
Received 18 February 2022; revised 6 July 2022; accepted 31 July 2022.
Date of publication 11 August 2022; date of current version 29 August 2022.

Digital Object Identifier 10.1109/OAJPE.2022.3198553

Optimal Battery Energy Storage Dispatch in
Energy and Frequency Regulation Markets

While Peak Shaving an EV Fast
Charging Station

LUCA ARGIOLAS , MARCO STECCA (Graduate Student Member, IEEE),
LAURA M. RAMIREZ-ELIZONDO (Member, IEEE),
THIAGO BATISTA SOEIRO (Senior Member, IEEE),

AND PAVOL BAUER (Senior Member, IEEE)
Electrical Sustainable Energy Department, Delft University of Technology, 2628 CD Delft, The Netherlands

CORRESPONDING AUTHOR: M. STECCA (m.stecca@tudelft.nl)

ABSTRACT Battery Energy Storage Systems typically procure their primary revenues from regulated
energy and ancillary services markets; nonetheless, they have great potential in supporting distribution
network operators and their users. This paper evaluates the potential business case of battery storage systems
integrating market application and services to a photovoltaic assisted electric vehicle fast-charging station.
A mathematical deterministic optimization problem is formulated using mixed-integer linear programming
to combine battery storage system operation in the day-ahead and frequency regulation market and the
remunerated services offered to the charging station. The technical and economic feasibility of the solution
and the applicability of the proposed framework is verified through a case study reflecting an existing
photovoltaic assisted charging station in the Netherlands and considering the Dutch energymarket framework
and prices. The study shows that such battery storage system implementation is economically and technically
advantageous for the players involved. The battery storage system can stack additional revenues on top of the
market revenues. The charging station benefits from a reduced peak power and a 30% tariff reduction, and the
system operator would indirectly benefit from the shaved charging station profile. Furthermore, the analysis
shows that providing services to the charging station from the battery storage system does not significantly
impact its market-related revenues.

INDEX TERMS Battery energy storage system, day ahead market, distribution network, electric vehicle,
fast charging station, financial analysis, mixed integer linear programming, primary frequency regulation.

NOMENCLATURE
β Minimum bid for Frequency Containment

Reserve market.
δ Binary variable for BESS charging/discharging.
ηc BESS charging efficiency.
ηd BESS discharging efficiency.
0 Minimum BESS state of charge to be accepted in

the FCR market.
γfcr Binary variable for Frequency Containment

Reserve dispatch.
λ Day-ahead market price.
λfcr Frequency Containment Reserve market price.

Cfcr−r Ramp Cost for Frequency Containment Reserve
market.

Cr Ramp Cost for Day-ahead market.
DAM Day-ahead market revenues.
E∗ Nominal BESS energy capacity.
FCR Frequency Containment Reserve revenues.
Pbk BESS power reserved for additional service oper-

ation.
P∗c Nominal BESS charging power.
P∗d Nominal BESS discharging power.
Pfcr−d Frequency Containment Reserve downward acti-

vated bid.
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Pfcr−u Frequency Containment Reserve upward acti-
vated bid.

Pfcr Accepted upward/downward bid to Frequency
Containment Reserve power market.

Pout BESS rated power.
SoC BESS state of charge.
SoCbk BESS state of charge reserved for additional ser-

vice operation.
t Day-ahead market time step/simulation time step.
z Frequency Containment Reserve time step.

I. INTRODUCTION

BATTERYEnergy Storage Systems (BESSs) are a crucial
technology for allowing both a widespread deployment

and integration of Renewable Energy Source (RES) based
generation in the electrical network and higher electrification
of the transportation sector [1], [2], [3]. BESSs can relieve
the distribution networks of peak demand, line congestion,
and power quality issues, which are caused by RES generator
and electric vehicles (EVs) Fast Charging Stations (FCS) [4].

Furthermore, BESSs are generally allowed to participate
in energy markets. They can buy and sell energy for profits,
leveraging on the intraday price spread or during a week of
operation. However, the sole participation in energy products
underestimates revenues and the batteries’ capabilities. The
combination with TSO’s ancillary services makes BESS cap-
italize on higher revenues, e.g., providing primary frequency
control to the grid [5], [6], [7]. In this context, the dual
participation of BESS in remunerated energy and ancillary
services markets has been proven to be profitable in several
European countries [8].

Previous literature has investigated the application of
BESS in energy and ancillary services markets, both in terms
of its technical performance and schedule definition [5], [6],
[7], [9], [10]. A multi-layer hierarchical approach can be
applied for the joint optimization of DSO and customer ser-
vices in distribution systems [11]. However, this approach
either considers the optimization problem of DSO or cus-
tomers as the main optimization problem. In this way, the
overall benefits of DSO and customers are not considered
since one is given the priority [11]. In literature, BESS sup-
port in terms of voltage and reactive power control to DSO
and TSO has been investigated [12]. However, the evaluation
of the impact on the economic performance of BESS provid-
ing other services in distribution grids is missing. Currently,
in Europe, due to the unbundling of the DSOs, which cannot
act as market actors, there are no regulations framing how
to quantify the service offered. A first pilot project aiming
to shape an intrinsic DSO market for flexible services is
ongoing in the United Kingdom [13], [14]. In this paper, it is
assumed that once the regulation is in place, the simplest way
to quantify the service is through direct contracts between the
BESS and the DSO for the congestion waiving and between
the BESS and third-party network users to reduce their peak
power.

The provision of multiple services has been proven essen-
tial for an overall revenue increase concerning the supply of
the single service separately [9], [15], [16]. Furthermore,
the unceasing shift towards a more decentralized production
has started shifting the attention to the distribution grid.
The stochasticity of renewable generation assets, as well as
the new electrified demand, such as EV charging and heat-
pumps, has scaled up the necessity of providing flexibility to
the distributed system operators (DSOs) [12]. Additionally,
several studies have presented the benefits of deployingBESS
in the premises of a FCS, or a RES plant [17], [18], [19].

Many authors have used linear programs, and especially
Mixed Linear Programming (MILP), to represent systems
of different sizes in energy systems design. MILP is often
applied in power systems to solve the day-ahead unit com-
mitment problem for generators and near real-time economic
dispatch. As for the latter, using BESSs for multiple appli-
cations has been implemented in the literature employing
MILP to integrate the energy arbitrage of BESSwith ancillary
services applications. Constraining specific variables as inte-
ger returns is beneficial for problems where there are on/off
states of specific assets, such as storage facilities triggered
to provide both upward and downward regulation [20], [21].
Furthermore, MILP simplifies non-linear problem formula-
tion since non-linear functions can be approximated through
piece-wise linear functions built through binary variables.
However, MILP problems are harder to solve, and the com-
putational time required for their solution can be exponential
relative to the number of integer variables. [22].

Nonetheless, the stacking of these two service categories
has not been widely investigated due to technical and regu-
latory issues. Moreover, the lack of an explicit remuneration
scheme makes the usage of BESS for supporting the distri-
bution grids do not hold a clear business case. In this regard,
it is crucial to assess the feasibility of providing support to
a third-party network user, such as a FCS. Stacking such
functionality on top of themarket-related activities can lead to
a reduced BESS availability for market activities, decreasing
the revenues from the energy markets.

This paper evaluates the potential of stacking these func-
tionalities. Additionally, it focuses on assessing the potential
revenues of a BESS operating in distinct energy and ancillary
service markets, adding services to a third-party Photovoltaic
(PV) assisted FCS as an extra revenue stream. In this way, the
BESS can simultaneously operate in profitable and regulated
markets, and provide technical aid to a PV-FCS, reducing
its grid exchange and demand for power and the impact of
the FCS on the distribution grid. While the participation of
BESSs in the energy and ancillary servicesmarket has already
been explored in literature and industrial applications, the
coordination of these market activities with the provision of
remunerated services to a third party is more innovative and
worth exploring. Therefore, this study aims to provide a case
study for grid-connected BESS, which generate its revenues
from regulated market activities and has the possibility of
supporting other network users connected nearby.
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A discrete optimization model, which optimally dispatches
the BESS operation between the Day-Ahead Market (DAM),
the Frequency Containment Reserve (FCR) market, and at
the same time supports an EV FCS in reducing its peak
demand, has been developed. As a case study, an environment
reflecting the electrical system framework of the Netherlands
has been considered, applying the developedmodel following
the Dutch DAM and FCR prices and a PV-FCS located in the
Netherlands. The studied system consists of four charging
stalls of 50kW, a 500kW PV system, and a BESS rated
500kW/500kWh. The contributions of this paper are:

• a discrete dispatch optimization strategy that enables the
participation of BESS in both the energy market and the
ancillary service market, considering the provision of
remunerated services to a third party;

• a quantitative assessment of the potential revenues of
a Dutch-based case study in which a BESS operates
following the proposed optimization strategy. The BESS
under evaluation participates in both the energy and
ancillary service markets.

The paper is structured as follows. Section II illustrates the
optimization model’s objective functions, design constraints,
and working principle. In Section III the case study of a
BESS integrated with a PV-FCS and the input data related
to the Dutch energy markets are presented. In Section IV
the outcome of the case studies is illustrated in terms of
financial and technical benefits for the involved stakeholders.
Section V provides the concluding remarks.

II. BESS OPTIMAL DISPATCHING MODEL
This section illustrates the model of a profit-maximizing
BESS operating in different markets. The proposed model
considers that the BESS can perform energy arbitrage in
the DAM, provide FCR, and offer recompensed services
to an FCS or a RES owner with grid power injection and
absorption.

The model developed is provided with perfect foresight;
therefore, actual market prices are assumed to be known
upfront, leading to an estimation of the maximum reachable
revenues. This approach was chosen to show the maximum
revenue potential, and not to evaluate the impact of using
non-perfect forecastingmethods, as there aremany deviations
between existing state-of-the-art and commercial forecasting
methods. However, a forecasting method can be implemented
for real-time application to provide the input to the model
[23]. This would add a higher computation burden for accu-
rate forecast prices [23] When the market is cleared, a bid
may be accepted or rejected. Including forecasting of price
and quantity bids into the problem, the model becomes a
stochastic programming problem. Studies have proved that
stochastic price-quantityMILP formulation provides a higher
cumulative profit under different forecasting techniques than
a deterministic one. However, it correspondingly generates a
higher risk exposure and higher BESS cycles. Since adjust-
ments are made, the battery grooms to place more bids in

the DAM. In this context, increased revenue from the energy
market must be weighed against the cycling costs and risk
exposure for the specific battery [21]. In this work, the con-
sidered asset acts as a price-taker. Hence, it does not report
effective changes in the market, and the bids in the spot
market and the FCR market are both assumed to be entirely
accepted.

A. THE OPTIMIZATION PROBLEM
1) OBJECTIVE FUNCTION
The objective function, which aims at maximizing the BESS
revenues from the DAM and FCR market, is defined as:

Maximize(t,z)
Pd,Pc,Pfcr

DAM [t]+ FCR[z] (1)

DAM [t] =
tn∑
t

(λ− Cr) · Pd[t] · t

−

tn∑
t

(λ+ Cr) · Pc[t] · t (2)

FCR[z] =
zm∑
z

Pfcr[z] · (λfcr − Cfcr−r) · z. (3)

where t and z are the time step of the DAM and FCR market
respectively, Pd and Pc are respectively the discharging and
charging power bidden in the DAM, and Pfcr the power
offered for FCR. Equations (2) and (3) represent the rev-
enues from the volumes of electricity sold on the DAM and
the FCR markets multiplied by the respective market price
(λ and λfcr) of that time slot. A ramp cost Cr is instituted
to guide the decision-making process and reduce the battery
cycles. The value of this parameter represents the marginal
cost of the system, considered as the O&M cost, which is
based on the average of one cycle per day considered as full
energy throughput [24]. Such opportunity cost means that at
least an 8 e/MWh price spread is needed in the DAM for the
BESS to be profitable. The same strategy has been adopted
for the maximization of FCR market participation. In here,
Cfcr−r represents the ratio of the sum of the cost of the battery
system and the Balance of Plants on the max operative hours
in a year [24]. The value oscillates around 13-14 e/MW.
Utilizing those two ramp costs, the battery number of cycles
is constrained and lower than 400 per year to avoid excessive
cycling and, therefore, fast degradation, which leads to lower
performance over the years [25].

2) CONSTRAINTS
The system’s constraints are divided into battery operative
boundaries, market requirements, and external third-party
operations.

The first set of constraints, (5)-(8), includes the modelling
of the battery functioning. The power battery boundaries are
shown in (5) and (6), where P∗c and P∗d are respectively the
battery power charging and discharging limits.

376 VOLUME 9, 2022



Argiolas et al.: Optimal Battery Energy Storage Dispatch in Energy and Frequency Regulation Markets

For physical limits, the BESS cannot be charged and dis-
charged simultaneously:

Pc[t] · Pd[t] = 0 (4)

To linearize (4), the binary variable δ is introduced.
The energy limits expressing the maximum charging and
discharging capacity for each time step are so defined
in (7) and (8)

0 ≤ Pd[t] ≤ P∗d ∀t (5)

0 ≤ Pc[t] ≤ P∗c ∀t (6)

Pd[t] ≤ δ[t] · P∗d (7)

Pc[t] ≤ (1− δ[t]) · P∗c (8)

The updated State of Charge (SoC) of the battery in each
time interval is calculated in (9). It ensures the proper battery
operation, charging or discharging, according to the limits
on the SoC and to the charging and discharging efficiency,
ηc and ηd. In (9), the State of Charge is indicated with the
variable SoC and expressed as percentage of the total battery
energy E∗. The limits for battery SoC are defined in (10).
Since the model is not linked with specific battery size and
technology, the SoC is expressed in per unit and can span
between 0 and 1. Nonetheless, these values can be adapted
to reflect the physical limitations of specific technology.
Equation (11) assumes that the battery has an initialized state
of charge and ensures that the battery has 50% of capacity at
the beginning and at the end of the optimization period. This
constraint is not enforced in the daily operation but in the full
yearly optimization period.

SoC[t + 1] = SoC[t]+
(
Pc[t] · ηc −

Pd[t]
ηd

)
·
t
E∗

(9)

0 ≤ SoC[t] ≤ 1 ∀t (10)

SoC[t0] = SoC[tn] = 0.5 (11)

The DAM and FCR markets have different block duration.
The DAM operates on an hourly basis, while the FCR on
four-hour blocks. Therefore time discretization is based on
two levels. Level 1 comprises one-hour time intervals in the
day-ahead market t ∈ [t0 . . . tn]. While level 2 corresponds
to the four-hours frequency market z ∈ [z0 . . . zm], four hours
time interval. The market with the lowest resolution (DAM)
is used as the default time step for that purpose. Hence with
t0, we indicate the first hour of operation, and tn denotes
the last hour of the year. An indexed mapping is derived to
couple the time step of the model. According to the time
increment employed by the market, the device will charge
or discharge at the commanded power level over the market
time increment. Hence, the BESS would maintain a constant
charge or discharge level for the 1-hour time step.

The constraints defining FCR operations are gathered
in (12)-(16).

β · γfcr[z]· ≤ Pfcr−u[z] ≤ γ fcr[z] · P
∗

d (12)

β · γfcr[z]· ≤ Pfcr−d[z] ≤ γ [z] · P∗c (13)

−SoC[z] · E∗ ≤ −Pfcr−u[z] · 0 (14)

(SoC[z]− 1) · E∗ ≤ −Pfcr−d[z] · 0 (15)

Pfcr−u[z] = Pfcr−d[z] (16)

According to the European Transmission System Operators
(TSOs) associations, the minimum bid of FCR capacity
is 1 MW, which is constrained as (12) and (13) [26], [27].
The binary variable, γfcr, is introduced to indicate whether
the TSO requires FCR regulation. It is assumed that the
electricity flowing into the battery does not influence the SoC
during the service and once completed, since an internal SoC
management algorithm, which focuses on maintaining the
SoC to a specified level, is necessary to operate in the FCR
market [10], [28], [29]. An 80% factor is used to limit the Pfcr
and take into account the SoCmanagement power that should
be reserved for FCR. This choice is driven by the necessity of
withholding a percentage of the BESS power for SoC man-
agement to ensure the continuous FCR delivery [10], [28].
For limited energy sources, the TSO requires that the FCR

supply must occur as soon as the deviation happens and for
at least 15 minutes [26]. Since the frequency perturbations
are not predictable, the only way to ensure the respect of
this constraint is to operate the BESS with a SoC between
25% or above 75%, to always have energy available for full
power delivery for 15 minutes. The equation’s reference SoC
value is indicated as 0. This constraint is expressed via (14)
and (15). Furthermore, in many European countries the FCR
bid is symmetric. The symmetrical bidding for upward Pfcr−u
and downward Pfcr−d regulation capacities are constrained
as (16).
The possibility to split the power and bid simultaneously in

both markets is shown in equations (17) and (18). Addition-
ally, these equations determine that buying and selling within
one time step is allowed in themodel. For example, electricity
purchased on the DAM can be directly committed to the FCR
market, yet it cannot be sold to DAM again. Nevertheless, if it
is established to commit only frequency regulation, (19) and
(20) are enforced, and bidding in both markets is avoided.

Pd[t]+ Pfcr−d[z] ≤ P∗d (17)

Pc[t]+ Pfcr−u[z] ≤ ·P∗c (18)

Pd[t] ≤
(
1− γ fcr[z]

)
· P∗d (19)

Pc[t] ≤
(
1− γ fcr[z]

)
· P∗c (20)

In order to integrate the provision of services by the BESS
to other grid users in the optimization problem, the following
constraints are introduced:

Pout[t]+ Pfcr[z]+ Pbk[t] = P∗r (21)

Pout[t] · ηd = Pd[t]+ Pfcr[z] (22)

Pin[t] = (Pc[t]+ Pfcr[z]) · ηc (23)

First of all, (21), where P∗r is the rated power of the battery,
expresses the power balance of the system for every time
step. The power flowing in and out of the battery system, Pin
and Pout respectively, needs to be equal to the energy sold
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FIGURE 1. Schematic of a BESS assisted PV-FCS, highlighted an
example of two level converter used for interfacing the battery
storage system with the distribution grid.

or bought on the DAM and the power used to procure FCR.
Furthermore, some of the available power, Pbk, and the SoC,
SoCbk, has been reserved for auxiliary operations. Therefore
blocks parameters are introduced to simulate the activities
related to the FCS. In particular, (9) is updated as follows:

SoC[t + 1] = SoC[t]+
(
Pc[t] · ηc −

Pd[t]
ηd

)
·
t
E∗

+ SoCbk (24)

in which the block values are negative if the battery has to
provide energy and positive when energy is stored into the
system. Moreover, the outflow and inflow of electricity to the
BESS is subject to efficiency loss. These statements lead to
the constraints (22) and (23).

III. CASE STUDY: PV-FCS LAYOUT AND INPUT
ANALYSIS
A scenario composed of a PV-FCS equipped with a BESS
owned by a third-party owner that can provide services to
the charging station is considered. This scenario is used to
validate the proposed model and case study. The system
layout for the FCS consists of four DC fast charging stalls of
50kW for a total power of 200kW, a 500 kW solar system, a
500kW/500kWh BESS, and an LV/MV transformer that cou-
ples the station to the MV grid. The schematic of a PV-FCS
is shown in Fig. 1. The BESS used as a reference in the case
study is rated 500kW/500kWh, which can be fully charged in
one hour or one time step, and the round trip energy efficiency
is assumed to be equal to 90% [30]. In this study, a fixed round
trip efficiency value is used. Despite that this choice brings a
simplification of the actual BESS behavior since it does not
capture the variations of efficiency according to the output

power, this approach has been widely used in literature and is
adequate for planning and investigating potential evaluation
studies [9], [31]. A higher level of detail is necessary mainly
for real-time or near real-time operation scheduling of the
battery [3], [32], [33]. The selection of the appropriate battery
model is discussed in [3]. Nevertheless, since the scope of
the study is to understand and evaluate the BESS potential in
the proposed framework, using a simplified and conservative
approach strongly reduces computational time and formula-
tion problems. Furthermore, the implemented MILP can be
easily adapted to more complex linearized efficiency curves
by introducing additional constraints.

A. PV AND FC POWER PROFILES ANALYSIS
An existing reference environment of a PV-FCS in theNether-
lands has been selected. The demand profiles extracted from
energy measurements performed for the 2020 year roll-out at
a sampling frequency of one minute are used as input data.
Stedin, a dutch DSO, has provided these. The task intended
for the BESS is to perform load-shaving on the EV demand,
renewable firming, and boost the self-consumption of solar
energy to restrict the grid power exchange. Furthermore,
the BESS will operate in the energy and ancillary services
markets. The tasks are related to the grid stability; therefore,
load and peak shaving of the PV-FCS are prioritized concern-
ing the market activities. Hence, the first step is to evaluate
the FCS requirements regarding power and energy from the
BESS to be reserved to accomplish such operations.

Fig. 2 shows the power flowing through the grid of the
considered PV-FCS when no BESS is included. It can be
seen that the EV load is relatively high throughout the year,
with the values evenly distributed around the mean of 40 kW,
with a peak load of 200kW. It can be concluded that there
is no perfect timing between the necessity of charging the
EV and the power produced by the PV plant, with excess in
both directions, which fosters a battery system integration.
Furthermore, it is relevant to mention that the power shaving
will be performed both on the power injected into the grid
due to PV overproduction and on the power absorbed from
the grid due to EV charging.

As a direct consequence of the curtailment, the FCS would
benefit from lower contracted grid power and so lower con-
nection fees. Additionally, the DSO would indirectly benefit
by relieving the grid from high peak demand and line conges-
tion. The BESS owner would ask the FCS to remunerate for
this service.

As mentioned in Section II the parameters Pbk and SoCbk
have to be extracted to be implemented in the optimization
algorithm. Hence, after investigating the excess of power,
the respective energy needed is examined. Such values are
rationalized with the battery nameplate capacity, which is
500kWh in this case study, and the SoCbk is defined. The Pbk,
instead, is a direct result of the shaving. Several values of the
BESS power, which will shave the FCS power profiles, have
been investigated to achieve the optimal compromise between
revenues and technical aid to the PV-FCS owner. In Figure 3
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FIGURE 2. PV-FCS power exchange with the distribution grid.
The power flow above zero represents the power produced by
the solar plant, while the one below zero the power demand due
to EV charging.

FIGURE 3. Revenues decrease depending on the power shaved
from the PV-EV charging station.

the drop of market related revenues depending on the power
shaved of the PV, PPV,curt, and of the FCS, PFCS,curt, is drawn.
This reduction is the outcome of the amount of time step
blocked by the Pbk and SoCbk parameters. Fig. 3 displays
that an outcome with less than 5% of market revenues losses
would mean shaving 20% of the PV power and up to 40% of
the FCS intake.

The output mentioned above has been used as a reference
example in Figure 4 to show which volume and how often the
storage system will be called upon. It is worth highlighting
how the solar intake is null during winter, while the FCS
requests a more periodic, although lower in power, demand.

B. DAM AND FCR PRICE ANALYSIS
The DAM price λ and the FCR prices λfcr are essential inputs
to the optimization model. The Netherlands is used as the
reference country. The dutch DAM market prices between
2017 and 2020 are shown in Fig. 5 [34]. Observing the normal
distribution of the values in Figure 6, several observations can
be made. Firstly, there seem to denote long and thick tails and
significant outliers. Secondly, although not a strict condition
for a linear model, the distribution seems slightly negatively

FIGURE 4. Example of power block and SoC block profile
obtained after have shaved 20% of the PV power and 40% of the
FCS.

FIGURE 5. Scattered plot of the dutch DAM market price plotted
in a single year roll-out.

skewed. Median and mean values result to be 39.5 e/MWh
and 38 e/MWh, respectively.
In the grid of continental Europe, a market has been

set to secure sufficient FCR volumes. Due to the technical
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FIGURE 6. Histogram of normalized historic dutch day-ahead
market data (2017-2020).

requirements, the potential providers are usually power gen-
erators with fast ramping rates, i.e., fire gas power plants
or hydro generators [35]. Consequently, in some countries
like the Netherlands, the FCR price has increased. This price
increment encourages evaluating other solutions for provid-
ing these reserves, such as BESSs. The dutch FCR prices
from mid 2019 to end 2020 are shown in the heat-map of
Fig. 7 [34], [36].

From the heat-map of Figure 7 it is hard to visualize a
recurrent pattern. Nevertheless, it is noticeable how the prices
increase after July 2020. Such an event could be a direct con-
sequence of the fact that until July 2020, the FCR market was
split into daily delivery periods. The price data are given only
from July 2020 onward as four-hour blocks. From Figure 7 it
is also visible that intraday price spike does not occur often.
However, the Dutch market usually has the highest prices for
the 08-11 and 16-19 hour blocks. Unlike energy arbitrage in
this market, the revenues will be more driven by the high
average price than its volatility. Therefore, prices for FCR
behave very differently than DAM prices, which are usually
higher when consumption is high. Among the factors influ-
encing the price, since natural gas generators account formost
FCR provisions, aspects affecting the commodities prices are
likely to influence the FCR price. Moreover, DAM price is
also correlated with FCR prices related to the opportunity
cost for a producer to deviate from its optimal output level
to provide FCR [35].

IV. RESULTS AND DISCUSSION
In this section the operation and results of the performed
simulation are displayed and discussed.

A. MODEL OPERATION
The linear problem has been modeled into a Python-based
simulation environment using the Pyomo optimization
library. Any MILP solver compatible with Pyomo is appli-
cable for executing the optimization model. Fig. 8 depicts
the algorithm’s block structure, with their corresponding
interconnection data exchange. The Python-based framework
offers state-of-the-art single objective optimization algo-
rithms and is designed to be extendable and applicable to

FIGURE 7. Heat-map of hourly FCR prices of the Netherlands
from June 2019 to December 2020. Warmer colors indicate
higher prices.

various battery technology and national electricity markets
due to its modularity in code development. An example of the
linear optimization applied to the BESS operation is shown in
Fig. 9 and 10, where the BESS operation is evaluated in the
studied PV-FCS environment considering 24 hours astride of
the 5th of November.

Fig. 9 illustrates how the system dispatches the power and
how the price-driven optimization performs in the DAM and
FCR markets, showing bid amount and price. The battery is
commissioned to perform FCR for 8 hours during the highest
price blocks. Additionally, it performs energy arbitrage dur-
ing the most favorable price slots of the day, i.e., discharging
at the highest price and charging at the lowest. However, due
to FCR and FCS-operation model constraints, this double
market bidding schedule is not always possible. This can be
noted in Fig. 9 when right before midnight, although the price
was not optimal, i.e., it is higher than a couple of hours later,
the BESS buys energy from the market. In this way, the BESS
is recharging to properly participate in the FCR market in the
next period since its SoC was nearly zero, and it would have
excluded the possibility of performing FCR for the following
settlement period. Thus, the BESS charges enough to satisfy
the constraints (14) and (15) by leveling the SoC at 25%.

Additionally, in Fig. 9, from the time slot, 3 am to 6 am,
the double bidding function is shown, which means that
no constraint limiting the participation in both markets is
active. As noted, in the same slots, the optimization algorithm
controls the discharge by placing consecutive bids to increase
the battery’s level of charge gradually. Due to the perfect
foresight strategy, the algorithm is aware that the price would
maintain low for some time step. Hence, the optimization
prefers to fill the battery cells progressively. Consequently,
reducing the effect of cycling degradation on the battery
cells thanks to a low C-rate charge, rather than using a total
cycle bid.

Figure 10 shows the SoC of the battery. Comparing the
SoC trend with the overall power output of the system, it may
be noted how only the DAM bid and SoCbk influence the
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FIGURE 8. The algorithm’s block structure shows the exchange
of information among the different modules: Wholesale market,
primary frequency regulation, third party operations and the
BESS.

FIGURE 9. Profit maximizing BESS participation in Day-ahead
market and Primary frequency regulation market for a sample
24h time-shift.

FIGURE 10. Comparison between BESS operations and its state
of charge for a sample 24h time-shift.

SoC variation. As a direct consequence of being an energy
market, the volume traded in the DAM drives the charging
level of the battery. On the other hand, the charging station
demanding extra battery capacity, i.e., negative SoCbk values,
leads the SoC to drop accordingly. The primary frequency
regulation also affects the SoC by generating a continuous
oscillation. Nevertheless, such behavior has not been mod-
eled. It is assumed that the SoC at the beginning and end of the
service does not change, thanks to the SoCmanagement algo-
rithm that BESSs providing FCR typically implement [10],
[29], [37]. At 18.00h in Figure 10, the plot displays why the

TABLE 1. Revenues from different markets and avoided
connection costs of a BESS coupled with a PV-FCS considering
prices and tariffs of the Dutch electricity market 2020.

battery did not dispatch the total capacity in DAM, answering
why the SoC was nearly zero before performing FCR. This
limitation is forced by the BESS allocation of a fraction of
power for the FCS, Pbk.

B. FINANCIAL ANALYSIS
The different revenue streams for the BESS considered in this
paper are the profits from the energy and ancillary services
market and the avoided grid connection costs of the PV-FCS.
In subsection III-A it has been highlighted how possible
shaves of power could be performed on the PV-FCS case
study considered. In particular, it has been assessed that shav-
ing 20% of the PV power and 40% of the FCS intake would
lead to less than 5% of market revenue loss. This revenue loss
is because the BESS cannot participate in market operations
when load-peak shaving the PV-FCS, and this could happen
during the profitable hours of the day. Such peak shaving
level, 20% of the PV power and 40% of the FCS, is then a
valid trade-off and will be considered in the remainder of the
study.

Table 1 displays the revenues and activation hours of a
BESS deployed for market participation and load-peak shav-
ing the PV-FCS considered. These have been calculated by
the model presented in Section II running the input data and
case study of Section III. FCR leads to a considerably higher
amount of revenue than DAM. Thus, it confirms that Euro-
pean wholesale market prices, at the present day, might not
be high enough to deem energy arbitrage as the only revenue
stream for a grid-connected BESS, as also reported in other
studies [38]. Despite the high revenues, the number of activa-
tions is also noteworthy. Simultaneous participation in DAM
and FCR markets occurs 320 times a year. Overall, when
the constraints (19) and (20) are not enforced, and a double
bid is allowed, the BESS is online for about 1950 h/year,
combining DAM and FCR activation, which corresponds to
slightly more than 20% of the year. Furthermore, as stated
earlier, the decrease in revenues due to the FCS operation
is minimal; however, the number of operations increased.
Therefore, online and idling time is price-driven and deter-
mined by additional input constraints. The additional service
offered to the FCS increased the BESS’s online time by
almost 500 hours in a year, reducing the overall idling time
by 23%. Such a high number of activations and cycles may
be addressed to the unexpected block provided by the FCS,
limiting the power output and changing the BESS SoC.
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FIGURE 11. Monthly PV-FCS maximum grid exchange
power (a), and relative connection charge (b), with and without
a BESS deployed to shave 20% of the PV rated power and 40%
of the FCS rated power.

Regarding the connection costs, the BESS is used for peak
shaving and load shifting. As previously detailed, a power
shaving of 20% of the PV power and 40% on the FCS
demand results in a limited decrease of market-related rev-
enues, and therefore this condition is considered. In Figure 11
the monthly maximum grid exchange power, which is used
to calculate the connection fees, and the relative connection
fees of a PV-FCS are displayed with and without the BESS
aid on peak and load shaving. Thanks to the BESS opera-
tion, the overall grid peak connection has been reduced by
around 100kW. In particular, a notable reduction is registered
during the central months of the year due to high PV power
production during the summer season. It also results in a
relatively higher shaving in other periods of the year, where
the grid congestion is mainly dominated by the EV charging
demand. Given the maximum power, it is possible to derive
the connection fees to be paid to the DSOs. These are based
on the publicly available tariffs from Stedin [39], a dutch
DSO operating in the region of Rotterdam, whose tariffs are
a representation of the DSOs tariffs in the Netherlands. The
connection charges are split in two, a one-off fee at the time
of the new connection, related to the type of connection and
proportional to the rated requested power, and a monthly
periodic tariff, which is composed of several factors, such
as contracted power, maximum measured power, and trans-
ported energy [39].

The BESS operation leads to an overall 30% of connection
cost savings. In particular, the PV-FCS owner could save

more than 3500 euros a year on the variable transport tariff
fees related to the peak power of the connection to the DSO.
This economic benefit is transferred to the BESS owner for
the service offered. This could be accomplished via bilateral
contracts between the two parties. Additionally, such avoided
cost is achieved with a very low time utilization of the BESS
since this will provide services to the PV-FCS for 495 hours
in the analyzed year, which corresponds to about 6 % of the
year’s total hours, as listed in Table 1. Moreover, it is essential
to mention that the benefits of a possible feed-in tariff of
selling green power to the grid and other bilateral agreements
on the increased PV self-consumption in the act with the DSO
are not considered. As mentioned, DSO and BESSs owners
would stipulate a direct contract for the service. Therefore,
the revenues from the BESS installation are underestimated.
All in all, it is shown that an FCS or RES plant owner can
benefit from the operation of BESS installed on its premises.

The German DAM and FCR prices have been used to
estimate the near future revenues of a BESS placed in The
Netherlands. The main reasons behind this choice are that the
German energy map is intensively determined by RES pro-
duction, whose unpredictability strongly influences the spot
market prices. Furthermore, higher uncertainty is driven by
factors that influence such prices, i.e., gas price, grid expan-
sion, integration of new European platforms, and European
tendency of FCR prices to decrease due to new green assets
participating in the market. Additionally, as studied in [8],
Germany has been highlighted as a country where BESSs are
amature technology exploited in procuring ancillary services.
Therefore, it has been assumed that Dutch DAM and FCR
prices will follow that direction, and German data are a
suitable reference for the near future price trends. Instead, the
grid connection savings are assumed constant in the following
years.

Given the revenue streams, it is possible to estimate the
financial performance of the BESS in the PV-FCS environ-
ment. In this context, CAPEX, OPEX, and the discount rate
of the BESS are fixed to 330 e/kWh, 150 e/kW, 8 e/kWh,
and r 3.5%, respectively [10]. In Figure 12 the projected cash
flow of Case A and Case B, which refer respectively to when
only remuneration coming from electricity market applica-
tion and when the FCS shaving revenues are also taken into
account, are compared. In green, it is highlighted the potential
proposed extra income based on FCS service speculation.
Interestingly, the projected annual profit increases compared
to the base case only thanks to the additional revenues stream
due to the FCS operation. In a future scenario characterized
by a saturation of the FCR market and consequent price
decrease, such service will become almost a quarter of the
total forecasted profit. Given the estimated cashflow due to
market revenues and services to the FCS, and the investment
costs, the Net Present Value (NPV), of the BESS project can
be calculated as:

NPV =
n∑
t=1

Rt
(1+ r)t

, (25)
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TABLE 2. Financial analysis of a BESS participating to only
energy and FCR market, Case A, and of a BESS participating to
markets activities and also providing services to the FCS,
Case B.

FIGURE 12. Projected cash flow of a 500kW/500kWh BESS
operating in electricity markets and with FCS operation
included. Case A indicates the cash flow coming only from
market applications and Case B the cash flows with the FCS
extra remuneration.

where Rt is the net cash flow during a time period t , which
can be seen in Fig. 12, r is the discount rate, and n the number
of the considered time periods. Additionally, the Internal Rate
of Return (IRR) can be found setting the project NPV to zero
and finding the IRR coefficients that respects the equation:

0 = NPV =
n∑
t=1

Rt
(1+ IRR)t

− R0, (26)

where R0 corresponds to the total investment costs.
These two indicators, NPV and IRR, are financial parame-

ters that help evaluate the economic feasibility of a project.
In Table 2 these are summarized. The table shows that by
adding the revenue stream from the PV-FCS, the monetary
return has improved from 11% to 12% and that the payback
time, which is the time when the cumulative project cash
flow reaches zero, can be slightly reduced below four years.
Furthermore, the NPV increases from 95 ke to 108 ke, with
an increase of 14%. Then, additional remunerated services
are beneficial from an investor’s point of view.Although devi-
ations from the optimal market revenues occur, the financial
indicators display positive results.

Additionally, if the DAM and FCR market are less prof-
itable in the future, the BESSwill presumably cycle less along
the years since its activation will be primarily linked to local
grid services. It will be even more beneficial if the DSO will
pay for availability rather than actual activation time. Due
to this conceivable scenario, degradation factors to estimate
future revenues are not assessed. However, a detailed analysis

of battery capacity fading is left to future research in this
domain.

All in all, it can be concluded that installing a BESS in the
considered case study is a technical and economically bene-
ficial investment for the players involved in the distribution
grids.

V. CONCLUSION
The paper presented a mixed-integer linear model which can
be used as a flexible tool to evaluate the economic feasibility
of a BESS operating in distribution networks. In the analyzed
case study, which reflects the Dutch energy market, a BESS
of 500 kW / 500 kWh coupled with a PV-FCS is shown to
be economically profitable. The system NPV, in fact, is cal-
culated to be 95ke. Furthermore, by adding the service to
the third party, the FCS, the system NPV can be increased,
and it is calculated to be 108 ke. As discussed, BESSs can
be coupled with PV-FCSs to flatten their generation and
load profiles, decreasing the maximum power exchange at
the connection point with the grid. By reducing the power
exchanged to the grid, the owner of the PV-FCSwould benefit
from the lower grid connection costs. Additionally, BESSs
can participate in energy and ancillary services markets, such
as FCR and DAM. Nowadays, BESSs are still an expensive
technology; therefore, combining ancillary services and other
grid services will drive to capitalize higher revenues. In the
future, with less attractive electricity markets, it will turn out
to be the main source of income. The analysis has shown
that such configuration allows economic and technical ben-
efits for the players involved in the case study, namely the
BESS owner, the FCS owner, and the local DSO indirectly.
The BESS owner would profit from a positive NPV and
a low payback time which could be reduced in under four
years whether higher speculation is executed on the FCS
remuneration agreement described. Economically speaking,
no assessment is outlined for the DSO. Its benefit relies on the
technical aid that the BESS could provide by waiving the grid
from power peaks, which are detrimental to the distribution
network operation. Finally, the PV-FCS owner would benefit
from an overall 30% of grid connection tariff reduction, and
such a solution can boost the self-consumption of locally
produced solar energy.

All in all, it can be concluded that such BESS implemen-
tation is economically and technically advantageous for the
involved parties in the distribution grids. The BESS can stack
additional revenues on top of the market revenues, the FCS
benefits from a reduced peak power and consequently tariff
reduction, and the system operator would indirectly benefit
from the shaved FCS profile.
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