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ABSTRACT

This paper investigates the opportunity for a Battery Energy Storage System (BESS) to participate in multiple
energy markets. The study proposes an offline assessment to calculate the maximum annual revenues to reach the
optimum stack of services through deterministic simulations. The markets include wholesale energy markets (day-
ahead and intraday), ancillary services (frequency regulation and reserve), and the capacity mechanism. The study
case performed on the French markets shows that frequency services overperform the other markets, where the long-
term capacity market has the least potential. Moreover, providing multiple services maximizes the battery’s revenues,
for example, participating in joint energy and reserve markets showed a 76 % increase in annual profits. Furthermore,
a novel operation approach was proposed to enhance the performance of these joint markets, by indirectly utilizing
energy products as frequency reserves. The results demonstrate that the proposed formulation allows a revenue
increase of ~23% compared to the conventional framework for the provision of frequency regulation with BESSs.
Additionally, the joint markets have been shown to be economically viable with 6.2 years payback period after

considering battery degradation and depreciation cost.
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ABBREVIATIONS:

ESS Energy storage system

BESS Battery Energy storage system

MILP Mixed integer linear programming

DA Day ahead market

ID Intraday market

BM Balancing market

FCR Frequency containment reserve

aFRR Automatic frequency restorations reserve
mFRR Manual frequency restoration reserve
RR Replacement reserve

SOC State of charge
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Day ahead market -DA energy prices (E/MWh)

Intraday market -ID energy prices (E/MWh)

FCR reserve price (€/MW/4h), activated energy price (E/MWh)

aFRR reserve price (E/MW/1h), activated energy price (€/MWh)

mFRR reserve price (€/MW/30min), activated energy price (€/MWh)

RR reserve price (€/MW/30min), activated energy price (E/MWh)

Capacity market Energy prices (€/MWh)

Activation signals for upward and downward reserve: bm = {fcr, afrr, mfrr, rr}
Manual reserve signals for upward and downward reserve: bm = { mfrr, rr}
Activation signals of the capacity market

Time resolution for DA market (1 h)

Time resolution for ID market (30 min)

Time resolution for BM markets: bm = {fcr, afrr, mfrr, rr} (15 min)
Maximum power capacity for the battery (MW)

Maximum Energy capacity for the battery (MWh)

Charging and discharging efficiency (%)

An activated portion of upward and downward BM reserves (%)

Maximum and Minimum value for the stage of charge (%)

Discharging and charging ESS powers (MW)

Discharging and charging DA powers (MW)

Discharging and charging ID powers (MW)

FCR reserve (MW), activated energy up/down FCR (MWh)
aFRR up/down reserve (MW), activated energy up/down aFRR (MWh)
Upward mFRR reserve (MW), activated energy up mFRR (MWh)
Upward RR reserve (MW), activated energy up RR (MWh)
Energy products for mFRR up/down balancing energy (MWh)
Energy products for RR up/down balancing energy (MWh)
Discharged power in capacity market (MW)

Binary variable, = 1 if discharging, = 0 if charging

Battery state of charge (%)

FCR reserve with same sign as DA(MW), activated energy up/down FCR (MWh)
FCR reserve with opposite sign as DA (MW), activated energy up/down FCR (MWh)

Binary variables for charging and discharging (same direction as DA)
Binary variables for charging and discharging (opposite direction of DA)



1. INTRODUCTION
Energy Storage Systems (ESSs) deployment in power grid systems has significantly increased in recent years. In

2021, the installed capacity in Europe reached 3,000 MWh, doubling the previous year’s investments®. This growth
aligns with international efforts to reduce carbon emissions and promote green industries, as outlined in the COP 21
conference? in Paris [1]. Furthermore, as renewable energy sources increase, power grids may become more volatile
and uncertain, with less inertia available [2]. ESSs, with their ability to quickly respond to the changes in the generation
of renewables and the grid's demand, can provide flexibility for more secure and efficient network operations in those

conditions, and thus generate revenue for their owners®,

Battery Energy Storage Systems (BESS) have potential applications and services that can be provided to power
systems depend on their grid location and capacity [3,4]. For instance, large utility-scale batteries connected to the
transmission grid can provide ancillary services to the transmission system operator (TSO), while systems connected
to medium voltage can support the DSO for loss reduction and/or voltage regulation [5]. End-Users can also install
their batteries ‘behind the meter’ and make use of some services without participating in the wholesale market - e.g.
increase their self-consumption or self-sufficiency ratios, or simply lower their electricity bill [6]. Three categories of
applications have been summarized in Table.1, based on [7], while identifying the value of each market based on the

ESS location in the scope of this work.

Given the many identified uses, and after characterizing the main parameters and the value of each market, the
primary concern is determining the best way to model them to assess their potential revenues. Various models and
approaches are used for the provisions of energy services/products by storage systems, including rule-based algorithms
[8] and optimization methods such as linear programming [9], mixed-integer linear programming (MILP) [10], and
non-linear programming [11]. These models vary in terms of computational complexity and accuracy, with rule-based
algorithms being easier to implement but less precise, while optimization methods result in the optimal operation of
ESS but require more computational resources. Typical assessment of the economic performances of ESS is based on
market models, and whether the market prices are fixed or variable concerning the storage output. Some case studies
consider small-scale ESS that does not have market power [12], while others consider large-scale ESS which requires
the submission of strategic bids to take advantage of price differences without lowering them [13]. In this paper, MILP
models are used to model ESS, where the ESS owner is considered a price taker, in wholesale energy markets,

frequency services, and the capacity market.

Several studies have highlighted the relevance of storage systems for grid services, with an estimation of the

expected revenues based on the targeted markets. ESSs that participate in wholesale energy markets typically perform

1 “Total Annual Energy Storage Market in Europe Expected to Reach 3,000 MWh in 2021,” European Association for Storage of Energy, 2020.
https://www.eia.gov/analysis/studies/electricity/batterystorage/

2 “United Nations Treaty Collection.” Chapter XXVII environment, 7. d Paris Agreement, Nov. 04, 2016. [Online]. Available:
https://treaties.un.org.

8 “Buropean Environment Agency.” Total greenhouse gas emission trends and projections, 2019. [Online]. Available:
https://www.eea.europa.eu/data-and-maps/indicators/greenhouse-gas-emission-trends-6/assessment-2



an energy arbitrage (EA), which is buying energy at low prices during off-peak periods and selling it at higher prices
during peaks. The ESS owner benefits from this service by taking advantage of the energy price variations over time
[14]. Maximizing the profits of wholesale energy markets using MILP has been studied in [15], where the work
included both the day ahead (DA) and intraday (ID) markets. The case study, in the PJIM market USA, showed that
ID has the potential to achieve almost double the profits of the DA market. Despite the potential interest of ID price
volatility, it underlined the importance of forecast accuracy [16]. Real-time and dynamic optimization have then been

introduced to face the challenge of low-accuracy forecasts [17].

Table.1:Applications of energy storage in power system

Application Stakeholder Value
Wholesale market applications:
- Day ahead market Avrbitrage of energy prices
- Intraday Market (€/MWh)

- Imbalance settlement

Supplier / Large consumer

- Capacity Market Guarantee certificate
(E/MW/Year)
- Manage Curtailment requests Buffer to store generation when
not needed (E/MW)
- Compensate forecast error Buffer to produce extra generation

when needed (€/MW)

Ancillary services:
- Frequency containment reserve (FCR)

- Automatic frequency restoration Capacity remuneration for the reserve
reserve(aFRR) (€/MW) and energy remuneration for
- Manual frequency restoration reserve TS0 activated reserve (€/MWh)
(mFRR)
- Replacement reserve (RR)
In the future

- Black start
- Synthetic Inertia

Assure that the grid capacity
- Voltage control TSO/DSO withstands the charging and
- Congestion management discharging demands (€/MW)
- Power limit optimization
Consumer-oriented applications:
- Self Consumption
i ﬁeak Shavmg Paid for each service as (€/MW)
- Power quality
- Uninterruptible power supply (UPS) Consumer or

- Time of use bill management

- Storing excess generation (€/MWh)

ESS can also provide ancillary services such as frequency regulation [18] and get remunerated accordingly to
their participation. MILP was used to estimate the revenues of ESS participating in both the energy arbitrage (EA)
and the balancing market (BM) in the CAISO, ERCOT, and NYISO markets in California, Texas , and New York
respectively in the USA [19,20]. The results showed that revenues from BM were proven to be four times the revenues

from EA in the context of the study. ESSs have proven economic feasibility to be used as a spinning reserve for



primary reserve (frequency containment reserve - FCR) in the German market [21], and then later introduced also as
a potential solution for secondary reserve instead of conventional power plants [22]. Furthermore, case studies on the
German market investigated the combination services provided to both TSO and DSO [23,24]. The results showed
that none of the suggested scenarios was profitable without considering the frequency of reserve services. A similar
trend was shown in the Nordic market, where the share of frequency services in total revenues highly varies with wind
production, especially in Denmark. Even with the high uncertainty of the BM market, frequency reserve services

enhance the return on investment of ESS [25].

Furthermore, running multiple applications on grid-connected ESSs is a recent control method that leads to
maximum profits while taking advantage of price heterogeneity among different products [26]. But, it is complicated
to ensure that all services are fulfilled optimally [27]. Multiple grid services can almost double the profits of ESSs
compared to the provision of a single one [28,29]. For instance, stacking the services returned around 80% of the sum
of the services revenues taken individually in a case study on California ISO markets [30]. Also, the approach of
stacking services allows the ESS owner to prioritize some of them, such as outage mitigation for grid security [31],
over others depending on the time of the day. Many possibilities are available, like a mix between TSO and DSO

services, or only behind-the-meter services [32].

The potential revenue streams for energy storage systems in European markets have not been fully explored in
the literature. Most of the studies have focused on the potential of ESS services in the USA, where frequency services
are based on capability and performance credits — e.g. according to PJM regulation [33,34] - or as a non-symmetric
reserve product [29], [35-37]. However, the new regulations with symmetric reserve products and the ESS’s charges
to provide downward regulation energy were not modeled. None of the existing works have considered all types of
reserves [37], particularly manual reserves such as mFRR or RR in the European market, as a potential revenue stream
for BESS. Therefore, this paper aims to fill this gap by presenting MILP models for wholesale energy products,

frequency regulation market, and capacity market that adhere to the latest European regulation up to the year 2021.

The paper first estimates the maximum annual revenues for different combinations of provided products,
including 1) day-ahead market (DA), 2) intraday market (ID), 3) Balancing market (BM) services such as frequency
containment reserve (FCR), automatic frequency restoration reserve (aFRR), manual frequency restoration reserve
(mFRR), and replacement reserve (RR), 4) capacity market. Additionally, annual simulation using historical data are
performed to reach the optimum stack of services for a single gird connected battery. Furthermore, a novel approach
is introduced for modeling joint energy and reserve (DA + FCR) markets. The method is based on the provision of
more FCR reserves by utilizing the DA energy products as stand-by reserves, using the so-called “Direct/Opposite
reserves control”. Finally, a sensitivity study is presented to assess the impact of changing the quantity of activated
energy in the frequency services. Hence, the variation in annual revenues is calculated and comparison between the

performance of conventional formulation and the novel approach is presented.
The main contributions of the paper are summarized in the following:

e Comprehensive modeling of wholesale energy markets, frequency services, and capacity markets in Europe.



e Introduction of new modeling for the provision of frequency regulation that allows direct/opposite reserves to
be allocated in four modes of operation , hence reaching higher revenues by utilizing more reserves.
e Running multiple annual simulations to identify the best combination of provided products and sensitivity

analysis on activation of frequency services.

The rest of the paper is organized as presented in Fig. 1. Section 2 presents the modeling of each market in the
form of a deterministic optimization problem with price and activation signals inputs. Section 3 introduces a new
approach to model the joint energy and reserve markets (DA + FCR) with possible operations in “direct/opposite
reserves”. Section 4 presents the annual simulation results with the expected maximum revenues for each service.
Also, it shows the optimal stack of services to be considered for BESS. Furthermore, the enhanced performance with
the new approach and sensitivity analysis to frequency regulation activation signals are presented. Section 5 concludes
the paper with perspectives on future works.

(Section 2) Modelling the Energy Markets Application
Use MILP to model the operation of various = Determine the optimum stack of services to be
energy market combinations. provided by a single BESS.
(Section 3) Algorithm contribution Application
Direct / Opposite operation algorithm to increase | ™= | Provide upward and downward frequency reserve
the revenues of joint energy and reserve market. regardless of the operation mode of the BESS.
(Section 4) Simulations Results
Perform annual simulations based on the French | == | Estimate the maximum revenues for each energy
market data for 2021. market combination.

>y

Fig. 1 Technical road map for the research work

2. ENERGY MARKETS AND PROBLEM FORMULATION

In this section, the potential revenue streams for ESS are identified and modeled using MILP in the French market
framework for energy, balancing, and capacity. A combination of different services can be modeled by
adding/modifying the problem objective function and constraints. Note that through all the models, the ESS operator
is considered a price taker (with deterministic data based on history). Hence, there is no optimization for the bidding
price for each product, the assumption is made that the bid is always accepted (e.g. bid at a zero price). The models
presented in this section will be used to estimate the maximum revenues of each combination of markets and hence

determine the optimum stack of services in a somewhat off-line mode

2.1.  Energy storage model for the MILP optimization
The model considers energy storage capacity, maximum charging and discharging rates, charging and

discharging efficiencies, battery state of charge’s limits, and initial and final charge states.
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SOCt-1 = SOCt-0 ®)

Constraints (1) and (2) limit the charging and discharging power flows (p*:, p) of the battery power capacity.
The values of these variables are to be determined based on the selected markets. A binary variable u; is introduced to
avoid potential simultaneous charging and discharging. Here the binary variable denotes the charging mode of the
storage. Note that a typical alternative could have consisted in introducing two distinct variables for charging and
discharging modes. It has not been considered here for a reduced problem complexity. The stored energy is updated
at each time step accounting for charging and discharging efficiencies (", #*) in (3). This stored energy is limited by
(4) between predefined maximum and minimum state of charge (SOC) levels. Equation (5) guarantees that the SOC
of the battery at the end of the day is equal to the one at the beginning of the day to allow daily optimization.

2.2.  Wholesale energy market

2.2.1. Day-ahead market
This market aims at providing an initial operating schedule for the TSO to meet the daily predicted demand. It

has a horizon of 24 hours and a resolution of one hour in all European countries except in united kingdom, where the
resolution is 30 min [38]. It is an energy product with bids and remuneration in €/ MWh. Bidding in DA enables the
energy storage operator to perform an arbitrage taking advantage of the energy price variations over the day. Hence,
the ESS participating in DA optimizes its operation to charge at the lowest possible prices, then to discharge at peak
prices. The objective function (6) models the ESS participation in the DA market, where t €T is a temporal set

representing one day at a resolution of one hour (dt?).

Cou= L atx( o =Py Jxct™ ©)
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2.2.2.  Intraday market
The objective of this market is to adjust the energy balance right before delivery time to account for the latest

demand forecast (more recently updated). After the initial schedule is determined in the DA market, additional bidding
can then be done to change the energy delivered at a given time step (from the producer’s perspective). The trading in
Intraday market can be done through auctions or continuous trading as in all European countries. The resolution of
the intraday market varies according to the country. The 1D auction resolution is either 30 min as in France and United
kingdom or 15 min as in Austria and Netherland. On the other hand, Continuous trading resolution can vary between
1 h, 30 min, 15 min according to the country. In this paper, the French market is considered with 30 min resolution,
where offers and bids are matched and executed according to the demand with higher volatility than DA [39]. The
objective function (7) represents the participation of the ESS in the intraday market, where t €T is a temporal set for

one day at a resolution of 30 min (dt'®).

max Ciy = 2t x(pr - py )<t ™

teT



2.3.  Frequency regulation and reserve
The electricity balancing* (EB) cooperation integrates all resources across European countries to increase the

security of supply and decrease costs for the customers. The sequence of activation of these reserves is shown in Fig.2.
The primary reserve, or Frequency containment reserve (FCR), is automatically activated within 30 s after the
frequency deviation incident, to stop the frequency from further deteriorating [40]. Then the secondary reserve is
activated, which includes both automatic frequency restoration reserve (aFRR) and manual frequency restoration
reserve (MFRR). It provides the energy balance to restore the frequency into the safe range. This reserve is activated
after 5 min and for a longer duration (12.5 min) for the manually activated one [40]. The last reserve is the replacement
reserve (RR) or tertiary control. Its activation starts after 15 min and lasts up to 60 min or even several hours in case
of multiple incidents. The goal is mainly to recharge the consumed primary and secondary reserves while clearing the
last imbalances [40].

Reserve
/

FRR

Frequency 30 sec | 5 min {125 min 60min Time
deviation | i

Fig.2 Frequency regulation services characteristics [40]

ESSs can uptake additional revenues with the provision of balancing reserves and energy products for both
upward and downward frequency regulations. When the reserve is activated, the battery modifies the output power
values either charging or discharging to cover the required change. Regulation profits are typically divided into two
parts. Firstly, there is a remuneration for the reserved capacity, where the operator gets paid per each MW reserved
(€/MW). Secondly, there is a remuneration/cost for actual energy supplied/consumed in case of activation (€/MWh)
[40]. Note that while reserve remuneration is always positive, energy remuneration is either positive if discharging
(upward reserve) or negative if charging (downward reserve). The modeling of frequency regulation services is

accounting for price data collection and also activation signals.

Since it is difficult to retrieve the activation signals for a single asset, an assumption of the fixed portion of the
reserve to be activated is done in the following models. Four main parameters are introduced to model the energy
quantity and activation time for each reserve. The activated energy (in MWh) is considered a fixed portion of the
frequency reserve capacity (in MW), and a fixed coefficient § is used to represent this ratio for both upward and

downward regulation with a value assumed to be 0.15 [41,42]. However, a side study has been made to determine the

4 European Commission, “Commission Regulation (EU) 2017/1485 of 2 August 2017 establishing a guideline on electricity transmission system
operation.”



optimum values of the distinctive activation ratios in upward and downward directions that accurately describe the
frequency deviation of the gird. Furthermore, two binary parameters a®™*, a®™ (with bm & {fcr, afrr, mfrr, rr})
represent the time steps at which the reserve is activated. The values for these parameters are determined based on
collected frequency measures and reserve activation from RTE [43]. In each of the following sections, an assumption

is introduced to capture the values of these parameters per market.

2.3.1.  Frequency containment reserve — FCR
The reserve product for FCR is symmetric, which means that the same reserve power is to be committed in both

upward and downward directions. FCR has six daily reserve products with four-hour time resolutions each [44].
However, the activated energy changes according to the grid frequency deviations within a fast time response, in the
interval of 30 s. This activated energy is constant for a duration of 15 min after the reception of activation signals [44].
The objective function (8) maximizes the revenues from both the reserve and the activated energy of FCR throughout
the day. The first part represents the reserve power remuneration (E/MW), where t €T is a temporal set representing
one day at a resolution of 4 h. The second part represents the activated energy remuneration (€/MWh), where j €J is
a subset of T with a resolution of 15 min. The negative sign in the activation part shows that the ESS owner pays while

supplying downward regulation for the amount of charged energy.

The energy quantity for the reserve is limited by the battery power capacity, as expressed in (9). The activated
quantities in both upward and downward regulations (Apt;"*, Ap;™) are defined in the equations (10) and (11),
where ag;"* = 1, if frequency measures are below 50 Hz hence upward regulation is needed. In the same manner
ayj " = 1, if frequency measures are above 50 Hz and downward regulation shall be supplied. The binary parameters

for reserve activation are updated each 15 min (dt ).
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2.3.2.  Automatic frequency restoration reserve — aFRR
The reserve products for aFRR are non-symmetric, which means that reserve can be allocated in only one

direction. That gives a higher potential for ESS as the direction and quantity of reserve can be changed every hour.
On the other hand, the activated energy still changes according to the frequency deviations and activation with a
maximum 15 min activation duration. Similar to FCR, the objective function (12) is the revenue from the aFRR reserve

and energy products, but in that case, t €T is a temporal set of a day at a resolution of 1 h.

The constraint (13) represents the power capacity limits for upward and down reserves (only one is allowed at
each time step). The activated quantities in both upward and downward regulations (Ap;2™*, Ap: ™) are defined in

equations (14) and (15). The values for the activation binary parameters are assigned using the collected historical



data from RTE. If the aFRR upward activation energy quantity was higher than zero in the considered time step, a;
afm+ = 1, In the same manner ag; - = 1, if the aFRR downward activation energy quantity was higher than zero in the

considered time step. These parameters are updated every 15 min (dt ™).

— afrr,r afrr,+ afrr,— afrr,a afrr,+ afrr,— afrr 12
AT, Cay ZTJZJ(E x(p7 -+ pi )+ (i (Apl - Ap{ ) xt™ ) (12)
afrr,+ afrr,—
Pe TP S P (13)
afrr,+ _afrr+ afrr,
Apg; =Py xp xa) (14)
afrr,— __afrr- afrr ,—
At =P xf xa (15)

2.3.3. Balancing reserve - mFRR and RR
The products for manual reserves, mFRR, and RR are divided into balancing reserves (br) and balancing

energy (be) markets. In balancing reserve, the products are only upward reserves, at a 30 min resolution. Hence, the
ESS operator is only paid for the reserved power (€/MW). No energy is considered in this market. On the other hand,
the committed reserve in this market can be activated in the balancing energy market based on the TSO’s needs. The
objective function (16) represents the revenues from the mFRR and RR reserve markets, where br € {mfrr , RR}, and
t € T is a temporal set for one day at a resolution of 30 min. Unlike FCR and aFRR, manual reserves are not always
procured. Hence, the binary parameter a is used to represent the procurement signals, that depend on the need of
the TSO for the reserve at each delivery period. Constraint (17) limits the total reserve provided for the two products

by the battery power capacity.

_ br,r br bl
n;?'X Co= ; (7. > p; xal) (16)
br
pi S pmax (17)

2.3.4. Balancing energy - mFRR and RR
The activated energy for manual reserves can be either upward or downward, with a 15 min resolution. Upward

energy products consist of an activated percentage of the committed reserve in the balancing reserve market, in
addition to new energy products that can be introduced only as energy bid (no capacity). Downward energy products
for manual regulation can only be introduced in this market and the ESS operator is only paid for the energy (€/MWh).
Ultimately, the objective function for balancing energy in (18) sums all the revenues from the activated reserve and

energy products, where br € {mfir, RR} and t €T is a temporal set for one day at a resolution of 15 min.

The first part is the activated upward reserve from the balancing capacity, where the quantity to be activated from
the upward reserve (Api®) is determined by the constraints (19). The second part introduces new energy products for
manual energy regulation (MFRR and/or RR) that can be used either in upward or downward regulation. Contrary to
the other reserves, manual reserves have distinctive prices for charging and discharging energy products. The values
of binary parameters a;**®*" is collected from historical data based on whether there was an activated quantity for

each type of reserve or not. The operation of the balancing reserve and balancing energy markets can be combined



into one optimization problem. In this paper, it was represented as a two-stage optimization process to have a more

accurate representation of the real operation in the European energy market and for the sake of clarity.
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2.4.  Capacity market
The capacity market vary between European countries based on the physical need. The market design and

remuneration scheme reflect the usage of these reserve. That can vary between providing flexibility, coordination, and
providing peak load [45]. The French capacity mechanism guarantees the security of the power supply during peak
demand periods, especially in winter. The TSO notifies the day before the peak periods, during which capacity
operators will have to fulfill their respective obligations. Capacity can be called upon from ten to twenty-five days a
year, from November to March, in the time slots from 7 am to 3 pm and from 6 pm to 8 pm, which is represented
using the binary parameter a; “® [45]. The revenue from this service is given by (20) where t €T is a set of a day with
a 1 htimestep. Itis clear in (20) that capacity is modeled as only discharged power, that is activated when notified by
TSO. The binary parameter a; °® indicates whether or not a capacity reserve is needed by the TSO. When a; " = 1,

the storage shall provide a constant power value along the notified time slot (21).

ca
maxc. = ¥ zi¥x p; xai® (20)
pcaP teT
cap _ .cap
Pi" =P (21)

2.5.  Multiple service formulation
The formulation of stacking multiple services is presented in (22), where all objective functions introduced before

are summed. The corresponding energy products for each market are stacked also to form the total discharged and
charged energy from the battery in equations (23) and (24). The latter two equations are used to update the battery
SOC at each time step, as introduced in (3). The fixed time index (t) is used for clarification only, however, in real life
and the implementation of simulation in this work it follows distinctive time sets and resolutions for each product. In
the case of comparing various market combinations, when the objective function of a certain market is not considered,

the corresponding variables are set to zero in both (23) and (24).

max Ctotal - Cda + Cid + C fer + Cafrr + Cbr + Cbe + Ccap (22)
pt+ — p?a,+ n pid,+ + Aptfcr,Jr + Ap:;lfrr,Jr + Apfr + pt)e,+ n p;:ap (23)
Po= P P AR AR+ (24)

3. DIRECT / OPPOSITE RESERVES MODELING FOR FCR
Preliminary results that will be further discussed in section 4 showed that frequency regulation services are the

most lucrative for BESS. The manual reserves (mFRR and RR) achieve the highest revenues among the different



frequency services, however, the current regulations in Europe only permit ESS to participate in FCR and automatic
reserves (aFRR). Hence, we propose a novel modelling approach in this section that allows BESS to provide more
frequency reserve (FCR or aFRR) while participating in a joint reserve and energy market. As FCR is more intricate
to model due to symmetric bidding and longer bidding resolution, the presented algorithm accounts for FCR and DA.

It can subsequently be adjusted to aFRR with non-symmetric reserve products and different bidding resolution.

The proposed model is based on four modes of operations to provide reserve: charging less, charging more,
discharging less, and discharging more. Indeed, previous conventional formulations for frequency containment reserve
(FCR) in power systems have been dependent on the battery charging/discharging state [10-15], following the
regulation for storage systems, meaning that upward reserve can only be supplied while discharging and downward
reserve can only be provided while charging, these reserves are noted in this study as direct reserve. In contrast, the
proposed formulation allows for two more modes, where the provision of upward or downward reserve in either the
charging or discharging mode, the final four modes are illustrated in Fig.3. In the charging state, the downward reserve
can be provided by increasing the charging power, while the upward reserve can be provided by charging less.
Similarly, in discharging mode, the downward reserve can be provided by discharging less, and an upward reserve
can be provided by discharging more. The operation of the four modes are. By utilizing this reserve formulation, a
joint energy and reserve model can increase the capacity of ESS reserves by utilizing the committed discharge energy
as a downward reserve, and the committed charge energy as an upward reserve, which are donated as opposite

reserves.

Inputs DA Energy prices , FCR reserve and energy prices , activation signals
H?A! R;ER,T'TEEE'.‘H,Q‘ a:_i_ a;
Optimization Maximize the revenues by selecting one of the operation modes

Charging in DA Charging in DA Dischargingin DA Discharging in DA
Operation modes w i * s

FCR Downward FCR Upward FCR Downward FCR Upward
DA(-) DA(-) DA(+) DA(H)
Revenues FCR reserve (+) FCR reserve (+) FCR reserve (+) FCR reserve (+)
FCR energy (-) FCR energy (+) FCR energy (-) FCR energy (+)
SUCL[ PtDn‘-P‘ P‘DA'_, P:CR‘T‘P:J"KCR.-P‘P;;CR‘—
ESS calculation The state of charge for the ESS is calculated every time step of 15 min

Fig.3 Technical operation of Direct / opposite joint DA and FCR reserve algorithm
This approach allows for greater flexibility in the provision of ESS reserves, enabling the system to optimize its
performance and maximize its profitability. In addition , it reduces the cost of charged energy by providing down-
regulation through the mode of “discharging less”. However, this strategy also leads to a change in the committed
energy and shifts the ESS from one battery status to another. As a result, it is necessary to ensure that the operation
algorithm aligns with the regulations established by the TSO. A similar approach was proposed in [35], where there
was the option to switch from charging to discharging state and the only non-symmetric reserve was modeled. In this

work, the symmetric reserve is considered and the activated energy to frequency regulation is modeled.



To formulate the joint day-ahead (DA) and frequency containment reserve (FCR) with a four modes model, two
continuous variables are introduced for upward and downward regulation, as shown in the objective function (25).
Those variables p; 9" and p; ° represent the FCR reserves over a set of time, denoted as #€7; which is set to one day
with a resolution of 4 h. Specifically, p; 9" represents the direct FCR reserve for regulation in the same sign as the
committed energy in the DA market, and p: °° represents the FCR reserve for regulation in the opposite sign. In
addition, the variables Apyj 9" *, Ap; 9", Ap %P+, Ap1j %P -, represent the FCR activation quantities over the time
set, denoted as j €J, which is set to 4 h with a resolution of 15 min. The variables pi®*, p:«%- represent the charging

and discharging quantities for the DA over the time set, denoted as k €K, which is set of 4 h with 1 h resolution.

ZZZﬂ'th(ptk _p?i+)xdtda fcerp;ﬂlr fcraxdtfcr (AprJH_Ap?IJr )

d
ferl fcr2 a,- da+t€T keK jo3 (25)

Pt Prk

fcr Ty popp fcr,ax dt for (Apopp +_Apopp )
t

The constraints for modes 1 and 3 (FCR reserve for regulation with the same sign as the committed energy in DA)
are:
dir,+ da, t<

Poj + P S PracXu’y (26)
D} + Do S P XUs @)
pe’ =min(p; ™, pi’") (28)
Urjtug <1 (29)
Apy = x B xaly (30)
Ap =Py x B xad] (31)

The traditional constraints for the operation of joint energy and reserve problem are presented in (26) - (31).
Constraints (26) and (27) limit the total battery output at charging and discharging modes. They represent the
operations of discharging more to supply upward regulation and charging more to supply downward regulation
respectively, as shown in Fig.4 for both modes 1 and 3. Since FCR is a symmetric reserve product, the minimum value
from both up and down reserves (%", p; %) is selected (28). The binary variables U*tj, and Ut are introduced
to avoid charging and discharging at the same time in (29). Constraints (30) and (31) define the activated energy for

FCR using binary parameters, similar to the previous market models.

The constraints for modes 2 and 4 (FCR reserve for regulation with an opposite sign of the committed energy in DA)

are:
da,+ opp,— ;
P =P Xugt 20 (32)
opp, + 0
ptk - Py pp >0 (33)

uei® <ui; (34)



ue ™ <u; (35)

p:"]"—mm(pf‘}‘” - ) (3
opp+ OPP fi
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=P, Xf xay] (38)
da,+ dir,+ opp,—
p ptk +Apt] _Ap (39)
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po= Py +Ap; - AP (40)
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Fig.4 Illustration of battery operation using the four modes method

Constraints (32) and (33) introduce the new reserves that allow the ESS to provide FCR regulation in the opposite
sign of the committed energy in DA. Where (32) allocates the discharge energy product of DA as a downward FCR
reserve, and (33) allocates the charge energy product of DA as an upward FCR reserve. That is illustrated in Fig.4 for
both modes 2 and 4 respectively. The constraints (32) and (33) are non-linear, due to the multiplication of the binary
variables with the continuous variables. Linearized constraints are then introduced in (41) — (44) to replace them, using
the Big M method [36] , where the continuous variables ( z°P*, z°PP-) and the binary variables(u; °°"*, w;°"") were
introduced. Constraints (34) and (35) define the four modes slots by allowing to provide FCR regulation in the opposite
sign of DA energy products. Equations (39) and (40) define the total discharged and charged energy at each time step

to be used for soc update in (3).

Py — 220 (41)
2 2 pP = (L= U )X Py (42)
P~z 20 (43)
22 P (1= U)X Py (44)

4. MAIN RESULTS
Potential revenues for ESS and opportunities to participate in different energy markets are assessed over a year,

considering historical data in 2021 for the French electricity market. Various market combinations were tested to reach



the optimum stack of services and evaluate the expected profits. Energy, reserve prices, and activation signals were
collected from RTE and Ensto-e 2021 databases [43]. A 10 MW/10 MWh ESS is considered with the following
parameters: 7= 5" = 0.9, SOC min = 0.2, SOC max= 0.9, soc o= 0.5. The assumption of a fixed portion of the reserve that
is activated is used in this work, and the coefficient value is assumed to be = 0.15 [41]. The yearly simulation is done
with successive daily optimizations (i.e. T = 24 hours) and distinctive resolution for each market (i.e.1 h for DA,
30 minfor ID, 1 h/4 hreserve products for FCR / aFRR, 30 m for Balancing capacity and 15 m for Balancing energy).

The main objective of the study is to assess the maximum expected revenue by individually providing each
service detailed in Section 2, as well as exploring the possibility of stacking multiple services utilizing the same BESS.
The subsequent section presents the outcomes of the novel approach for the joint energy and reserve market
(FCR + DA), along with a comparative analysis of annual revenues generated by both the conventional model
(detailed in Section 2) and the new proposed model (detailed in Section 3). Additionally, a sensitivity analysis is
conducted to illustrate the impact of alterations in the volume of activated energy on frequency regulation revenues.

Finally, an economic analysis using Net present value is presented to evaluate the risks of BESS investment.

4.1.  Stacked revenues simulation
In this simulation, various combinations of energy markets were analyzed to assess their impact on the revenues

of an energy storage system (ESS). The results show that wholesale energy markets DA and ID achieve less revenues
than frequency services, as presented in Fig.5. The study also indicates that the long-term capacity market exhibits
limited potential. The analysis shows that ID profits are higher than DA due to higher volatility in prices and shorter
market resolution that allows better arbitrage opportunities. Moreover, in frequency reserves, aFRR overperforms
other services due to unsymmetrical bidding and high reserve prices. In the case of FCR, symmetric bidding forces
the battery to participate in downward regulation, which leads to negative costs that eliminate the profits from the
upward regulation. On the other hand, in manual frequency reserves, the remuneration for reserves is much less than

other types of reserves.
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Fig.5 Multiple service revenues of ESS for annual simulation
As displayed in Fig.6, the prices for manually activated energy products (MFRR and RR) are more volatile than

those for FCR and aFRR. Note that, there are distinct prices for upward and downward regulation in mFRR and RR,



which differ from the reference price (DA). This discrepancy in prices allows for increased revenues by charging at
low rates and discharging in the DA market or providing upward regulation at higher prices, leading to greater profits
and better opportunities in mFRR and RR - either as standalone services or in combination with energy products as
DA.
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Fig.6 Energy prices in the last two months in 2021

The simulation study found that stacking all markets (except capacity) increases the annual revenues up to around
3.3 M€ for a 10 MW/10 MWh ESS. Providing multiple services allows for the maximization of annual revenues,
which are higher than those generated by any single market or even any combination of two markets, as presented in
Fig.5. Combining the DA and ID markets increased revenues from 258 k€ (the sum of DA and ID when provided as
single services) to 560 k€. Similarly, the profits of stacking DA and FCR are 76 % more than the sum of profits
generated by two separate batteries. Moreover, the results highlight the significance of thoughtful service selection
when implementing service stacking strategies. While frequency services demonstrate high performance individually,
stacking them together does not guarantee increased profitability. This is evident in the case of stacking FCR with
aFRR or mFRR with RR, as the combined revenue falls short of the sum of the individual services. This outcome can
be attributed to the similarities between the market products and the specific remuneration structure. Simulation results
support the notion that stacking markets with distinct product types is more financially advantageous. For example,
combining the DA with FCR allows the BESS to leverage the interaction between reserve and energy products across
the two markets. The DA market facilitates battery charging, while the reserves can be allocated to FCR to achieve

higher profits without significantly impacting the battery's state of charge.

Overall, joint energy and reserve services are well-suited to leverage the characteristics of both services to
optimize the economic performance of the ESS. These revenues depend on the type of frequency service included, as
shown in Fig.7. An analysis of the components of frequency service revenue shows that the majority of profits in
certain combinations of services (DA + mFRR and DA + RR) are generated from energy products, while in other
combinations (DA + FCR or DA + aFRR), profits are dependent solely on reserve revenues (for the reserved
power/capacity). This is because providing downward regulation to the grid in FCR and aFRR incur costs while

charging from the grid, while manual reserves (mFRR and RR) have lower costs associated with downward regulation.
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4.2. Direct/ opposite reserves control simulations

Since DA+FCR showed the highest increase in profits using the stacked services approach, it was intuitive to
further enhance the operation of this joint energy and reserve market. The four modes of operation allow the ESS to
increase its reserve capacity and energy supply independently from the battery's charging and discharging mode. The
performances of the proposed approach are here assessed with an ESS providing DA and FCR products daily and
annually using the data of 2021. This analysis revealed that the four modes’ operation enabled a higher allocation of
FCR reserve power by 11 %, as evidenced by the comparison between panels (a) and (b) of Fig. 8. This outcome can
be attributed to the ability of the ESS to utilize the energy committed in the DA market as a reserve and to provide
both upward and downward regulation at any time. For example, between 8 am and 12 am, the conventional modeling
for reserve provision could only allocate discharging DA, with no FCR participation. By contrast, the four modes of
operation allow the ESS to provide downward regulation by committing more energy in DA and allocating this energy
product as a reserve for FCR. This reserve was used to provide downward regulation (discharging less) in this time
interval, the four modes slots are shown in Fig. 8(b). The increase in the committed DA energy products and FCR

power reserves resulted in a 35.7 % increase in total daily revenues for the analyzed day.

Annual simulations show that the approach can significantly enhance the performance of an energy storage
system (ESS), with a 22.8 % revenue increase when combining DA and FCR services, as shown in Table.2. As
previously mentioned, this increase in profits can be attributed to the ability of the ESS to utilize the energy committed
in the DA market as a reserve for frequency regulation. This utilization increases profits for both wholesale energy
and frequency reserve, as it allows the ESS to allocate more energy products that act as reserves for FCR services.
Every year, this increased allocation leads to a higher total annual FCR reserve by 10.2 % and, consequently, greater
activation of energy for FCR services. However, it is noted that the energy revenues for FCR are still negative revenues
due to the costs when charging to provide downward regulation. Overall, the approach described represents a
significant advancement in the ability of ESSs to generate revenues through the provision of reserve capacity and

energy supply in energy markets.
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Fig. 8 A day time series (n=347) for battery output profile a) normal operation b) Direct/opposite reserve operation

Table.2: Four modes’ annual revenues in € for the conventional modeling and the proposed “four modes” approach

Conventional operation Direct/opposite reserves Gain
DA 197,934 € 453,625 € +129 %
FCR reserve 15,931 MW 17,563 MW +10.2 %
FCR total 983,716 € 997,624 € +1.4%
FCR reserve 1,212,276 € 1,277,655 € +5.4 %
FCR energy -228,560 € -280,031 € +22.5%
Total profits 1,181,651 € 1,451,249 € +22.8 %

4.3.  Effect of activation signals (8) on annual profits
Revenue from the FCR market strongly depends on the assumption made on the activation. Especially, the

coefficients f* and S represent the ratio of the activated reserve over the total reserve capacity whenever there is a
response to frequency deviations. Therefore, their values significantly impact the battery output contribution to the
FCR market. When those ratios increase, more energy is activated and the ESS owner receives more money for upward
activation or pays more for downward activation. This relationship can be seen in Fig. 9(a), in normal operation using
conventional modeling, where the annual revenues from the FCR market decrease as the activation ratio increases. A
similar trend for FCR revenues is also observed using the four-mode operation, though with a smaller decrease in
revenues. This is due to the reliance on reserve to generate profits in the FCR market, as revenues are not achieved
through energy activation, which incurs additional costs for the ESS owner.

In contrast, the revenues from the DA market (in normal operation) increase with higher values of 3, as more
energy can be monetized in the DA trading market. More importantly, a significant increase in DA profits is observed
when using the four-mode operation. This is due to the commitment of more DA energy products that act as reserves
for the FCR market, resulting in increased profits in both DA and FCR markets. Overall, after the combination of both
DA and FCR revenues, the decrease in FCR revenues with the conventional modeling is more significant than the
increase in DA revenues. This results in a decrease in total revenues, as shown in Fig. 9(b). In contrast, the
direct/opposite reserve control maximizes revenues even when the activation ratio is changed, by utilizing the DA

reserves. That limits the decrease in revenues to only 2 % compared to 24.2 % in traditional operations. Thus, the



four-mode approach is more robust against high activation percentages of the reserve and allows higher revenues in
all studied cases.
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4.4. Economical assessment
In this subsection a simple economic analysis is performed using the Net Present Value (NPV) metric to assess

the investment of BESS in joint energy and reserve (DA + FCR) markets. BESS degradation highly affects the system
operation and costs it must be taken into consideration while evaluating the markets application [46]. The BESS
degradation has been simply modeled with an assumption of decreasing the battery capacity due to aging. NPV is used
to calculate the present value of future cash flows generated by a project, which includes both investment costs and
expected revenue streams over the project's lifespan [47]. The NPV is calculated as presented in (45), where Cqis the
initial cost for both the battery and power converters, C;is the yearly operational cost, i is the discount rate which is
calculated by adding both interest and inflation rates, r:is the annual BESS revenues from both DA and FCR markets,
t is the number of the year, n is the BESS lifetime, and s, represents the salvage value of the storage system at the end

of the project. This residual value depends on the depreciation rate of the battery, as calculated in (46).

L re—Ct S
NPV =—co+ ) ——+—— (45)
=0 (1+1)  (1+1)
n
sn:(;ox(l—d) (46)
Table 3 BESS parameters used in the economic analysis
BESS Parameter Value
BESS fixed cost (co) 400 €/KWh, 300 €/KW [48]
BESS operational cost (ct) 8 €/KW [48]
Lifetime guaranteed (n) 10 years [47]
Interest rate 3.5 % [47]
Inflation rate 2.07 % (2021 year)®
Depreciation rate (d) 12% [47]

5 https://wwwv.statista.com/statistics/270353/inflation-rate-in-france/


https://www.statista.com/statistics/270353/inflation-rate-in-france/

The Net Present Value (NPV) was calculated for three different cases to assess the economic feasibility with
different assumptions. In the first case, discount rate of zero was considered, which equates to a calculation of total
cash inflows minus total cash outflows without accounting for the time value of money. In the second case, a discount
rate of 5.7 % was used to reflect the investment risk along with including the depreciation cost. In the third case,
degradation was factored in by considering a 2 % annual decrease in battery capacity. Results demonstrate that the
NPV for the BESS is always positive, indicating the project's economic viability. However, the break-even point or
payback period varies depending on the assumptions made, as presented in Fig. 10. The analysis revealed that risk
and depreciation had a considerable impact on the results, leading to an increase in the payback period from 5 years
to 6.2 years. However, the effect of degradation was relatively minor, leading to an increase of only 0.2 years in the
payback period. The optimum bids for energy and reserve products were not changed with considering capacity
reduction, which indicate an oversizing issue in the battery selection. These findings highlight the importance of

optimal sizing and accurate modeling of degradation for each market separately in future studies.
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Fig. 10 Economical analysis for BESS in DA + FCR market using NPV

5. DISCUSSION

This study highlights the potential revenue streams for energy storage systems participating in various energy
markets. The paper presents updated mixed integer linear programming models that conform to the 2021 European
regulations regarding product types, bidding horizons, and resolution. FCR modeling included the symmetric bidding
unlike previous publication that handled FCR as normal reserve market [33,35] or modeled as local products in the
German market with pay as bid products and different bidding regulations [22,23]. Moreover, capacity market was
not investigated before in literature unless in [29] where the European regulation for capacity activation were not
considered. Manual frequency reserves (mFRR and RR) have been proposed for BESS applications in this work ,
which was not proposed before. The models also distinguished the new introduced products of balancing capacity and
balancing energy for the manual reserves. It was found that providing manual regulation offers a competitive revenue
potential. However, currently batteries are not allowed to participate in manual reserve in Europe due to specific
technical capabilities and complex regulation. With the advance in storage types and large capacities that could be

offered, that manual frequency will be open soon as real market opportunity.



The analysis conducted in this study utilized historical data and employed deterministic optimization techniques
to assess various markets and estimate the maximum expected profits. However, achieving these revenues necessitates
the implementation of an effective energy storage system (ESS) management strategy. Operational planning should
be customized to accommodate uncertainties arising from factors such as prices and activation signals. The findings
from the case studies reveal that the regulation market constitutes the primary source of profit for the BESS, but it is
also accompanied by frequent cycling. Subsequent research endeavors could incorporate more precise modeling
techniques that account for degradation and aging, thereby providing a more accurate representation of the efficiency
impacts during part-load operations. Furthermore, considering the declining prices in the regulation markets,
particularly with the integration of European markets, BESS operators should factor in this aspect when projecting

future investment revenue estimates.

6. CONCLUSIONS
This paper provides a comprehensive investigation into the combination of various energy markets for a Battery

Energy Storage System (BESS) participation. Specifically, the study considers six markets, namely the day-ahead
market (DA), intraday market (ID), frequency containment reserve (FCR), frequency restoration reserve (FRR),
replacement reserve (RR), and capacity market. The findings reveal that offering multiple services yields the highest
revenues for a connected ESS, where 3.3 million euros could be reached using 10MW/10MWh battery. In particular,
the combined profits obtained from participating in only stacked FCR and DA markets were observed to be 76%

higher than the total profits generated by two individual batteries, each operating in a single market.

Additionally, a novel formulation, termed "Direct/opposite reserve control," was proposed to model joint energy
and reserve operations. This approach enables the allocation of more frequency reserves by utilizing the energy
products of the day-ahead market as reserves. The proposed approach achieved 22.8% higher annual profits in the
joint energy and reserve markets (DA + FCR), allocating 10.2% more FCR reserves annually compared to existing
models in the literature. Economic viability was confirmed through the Net Present Value metric, even when
considering degradation and depreciation costs. However, the inclusion of degradation led to a slight increase in the
payback period from 6 years to 6.2 years. Overall, this study underscores the significance of regulatory adjustments

for ESSs participating in wholesale energy markets and ancillary services to ensure grid stability during operation.
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