require a limited
amount of power for an extended amount of time [35].

As previously mentioned, the increasing penetration of intermittent RES ensures the
necessity of designing fast and more precise frequency control. In particular, the inertia
of the power system decreased due to the penetration of inverter-based energy sources
affecting the robustness of the grid towards imbalances. FFR is a possible solution for this
problem. The specific requirements to provide this service can vary between countries, but
generally it is based on the provision of active power within a few seconds as a response
to an imbalance [36]. In Italy, TERNA proposed Fast Reserve (FR) as a new frequency
control service in a pilot project launched in 2021. It is not traded in the ASM, but it is
contracted to the energy sources for 5 years. The participating units provide power within
1 s. Currently, only energy sources with qualified power in the range of 5–25 MW are
allowed to participate in this service. The provision of FR is based on a droop curve [37].
The units participating should provide the qualified power in response to the frequency
deviations in 30 s. In case the frequency deviations have not exceeded the limits set by
“level #2”, the fade-out can be activated, and the unit decreases the output power gradually
in 300 s. On the other hand, if the highlighted frequency limits are violated, the unit must
provide the full qualified power for at least 15 min.

As highlighted previously, FCR is the first control action taken in the context of fre-
quency deviations. It is the process of supplying active power due to frequency fluctuations
that occur due to the imbalance between generation and demand. Several studies in the
literature have proven the effectiveness of BESSs in providing this service. Amin et al. [38]
compared the provision of FCR by synchronous generators and a BESS using mathematical
equations of governors and turbines. The results obtained showed that BESSs can provide
a faster and better response to frequency deviations than synchronous generators. In [39],
Arrigo et al. analyzed the impact of FCR provided by a BESS on the transient response
of the grid. The authors confirmed in the conclusion the positive impact of the BESS on
the reduction of the frequency variations, given a proper control strategy and enough
installed capacity. The effectiveness of the provision of the service was evaluated based on
an effectiveness index. Moreover, a comparison was conducted regarding the provision
of the FCR by conventional generators and BESSs. They found that if the inertia of the
network decreases, the BESSs are more effective in providing the service. Additionally,
Datta analyzed, in [40], the impact of a BESS in providing FCR to enhance the penetration of
wind power plants using a model implemented in DigSILENT. It was shown that BESSs can
play a vital role in reducing oscillations after disturbances and can support the penetration
of RES by absorbing excess energy and providing deficit energy. Secca et al. [41] compared
the provision of FCR in three major European Countries: the Netherlands, Germany, and
the UK in terms of lifetime and economics, taking into account the remuneration schemes
in each country. They found that the provision of FCR by BESSs is economically viable in
all the analyzed countries given the remunerations in each country. Moreover, given the
remuneration schemes in the Netherlands, results showed that the Net Present Value (NPV)
of BESSs providing FCR there can be 47% and 76% higher than in Germany and the UK.

However, BESSs should respect the technical requirements defined by TSOs for the
provision of FCR. Therefore, it is crucial to implement SoC management strategies to ensure
the availability and service continuity of BESSs. In particular, these strategies ensure that the
SoC is set at a value within the maximum and minimum thresholds set by the BMS. In case
of reaching the pre-defined thresholds, the BESS can be saturated, and the defined power
setpoint cannot be respected. In particular, not respecting the power setpoint can lead
to penalties.

Energy arbitrage involves buying electricity when prices are low and selling it when
prices are high. In other words, the BESS is charged during low demand times, resulting in
low prices, and discharged during high demand times, resulting in an increase in the prices.
It is an energy-based service that requires the BESS to store energy for long durations [2]. In
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general, energy is traded in the day-ahead market. For energy arbitrage, it is of paramount
importance to forecast the future behavior of the market to maximize the amount of profits.

Ponnaganti et al. assessed in [42] the potential revenues from the integration of en-
ergy storage systems with wind farms, taking advantage of the difference in prices in
the DAM, comparing the profits generated by BESSs and the Thermal Energy Storage
System (TESS). The DAM’s prices were predicted based on a feed-forward neural net-
work forecasting algorithm. They adopted an analytical model to describe the charging
and discharging processes of the BESS. The revenues generated were higher when the
energy storage system is integrated with the wind farm. Additionally, they found that
BESS is better than TESS in utilizing wind energy but worse in terms of operating and
maintenance costs.

Penaranda et al. [43] compared different arbitrage strategies to determine the best
one that could maximize the revenues generated in the Colombian electricity market by
adopting a Mixed Integer Linear Programming (MILP) optimization problem. They proved
that providing energy arbitrage only could result in negative economics, represented
by negative NPV. Therefore, it is better to provide other services associated with the
energy arbitrage.

Given the typically high capital costs associated with BESSs, maximizing their uti-
lization through the provision of multiple services becomes advantageous, allowing for
revenue stacking and the full exploitation of the installed battery capacity. In [44], the
authors proposed the provision of a second service to generate additional revenues. The
provision of several services is generally referred to as service stacking. In general, service
stacking can be categorized into three different types [45]:

• Sequential Stacking: During the sequential stacking, the BESS can be used to provide
multiple services sequentially. In particular, the full capacity of the BESS is dedi-
cated to a service for a defined time stamp and then switched to another application
over time.

• Parallel Stacking: During parallel stacking, the capacity of the BESS is divided
between different services. Moreover, the capacity allocated for each service remains
constant over time.

• Dynamic Stacking: During dynamic stacking, multiple services are provided simulta-
neously while varying the capacity allocated for each service with time. This method
is considered the most flexible, but it requires a complex Energy Management System
(EMS) to be implemented.

Englberger et al. [46] compared the annual profitability of stacking methods by
evaluating three scenarios of stacking services: Peak Shaving (PS) + FCR, PS + Spot Market
Trading (SMT), and PS + FCR + SMT. Moreover, they compared the profitability of the
dynamic and sequential strategies as a function of the inverter switching time. The study
revealed that dynamic stacking has the highest profitability compared to the others in the
three scenarios evaluated. Sequential stacking is more profitable than the parallel strategy,
indicating that sequential switching between services is more effective than allocating fixed
capacities among them.

In [37], Rancilio et al. developed a BESS model to evaluate a techno-economic analysis
of the provision of two sequentially stacked ancillary services: FR and RR. The analy-
sis pointed out that the efficiency and the Internal Rate of Return (IRR) improved with
revenue stacking.

Spiller et al. developed, in [47], a procedure to size a hybrid system of BESSs and
RES while evaluating the economic performance of the provision of multiple services. The
different services evaluated were energy arbitrage, capacity market, mFRR, and FFR. The
study compared different stacking scenarios by combining different services. The results
obtained highlighted the importance of revenue stacking to enhance the economics of the
project. In particular, it has been pointed out that the CAPEX covered and the IRR increased
while stacking more services without increasing the number of Full Cycle Equivalent (FCE)
performed by the BESS.
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Finally, Hameed et al. [48] investigated the participation of BESS in the Nordic an-
cillary markets, with a focus on business aspects by analyzing the market prices in the
past six years. In particular, they simulated two services traded in the Danish market:
frequency-controlled disturbance reserve (FCR-D) and frequency-controlled normal opera-
tion reserve (FCR-N). The analysis revealed an increase in profits by 2%–8% in each of the
simulated years.

3. Problem Formulation and Methodology Proposed

The proposed approach consists of two main steps. Firstly, the creation of a compre-
hensive market model designed to simulate the balancing and capacity markets in line with
the Italian scenario. Secondly, the development of a thorough BESS model encompassing
the efficiency specifications of electrochemical cells, inverters, transformers, and auxiliary
systems. Additionally, the model accounts for aging phenomena.

3.1. Balancing and Capacity Market Models

The first part of the model aims to evaluate the required charging and discharging
power setpoints. The market model exploits the grid convention: the power is considered
positive when injected into the grid (discharging power) and negative when injected into
the BESS (charging power).

3.1.1. Balancing Market

A statistical analysis is performed to define the hourly averages and standard devia-
tions of upward and downward prices in the Italian scenario. The data gathered for each
year are divided into working days (from Monday to Friday) and holidays (Saturdays,
Sundays, and bank holidays). Additionally, the data include the hourly accepted prices for
both regulations considered in the balancing market: maximum upward prices for upward
regulation and minimum downward prices for downward regulation.

The statistical analysis reports the average and standard deviation of the hourly
marginal prices awarded for each regulation (upward and downward), for both working
days and holidays, and for each year considered. The calculated averages and standard
deviations define the distribution of the hourly awarded prices for each service. In the case
of upward regulations, hours with a “zero” awarded price are eliminated as the upward
balancing service is not provided at that hour.

Then, a proper bidding strategy has been developed with the aim to define the prices
and volumes to be offered to participate in the balancing market. The strategy considers
the statistical analysis described previously and the real-time measurement of the SoC.

The bid price is defined based on the available energy, i.e., SoC, in the battery. More-
over, a target SoC (SoCtarget) is defined and used to grant proper reliability for the operation
of the battery, respecting the technical requirements specified in the grid code. The bid
price is determined based on the average prices defined in the statistical analysis and a
parameter defined as a function of the SoC. The bidding price specified for each hour, h, is
formulated in Equation (1):

B(h) = µ(h)− σ(h)×
SoC(t)− SoCtarget

100
(1)

where:

• B(h): Bid price for hour h (EUR/MWh)
• µ(h): Average of awarded prices for upward and downward regulations for hour h

(EUR/MWh)
• σ(h): Standard deviation of awarded prices for upward and downward regulations

for hour h (EUR/MWh)
• SoC(t): State-of-Charge of the battery (%)
• SoCtarget: Target state-of-charge (%)
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In particular:

1. If (SoC(t)) is higher than the target SoC (SoCtarget), the bid price for upward regulation
decreases proportionally to the difference between SoC(t) and SoCtarget, increasing
the probability of acceptance as upward bids got accepted if the bid price is lower
than the maximum upward price.

2. If (SoC(t)) is lower than the target SoC (SoCtarget), the bid price for downward regula-
tion increases proportionally to the difference between SoC(t) and SoCtarget, increasing
the probability of acceptance since downward bids are accepted if the bid price is
higher than the minimum downward price.

A minimum bid price for the upward regulation and a maximum bid price for the
downward regulation are defined to guarantee the project’s economic viability. Generally,
the difference between upward and downward bid prices, known as the spread, should
be at least equal to the Levelized Cost of Storage (LCOS). The LCOS is defined based on
Equation (2):

LCOS =
CAPEX + ∑n

t=1
OPEX
(1+i)t

∑n
t=1

E
(1+i)t

(2)

where:

• CAPEX: Capital expenditures (EUR)
• OPEX: Operating expenditures (EUR)
• i: Discount rate (%)
• n: Lifetime of the asset (years)
• E: Energy (MWh), defined based on Equation (3)

E = ncycles ∗ DoD ∗ Erated ∗ ηRT ∗ (1 − ηsel f ) ∗ c (3)

where:

• ncycles: Expected number of cycles
• ηRT : Round-trip efficiency
• ηsel f : Self-discharge
• c: Degradation Factor

The adopted minimum value for the maximum upward bid price and the maximum
value for the minimum downward bid price are EUR 250/MWh and 120 EUR/MWh,
respectively.

The bid volumes for upward and downward regulations are defined, assuming that
the market can offer asymmetric quantities. Moreover, they are evaluated considering the
available SoC. Generally, in Italy BESS operators can bid four hourly quantities for upward
and downward regulations on a market session of 4 h. Therefore, bid volumes (MW) are
defined as shown in Equations (4) and (5), respectively:

Pup = min(Pn,
SoCh−1 − SoCmin

100 ∗ tmkt
∗ En

kmkt
) (4)

Pdn = min(Pn,
SoCmax − SoCh−1

100 ∗ tmkt
∗ En

kmkt
) (5)

where:

• Pn: Nominal power of the BESS (MW)
• SoCmax: Maximum SoC (95%)
• SoCmin: Minimum SoC assigned (5%)
• tmkt: Market session duration (4 h)
• kmkt: Parameter introducing safety margins (1.2)

The small bids are eliminated when the SoC is close to the minimum and maximum
thresholds defined. In particular:
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1. If 5% < SoC < 7%, no upward bid is submitted.
2. If 93% < SoC < 95%, no downward bid is submitted.

Finally, the final power setpoint of the balancing market based on specific acceptance
and rejection rules after submitting the bids for the upward and downward regulations
is defined.

After defining the bidding strategy, a tailored procedure has been devised to ac-
curately simulate the market, specifically aiming to determine whether a given bid is
accepted or rejected. This approach holds statistical significance and is structured into two
distinct steps:

1. The initial stage examines upward and downward bids submitted separately.
2. The subsequent stage addresses scenarios where bids for both upward and downward

regulations are simultaneously accepted, requiring the award of only one bid.

In each stage, to ascertain the acceptance or rejection of upward and downward bids,
Cumulative Distribution Functions (CDFs) are constructed from historical data encompass-
ing accepted bids for both upward and downward regulations, as illustrated in Figure 2.
Extensive historical market data spanning a significant time window (one year or more)
were gathered. Utilizing statistical routines, these data were employed to compute the
probability density function and the corresponding CDF.

The defined CDFs illustrate the likelihood of bid acceptance given that the bid price
falls below a certain threshold. These functions take the bid price as input, generating the
associated probability of acceptance. However, it is important to note that the output of
these generated CDFs is capped at a maximum value of 0.8. This limitation reflects the
challenge of securing an offer with a 100% probability of acceptance.

(a) Upward Regulation (b) Downward Regulation

Figure 2. CDFs for upward regulation (a) and downward regulation (b) for each year.

In the proposed approach, an upward bid is rejected if the upward bid price is greater
than the maximum upward price. For the downward regulation, the bid is rejected if the bid
price is lower than the minimum downward price. The probability obtained through this
method is then compared with a randomly generated number between 0 and 1 to identify
whether the bid is accepted or rejected in the market session under investigation. For both
regulations, the submitted offer is accepted only if the generated random number is smaller
than the corresponding probability, and is rejected otherwise. If no bids are accepted during
a specific hour, the battery remains inactive. However, if any submitted bid, be it for
upward or downward regulation, gets accepted, it is automatically awarded. Consequently,
the BESS is tasked with supplying a constant power output for the entire hour. In the event
that both bids are accepted, only one reserve should be provided. Determination of the
bid being awarded hinges on the discrepancy between the upward or downward bid price
and the average DAM price for each simulated year. The bid with the narrower spread is
granted priority. Algorithm 1 describes the structure of the balancing market adopted.
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Algorithm 1: Balancing Market Algorithm

Input: Acceptance probability curve, MSDup
t , MSDdown

t , pricerandup
t ,

priceranddown
t

Output: ACCup
t ,ACCdown

t

{prob}up
t = probability(MSDup

t )

{prob}down
t = probability(MSDdown

t )

Bool = random(0:1)

If MSDup
t < pricerandup

t

If Bool < {prob}up
t

ACCup
t = 1

else

ACCup
t = 0

else

ACCup
t = 0

If MSDdown
t > priceranddown

t

If Bool < {prob}down
t

ACCdown
t = 1

else

ACCdown
t = 0

else

ACCdown
t = 0

3.1.2. Capacity Market

The capacity market aims to ensure sufficient power capacity during scarcity hours.
Participation in the capacity market is based on a tender procedure. In the present analysis,
the BESS is asked to participate in the DAM at specific peak hours according to the regula-
tions on the framework of the Italian capacity market defined by the TSO (TERNA), in [49].
Participants in the capacity market are entitled to a capacity premium by submitting bids
at the DAM for each of the defined peak hours.

However, in the Italian Regulatory Framework the capacity premium depends on
a parameter, named the derating factor, defined by TERNA, and associated with each
technology that considers the reliability of providing the capacity. For BESSs, the higher
the Energy-to-Power ratio (EPR), the lower the associated derating factor, demonstrating
higher reliability in delivering the requested power. The derating factor is used to calculate
the qualified power, PCDP, as illustrated in Equation (6). PCDP represents the minimum
capacity required to be offered.

PCDP = Pnom × (1 − derating) (6)

where:

• PCDP: Qualified Power (MW)
• Pnom: BESS Nominal Power (MW)

3.2. BESS Model

The proposed BESS model is divided into four blocks:

• Auxiliary Power Consumption: Calculates the auxiliaries’ consumption as a function
of the temperature.
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• Round-trip Efficiency: Calculates the RTE, including the transformer, inverter, and
battery efficiencies.

• Capability Curve: Maintains the operation of the BESS within defined SoC thresholds.
• State-of-Charge Estimation: Estimates the SoC based on the power set points previ-

ously calculated and capability curve.

The model is built based on data gathered from the Supervisory Control and Data
Acquisition (SCADA) of a real-world BESS currently operating in Germany. The size of the
BESS considered is 2MW/2MWh at the beginning-of-life (BoL), and it is used to provide
frequency regulation.

3.2.1. Auxiliary Power Consumption

The auxiliary power consumption block calculates the power requested by the auxil-
iaries. The cooling system essentially defines the auxiliary consumption to maintain the
operation of the BESS within the accepted temperature range. In the data received, the
auxiliaries’ power is correlated with the average power set point (%) and the average
ambient temperature (°C) over a day.

3.2.2. Round-Trip Efficiency Calculation

The transformer, inverter, and battery efficiencies are calculated separately. In par-
ticular, three different efficiency models are built. Then, these models are cascaded, and
the output of one model is the input to the other to define the overall efficiency, starting
from the transformer, the inverter, and finally the battery. The transformer is a three-phase
and oil immersed with a rated power of 2000 kVA. The transformer efficiency curve is
constructed based on Equation (7) [50]:

η =
x · Pn

x · Pn + P0 + x2 · Pcn
× 100 (7)

where:

• η: Transformer efficiency (%)

• x: Load factor = PowerSetpoint
NominalPowero f Trans f ormer

• Pn: Nominal power of the transformer (W)
• P0: No-load losses at rated voltage (W)
• Pcn: Losses at rated load (W)

P0 and Pcn are defined based on the regulation provided by the EU Commission
regarding the operation of small, medium, and large power transformers [51]. For a
three-phase liquid-immersed transformer with a rated apparent power of 2000 kVA, the
maximum load losses and no-load losses are 15,000 W and 1305 W, respectively. For the
inverter, the efficiency curve is directly extracted from the inverter’s data sheet [52]. Both
efficiency curves are shown in Figure 3.

(a) Transformer (b) Inverter

Figure 3. Transformer (a) and inverter (b) efficiency curves.
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Finally, the battery efficiency model is built based on real-life data relevant to a
utility-scale BESS. The efficiency of the electrochemical battery pack has been evaluated
comparing the charging/discharging energy over small cycles, performed at different SoC
with different C-rates. Moreover, the data relevant to a real-life BESS operation for over
one year has been processed. The charging and discharging energies are calculated by
integrating the corresponding power values using the trapezoidal rule, as highlighted in
Equation (8). Finally, the battery efficiency is defined as the ratio between the discharging
and charging energies, as reported in Equation (9).

E = T × P(t) + P(t + 1)
2

(8)

ηBAT =
EDis
|ECh|

× 100 (9)

where:

• E: Charging/Discharging energy (kWh)
• T: Sampling Time (10 s)
• P(t): Power Value at time t (kW)
• P(t+1): Power Value at time t+1 (kW)
• ηBAT : Battery’s Efficiency (%)
• EDis: Discharging Energy (kWh)
• ECh: Charging Energy (kWh)

After evaluating the battery’s efficiency at different power and SoC values, the corre-
sponding average power and midpoint SoC are calculated for each sub-cycle defined. The
battery efficiencies are correlated with the corresponding DC power setpoints. Then, the
resulting points are interpolated using MATLAB’s curve fitter tool to define the equation
that calculates the battery’s efficiency as a function of the DC power setpoints.

3.2.3. Aging Model

The aging model is built based on a degradation curve provided by the BESS, eval-
uated assuming a C-rate of 1C and 365 cycles per year. These data are interpolated, en-
abling the construction of an equation that establishes the relationship between the BESS’s
SoH and the cycles performed. Then, the full cycle equivalent is calculated by adopting
Equation (10). The estimated cycles performed by the BESS are fed to the aging model to
calculate the corresponding state of health.

FEC =
Ech + Edis
2 × Enom

(10)

where:

• Ech: Charging Energy (MWh)
• Edis: Discharging Energy (MWh)
• Enom: BESS Nominal Energy (MWh)

4. Case Study

A case study is proposed to evaluate the impact of CAPEX and upward bid price vari-
ations on the economic viability of the project. The BESS under investigation participates in
two markets: capacity and balancing markets. The sensitivity analysis is proposed in order
to evaluate how much the expected BESS’s CAPEX reduction will impact the economics.
Finally, the IRR of the project is evaluated, changing the input parameters as follows:

• CAPEX ranging from EUR 200 to 400/kWh;
• Upward bid price ranging from EUR 200 to 400/MWh.

The data used for the simulations are summarized in Table 1.
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Table 1. Multi-service simulation dataset.

Key Value Unit

Derating 56 (%)
PCDP 0.88 (MW)
LCOS 130 (EUR/MWh)

Temperature Profiles Southern Italy for years 2019,
2020, and 2022 (◦C)

DAM Price Profiles Italian Market for years 2019,
2020, and 2022 (EUR/MWh)

CDFs Italian Market for years 2019,
2020, and 2022 (%)

The outcomes of the simulations are summarized in the following points:

• Accepted prices and volumes in the day-ahead and balancing markets
• Percentage of accepted bids and offers in the balancing market
• Efficiencies and auxiliaries’ consumptions
• States-of-charge and health
• Full equivalent cycles performed by the BESS

Revenues and payments for each market are evaluated based on the accepted bids and
offers. The cash flows determined are summed up, assuming a positive sign for revenues
and a negative one for the payments. Therefore, the net profit generated from the markets
is evaluated each year. The economic analysis is performed for 15 years. The linear method
is assumed to compute the yearly depreciation. The OPEX is conventionally estimated at
2% of the CAPEX. Moreover, the Weighted Average Cost of Capital (WACC) is evaluated,
adopting Equation (11) and assuming the data summarized in Table 2:

WACC =
D

D + E
× Kd × (1 − t) +

E
E + D

× Ke (11)

Table 2. WACC calculation dataset.

Key Value Unit

Kd 6 (%)
Ke 12 (%)
t 28 (%)

D/D+E 50 (%)
E/D+E 50 (%)

where:

• Kd: Cost of Debt
• Ke: Cost of Equity
• t: Tax Rate
• D/D+E: Market Value of Firm’s Debt
• E/D+E: Market Value of Firm’s Equity

The data used in the economic analysis are highlighted in Table 3.

Table 3. Economic Analysis Dataset.

Key Value Unit

OPEX 2% of CAPEX (EUR)
Capacity Premium Based on [49] (EUR)

Tax Rate 28 (%)
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The economic indicators adopted to evaluate the project’s profitability are the NPV
and the IRR. First, the yearly Earnings Before Interest and Taxes (EBIT) are calculated as the
sum of the OPEX, revenues, and depreciation. Then, the corresponding taxes are computed
by multiplying the EBIT and tax rate defined previously. If the EBIT is negative, the tax
value is adjusted to zero. Afterward, the operating cash flows are calculated by summing
up the OPEX, revenues, and taxes. Finally, the actualized cash flows are calculated to
compute the NPV. The following equations summarize the procedure followed in the
economic analysis:

EBIT = OPEX + Revenues + Depreciation (12)

Taxes = max(0, EBIT × t) (13)

OCF = OPEX + Revenues + Taxes (14)

The percentage of CAPEX covered at the end of the analysis duration is calculated by
adopting Equation (15):

CAPEXCovered[%] =
100

CAPEX
×

15

∑
t=1

Revenues(t)− OPEX(t)− Penalties
(1 + WACC)t (15)

5. Results and Analysis
5.1. BESS Model

The proposed approach has been utilized to process data associated with a real-
life 2MW/2MWh LFP BESS deployed in Germany, leading to the analytics presented in
Figure 4a,b. Figure 4a illustrates the change in efficiency concerning the power output,
while Figure 4b displays the auxiliary power consumption as a function of the ambient
temperature.

(a) Battery’s Efficiency (b) Auxiliary Power Consumption

Figure 4. Battery efficiency (a) and auxiliary power consumption (b) curves.

The correlation between energy efficiency and power setpoints was observed to be lin-
ear, but requires consideration of key assumptions. Firstly, data originate from a utility-scale
battery pack in Germany, collected via standard power meters and not laboratory equip-
ment. Secondly, energy efficiency is calculated based on charge and discharge processes
while maintaining consistent final SoC as per Equation (9). However, this introduces an
approximation due to non-deterministic SoC estimation by the BMS. Moreover, limited in-
formation from the BESS’s SCADA system necessitates simplified procedures for standard
utility-scale BESS operations. In conclusion, equipment resolution constrained DC effi-
ciency estimation accuracy. Nevertheless, the proposed procedure effectively established a
linear correlation with power setpoints. Minimal nonlinearities minimally impacted overall
BESS performance estimation, remaining undetectable with this approach.

Meanwhile, the auxiliary systems exhibit minimal power consumption between ex-
ternal temperatures of 5 and 10 degrees. Higher temperatures require increased power
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consumption to cool the battery room, whereas lower temperatures require heating con-
sumption. The proposed approach involves interpolating the obtained trends to derive
a detailed mathematical model, as elaborated in the following sections. Moreover, as
previously discussed, due to the lack of reliable data, inverter and transformer efficiencies
have been estimated by adopting literature data, as reported in Figure 3.

5.1.1. Auxiliary Power Consumption

The coefficients calculated and the goodness of fit results are summarized in
Table 4. The R2 value of 0.9415 indicates a strong correlation between the model vari-
ables and suggests that the model provides a good fit to the data in the range defined.

Table 4. Coefficients p1, p2, p3, and p4 and the goodness-of-fit parameter R2 of the fitting function.

Fitting Function Coefficients Values

Paux(T) =p1× T3 + p2× T2 + p3× T + p4

p1 9.4870 × 10−5

p2 0.0530
p3 −0.8215
p4 11.9100
R2 0.9415

5.1.2. Battery Efficiency

Regarding the cycle analysis, the results consist of four distinct data points, each with
different average power and efficiency values. The computed efficiency and average DC
power are summarized in Table 5.

Table 5. Results of the cycle analysis.

Point Efficiency (%) Average Power (kW)

1 96.74 180
2 96.28 312
3 95.15 377
4 94.11 623

Additionally, the coefficients calculated and the goodness of fit results are summarized
in Table 6.

Table 6. Coefficients p1 and p2 and the goodness-of-fit parameter R2 of the fitting function.

Fitting Function Coefficients Values

η = p1× P + p2

p1 −0.0061
p2 97.8600
R2 0.9337

5.2. Statistical Analysis

As previously highlighted, the statistical analysis defines the hourly averages and
standard deviations of awarded upward and downward prices. The data, gathered from
the Gestore dei Mercati Energetici (GME) website, are divided into working days and
holidays. The prices are classified according to the corresponding hour. Then, the hourly
average and standard deviation are calculated.

5.2.1. Statistical Analysis Output

The results of the statistical analysis for 2019, for both working days and holidays,
are highlighted in Figure 5a,b, respectively. The red lines represent the hourly average
marginal upward prices, while the blue lines correspond to the downward ones. Moreover,
the shaded areas highlight the deviations of the hourly maximum and minimum marginal
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prices over the year from the average values for both regulations. The average upward
prices are generally in the range of 100–200 EUR/MWh, with the lowest value around
4:00 a.m. Regarding the downward marginal prices, the graph highlights an almost constant
behavior indicating the constant willingness to pay throughout the day.

(a) Working days (b) Holidays

Figure 5. Average marginal prices for 2019 for upward and downward regulations: (a) working days
and (b) holidays.

The distributions of the upward and downward marginal prices for 2019 along with
the hourly average prices for working days and holidays are illustrated in Figure 6.

(a) Working days—Upward (b) Working days—Downward

(c) Holidays—Upward (d) Holidays—Downward

Figure 6. Marginal price distributions for 2019: (a) upward prices—working days, (b) downward
prices—working days, (c) upward prices—holidays, and (d) downward prices—holidays.

The dark blue shade signifies that the upward and downward marginal prices closely
align with the hourly average value. The gradual lightening of the blue color corresponds
to an increasing distance between these prices, culminating in the yellow color, which
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indicates a greater separation between both values. For upward regulation, as expected, the
prices during working days are higher than holidays, except for a few hours. The maximum
upward prices range between EUR 50 and 700/MWh, whereas the minimum downward
prices range between EUR 0 and 80/MWh. However, during holidays, the maximum
upward prices reach EUR 3000/MWh for a few hours at 11:00 p.m. and 12:00 a.m.

For 2020, the statistical analysis for the upward and downward prices during 2020
highlights the influence of the COVID-19 pandemic on the prices. The results obtained
for 2020, for both working days and holidays, are shown in Figure 7a,b, respectively. The
average upward prices are generally in the range of EUR 90–150/MWh, which is lower
than the case of 2019. The maximum upward price is greater than EUR 1000/MWh during
working days, between 9:00 p.m. and 24:00. However, for holidays, the maximum upward
price is EUR 500/MWh. Regarding the downward marginal prices, the graph highlights an
almost constant behavior indicating the constant willingness to pay throughout the day.
The average downward prices range from EUR 5 to 15/MWh, and the minimum value is
EUR 0/MWh throughout the year.

(a) Working days (b) Holidays

Figure 7. Average marginal prices for 2020 for upward and downward regulations: (a) working days
and (b) holidays.

The distributions of the upward and downward marginal prices of 2020, along with
the hourly average prices for working days and holidays, are illustrated in Figure 8. The
maximum upward prices range from EUR 40 to 500/MWh, with two values close to zero.
However, the minimum downward prices range between EUR 0 and 80/MWh. During
working days, the maximum upward prices reached EUR 3000/MWh for three hours in
2020 at 10:00 p.m., 11:00 p.m., and 12:00 a.m. The impact of COVID-19 is highlighted in the
results of the statistical analysis. The hourly average marginal prices and the price profile
of 2020 are lower when compared to the business-as-usual case of 2019.

For 2022, the statistical analysis for the upward and downward prices during 2022
highlights the influence of the gas crisis on the prices. The results obtained for 2022, for
both working days and holidays, are shown in Figure 9a,b, respectively. The average
upward prices are generally in the range of EUR 400–500/MWh, which is higher than the
case of 2019. The maximum upward price reaches EUR 1500/MWh during working days.
However, the maximum upward price for holidays is around EUR 1000/MWh. Regarding
the downward marginal prices, the graph shows a higher variability behavior. The average
downward prices are in the range of EUR 50–100/MWh, and the minimum value is EUR
0/MWh throughout the year.



Batteries 2024, 10, 69 20 of 25

(a) Working days—Upward (b) Working days—Downward

(c) Holidays—Upward (d) Holidays—Downward

Figure 8. Marginal price distributions for 2020: (a) upward prices—working days, (b) downward
prices—working days, (c) upward prices—holidays, and (d) downward prices—holidays.

The distributions of upward and downward marginal prices of 2022 are illustrated in
Figure 10. The maximum upward prices range from EUR 100 to 1100/MWh. However, the
minimum downward prices range between EUR 0 and 500/MWh. During working days,
the maximum upward prices reached EUR 1500/MWh for one hour in 2022 at 11:00 a.m.
The impact of the gas crisis is highlighted in the results of the statistical analysis. The
hourly average marginal prices and the price profile of 2022 are higher when compared to
the business-as-usual case of 2019.

(a) Working days (b) Holidays

Figure 9. Average marginal prices for 2022 for upward and downward regulations: (a) working days
and (b) holidays.
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(a) Working days—Upward (b) Working days—Downward

(c) Holidays—Upward (d) Holidays—Downward

Figure 10. Marginal price distributions for 2022: (a) upward prices—working days, (b) downward
prices—working days, (c) upward prices—holidays, and (d) downward prices—holidays.

5.2.2. Economic Analysis

As previously illustrated, the outcomes of the statistical analysis have been utilized to
define the power setpoints of the balancing market. The balancing market setpoint is added
to that of the capacity market to define the final setpoint. The sole participation in the
capacity market has been adopted as the base case in this analysis. Finally, the generated
revenues over 15 years are evaluated and the corresponding IRR is calculated to evaluate
the economics of the BESS project. The results are summarized in Table 7.

For all the years considered, the BESS shows a negative economic performance, as
highlighted by the negative IRR computed. This is mainly due to the limited size of
the BESS and the associated high CAPEX. Additionally, service stacking improves the
economics of the project. However, as in 2022, the cycles cycled by the BESS are higher,
which reduces the state of health of the batteries. Therefore, augmentation plans are needed
to restore the state of health and maintain the batteries. Furthermore, services are offered
at varying power rates, which have a direct impact on the overall efficiency. Specifically,
participating in the balancing market typically involves requesting low-power setpoints,
leading to a lower RTE. Conversely, participating in the capacity market requires higher
power setpoints, consequently leading to higher RTE.
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Table 7. Outcomes for each assumed scenario and year.

Key
Year

2019 2020 2022
Capacity Market Service Stacking Capacity Market Service Stacking Capacity Market Service Stacking

FEC (cycles) - 69.2 - 62.7 411 480
SoH (%) 100 99.63 100 99.66 96.2 95.65

DAM Net Profits (EUR) - - - - 35,500 35,500
BM Net Profits (EUR) - 10,058 - 6503 - 15,560

Capacity Payment (EUR) 61,600 61,600 61,600 61,600 61,600 61,600
Net Profits (EUR) 61,600 71,658 61,600 681,034 97,100 112,660

IRR (%) −10.22 −7.82 −10.22 −8.62 −3.09 −0.73

5.2.3. Sensitivity Analysis

The sensitivity analysis aims to examine the influence of the CAPEX associated with
the BESS and the upward bid price on the overall profitability of the project. This in-depth
exploration is essential to gain insight into how variations of these key parameters can
impact the economic viability of the BESS project. The IRR is selected as the economic
indicator for this analysis. Additionally, a higher IRR generally signifies more profitability.
The outcomes of the sensitivity analysis are highlighted in Figure 11.

Figure 11. IRR with respect to upward bid price and CAPEX obtained in the sensitivity
analysis—2022.

The sensitivity analysis demonstrates a strong relation between the associated CAPEX
and the profitability of the project. In particular, a reduction in the CAPEX corresponds to
an increase in the project’s IRR for the same upward bid price offered. A CAPEX lower than
EUR 300/kWh shows the highest IRR for different upward bid prices. However, noting the
NPV of the project, the calculated IRRs are not enough to consider the project profitable.
Specifically, it is required for the IRR to surpass the WACC assumed to yield a positive NPV.
Consequently, despite the positive IRR values identified through the sensitivity analysis,
the project still shows a nonprofitable nature.

Regarding the influence of the maximum upward bid price, the results highlight a
positive impact up to a peak value. Specifically, the project’s IRR increased, reaching a
maximum of 6.91% at an upward bid price of EUR 300/kWh. After reaching this local
maximum, the IRR starts to decline. The outcome of the sensitivity analysis aligns perfectly
with the expectations. Indeed, upward offers are accepted only when the upward bid
price is lower than the maximum upward price defined by the market. Consequently, the
probability of offer acceptance decreases as the offered price rises. In terms of NPV, it
consistently remains negative, indicating an overall unprofitable nature of the project.

6. Conclusions

This paper focuses on modeling a BESS to provide multiple services for grid applica-
tions. The research study evaluates a techno-economic analysis of the performance of BESS
in capacity and balancing markets. The work demonstrates a BESS model that considers
the round-trip efficiency of the overall system and the auxiliary power consumption. The
model is built by adopting online data collected from an operating BESS. An aging model is
also integrated to estimate the state of health of the battery system. Additionally, this work
presents an economic model that features the behavior of capacity and balancing markets.
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Finally, a sensitivity analysis is evaluated to highlight the impact of varying the CAPEX
and the upward bid price on the economic performance of the BESS. The goal of the paper
is to provide a comprehensive approach to properly model the BESS performances and
the behavior of the electricity markets, resulting in a reliable simulation of the economic
viability of energy storage as a resource for providing flexibility to the markets. In the
approach proposed, both the performance of BESS and the trends of the market price are
based on real-life data. In particular, market data belong to the Italian scenario.

The model proposed in this project provides a foundational framework upon which
future research and improvements can be conducted. Specifically, enhancing the aging
model can be achieved through the consideration of operating parameters.

Finally, it is crucial to highlight how the advanced model proposed in this paper,
capable of accurately simulating both the performance of a BESS and market behavior, em-
phasizes the necessity of a comprehensive evaluation for energy storage projects. Without
a thorough assessment, investments in such projects could result in economic losses.
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