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Abstract
The share of renewable electricity generation in modern power systems has increased
significantly. Since renewable energy sources such as wind power are inherently in-
termittent, their integration into the electricity grid can lead to increased power
fluctuations, voltage instability, and frequency deviations. Consequently, the de-
mand for balancing services and system flexibility has grown. Battery energy storage
systems (BESS) have emerged as a key technology for supporting renewable inte-
gration due to their fast and flexible power regulation capabilities. They can also be
integrated with existing renewable generation assets, forming so-called hybrid parks.

The aim of this study was to dimension a hybrid park consisting of wind power
and BESS. A techno-economic optimisation model was developed to evaluate the
operational strategy and economic performance of different BESS sizes during the
years 2023, 2024, and 2025 using historical and forecasted production and market
data. The optimisation model considers the participation of the hybrid park in both
the day-ahead and intraday electricity markets, including imbalance costs, and de-
termines the optimal operational schedule to maximise total revenue.

The results show that, under given assumptions of input data, none of the eval-
uated BESS configurations generated sufficient revenue to recover investment and
operational costs within the assumed lifetime. Nevertheless, larger BESS capacities
provided increased operational flexibility, enabling greater opportunities for energy
arbitrage and improved management of production imbalances. The results further
indicate that battery utilisation varied depending on the BESS size, market con-
ditions, and the year under consideration. The sensitivity analysis demonstrated
that factors such as improved forecast accuracy and reduced investment costs could
significantly enhance the economic viability of the hybrid park.

In general, the results show a great difference between the studied years, which
suggests that dimensioning an optimal BESS configuration based solely on the re-
sults from a single year could lead to faulty deductions for long-term profitability
and system performance. Overall, the study contributes to a greater understand-
ing of how market structure, forecast uncertainty, and BESS sizing influence the
economic performance of hybrid wind-storage systems.

Keywords: BESS, Dispatch Optimisation Model, Economic Evaluation, Electricity
Markets, Hybrid Park, Imbalance, Rolling Horizon
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

ANP Annual Net Profit
aFRR automatic Frequency Restoration Reserve
BESS Battery Energy Storage Systems
BRP Balance Responsible Parties
BSP Balancing Service Provider
CAPEX Capital Expenditure
CET Central European Time
CRF Capital Recovery Factor
FCR-D Frequency Containment Reserve Disturbance
FCR Frequency Containment Reserve
FFR Fast Frequency Reserve
FRR Frequency Restoration Reserve
MEPS MetCoOp ensemble prediction system
MET Norway Norwegian Meteorological Institute
mFRR manual Frequency Restoration Reserve
FCR-N Frequency Containment Reserve Normal operation
OPEX Operating Expenditure
PBP Payback Period
RES Renewable Energy Solutions
SOC State Of Charge
SvK Svenska Kraftnät
TSO Transmission System Operator
VRE Variable Renewable Energy
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables used in the
optimisation models.

Indices

t Index for hour

Sets

T DA Set of hours in the day-ahead optimisation horizon [h]
T ID Set of hours in the intraday optimisation horizon [h]

Day-Ahead Model

Parameters

ΦDA
t Day-ahead electricity price at time t [EUR/MWh]

Φ̂IB
t Forecasted imbalance price at time t [EUR/MWh]

Ĝt Forecasted generation at time t [MWh]
P max Battery power capacity [MW]
ηch Charging efficiency
ηdis Discharging efficiency
SOCmax Maximum state of charge [MWh]
SOCmin Minimum state of charge [MWh]
SOC ′ Initial state of charge for horizon [MWh]
N cyc Maximum number of cycles per day
P exp Maximum export capacity [MW]
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P imp Maximum import capacity [MW]
L Grid loss coefficient set by Svenska Kraftnät
R Risk surcharge set by Svenska Kraftnät [EUR/MWh]

Variables

pgen
t Generated power injected to the main node at time t [MW]

pcurt
t Curtailed generation at time t [MW]

pch
t Battery charging power at time t [MW]

pdis
t Battery discharging power at time t [MW]

pres
t Reserved capacity for imbalance handling at time t [MW]

pbuy
t Power purchased from grid at time t [MW]

psell
t Power sold to grid at time t [MW]

soct State of charge at time t [MWh]
rDA

t Day-ahead revenue at time t [EUR]
r̂IB

t Predicted imbalance-related revenue at time t [EUR]

Intraday Model

Parameters

ΦDA
t Day-ahead electricity price at time t [EUR/MWh]

ΦID
t Intraday electricity price at time t [EUR/MWh]

Φ̂IB
t Forecasted imbalance price at time t [EUR/MWh]

Gt Realised/updated generation at time t [MWh]
P ch

t Planned charging (from day-ahead) at time t [MW]
P dis

t Planned discharging (from day-ahead) at time t [MW]
P buy

t Planned purchase (from day-ahead) at time t [MW]
P sell

t Planned sales (from day-ahead) at time t [MW]
P max Battery power capacity [MW]
ηch Charging efficiency
ηdis Discharging efficiency
SOCmax Maximum state of charge [MWh]
SOCmin Minimum state of charge [MWh]
SOCprev State of charge from previous horizon [MWh]
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N cyc,left Remaining allowable cycles
P exp Maximum export capacity [MW]
P imp Maximum import capacity [MW]
L Grid loss coefficient
R Risk surcharge [EUR/MWh]

Variables

pgen
t Generated power injected to the main node at time t [MW]

pcurt
t Curtailed generation at time t [MW]

∆pch
t Adjustment to charging power at time t [MW]

∆pdis
t Adjustment to discharging power at time t [MW]

∆psell
t Adjustment to day-ahead sales at time t [MW]

∆pbuy
t Adjustment to day-ahead purchases at time t [MW]

psell,ID
t Intraday market sales at time t [MW]

pbuy,ID
t Intraday market purchases at time t [MW]

it Imbalance at time t [MW]
soct State of charge at time t [MWh]
rDA

t Day-ahead revenue (adjusted) at time t [EUR]
rID

t Intraday revenue at time t [EUR]
ĉIB

t Predicted imbalance cost at time t [EUR]
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1
Introduction

This chapter covers the background of the project to provide context and highlight
the relevance of the work. The aim and research questions are also presented, along
with the study’s limitations.

1.1 Background
In recent years, the share of renewable electricity generation in the energy system has
increased significantly. Renewable sources, such as wind and solar, have great po-
tential to generate low-cost electricity [1], but their production depends on weather
conditions that do not always align with electricity demand. In 2024, the Swedish
electricity system consisted of 25% generation from wind power and 1.5% from solar
power [2]. Electricity demand is expected to increase substantially by 2045, with
wind power anticipated to play a key role in meeting this demand [3]. However, the
growing share of renewable generation can significantly affect the revenues of wind
and solar park owners due to the cannibalisation effect. As new wind and solar
capacity is added, it produces electricity with generation profiles similar to existing
units, increasing supply during the same periods and thereby reducing market prices
and overall revenue for producers.

Both wind and solar power are intermittent resources characterised by significant
fluctuations. Wind power tends to vary irregularly over time, whereas solar power
is strongly linked to specific hours of the day [4]. As their penetration in the energy
system increases, these fluctuations can lead to voltage instability and frequency
deviations, thereby increasing the need for reserve capacity [5]. Battery energy stor-
age systems (BESS) have therefore emerged as a valuable technology for integrating
these renewable sources, as they can provide multiple services within the electricity
grid, such as Fast Frequency Reserve (FFR) and other ancillary services [6]. When
BESS is integrated with generating units and shares a common connection point to
the grid, it forms a hybrid park, enabling smoother and more controllable power
delivery [7]. Consequently, the energy supplied to the grid from a hybrid park be-
comes less volatile and better suited to support grid balancing.

There are additional advantages associated with hybrid parks. Following the in-
troduction of the 15-minute resolution in the imbalance market in spring 2025,
imbalance costs for wind and solar park owners have increased significantly, in some
cases reaching up to five times their previous levels [8]. This development reduces
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1. Introduction

the economic attractiveness of renewable investments for potential owners. The in-
tegration of energy storage could mitigate these imbalance costs by enabling the
park to better align its actual output with scheduled production [6]. In addition,
storage introduces new revenue opportunities. Since the Swedish electricity market
includes both energy trading and ancillary service markets [9], hybrid parks can
participate in multiple value streams. Consequently, hybrid parks not only improve
grid stability and reduce imbalances but also enhance profitability through energy
arbitrage and the provision of ancillary services. Furthermore, studies show that ad-
ditional benefits arise when multiple technologies share a common grid connection
point. This allows grid capacity to be utilised more efficiently, while fixed connection
costs can be distributed among several technologies [10]. However, BESS also has
limitations, and their integration into hybrid parks leads to a considerable increase
in investment costs [11]. Therefore, their economic viability and optimal integration
require further investigation.

This thesis is done in collaboration with Renewable Energy Solutions (RES), one
of the world’s largest independent renewable energy solutions companies [12]. With
more than 40 years of experience, the company has developed projects resulting in 29
GW of installed renewable energy capacity globally. RES has previously developed
separate wind farms, solar parks, and BESS in Sweden, but is now exploring the
possibility of integrating these technologies into a single hybrid park. However, de-
termining the optimal operation of such a hybrid park is a challenging and relatively
unexplored task, which constitutes the focus of this thesis.

1.2 Aim and Research Question

The objective of this thesis is to develop a techno-economic model of a hybrid energy
park consisting of wind power generation combined with BESS. The purpose of the
model is to determine the optimal operation and evaluate the financial performance
of the park relative to the generation capacity and BESS system size. The following
research question is the main topic of the thesis.

How does profitability depend on the operational strategy of the hybrid park?

The thesis will additionally answer the following subquestions:

• How can BESS be optimally sized relative to generation capacity to ensure the
profitability of a hybrid wind–storage system in the Swedish electricity market?

• How is revenue distributed across the different electricity markets?

• How does profitability vary under different yearly market conditions?

• Which factors affect the revenue of the hybrid park?

2
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1.3 Limitations
The project employs a linear optimisation investment model implemented in the
Julia modelling framework. The model can be operated with both hourly and 15-
minute time resolutions and is geographically limited to a single wind farm located
in the price area SE2. It is solved over a one-year time horizon, and this procedure
is repeated for the years 2023, 2024, and 2025. Historical day-ahead and intraday
market prices from these years are used in combination with forecasted imbalance
cost data.

Furthermore, the model does not explicitly represent the detailed behaviour of in-
dividual wind turbines. Instead, an hourly capacity factor profile is used to char-
acterise the generation of the wind farm. This capacity factor is derived from the
actual production patterns of the wind farm, thereby implicitly accounting for losses
and efficiencies in the system components between the turbines and the grid con-
nection. The corresponding power curves are constructed using data from 2023 and
are assumed to remain constant for the subsequent years. Similarly, the tariffs for
power and energy in the grid are based on the values for 2025, since these are the
only ones publicly available.

3
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2
Theory

This chapter covers the theory behind the study. Here, the characteristics of a
hybrid park are presented, as well as some key characteristics of the components of
the park. Additionally, it covers the structure of the Swedish electricity market.

2.1 Hybrid Parks
A hybrid park is an energy facility that integrates multiple technologies at the same
site, most commonly wind turbines, solar panels, and BESS, with wind and BESS
technologies being central to this study. In Sweden, hybrid parks are a relatively
new concept, however, there are already some operational parks. One example is
located in Skårmåla, where wind power is combined with solar power [13]. In Halm-
stad, there is also a hybrid park combining solar power and BESS, which is one of
Sweden’s first hybrid solar parks [14], and it was completed in 2025. In this study,
the potential of converting existing wind farms into hybrid parks with BESS is in-
vestigated.

According to Bodecker Partners [6], a hybrid park can provide several advantages,
such as delivering ancillary services, performing energy arbitrage, or providing other
grid-support services, all of which may increase revenue streams from multiple mar-
kets for the park owner. In particular, by performing energy arbitrage, the grid
connection point can be utilised more cost-effectively. This may help alleviate grid
bottlenecks and thereby create opportunities to increase installed capacity within
the park. In addition, the BESS enables the park to manage its imbalances and
provide a more reliable power output, thereby reducing imbalance costs. Further
advantages of hybrid parks include improved utilisation of existing infrastructure
and increased operational flexibility. Finally, hybrid parks can mitigate the canni-
balisation effect for wind and solar technologies, thereby increasing revenue.

Although hybrid parks and their optimal participation in electricity markets are rel-
atively new topics, they have become increasingly relevant research areas. Varotto
et al. [15] studied the optimal investment in BESS connected to a floating farm
combining wind and solar power under three different cases of BESS integration. In
that study, the batteries were modelled to enable energy arbitrage and to store elec-
tricity for sale at more favourable times. They showed that adding BESS to a wind
farm can effectively reduce curtailment and provide a more stable power output to
the grid.

5



2. Theory

In another study, Paul et al. [16] propose a multi-objective framework to deter-
mine the optimal battery capacity in connection with an offshore wind park. Their
results provide an approach that can help decision-makers choose a suitable BESS
configuration based on local requirements. For example, the study suggests that
BESS with a longer storage duration is optimal when the objective is to avoid cur-
tailment or loss-of-load hours. A similar study was conducted by Scrocca et al. [17],
where solar panels coupled with BESS are analysed in the Italian electricity market.
A stochastic model is used to optimise the participation of the park in the day-ahead
and intraday markets to reduce imbalances. They conclude that when the BESS is
only used to reduce imbalances, the net present value is negative, however, when
arbitrage is included, the BESS becomes profitable.

In a further study by Senthilkumar and Jayasankar [18], the capabilities of hy-
brid solar–wind battery systems are assessed. They evaluate multiple optimisation
approaches to determine the optimal sizing of park components to meet energy de-
mand and conclude that the Secretary Bird Optimisation algorithm yields the lowest
cost of electricity. They also find that a system including all three components gen-
erates more renewable energy, whereas configurations combining either wind or solar
power with batteries result in lower costs.

Regarding optimal participation in the electricity market, Dennis et al. [19] studied
a neighbourhood-sized BESS and its optimal participation in the Australian spot
and ancillary services markets. More specifically, they examined the impact of using
forecast data for optimisation instead of actual data and concluded that the use of
forecasted data rather than historical can significantly decrease the revenue of the
battery.

2.1.1 Generating Technologies
In this study, the modelled hybrid park uses wind power as the generation tech-
nology. Wind is an intermittent energy source and is highly dependent on weather
conditions, where wind speed is essential for the operation of the plant [20]. This
is because the power available in the wind is proportional to the cube of the wind
speed, as shown in equation 2.1.

P = 1
2CAρv3 (2.1)

where P is the theoretical power, C a constant factor depending on the design of
the wind turbine, A is the rotor swept area, ρ the air density and v the wind speed.

A turbine is designed to operate from its cut-in speed up to its cut-out speed,
with the rated speed somewhere in between. These speeds depend heavily on the
turbine design, and the operating range can vary from approximately 4 to 17 m/s
for a small turbine, while larger modern turbines can operate at wind speeds of
up to 26 m/s [20]. Above this threshold, the risk of component damage increases,
and the turbines are shut down. Together, these characteristic wind speeds create
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what is called a power curve, which illustrates the power the turbine can produce
at each wind speed. Additionally, losses should be accounted for in the curve, and
both internal and external losses exist [21]. The external losses are related to the
grid and could therefore be used to normalise the curves when comparing different
turbine models. The internal losses are specific to the turbine and park design. In
this study, the power curve is constructed using measured power output data from
the park at the grid connection point, ensuring that system losses are inherently
included.

2.1.2 Battery Energy Storage System
A crucial component of the hybrid parks considered in this study is the battery
system. How the battery can be utilised depends on its characteristics and how its
operation affects its lifetime. The lifetime of BESS is mostly dependent on discharge
rate, temperature, and depth of discharge [22]. Often, battery ageing is divided into
calendar and cycle ageing [11]. Calendar ageing is the inherent degradation over
time, primarily due to the state of charge (SOC) level and operating temperature.
Cycle ageing arises every time the battery is charged and discharged. In this case,
depth of discharge, cell temperature, and average SOC level of each cycle also in-
fluence the ageing. The end of the battery’s lifetime is often defined as when the
usable capacity falls below the end-of-life criterion, the most commonly used end-of-
life threshold being 70% or 80% of the initial capacity. In this study, a fixed lifetime
and a specified number of cycles per day are used, as this is often how warranties
are defined [23].

The costs of battery systems are projected to decrease in the coming decades [24].
In a study conducted by the National Renewable Energy Laboratory at the begin-
ning of 2025, three scenarios for future cost development for four-hour systems were
presented. In the high-cost scenario, battery costs are expected to increase during
the coming 5 years. However, in the medium- and low-cost scenarios, the costs are
projected to decrease by approximately 20% and 40%, respectively, by the year 2030.

2.1.3 Grid Connection
In the Swedish electricity system, each producer connected to the grid must pay a
transmission grid tariff to the transmission system operator (TSO) Svenska Kraftnät
(SvK) [25]. The tariff includes charges both for capacity and energy, and the purpose
of the charges is for the TSO to cover its costs for operation, maintenance, and to
purchase electricity in case of losses. These tariffs vary in size depending on the
geographical location of the connection point, although they are independent of
where on the market the electricity is sold.

2.2 The Swedish Electricity Market
This section provides an overview of the Swedish electricity market structure from
the perspective of hybrid parks with battery storage, highlighting the major revenue
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opportunities available.

The market consists of several time intervals, ranging from up to 10 years before
delivery to real-time delivery [9]. The market with the longest time horizon is the
forward market, where contracts are traded in advance to secure future prices. In
the day-ahead market, electricity is traded based on forecasts 12–36 hours before
delivery. Both the forward market and the day-ahead market are considered plan-
ning markets. The forward market will not be discussed further in this study. Next
is the intraday market, where adjustments are made to correct imbalances or fore-
cast errors from the planning markets. This market operates up to one hour before
delivery. Finally, the balancing market ensures that supply and demand remain in
balance during delivery. The balancing market operates shortly before and continu-
ously throughout delivery in 15-minute intervals. For a visual representation of the
Swedish electricity market, see Figure 2.1 below.

Figure 2.1: Overview of the Swedish electricity market.

There have been two major developments in the electricity market in recent years.
First, in October 2024, the capacity calculations were updated to be flow-based [26],
allowing for more efficient use of the grid. Second, from spring 2025 onwards, the
day-ahead, intraday, and balancing markets operate with a 15-minute resolution
[8], whereas they previously operated with an hourly resolution. The model will be
adapted to handle both time resolutions.

2.2.1 Day-Ahead Market
Most of the electricity on the market is bought and sold on the day-ahead market,
also known as the spot market [27]. In Sweden, there are two power exchanges
where market participants can trade, Nord Pool and EPEX Spot. These exchanges
are connected to other European markets through market coupling, meaning that
prices are set in a joint European auction each day. In Sweden, electricity is traded
for physical delivery in four bidding zones: SE1, SE2, SE3 and SE4. Buyers and
sellers submit bids for how much electricity they want to buy or sell in each bidding
period of the following day, at a given price and in a specific bidding zone. The bids
from variable renewable energy (VRE) sources are based on forecasts. Prices are
determined according to the marginal pricing principle, where the cost of producing
the last kilowatt-hour needed to meet demand sets the price. The auction takes
place at 12.00 Central European Time (CET) the day before the delivery day, and
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the prices are set individually for each bidding zone.

The prices on the day-ahead market can be both positive and negative. Negative
prices occur when there is an oversupply of electricity, which often happens during
peak production periods for VRE sources [28]. Negative prices create volatility in
the market and can pose challenges for producers, as there may be situations where
they effectively pay to sell their electricity. For an actor to be able to participate in
the day-ahead, or intraday, market, they need to be a member of either Nord Pool
[29] or EPEX Spot [30].

2.2.2 Intraday Market
The day-ahead market is based on forecasts of production and demand, and since
forecasts never perfectly match reality, the intraday market exists to adjust closer
to the delivery time [31]. The intraday market is smaller in volume and is mainly
used by balance responsible parties (BRPs), who are financially responsible for any
deviations between their traded volumes and the actual measured consumption and
production. BRPs can therefore trade on the intraday market to reduce their imbal-
ances and avoid imbalance settlement charges. This is done by purchasing additional
electricity on the market, meaning that the cost of correcting the imbalance corre-
sponds to the price of electricity on the intraday market [32]. The intraday market
in Sweden is traded on the same exchanges as the day-ahead market, Nord Pool
and EPEX Spot, and is also connected to other European markets through market
coupling [31].

There are three intraday auctions on the delivery day [31]. After the first auction,
continuous trading starts and continues until one hour before delivery. Trading
is conducted in the same periods as the day-ahead market, i.e. 15-minute inter-
vals since 2025. In the continuous intraday market, prices are set according to the
pay-as-bid principle, while the auctions use marginal pricing. Cross-border trading
between bidding zones requires available transmission capacity, which limits how
much power can be transferred between areas. In connection with each intraday
auction, continuous trading across borders is temporarily closed to reserve trans-
mission capacity.

2.2.3 Balancing Market
The intraday market closes one hour before delivery, meaning that some imbalances
may remain [33]. These are managed on the balancing market, which is used to
maintain a real-time balance between consumption and production. The TSO is
responsible for procuring and activating ancillary services in this market.

Ancillary services are services required to ensure the stable operation of the power
system, such as upward or downward regulation of production or consumption.
There are six types of ancillary services, each with specific requirements regarding
activation time, duration, and capacity [33]. These include Frequency Restoration
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Reserve (FRR), which can be activated either automatically (aFRR) or manually
(mFRR), Frequency Containment Reserve (FCR), which is divided into FCR for
normal operation (FCR-N) and FCR for disturbances (FCR-D), and FFR. All ser-
vices except FFR can be used for both upward and downward regulation, whereas
FFR is only used for upward regulation.

Balancing service providers (BSPs) participate in the market by offering these ser-
vices, which the TSO procures as needed. The demand for ancillary services is
increasing as the share of VRE generation grows [33]. However, the market for
ancillary services is also expected to saturate within a couple of years [6]. After
each delivery period, an imbalance settlement is carried out to calculate the costs
associated with each BRP. Each BRP is financially responsible for the imbalances
they cause, and the purpose of imbalance pricing is to provide an incentive for BRPs
to remain in balance.

To be able to bid in as a balancing service, the BSP must meet certain require-
ments. These are presented in Table 2.1.

Table 2.1: Requirements for BSP on the ancillary market, endurance requirements
vary depending on activation type and service characteristics. [34]

aFRR mFRR FCR-
N

FCR-D
up

FCR-D
down

FFR

Minimum bid
size

1 MW 1 MW 0.1 MW 0.1 MW 0.1 MW 0.5 MW

Endurance 1 h 15/30
min

1 h ≥ 20
min

≥ 20
min

5/30 s

Note. mFRR endurance depends on whether activation is scheduled (15 min) or direct (30
min). FFR also requires repeatability within 15 minutes.

The hybrid park model developed in this thesis participates in both the day-ahead
and intraday markets. Although the park does not directly participate in the bal-
ancing market as a BSP, its operation is influenced by the imbalance costs resulting
from the balancing market. Consequently, the optimisation strategy aims to min-
imise these costs by correcting forecast deviations and reducing the park’s own
imbalances through intraday market actions and BESS operation. While it would
be possible for a hybrid park to participate directly in the balancing market as a
BSP, this functionality was not included in the scope of this study, as participation
in the day-ahead and intraday markets was considered to be of greater importance
for the investigated operational strategy.
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This chapter covers the developed optimisation model as well as a description of how
different data was obtained and managed. The economic calculations are described,
and the sensitivity analysis is presented.

3.1 Optimisation Model
This section presents the optimisation model developed in this thesis. The model is a
rolling optimisation framework consisting of two-part models. The overall framework
of the model is visualised in Figure 3.1.

Figure 3.1: Visualisation of the framework for the two-part models.

The first part concerns the day-ahead planning. In this part, the model makes a
plan for the day-ahead. The model could choose to trade on the day-ahead market,
charge or discharge the BESS for arbitrage, reserve BESS capacity for eventual im-
balances, or curtail production. These decisions are based on power generation from
wind forecasts, day-ahead prices, and forecasted imbalance prices. The second part
of the model concerns the intraday plan, where the model gets access to updated
production data and intraday prices, and thus, imbalances between expected and
actual production are known. The model decides whether to utilise the potential
BESS reserve for imbalances, trade on the intraday market, accept imbalances and
pay the forecasted imbalance cost, or curtail production. When all decisions have
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been made, the actual imbalance prices are used to calculate the economic perfor-
mance of the park.

In more detail, the first model optimises day-ahead trading operations, as well as
the planned charging and discharging of the BESS, based on wind forecasts, day-
ahead prices, and forecast imbalance prices. This model generates a schedule for
day-ahead trading and BESS operations, including reserved capacity to manage po-
tential imbalances over the 00:00–24:00 period.

This schedule is then used as input to the second model, which re-optimises in-
traday operations based on the realised production of the wind farm. During the
first three hours of the optimisation horizon, actual production data is available.
Beyond this period, the model relies on forecasted values, which are adjusted to in-
corporate the average forecast error observed during hours with known production
on the same day. This average forecast error is updated for each new horizon to
include all known production values from that day. If the forecasted value is 0 MW,
the forecast error is set to 0% for that specific hour.

The Intraday Model determines the actual SOC of the BESS. The SOC is extracted
at 11:00 from the Day-Ahead Model, after which the planned charging and dis-
charging schedule is used to calculate the SOC’ at 24:00. This SOC’ is then used
as an input to the day-ahead optimisation for the subsequent 24-hour period. If
the estimated SOC exceeds either the maximum or minimum limit, it is set to the
corresponding boundary value. The intraday optimisation, however, runs continu-
ously over the full 24-hour period, and the actual SOC is used throughout this model.

Additionally, to preserve battery health, the number of cycles per day is constrained.
To account for this within the shrinking horizon formulation, an additional param-
eter is introduced to track the accumulated cycles and is passed as input to each
updated optimisation horizon.

The rolling optimisation was implemented using eight update periods. In each pe-
riod, the model is updated with three hours of realised wind production data, while
retaining the planned values, along with the added average forecast error, for the
remaining horizon. After each optimisation, the first three hours are fixed, and the
optimisation horizon is shifted forward. This process continues until the full 24-hour
period has been updated. This process is illustrated in Figure 3.2.
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Figure 3.2: Visualisation of the time scopes of the rolling horizon.

3.1.1 Day-Ahead Model
The Day-Ahead Model is an optimisation model based on a system with the struc-
ture illustrated in Figure 3.3. The system consists of a wind farm, BESS, and a
grid connection. All energy flows through a main node. Energy inflows to the node
comprise forecasted generation, BESS discharge, imbalance reserve, and purchased
electricity. Energy outflows from the node include electricity sales and BESS charg-
ing. The model also has a turbine node, where production and curtailment are
balanced.

Figure 3.3: Energy balance for the day-ahead plan.
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The optimisation is carried out for every 24-hour period over a year. The objective
of the day-ahead optimisation, as described in Equation 3.1, is to maximise the total
daily revenue of the park.

max
∑

t∈T DA

(rDA
t + r̂IB

t ) (3.1)

where rDA
t denotes the revenue in the day-ahead market based on electricity sold

and purchased, as defined in Equation 3.2, and r̂IB
t is a prediction of the potential

savings by imbalance reserve. Lastly, T DA denotes the time horizon of the day-ahead
optimisation, namely 24 hours.

rDA
t = (psell

t − pbuy
t ) · ΦDA

t − (ΦDA
t + R) · L · (psell

t + pbuy
t ), ∀t ∈ T DA (3.2)

where the first term represents the gross day-ahead market revenue, while the second
term accounts for grid tariffs associated with electricity purchases and sales on the
market. The psell

t denotes electricity sales, pbuy
t denotes electricity purchases, ΦDA

t is
the day-ahead electricity price, R is the SvK risk surcharge, and L is the SvK loss
coefficient.

The r̂IB
t variable is dependent on predicted imbalance prices and the capacity that

the model chooses to set aside as a reserve for imbalances, as defined in Equation 3.3.

r̂IB
t = pres

t · Φ̂IB
t − (ΦDA

t + R) · L · pres
t , ∀t ∈ T DA (3.3)

where the first term represents potential earnings from resolving future imbalances,
and the second term accounts for grid tariffs. The pres

t denotes the capacity re-
served for handling imbalance related to a generation deficit. This equation does
not represent actual physical or financial flows within the park, rather, it balances
the trade-off between reserving the BESS for imbalance management and using it
for arbitrage. The imbalance reserve is not a traded product and therefore does not
generate revenue, but is introduced solely to incentivise the preservation of battery
capacity, ensuring consistent treatment of day-ahead and imbalance prices. This
was also the rationale for introducing the tariff.

The Day-Ahead Model is governed by several constraints. The first is the energy
balance of the turbine node, as defined in Equation 3.4.

Ĝt = pgen
t + pcurt

t , ∀t ∈ T DA (3.4)

where Ĝt denotes the forecasted generation of the wind farm, pcurt
t signify how much

is planned to be curtailed, and pgen
t stand for how much generation is planned to be

used in the main node.

The energy flowing into the main node must strictly equal the energy flowing out of
the node, ensuring that the park remains balanced.

pbuy
t + pgen

t + pdis
t + pres

t = psell
t + pch

t , ∀t ∈ T DA (3.5)
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The BESS is subject to several constraints. In particular, the charging and dis-
charging rates must be limited so that they do not exceed the capacity of the BESS,
which is enforced through Equation 3.6.

pch
t + pdis

t + pres
t ≤ P max, ∀t ∈ T DA (3.6)

where P max is the BESS power capacity.

The model also tracks the SOC of the BESS. This is described by Equations 3.7 and
3.8. For the first hour of the horizon, the SOC from the previous horizon is used as
input, as described in Section 3.1. For subsequent time steps, the SOC is updated
based on the charging, discharging, and imbalance reserve variables.

soc1 = SOC´ + pch
1 · ηch − pdis

1 + pres
1

ηdis
(3.7)

soct = soct−1 + pch
t · ηch − pdis

t + pres
t

ηdis
, ∀t ∈ T DA \ {1} (3.8)

where soct is the decision variable, SOC´ is the estimated value of the initial step
for the horizon, ηch is the charging efficiency, and ηdis is the discharging efficiency.

The model allows both the sale and purchase of electricity through a limited grid
connection. Equations 3.9 and 3.10 enforce these capacity limits.

0 ≤ psell
t ≤ P exp, ∀t ∈ T DA (3.9)

0 ≤ pbuy
t ≤ P imp, ∀t ∈ T DA (3.10)

where P exp denotes the maximum power that the park can export to the grid and
P imp denotes the maximum power that the park can import from the grid, which
is set to the power capacity of the BESS. This is because the main use of the im-
ported electricity is to charge the battery. The export capacity was set equal to the
aggregated production capacity of the park, namely 164 MW.

To preserve battery health, the BESS must be maintained within certain levels of
charge, and cycling is limited to a fixed amount each day. The SOC is constrained
according to Equation 3.11, and the cycling is limited according to Equation 3.12.

SOCmin ≤ soct ≤ SOCmax, ∀t ∈ T DA (3.11)

where SOCmax and SOCmin denote the maximum and minimum allowable SOC,
respectively.

∑
t∈T DA

pch
t + pdis

t + pres
t ≤ 2 · (SOCmax − SOCmin) · N cyc (3.12)

where N cyc denotes the total number of cycles allowed during the horizon. Lastly, to
prevent the model from becoming unbounded, bounds are imposed on the decision
variables according to Equations 3.13–3.17.

0 ≤ pgen
t ≤ Ĝt, ∀t ∈ T DA (3.13)
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0 ≤ pcurt
t ≤ Ĝt, ∀t ∈ T DA (3.14)

0 ≤ pch
t ≤ P max, ∀t ∈ T DA (3.15)

0 ≤ pdis
t ≤ P max, ∀t ∈ T DA (3.16)

0 ≤ pres
t ≤ P max, ∀t ∈ T DA (3.17)

3.1.2 Intraday Model
In the Intraday Model, updated information regarding the realised imbalance of
the park is incorporated. For the first three hours of the optimisation horizon, the
forecast errors are known for each hour. Based on these errors, an average value
is computed and applied to the remaining hours within the horizon. This enables
the model to anticipate future imbalances and to schedule the use of the BESS.
Consequently, the decision variable for imbalance reserves is no longer required,
and since this variable was only used to prepare the BESS to manage imbalances
during favourable price conditions, it does not reduce the available capacity, thereby
allowing the model to replan accordingly. The updated system is illustrated in Figure
3.4.

Figure 3.4: Energy balance for intraday optimisation.

The objective of the intraday optimisation, as described in Equation 3.18, is to
maximise the total revenue within the current optimisation window.

max
∑

t∈T ID

(rDA
t + rID

t − ĉIB
t ) (3.18)

where, similarly to the Day-Ahead Model, the rDA
t denotes the day-ahead revenue,

and rID
t the intraday revenue. The ĉIB

t denotes the imbalance costs based on pre-
dicted imbalance prices. The day-ahead revenue rDA

t is described by equation 3.19.

rDA
t = ((P sell

t − ∆psell
t ) − (P buy

t − ∆pbuy
t )) · ΦDA

t +
− (ΦDA

t + R) · L · ((P sell
t − ∆psell

t ) + (P buy
t − ∆pbuy

t )), ∀t ∈ T ID
(3.19)
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where P sell
t denotes the quantity sold on the day-ahead market, and ∆psell

t denotes
the adjustments to these sales. Since additional sales on the day-ahead market are
not possible, these adjustments are restricted to downward revisions. Furthermore,
P buy

t denotes the quantity purchased in the day-ahead market, and ∆pbuy
t denotes

the downward adjustments to these purchases, with the same rationale as in the sell
case. The variable ΦDA

t represents the day-ahead market price at time t.

The intraday revenue rID
t is described in Equation 3.20.

rID
t = (psell,ID

t −pbuy,ID
t )·ΦID

t −(ΦDA
t +R)·L·(psell,ID

t +pbuy,ID
t ), ∀t ∈ T ID (3.20)

where psell,ID
t denotes the sales on the intraday market, pbuy,ID

t the purchases on the
intraday market, and ΦID

t the intraday market price. The tariffs in the intraday
market are still based on the day-ahead price, thus, the cost per MWh remains the
same as in Equation 3.19.

The imbalance costs ĉIB
t are calculated according to Equation 3.21.

ĉIB
t = it · Φ̂IB

t , ∀t ∈ {1, 2, 3} (3.21)
where it denotes the imbalances arising from the difference between what the park
can deliver and what it sold on the day-ahead market, and Φ̂IB

t is the forecasted
price, the same as that used in the Day-Ahead Model.

The Intraday Model is subject to several constraints, many of which are similar
to those of the Day-Ahead Model. The turbine node, where generation and curtail-
ment are balanced to determine the amount of energy transferred to the main node
of the park, is described in Equation 3.22.

Gt = pcurt
t + pgen

t , ∀t ∈ T ID (3.22)

where Gt is the production data for the intraday, pcurt
t denotes the curtailment, and

pgen
t denotes the energy injected into the main node of the park.

Next, the main node energy balance is defined as described in Equation 3.23. Here,
the parameters imported from the Day-Ahead Model, together with the updated
production, are balanced, and the park may either remain in equilibrium or enter
an imbalanced state through the it, which is dependent on the ∆psell

t and ∆pbuy
t

variables.

(P buy
t − ∆pbuy

t + pbuy,ID
t ) + pgen

t + (P dis
t + ∆pdis

t )
= (P sell

t − ∆psell
t + psell,ID

t ) + (P ch
t + ∆pch

t ), ∀t ∈ T ID
(3.23)

where P dis
t denotes the planned discharging, and ∆pdis

t the adjustments to discharg-
ing. Similarly, P ch

t denotes the planned charging, and ∆pch
t the adjustments to

charging.

The imbalance of the park can arise in several ways. Either the park fails to gen-
erate the amount of energy already sold on the day-ahead market, or the park has
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purchased energy in the day-ahead market, but when the hour arrives, it cannot
import it because, for example, the battery is full. In the first case, the result on the
market is a deficit, and in the second, a surplus, which is reflected in the negative
sign in Equation 3.24.

it = ∆psell
t − ∆pbuy

t (3.24)
The park can also choose to create an imbalance by not delivering or importing the
energy, this is only chosen when the forecasted imbalance cost shows profit in being
in imbalance.

The total sales and purchases after the intraday adjustments are constrained ac-
cording to Equations 3.25 and 3.26, ensuring that the allowed export and import
limits are not exceeded.

P sell
t − ∆psell

t + psell,ID
t ≤ P exp, ∀t ∈ T ID (3.25)

P buy
t − ∆pbuy

t + pbuy,ID
t ≤ P imp, ∀t ∈ T ID (3.26)

Similar to the Day-Ahead Model, the BESS is subject to several constraints. Equa-
tion 3.27 ensures that the battery capacity is not exceeded. Equations 3.28, 3.29,
and 3.30 govern the battery dynamics, and finally, Equation 3.31 ensures that the
maximum warranted number of cycles per day is not exceeded.

(P ch
t + ∆pch

t ) + (P dis
t + ∆pdis

t ) ≤ P max, ∀t ∈ T ID (3.27)
where P max is the power capacity of the BESS.

SOCmin ≤ soct ≤ SOCmax, ∀t ∈ T ID (3.28)
where SOCmin is the minimum allowed threshold and SOCmax is the maximum.

soc1 = SOCprev + pch
1 · ηch − pdis

1
ηdis

(3.29)

where SOCprev represents the actual value after the final operational decision for
the previous horizon.

soct = soct−1 + (P ch
t + ∆pch

t ) · ηch − (P dis
t + ∆pdis

t )
ηdis

, ∀t ∈ T ID (3.30)

∑
t∈T ID

(P ch
t + ∆pch

t ) + (P dis
t + ∆pdis

t ) ≤ 2 · (SOCmax − SOCmin) · N cyc,left (3.31)

where N cyc,left denotes the remaining cycles in the current optimisation horizon.

Lastly, to prevent the model from becoming unbounded, bounds are imposed on
the decision variables. The pgen

t variable is constrained according to Equation 3.32,
and pcurt

t according to Equation 3.33. The ∆ variables are constrained by Equations
3.34–3.37. The downward adjustment of charging and discharging is limited to the

18



3. Method

scheduled levels, while upward adjustments cannot exceed the maximum capacity
of the BESS. The market interaction variables on the intraday are constrained by
Equations 3.38 and 3.39. The import and export capacities remained constrained
by the battery capacity and the aggregated turbine power, respectively, as per the
day-ahead case.

0 ≤ pgen
t ≤ Gt, ∀t ∈ T ID (3.32)

0 ≤ pcurt
t ≤ Gt, ∀t ∈ T ID (3.33)

−P ch
t ≤ ∆pch

t ≤ (P max − P ch
t ), ∀t ∈ T ID (3.34)

−P dis
t ≤ ∆pdis

t ≤ P dis
t , ∀t ∈ T ID (3.35)

0 ≤ ∆psell
t ≤ P sell

t , ∀t ∈ T ID (3.36)

0 ≤ ∆pbuy
t ≤ P buy

t , ∀t ∈ T ID (3.37)

0 ≤ psell,ID
t ≤ P exp, ∀t ∈ T ID (3.38)

0 ≤ pbuy,ID
t ≤ P imp, ∀t ∈ T ID (3.39)
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3.2 Julia
The modelling in this study was carried out using Julia (version 1.12.4). Julia
is a high-performance programming language designed for numerical and scientific
computing, with features such as numerical stability and precision that make it
well-suited for optimisation tasks. The linear optimisation model is implemented in
Julia using the JuMP modelling framework and solved with Gurobi (version 13), a
state-of-the-art optimisation solver, under an academic license.

3.3 Economic Calculations
To evaluate the economic performance of the BESS, each size has been compared to
a base case of no BESS. For each studied year and BESS size the total annual rev-
enue, annualised capital expenditure (CAPEX) and operating expenditure (OPEX)
were calculated. The different CAPEX and OPEX costs, as well as the capital re-
covery factor (CRF), were provided by RES Group. From this, the annual net profit
(ANP) and payback period (PBP) were calculated using Equations 3.40, 3.41 and
3.42.

Total annual cost = Total CAPEX · CRF + Total OPEX (3.40)

ANP = Total annual revenue
− Total annual revenueBase case − Total annual cost

(3.41)

PBP = Total CAPEX
ANP (3.42)

In the case of a negative ANP, the PBP was set to non-existent.

3.4 Data Collection
In the following section, the data collection methods used are presented. The dataset
includes wind speed data, operational data from the wind farm, and electricity
market data.

3.4.1 Wind Speed
As the day-ahead market is based on forecasts from the previous day, a method to
replicate forecasted capacity factors is to use archived weather forecast data. The
national meteorological institutes of Sweden, Norway, and Finland jointly operate
the MetCoOp Ensemble Prediction System (MEPS) [35]. This forecasting model
has a horizontal grid spacing of 2.5 km and 65 vertical levels, and a domain of 900
× 960 grid points covering the region.

The Norwegian Meteorological Institute (MET Norway) provides an open source
dataset with inter alia archived forecast data from MEPS reaching back to 2016
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[36]. Before the bid at 12:00 CET to the day-ahead market, the most recent update
available from the MEPS Model is the 06UTC (Coordinated Universal Time) [35].
This run was hence used to retrieve forecasted wind speed data for each following
day-ahead planning.

Within this catalogue, there is also re-analysis data with horizontal grid spacing
of 1 km on the surface level only. In this report, the wind speed at hub height was
of interest and could be obtained using the log-law (Equation 3.43) [37]. From both
the forecast and the re-analysis catalogues, the wind speed at 10 m (U10) and the
surface roughness length (z0) were extracted, respectively, to interpolate the wind
speed (Uhub) at hub height (zhub) using the log-law.

Uhub = U10
ln

(
zhub

z0

)
ln

(
10
z0

) (3.43)

There are other methods to extract the wind speed at hub height from MET Nor-
way’s catalogue, however, they also contain approximations and interpolations. Fur-
thermore, the methods are limited to the variables available since the catalogue is
different for the forecast and re-analysis. By using the same method for both fore-
cast and re-analysis extractions, the limitations were the same for both data series.

The MEPS model has a time step resolution of one hour [35]. To match the change
in the electricity market in 2025 to quarters, each time step for both the forecast
and re-analysis has been linearly interpolated from one hour to four quarters. The
linear interpolation was done on the 10 m wind before the log-law interpolation to
hub height.

3.4.2 Turbine Generation

To estimate both the forecasted and actual power production of the wind farm,
wind speed data and turbine power curves were required. The power curve was
derived from production data collected from the wind farm under investigation for
the year 2023, in combination with the manufacturer-provided (warranted) power
curves. Both datasets were provided by RES. The S-shaped portion of the curve
was fitted using production data and corresponding wind speed measurements, as
illustrated in Figure 3.5a. The cut-in and cut-off wind speeds, as well as the linear
region of the power curve, were obtained from the warranted turbine specifications.
The final power curve used in this study is presented in Figure 3.5b.
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(a) Fitted park power curve. (b) Power curve used for calculations.

Figure 3.5: Power curves for the wind park.

The forecast errors compared to the actual production are illustrated in Figure 3.6
as a normal distribution. They are divided into two different plots as production
changed to a resolution of 15 minutes in 2025. It shows a small bias of overestimation
in the forecast and a standard deviation of around 20 MW.

Figure 3.6: Normal distribution of error between forecasted and actual production
for 2023, 2024 and 2025. They are divided into two different plots as production
changed to a resolution of 15 minutes in 2025.

3.4.3 Day-Ahead and Intraday Prices
To plan the operation in the day-ahead and intraday markets, electricity price data
for both markets were required. Additionally, imbalance price data were needed to
calculate the actual revenue of the wind farm. Both day-ahead and imbalance price
data were retrieved from the ENTSO-E Transparency Platform, while the intraday
market price data were provided by Ntricity. In several datasets, missing values
were observed for certain hours. To address this, linear interpolation was applied to
fill these gaps.

In 2025, the market resolution was changed to a 15-minute interval. Although
the transition occurred mid-year, the ENTSO-E Transparency Platform provided
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data at a 15-minute resolution for the whole year. However, for the periods where
the market resolution was still hourly, the same price value was assigned to each
15-minute interval within the corresponding hour. The same approach was applied
to both the intraday and imbalance price data.

3.4.4 Imbalance Forecast Data
When planning the operation of the BESS, a forecast of the imbalance price was
required. Imbalance costs are difficult to predict, as they depend on several highly
stochastic and interrelated factors. Developing a comprehensive forecasting model
for these costs were beyond the scope of this study. However, to obtain and utilise
representative forecast data, a simple machine learning model was implemented.
There are several algorithms for this purpose, including Random Forest Regression,
Quantile Regression Forest, and Extreme Gradient Boosting Regression (XGBoost)
[38]. Each of these methods has its own strengths and limitations, however, in this
study, XGBoost was selected due to its higher accuracy.

Only a simplified model was developed, trained using day-ahead prices and day-
ahead load, and evaluated against actual imbalance prices. An example of the
forecasted versus actual prices is shown in Figure 3.7. To get a more accurate fore-
cast of the imbalance cost, one could have use even more variables, such as the
weather forecast and the breakdown of the sources on which the day-ahead load is
based. However, this would significantly increase the complexity of the model and
was outside the scope and initial objectives of this study.

Figure 3.7: Imbalance price forecast and actual imbalance prices for October 2023.

The errors of the imbalance price forecast compared to the real imbalance price
are illustrated in Figure 3.8 as a normal distribution. They are divided into two
different plots as production changed to a resolution of 15 minutes in 2025. It shows
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a small bias of overestimation in the forecast and a standard deviation of around 51
EUR/MWh in 2023-2024 and around 160 EUR/MWh in 2025.

Figure 3.8: Normal distribution of error between forecasted and actual imbalance
price for 2023, 2024 and 2025. They are divided into two different plots as the
market changed to a resolution of 15 minutes in 2025.

To evaluate the model behaviour, the weekly average difference between the intraday
price and the forecasted imbalance price was calculated and presented in Figure 3.9.

Figure 3.9: Weekly average difference between intraday and forecasted imbalance
prices 2023-2025.

Significant price variations was observed throughout the period. However, a clear
trend emerged from approximately April 2025 onwards where intraday prices con-
sistently exceed the forecasted imbalance prices.
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3.5 Sensitivity Analysis

A sensitivity analysis was conducted to assess the impact of variations in input pa-
rameters on the model output and to evaluate the robustness of the results. The
parameters investigated were the export capacity of the hybrid park, accuracy of
the imbalance price forecast, BESS investment costs and increased intraday market
interactions to better compensate imbalances without BESS.

For each year and BESS size, two export capacity cases were evaluated. One case
with an expansion and one with a reduction of 20%, respectively. The same eco-
nomic calculations were performed as for the base case, where the export capacity
equals the installed capacity of the wind farm. For each export capacity, the capac-
ity grid tariff varies depending on the size of the grid connection and was calculated
according to Equation 3.44, including both export and import tariffs. The import
connection capacity was set equal to the BESS capacity.

OPEXgrid = Export Capacity · Capacity ChargeExport

+ Import Capacity · Capacity ChargeImport
(3.44)

Additionally, for each BESS size, a case with perfect imbalance price foresight was
evaluated. In these cases, the model was run using the actual historical imbalance
prices for the corresponding year. A new reference case without BESS was also
simulated and used as a baseline to evaluate the economic performance under this
assumption. This was done to evaluate the importance of forecast accuracy for
model performance.

Further, the impact of BESS investment costs was evaluated. As described in Sec-
tion 2.1.2, battery costs are projected to decrease by 20% and 40%, respectively,
by 2030. Therefore, these two cost reduction levels were selected for the sensitivity
analysis both, for the two-hour and four-hour BESS.

Lastly, a scenario was investigated in which the wind park is permitted to pur-
chase more electricity on the intraday market than the BESS can physically charge.
In practice, this may be possible because the purchased electricity does not neces-
sarily need to be physically delivered through the wind park itself. Consequently,
intraday market transactions may be used to reduce imbalance costs. Since intra-
day purchases offset the corresponding day-ahead sales, the overall energy balance
remains valid. This scenario was implemented by replacing the import constraints
defined in Equations 3.26 and 3.39 with the formulation presented in Equation 3.45.

0 ≤ pbuy,ID
t ≤ P exp, ∀t ∈ T ID (3.45)

Table 3.1 summarises all cases included in the sensitivity analysis, together with the
parameter being varied and the corresponding objective.
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Table 3.1: Summary of sensitivity analysis cases.

Case Variation Objective

Export capacity size ±20% export capacity Evaluate the impact of grid
connection size

Price forecast accu-
racy

Historical imbalance
prices used

Evaluate the impact of fore-
cast accuracy

Decreased investment
costs

20% and 40% reduc-
tions in BESS invest-
ment costs

Evaluate the sensitivity to
future cost reductions

Relaxed intraday im-
port limit

Intraday purchases al-
lowed up to the export
capacity

Evaluate imbalance reduc-
tion through increased in-
traday purchases

3.6 Use of AI
Throughout this study, AI-based tools were used to support the research, writing,
and coding processes in several ways. They were primarily used as a sounding board
for ideas, as well as for brainstorming related to modelling and exploring alternative
approaches. AI was also used to identify appropriate sources supporting different
modelling methods.

In addition, the tools were used to support the writing process by assisting with
proofreading, language refinement, and suggesting alternative phrasings. All sug-
gestions were reviewed and adapted by the authors before being incorporated into
the text.

AI was further used as a support tool in coding. Since the authors had no prior ex-
perience with Julia, it helped identify potential errors and weaknesses in the model
code. It was further used as an assistant in creating the plots for this report. How-
ever, no code was entirely generated by AI, instead, it was developed collaboratively
by the authors, with AI used only when necessary.
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Results

This chapter presents the results of the study. The developed model is applied to
a specific case but can easily be generalised to other wind farms and price areas as
well. The results begin with a presentation of the base case, to which all other cases
are compared. This is followed by a presentation of the model performance using
the original input assumptions for both two-hour and four-hour storage durations.
Finally, the results of the sensitivity analysis are presented.

4.1 Model Performance
This section presents the results used to evaluate the model’s performance and its
applicability to market conditions. Results are reported for three different years,
namely 2023, 2024, and 2025. The results are further presented for both two-hour
and four-hour battery configurations. All economic calculations are made in com-
parison to a base case, with no installed BESS. The export capacity of the park is,
in this case, equal to the aggregated power of all wind turbines, which is 164 MW.
The quarterly revenues for 2023, 2024, and 2025 are shown in Figure 4.1.

Figure 4.1: Quarterly revenue streams for the base case without BESS, 2023-2025

The total revenues are approximately 8.5 MEUR, 5.2 MEUR, and 2.3 MEUR for the
base case in the three respective years. The electricity prices, both day-ahead and
intraday, are the highest in 2023 and lowest in 2025, which explains the trend of de-
creasing income of the park. The majority of the income in 2023 and 2024 originates
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from the day-ahead market, whereas intraday trading constitutes the largest share
in 2025. The model is still able to trade in both the day-ahead and intraday markets
without BESS. Imbalance costs are observed during all four quarters in each year.
During Q1 2023 and Q4 2025, the imbalance costs exceed 1 MEUR.

When analysing the cumulative revenue for the base case over 2023–2025, it is
observed that it reaches approximately 17 MEUR. The total revenue profile closely
mirrors that of the day-ahead revenue, while intraday and imbalance revenues tend
to offset one another, as can be seen in Figure 4.2.

Figure 4.2: Cumulative revenue for the base case without BESS, 2023-2025

4.1.1 Two-Hour Storage Duration Case

This subsection presents the results for the two-hour battery configuration. One
way to measure model performance is through its economic results. Therefore, this
chapter first examines the economic performance of the model and then investigates
the operational behaviour and market strategies applied by the model. Figure 4.3
shows the BESS economics for 2023, 2024, and 2025.
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Figure 4.3: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
two-hour BESS sizes.

The results show that only the 20/40 MW/MWh and 10/20 MW/MWh BESS
configurations generate a positive ANP for 2023. However, neither configuration
achieves a PBP within the assumed 17-year battery lifetime. For 2024, all BESS
configurations yield negative ANP values, and hence no configuration achieves a
PBP. In 2025, the sizes 40/80, 60/120 and 80/160 MW/MWh show positive ANP,
however, very low with PBPs of several hundred years.

To further evaluate the model operation, the quarterly revenues for the 20/40
MW/MWh BESS are investigated. The different revenue streams are shown for
each quarter of the year in Figure 4.4. Of the delivered electricity, the share sold on
the day-ahead market is 79%, 74%, and 58% respectively for the three years.

Figure 4.4: Quarterly revenue with a 20/40 MW/MWh BESS, 2023–2025.

For all quarters in both 2023 and 2024, the revenues obtained from the intraday
market were lower than those of the reference case without BESS. The largest re-
ductions are observed during the first quarter of each year. At the same time, the
inclusion of the BESS reduced the imbalance costs throughout both years. This
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behaviour is also reflected in the operational results, where the total produced im-
balances decreased by approximately 48% and 42% for 2023 and 2024, respectively,
compared to the base case without BESS. Furthermore, in addition to the reduction
in imbalance costs, the BESS also generated increased revenue in the day-ahead
market, resulting in a positive total revenue increase for all quarters.

In 2025, all three revenue streams increase, except during Q1, where the intra-
day revenue decreases. Nevertheless, the total revenue increase remained positive
for all quarters. The reduced imbalance cost in 2025 is due to the BESS resolving
circa 16% of the imbalances that occurred in the base case.

When instead considering a larger BESS, namely the 60/120 MW/MWh config-
uration, the trends remain similar. This can be seen in Figure 4.5. Of the delivered
electricity, the share sold on the day-ahead market is 75%, 70%, and 55% respec-
tively for the three years.

Figure 4.5: Quarterly revenue with a 60/120 MW/MWh BESS, 2023–2025.

For 2023 and 2024, the model continues to reduce revenue from the intraday market
while simultaneously increasing both the day-ahead revenue and the avoided imbal-
ance costs. However, the reduction in intraday market revenue is generally lower
for both years except for Q1. The pattern for 2025 differs from the previous cases.
The intraday market becomes the largest revenue stream for all quarters of the year,
except for Q1. In Q2, the imbalance cost increases slightly, whereas a reduction in
imbalance costs is observed during the remaining quarters.

In comparison to the base case without BESS, the 60/120 MW/MWh configuration
is able to resolve approximately 64%, 56%, and 22% of the produced imbalances
during 2023, 2024, and 2025, respectively.

When considering the cumulative revenue for the 60/120 MW/MWh BESS, as shown
in Figure 4.6, a shift can be observed in where the model begins generating higher
revenues in the intraday market.
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Figure 4.6: Cumulative revenue with a 60/120 MW/MWh BESS, 2023–2025.

Up to March 2025, all revenue curves follow a relatively stable trend, where the
total revenue is closely linked to the day-ahead revenue, and the imbalance costs
and intraday revenues balance each other out. After this point, the intraday market
revenue starts to rise, altering the shape of the total revenue curve. In contrast, the
day-ahead and imbalance market revenues maintain approximately the same slope
throughout the entire period. The total revenue over the three-year period increases
to approximately EUR 25 million compared to the 17 MEUR of the base case.

Other observations from the results are the events occurring on the 10th of April
2023 and the 6th of April 2025. In the first event, an increase in imbalance costs
can be seen. For the second event, a large revenue increase can be observed. Both
events are due to large errors in the imbalance price forecast, the first resulting in
an approximate cost of 22,500 EUR for the wind farm in an hour and the second
a profit of around 31,500 EUR in one quarter. To study these events in detail, the
decisions made by the model are visualised in Figures 4.7 and 4.8. The first panel
shows the model input, the second panel shows the day-ahead decisions, the third
panel presents the intraday decisions, and the fourth panel illustrates the economic
outcome of the operation.

During the first event, the 10th of April 2023 in Figure 4.7, the day-ahead price
is positive but low, and the model buys electricity on the day-ahead market to
charge the battery together with its own production. Then, in the intraday market,
the model chooses not to buy electricity on the day-ahead market and instead buys
it on the intraday market, as the intraday price is negative and would therefore gen-
erate a profit. However, this also creates an imbalance of around 11 MWh, resulting
in a forecasted imbalance cost of approximately 123 EUR, while the forecasted profit
from this strategy change is around 1552 EUR. The forecasted imbalance cost is,
however, highly inaccurate. It was predicted to be -26 EUR/MWh, while the actual
cost turned out to be -2200 EUR/MWh, resulting in a total cost of around 22,500
EUR instead of the expected revenue of approximately 1429 EUR.
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Figure 4.7: Optimal solutions for Day-Ahead and Intraday Model 2023-04-10
13:00–14:00. Note that the scales on the y-axis for the prices in the top panel
and then revenue on the lower panel are logarithmic, while the rest are linear.
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Figure 4.8: Optimal solutions for Day-Ahead and Intraday Model 2025-04-06
05:30–05:45. Note that the scales on the y-axis for prices in the top panel and
then revenue on the lower panel are logarithmic, while the rest is linear.
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In the second event, the 6th of April 2025 in Figure 4.8, the wind park is forecasted
to produce around 126 MWh, which is initially planned to be sold on the day-ahead
market at approximately 4 EUR/MWh. The intraday market price, however, is
around 24 EUR/MWh, and the model chooses to instead sell the production there.
This creates an imbalance, however, as the forecasted imbalance cost is only around
3 EUR/MWh, the expected revenue remains higher, at approximately 535 EUR. It
is then shown that the actual imbalance cost is -1000 EUR/MWh. This results in
the imbalance created, which was initially assessed as a small cost for a larger profit,
instead leading to a substantial profit of around 31,500 EUR.

The two examples above represent extremes in both cost and revenue. A more
typical example of the model operation is presented in Figure 4.9. The forecasted
production is sold on the day-ahead market, and when the actual production falls
short during the intraday period, the BESS is discharged to cover the resulting im-
balance. In addition, the BESS is also discharged to sell additional electricity on
the intraday. Hence, the model both resolves imbalances and engages in intraday
trading in a profitable manner.

The behaviour of the model in addressing imbalances through the intraday mar-
ket can be observed on the 27th of December 2023 at 15:00, as shown in Figure
4.10. In this case, the model plans to sell at maximum capacity by combining the
forecasted wind power production with discharge from the BESS. During the con-
sidered hour, the actual production is lower than forecasted, requiring the model
to compensate for the deficit. It does so by buying on the intraday since the in-
traday price is significantly lower than both the day-ahead price and the forecasted
imbalance cost. The optimisation strategy prioritises preserving the available BESS
capacity for potential future imbalances rather than discharging the battery. How-
ever, the realised imbalance cost for the hour turns out to be relatively low and
ultimately incurs a loss. If the park had instead accepted the imbalance and not
purchased electricity on the intraday market, this loss could have been avoided.

During the same hour, the model also performs arbitrage, which is an intended
behaviour. The day-ahead price is high, and the model therefore plans to discharge
the battery during that time step in order to maximise revenue. This is successfully
achieved. This may further explain why the model chooses to purchase electricity
at relatively high intraday prices, as this limits the loss of day-ahead revenue, which
is significantly higher than both intraday and imbalance prices.
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Figure 4.9: Optimal solutions for Day-Ahead and Intraday Model 2025-11-26
06:15–06:30.
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Figure 4.10: Optimal solutions for Day-Ahead and Intraday Model 2023-12-27
15:00–16:00.
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4.1.2 Four-Hour Storage Duration Case
This subsection presents the results for the four-hour battery configuration with the
economic performance of the model. Figure 4.11 shows the BESS economics for
2023, 2024, and 2025. All of these configurations have the same export capacity as
the base case.

Figure 4.11: Comparison of PBP and ANP for 2023, 2024, 2025 with different
four-hour BESS sizes.

Once again, only the 10/40 and 20/80 MW/MWh configurations in 2023 and the
40/120, 60/240, and 80/320 MW/MWh configurations in 2025 result in a positive
ANP, which is still low, with the PBP well above the lifetime of the BESS.

The cumulative revenue streams for the 60/240 MW/MWh BESS can be seen in
Figure 4.12. The total revenue over the three-year period increases to approximately
EUR 27 million.

Figure 4.12: Cumulative revenue with a 60/240 MW/MWh BESS, 2023–2025.

Similar trends can be observed with the four-hour system, where the total revenue
closely follows the day-ahead revenue up until 2025. Then, in March 2025, the
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cumulative intraday revenue starts increasing faster and gains a larger impact on
the total revenue. Compared to the two-hour system, the four-hour system generates
higher total revenue each year.

4.2 Sensitivity Analysis

This section presents the results of the sensitivity analysis. First, the effects of
increasing and decreasing the export capacity of the park by 20% are examined for
the different cases. Next, the effects of the accuracy of the forecasted imbalance
prices on the model results are studied and the effects of reduced investment costs
of the BESS are investigated. Lastly, the effects of a relaxed intraday import limit
are studied.

4.2.1 Impact of Export Capacity Size

In this section, the results of increasing and decreasing the export capacity will be
presented. The original export capacity corresponds to the aggregated power of
all wind turbines, and a 20% increase, respectively, decrease of this value are now
studied.

With the expanded export capacity, it is still the 10 and 20 MW cases in 2023
and the 40, 60, and 80 MW cases in 2025 that result in a positive ANP. However,
only the 80/160, 60/240, and 80/320 MW/MWh configurations in 2025 show an in-
crease in ANP, while the others decrease. The PBP remains well above the lifetime
of the BESS. This can be seen in Figures 4.13 and 4.14. However, in 2025, the PBP
is reduced compared to the original export capacity case for the 80/160, 60/240,
and 80/320 MW/MWh configurations.

Figure 4.13: Comparison of PBP and ANP for 2023, 2024, 2025 with different
two-hour BESS sizes and export capacity of 120%.
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Figure 4.14: Comparison of PBP and ANP for 2023, 2024, 2025 with different
four-hour BESS sizes and export capacity of 120%.

When the export capacity is reduced to 80%, the general trend remains, as can be
seen in Figures 4.15 and 4.16. It is still the 10 and 20 MW cases in 2023, as well as
the 40/80 and 60/120 MW/MWh configurations in 2025, that result in a positive
ANP. However, the achieved values are lower, with corresponding PBP extending
to several hundred years. It can also be observed that the ANP values for the 5/10
and 10/20 MW/MWh configurations increase slightly, although not sufficiently to
achieve positive profitability.

Figure 4.15: Comparison of PBP and ANP for 2023, 2024, 2025 with different
two-hour BESS sizes and export capacity of 80%.
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Figure 4.16: Comparison of PBP and ANP for 2023, 2024, 2025 with different
four-hour BESS sizes and export capacity of 80%.

4.2.2 Impact of Price Forecast Accuracy
In this section, the results of running the model on historical imbalance prices are
compared to those obtained using the forecasted values from the base case.

For the two-hour BESS configuration, all ANP values increase in comparison to
the case based on forecasted imbalance prices, as can be seen in Figure 4.17. This
increase leads to a reduction in PBP for the cases where a PBP was previously ob-
served, and it also results in new configurations achieving a PBP. Additionally, the
10/20 and 20/40 MW/MWh configurations achieve a PBP shorter than the lifetime
for 2023 and 2025, respectively.

Figure 4.17: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
two-hour BESS sizes and perfect imbalance cost forecast.

The four-hour system configurations show similar results in Figure 4.18. The ANP
increases for all configurations, resulting in a decrease in PBP for all cases that
previously had a PBP. In addition, new configurations achieve a PBP, and several
cases obtain a PBP shorter than the lifetime, namely the 10/40, 20/80, and 40/160
MW/MWh configurations in 2025.
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Figure 4.18: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
four-hour BESS sizes and perfect imbalance cost forecast.

When examining the imbalances resolved when the model has perfect knowledge of
the imbalance prices, the analysis still focuses on the 20/40 and 60/120 MW/MWh
configurations. Under these conditions, the smaller BESS configuration resolves
46%, 39%, and 13% of the produced imbalances for the three respective years. The
larger configuration resolves 60%, 51%, and 19% of the imbalances.

When the model has access to historical imbalance prices, the utilisation of the
BESS changes, with certain charging and discharging actions being shifted in time.
This behaviour can be observed in Figure 4.19.

Figure 4.19: SOC with forecasted vs historical imbalance prices for 60/120
MW/MWh BESS in 2023-12-27.

4.2.3 Impact of Decreased Investment Costs
In this section, the impact of decreased investment costs is presented. This is in-
vestigated for both two- and four-hour systems, using BESS CAPEX reductions of
20% and 40%. A lower investment cost leads to an increase in ANP for all cases
compared to the original configurations.

The two-hour configurations with a 20% cost reduction, shown in Figure 4.20, ex-
hibit a decrease in PBP, and the 10/20 MW/MWh configuration achieves a PBP
almost five years shorter than the lifetime of the system.

When the cost is instead decreased by 40%, the PBP decreases further and is up to
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10 years shorter than the lifetime, as can be seen in Figure 4.21. In 2025, all BESS
sizes from 40/80 MW/MWh and above exhibit a PBP of around 12-13 years.

Figure 4.20: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
two-hour BESS sizes and when CAPEX has a discount of 20%.

Figure 4.21: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
two-hour BESS sizes and when CAPEX has a discount of 40%.

The four-hour configurations show similar results, although only one configuration
achieves a PBP below 17 years with the 20% discount, as can be seen in Figure 4.22.

When applying the 40% discount, there are even more cases with a PBP below
17 years. The 20/80 MW/MWh configuration exhibits an acceptable PBP for two
of the years, 2023 and 2025. This can be seen in Figure 4.23.

Common to all configurations and discount levels is that the year 2024 never achieves
a sufficiently short PBP. The only case in which it achieves a PBP is under the high-
est discount, and even then the PBP remains above 40 years for all occurrences. This
might be explained by the price levels, where the general price level in both the day-
ahead and intraday markets are lower in 2024 than in 2023, and the model is able
to achieve a better capture price in 2023 with the BESS. As a result, the BESS be-
comes more profitable in 2023 than in 2024. In 2025, however, the model manages
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to trade better on the intraday market with the BESS and is thus able to capture a
higher intraday price than it does in 2024. This likely explain the behaviour where
the year 2024 generates the lowest profitability for BESS.

Figure 4.22: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
four-hour BESS sizes and when CAPEX has a discount of 20%.

Figure 4.23: Comparison of PBP and ANP for 2023, 2024 and 2025 with different
four-hour BESS sizes and when CAPEX has a discount of 40%.

4.2.4 Impact of Relaxed Intraday Import Limit
This section investigates the impact of allowing the model to purchase electricity
on the intraday market, either to compensate for production deficits or to increase
profits through market interactions.

When the model is allowed more trading on the intraday market, it can solve more of
the imbalances on the intraday market, and the total revenues for the case without
BESS become 10.3 MEUR, 6.5 MEUR, and 3.6 MEUR. These are increases com-
pared to the base case, which means that the increase in revenue when the BESS is
introduced is reduced, and thus the value of the BESS investment decreases. This
can be seen for the two BESS sizes of interest in Figure 4.24.
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Figure 4.24: Comparison of PBP and ANP for 2023, 2024 and 2025 with 20/40
and 60/120 MW/MWh BESS with relaxed intraday import limit.

In the case without BESS, the model is no longer restricted to accepting imbalance
costs when a production deficit occurs. Instead, it can choose to purchase electricity
on the intraday market if this is expected to be more profitable. An example of this
behaviour can be observed on 1 January 2023.

In the original case shown in Figure 4.25 below, the model sells electricity on the day-
ahead market. However, when intraday purchases are allowed, the model instead
buys back the entire previously sold volume on the intraday market and curtails all
wind production during the same time step, as can be seen in Figure 4.26 below.
This behaviour occurs because the intraday price is negative, allowing the model to
profit from purchasing electricity while still retaining the revenue obtained from the
day-ahead market.

Examining the same time step for the 60/120 MW/MWh BESS configuration, where
purchasing is limited to the battery’s charging capacity, as shown in Figure 4.27, a
similar behaviour is observed. The model chooses to sell all forecasted production
on the day-ahead market. Subsequently, in the intraday market, it both purchases
electricity, sells electricity from its own production, and discharges the battery.
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Figure 4.25: Optimal solutions for Day-Ahead and Intraday Model 2023-01-01
00:00–01:00 with no BESS, original case.
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Figure 4.26: Optimal solutions for Day-Ahead and Intraday Model 2023-01-01
00:00–01:00 with no BESS and allowing intraday purchases.

46



4. Results

Figure 4.27: Optimal solutions for Day-Ahead and Intraday Model 2023-01-01
00:00–01:00 with 60/120 MW/MWh BESS, original case.
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Discussion

This chapter discusses the results presented in Chapter 4 with the focus of analysing
model performance as well as the implications of the results from a broader perspec-
tive. The section is structured as follows: model performance is presented first,
followed by the data collection method, the sensitivity analysis, and finally method
improvements and future work.

5.1 Model Performance
This section discusses the results related to the model’s performance, specifically
those presented in Section 4.1. The model is run using both two-hour and four-hour
BESS configurations, both of which are discussed in this section.

The main findings indicate that the installation of BESS increases the total rev-
enue of the wind park, but at the same time none of the evaluated BESS capacities
have high enough revenue to make the investment profitable. However, on average,
the smaller battery systems with a two-hour duration achieve higher profitability
and PBP in 2023 compared with the other systems. By contrast, the larger systems
perform better in terms of profitability and PBP in 2025 than the other configu-
rations. Despite the low profitability of the system, several important observations
can still be drawn from the obtained results.

Large differences can be observed between the studied years, raising questions about
future operational and market conditions. The 2023 market is not considered repre-
sentative of future market conditions due to, as mentioned in Section 2.2, two major
developments have occurred in the Swedish electricity market since then. First of
all, in October 2024, flow-based capacity calculations were introduced, and second,
in March 2025, the market resolution was reduced to 15 minutes. This makes the
2025 market conditions the most representative of future scenarios since this year
captures both of these developments. However, since the developments are rela-
tively new, the new market is still immature, which introduces a certain volatility to
prices. Intraday prices in 2025 exhibit differences of up to nearly 400 EUR between
consecutive 15-minute periods, compared to approximately 150 EUR and 200 EUR
between hourly periods in 2023 and 2024, respectively. Furthermore, the electricity
market remains highly dependent on political decisions, regulatory developments,
and market reforms, all of which remain uncertain going forward.
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In general, the BESS is primarily utilised to increase revenue in the day-ahead
market, although during 2025 its operation increasingly shifts towards the intraday
market. After the transition to a 15-minute market resolution in March 2025, a clear
change in optimisation behaviour can be observed. The model prioritises intraday
trading over both imbalance cost reduction and additional day-ahead revenue in
Q2 and Q3. This shift may be explained by the relative price structure, as intra-
day prices on average become higher than the forecasted imbalance prices after this
point, as illustrated in Figure 3.9.

Before this transition, the model uses the intraday market to resolve imbalances
and therefore incurs losses there. This can be explained by the varying relationship
between intraday and imbalance prices, where either market may be more favourable
depending on the time step. However, after the identified breakpoint, the intraday
prices are predominantly higher than forecasted imbalance prices, which changes
the economic incentives. The model increasingly prioritises the intraday market by
selling a larger share of the electricity there, which can be seen from the results in
Section 4.1.1.

Consequently, the intraday market evolves from being the smallest to being the
largest contributor to revenue growth. This represents a substantial change, as in
significant portions of 2023 and 2024 intraday trading instead contributes negatively
to overall revenue. During these periods, this behaviour is primarily driven by the
model’s use of the intraday market to resolve imbalances, which can be seen in the
example in Figure 4.10.

The optimisation strategy assumes the forecasts to be fully accurate. Such a com-
plete reliance on a single forecast and its accuracy is unlikely to be realistic in
practical applications. A more conservative optimisation strategy could potentially
reduce a significant portion of these losses. Another behaviour of the model is that
it occasionally creates deliberate imbalances when the forecasted imbalance price is
negative, since this may result in increased profit. Such behaviour introduces con-
siderable economic risks and would likely not be considered a realistic strategy in
real-world operations.

5.2 Data Collection
The following section discusses the accuracy and limitations of the data collection
methodology presented in Chapter 3.4. Both the forecasted and actual production
datasets were constructed using wind data obtained from MEPS together with a
power curve developed for the wind park.

The power curve was constructed using operational data from 2023, as this was
the only complete dataset available at the time of the study. It was assumed that
the relationship between wind speed and production would remain relatively sta-
ble across the remaining years, particularly since the derived curve showed good
agreement with the warranted power curve of the park. Nevertheless, the methodol-
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ogy introduces uncertainty, as turbine performance may vary between years due to
factors such as degradation, maintenance, and changing environmental conditions.
Another approach could therefore have been to construct a separate power curve for
each year of analysis.

Measured production data from the wind park were available, together with a
dataset describing the expected power output based on observed wind conditions for
each turbine. However, this expected production data was not considered suitable
as forecast data, since it was generated using measured wind speeds rather than
meteorological forecast wind. Consequently, it does not represent the uncertainty
present in real forecasting situations and would therefore underestimate imbalance
effects.

The measured production output from the park was also challenging to use di-
rectly. Several periods showed production different from the expected output, but
the dataset did not indicate whether these reductions were known in advance by the
park operator. In practice, some of these events may have been known by the opera-
tor in advance and therefore would not necessarily have resulted in imbalance costs.
Since this information was unavailable, the measured production data could not
reliably be used as a representation of actual forecast deviations. Instead, forecast
data extracted one day in advance was used to maintain consistency with realistic
market conditions.

However, this methodology also has limitations. Production scheduling for wind
parks depends on more than just average wind speed. Factors such as turbine wake
effects, park layout, icing conditions, turbine maintenance, turbulence intensity, and
operator forecasting adjustments can all influence forecasted production. These ef-
fects are not fully captured by the simplified wind-to-power conversion used in this
study.

To obtain wind speeds at hub height, wind data from MEPS was extracted at 10
metres and subsequently interpolated using the logarithmic wind profile law. This
interpolation method introduces additional uncertainty, as the logarithmic profile
represents an idealised approximation of atmospheric conditions. A more accu-
rate approach would have been to extract wind data closer to the actual turbine
hub height, thereby reducing the need for extrapolation over more than 100 metres.
However, this was not possible for the re-analysis dataset. To ensure methodological
consistency between forecast and reanalysis data, the same interpolation approach
was therefore applied to both datasets. For practical reasons, the logarithmic wind
profile law was selected instead of the power-law method. The required variables
for the logarithmic formulation were available in both datasets, which simplified the
data collection and processing workflow considerably. While the power-law approach
may in some cases provide improved accuracy, maintaining a consistent interpolation
methodology across all datasets was considered more important for the comparabil-
ity of results.
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The temporal resolution of the MEPS datasets is one hour, which was sufficient
for the analyses conducted for both 2023 and 2024. However, due to the transi-
tion to a 15-minute market resolution in 2025, additional processing of the data
was required. Linear interpolation was used to generate 15-minute values within
each hour. This approach was chosen instead of assuming constant wind conditions
throughout the hour, as it better captures gradual variations in wind speed. Nev-
ertheless, the interpolation cannot fully represent the short-term variability of wind
conditions within each quarter-hour period. Access to true 15-minute meteorological
data would therefore likely have improved the accuracy of the results.

5.3 Sensitivity Analysis
This section discusses the results of the sensitivity analysis, specifically those pre-
sented in Section 4.2. The analysis evaluates how different assumptions and mod-
elling choices influence the economic performance and operational behaviour of the
system. In particular, the effects of increased export capacity, perfect imbalance
cost forecasting, reduced CAPEX, and the possibility of compensating imbalances
through intraday market purchases are discussed. The purpose of this analysis is to
assess the robustness of the proposed optimisation strategy and to identify which
parameters have the greatest impact on the overall results.

The model was run with two different export capacity cases, one with a 20% ex-
pansion and one with a 20% reduction. The expansion results in increased annual
costs due to higher capacity charges as well as increased OPEX for the park. How-
ever, in the economic calculation it is assumed that the existing infrastructure can
accommodate the increased capacity without requiring upgrades, and therefore no
additional investment costs are included in the economic assessment. For the larger
BESS size in 2025, the increased export capacity contributes to a reduction in the
PBP, while a lower export capacity resulted in a higher PBP. This is likely due to the
fact that a larger battery enables more effective energy arbitrage, allowing greater
energy to be sold during periods of high production while prices remain elevated.

Another topic investigated in the sensitivity analysis is the impact of imbalance
cost forecast accuracy on the results. The forecast model exhibits a systematic bias
towards overestimation across all three years. For 2023–2024, the standard devia-
tion is approximately 50 EUR/MWh, while for 2025 it increases to approximately
160 EUR/MWh, which indicates a relatively high level of uncertainty. A forecast
error of 160 EUR/MWh can lead the model to make suboptimal decisions in sev-
eral situations, occasionally resulting in either large unintended profits or significant
losses. This increase in standard deviation may be explained by the drastic change
in market structure during 2025, as the model has not previously been exposed to
similar conditions and therefore may struggle to generate accurate predictions. Fur-
thermore, market prices appear to be highly volatile during the transition phase,
which may further contribute to the observed behaviour. Such cases are illustrated
in Figure 4.8 and Figure 4.7. The model was also run using historical prices to
evaluate the impact of forecast accuracy on economic performance. As shown in
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Figures 4.17 and 4.18, improved price information enables the model to make bet-
ter decisions, thereby increasing revenue. However, this increase is not sufficient to
justify any of the evaluated BESS sizes across all years. In particular, for 2024, the
investment remains unprofitable and results in a net loss for the park.

When analysing the imbalances resolved using historical imbalance prices as input
to the model, the share of resolved imbalances decreases for all investigated cases,
both for the 20/40 and 60/120 MW/MWh BESS configurations. This is likely be-
cause the model can make more informed decisions regarding which imbalances are
economically beneficial to resolve, while also allocating battery capacity more effec-
tively towards arbitrage and intraday trading. Additionally, when the model has
prior knowledge of the imbalance prices, it may intentionally allow imbalances to
occur during periods where being imbalanced is expected to be profitable. In prac-
tice, this would constitute a highly risky strategy, as it relies heavily on accurate
price forecasts. However, if the forecasts are sufficiently accurate, such a strategy
could potentially generate substantial profits for the park.

Comparing the SOC profiles for the cases using forecasted and historical imbal-
ance prices, it can be observed that the BESS changes its behaviour when it has
more accurate information about future market conditions. The model addresses
future imbalances by assuming that the remaining hours of the day will exhibit the
same average forecast error as the hours that have already passed. This assumption
arises from the rolling horizon structure of the model, where the model receives
updated information every three hours. This enables the model to reserve battery
capacity for future imbalances if it expects resolving those to be more profitable than
addressing the current imbalance. This behaviour can be observed in Figure 4.19.
For example, between 12:00 and 13:00 on 27 December 2023, the model using fore-
casted imbalance prices discharges the battery to help compensate for an imbalance.
However, when historical imbalance prices are known, the model instead chooses to
preserve battery capacity for later use and discharges the battery during periods
with higher prices. Consequently, the impact of better forecasts can be observed as
time shifts in the SOC profile.

Next, the impact of reduced investment costs is investigated. The selected cost
reductions are motivated by projected future reductions in BESS costs, as described
in Section 2.1.2. These reductions in investment costs increase the ANP for all con-
figurations, which is expected since no other parameters are changed. The results
further indicate that, under these reduced cost assumptions, the larger systems be-
come profitable with a 40% discount under the 2025 market conditions and achieve
PBPs that make them more attractive for investment. The results for 2025 are of
particular interest, as the market conditions after 2024 differ from those in 2023 and
2024, and are therefore considered more representative of future market behaviour.

When examining the effects of allowing the model to purchase larger volumes of
electricity on the intraday market, a behaviour can be observed in which the model
curtails its own production and instead fulfils its day-ahead sales using electricity
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purchased on the intraday market. The model also increasingly resolves imbalances
through intraday market purchases used to compensate for production deficits. This
type of operation becomes possible in the updated version of the model. However,
such behaviour may be limited in reality for a wind park operator, as intentionally
curtailing production while purchasing electricity from the market could be con-
strained by operational practices. Nevertheless, the result highlights how negative
intraday prices can create strong economic incentives that alter the optimisation
behaviour of the model. At the same time, negative intraday prices may reflect
periods of system-wide surplus generation, in which case such behaviour could, in
principle, contribute to system balancing by absorbing excess electricity.

5.4 Method Improvement and Future Studies
This section discusses possible improvements to the method used in this thesis and
possible areas of future studies.

One potential improvement of the method would be to increase the accuracy of
the forecasting models. As both the production forecast and the imbalance price
forecast were simplified, the accuracy of the optimisation is inevitably affected. By
implementing more advanced forecasting methods, the predicted power production
could potentially account for additional factors such as icing conditions, turbine
availability, and maintenance schedules. This would allow the forecasted production
to be compared more accurately with the measured production of the wind park,
thereby providing a more realistic representation of the resulting imbalances. How-
ever, introducing more detailed forecasting models would also reduce the general
applicability of the model, as additional site-specific data and modelling assump-
tions would likely be required.

The handling of forecast errors could be further investigated. At present, an av-
eraged value from the past hours of the day is used. However, this is the only
method implemented, and it could be further analysed how alternative approaches
might affect the model results.

Another possible improvement would be to modify the optimisation strategy so
that it does not rely entirely on forecasted values. By reducing the dependence on
perfect forecasts, the model could become more robust to forecasting errors and un-
expected market behaviour. As discussed earlier, forecasting errors, particularly in
the imbalance prices, can have significant effects on the results. If the model makes
an incorrect decision during a time step with very high prices, this can result in
substantial financial losses for the park owner. Additionally, the behaviour in which
the park puts itself in a large imbalance and takes a risk could be studied further
along with the implications of either taking that risk or not taking that risk.

Another area for further investigation is the horizon length of the model. At present,
a three-hour horizon is used, but extending this horizon could potentially improve
model revenue. However, this introduces a trade-off, as longer horizons increase ex-
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posure to uncertainty in weather and operational forecasts, which are typically more
accurate closer to the time of delivery. This trade-off could be further studied in fu-
ture work, particularly in terms of determining how far the horizon can be extended
without significantly reducing forecast accuracy and overall model performance.

A possible improvement relates to how the SOC is calculated. At present, the SOC
at 11:00, together with the day-ahead schedule, is used to estimate the initial SOC
for the next optimisation window. However, since the schedule may change between
optimisation steps, it may be more appropriate to use the most recent schedule for
charging and discharging decisions when estimating the SOC in the subsequent win-
dow.

Future studies could further investigate improvements to the variable pres
t , which

represents the reserved capacity for imbalance management. In the current imple-
mentation of the model, this variable could allow the BESS to simultaneously charge
and discharge, which may not accurately reflect realistic operational behaviour.
Modifying the associated constraints to prevent such behaviour could potentially
improve the realism and quality of the day-ahead scheduling strategy. However,
since the variable is only included in the Day-Ahead Model, such modifications are
not expected to significantly influence the intraday market operation.
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6
Conclusion

This thesis aimed to develop and evaluate a techno-economic optimisation model
for a hybrid park, as well as to address the main research question of how the prof-
itability of the hybrid park depends on its operational strategy. In this context,
factors such as participation in different electricity markets, the avoidance of imbal-
ance costs, and variations across operational years were investigated.

The optimisation model did not identify any operational strategy capable of gener-
ating sufficient revenue to fully cover the investment and operational costs associ-
ated with the BESS installation over the investment lifetime. However, the results
showed that the smaller battery sizes generated a positive ANP in 2023 for both the
two-hour and four-hour configurations. In contrast, in 2025, the larger BESS con-
figurations achieved positive ANP values for both two-hour and four-hour systems.
No configuration generated a positive profit in 2024.

The larger BESS configurations provided greater operational flexibility, enabling
the wind park to perform more arbitrage operations and resolve a larger share of
imbalances, which may also provide benefits to the overall electricity system. The
results indicate that more imbalances were resolved during the earlier years, whereas
in 2025 the model relied more heavily on intraday market trading. This suggests
that the difference between intraday and imbalance prices plays an important role in
determining the model’s operational behaviour and the dominant revenue stream.
Furthermore, the results showed that inaccurate imbalance forecasts occasionally
caused the model to make operational decisions that unintentionally resulted in ei-
ther substantial losses or substantial profits.

The sensitivity analysis showed that increasing the export capacity of the park,
from being the same as the installed wind farm capacity of 164 MW to 197 MW,
can be beneficial primarily for the larger four-hour BESS configurations. At the
same time, a decreased export capacity to 131 MW showed no benefit. The analysis
also demonstrated that using historical electricity prices resulted in higher economic
profits and made certain BESS sizes profitable investments during specific years.
In specific, the 10/20 MW/MWh for the 2023 scenario, and 20/40, 10/40, 20/80,
and 40/160 MW/MWh in 2025, approached a PBP within the investment lifetime.
When investment cost reductions of 20% were applied to the economic calculations,
the smaller BESS configurations, 10/20, 20/40 and 10/40 MW/MWh became prof-
itable in the 2023 scenario. Furthermore, the 40% cost reductions also made all
of the larger BESS configurations, namely 40/80, 60/120, 80/160, 40/160, 60/240
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and 80/320 MW/MWh profitable under the 2025 conditions. Similarly, all of these
sizes failed to generate profitable operation during the years 2023 and 2024, except
for 40/80 MW/MWh in 2023. Consequently, larger BESS installations only appear
economically favourable under the market conditions observed in 2025. Lastly, the
sensitivity analysis showed that the intraday trading constraints are significant, as
the model was able to increase its revenue even without BESS installation when
greater participation in the intraday market was allowed. Overall, the sensitivity
analysis suggests that profitability mainly depends on reduced investment costs, im-
proved imbalance forecast accuracy, and increased intraday market participation,
while export capacity is primarily important for the largest four-hour BESS config-
urations.

The results also demonstrate substantial variations between the studied years, in-
dicating that the revenue potential of hybrid parks is highly dependent on market
conditions and the cost of BESS. This suggests that dimensioning an optimal BESS
configuration based solely on the results from a single year may lead to misleading
conclusions regarding long-term profitability and system performance.

58



References

[1] M. J. Montelius, Vindkraftens påverkan på elpriset, Bachelor’s thesis, Lund,
Sweden, May 2016. [Online]. Available: http://lup.lub.lu.se/student-
papers/record/8881079.

[2] Svenska kraftnät. “Elstatistik”. Accessed: Feb. 4, 2026. [Online]. Available:
https://www.svk.se/om-kraftsystemet/kraftsystemdata/elstatistik/.

[3] Energimyndigheten. “Vägen mot en eldriven framtid”. Accessed Feb 4, 2026.
[Online]. Available: https://www.energimyndigheten.se/nyhetsarkiv/
2022/vagen-mot-en-eldriven-framtid/.

[4] F. Hedenus, N. Jakobsson, L. Reichenberg, and N. Mattsson, “Historical wind
deployment and implications for energy system models”, Renewable and Sus-
tainable Energy Reviews, vol. 168, p. 112 813, 2022, issn: 1364-0321. doi:
https://doi.org/10.1016/j.rser.2022.112813.

[5] S. Liu and C. Zhao, “A hybrid energy storage power allocation strategy for
smoothing wind power fluctuations based on savitzky-golay filtering and bslo-
optimized variational mode decomposition”, Journal of Energy Storage, vol. 152,
p. 120 784, 2026, issn: 2352-152X. doi: https://doi.org/10.1016/j.est.
2026.120784.

[6] Bodecker Partners, “Batterilagring och framtidens hybridparker”, Svensk Vin-
denergi, Report, Jun. 2024, Accessed: Feb. 13, 2026. [Online]. Available: https:
//svenskvindenergi.org/wp-content/uploads/2024/06/Batterilagring-
och-framtidens-hybridparker_Bodecker-Partners_20240619.pdf.

[7] H. F. van der Zant et al., “The energy park of the future: Modelling the
combination of wave-, wind- and solar energy in offshore multi-source parks”,
Heliyon, vol. 10, e26788, 2024. doi: 10.1016/j.heliyon.2024.e26788.

[8] Varberg Energi. “Extrema balanskostnader hotar sol och vind”. Accessed Feb.
3, 2026. [Online]. Available: https://www.varbergenergi.se/nyheter/
extrema-balanskostnader-hotar-sol-och-vind.

[9] Svenska kraftnät. “Om elmarknaden”. Accessed: Feb. 3, 2026. [Online]. Avail-
able: https://www.svk.se/om-kraftsystemet/om-elmarknaden/.

[10] S. Golroodbari et al., “Pooling the cable: A techno-economic feasibility study of
integrating offshore floating photovoltaic solar technology within an offshore
wind park”, Solar Energy, vol. 219, pp. 65–74, 2021, issn: 0038-092X. doi:
https://doi.org/10.1016/j.solener.2020.12.062.

59

http://lup.lub.lu.se/student-papers/record/8881079
http://lup.lub.lu.se/student-papers/record/8881079
https://www.svk.se/om-kraftsystemet/kraftsystemdata/elstatistik/
https://www.energimyndigheten.se/nyhetsarkiv/2022/vagen-mot-en-eldriven-framtid/
https://www.energimyndigheten.se/nyhetsarkiv/2022/vagen-mot-en-eldriven-framtid/
https://doi.org/https://doi.org/10.1016/j.rser.2022.112813
https://doi.org/https://doi.org/10.1016/j.est.2026.120784
https://doi.org/https://doi.org/10.1016/j.est.2026.120784
https://svenskvindenergi.org/wp-content/uploads/2024/06/Batterilagring-och-framtidens-hybridparker_Bodecker-Partners_20240619.pdf
https://svenskvindenergi.org/wp-content/uploads/2024/06/Batterilagring-och-framtidens-hybridparker_Bodecker-Partners_20240619.pdf
https://svenskvindenergi.org/wp-content/uploads/2024/06/Batterilagring-och-framtidens-hybridparker_Bodecker-Partners_20240619.pdf
https://doi.org/10.1016/j.heliyon.2024.e26788
https://www.varbergenergi.se/nyheter/extrema-balanskostnader-hotar-sol-och-vind
https://www.varbergenergi.se/nyheter/extrema-balanskostnader-hotar-sol-och-vind
https://www.svk.se/om-kraftsystemet/om-elmarknaden/
https://doi.org/https://doi.org/10.1016/j.solener.2020.12.062


References

[11] A. Grimaldi, F. D. Minuto, A. Perol, S. Casagrande, and A. Lanzini, “Techno-
economic optimization of utility-scale battery storage integration with a wind
farm for wholesale energy arbitrage considering wind curtailment and battery
degradation”, Journal of Energy Storage, vol. 112, p. 115 500, 2025, issn: 2352-
152X. doi: https://doi.org/10.1016/j.est.2025.115500.

[12] RES Group. “Res | global renewable energy solutions”. Accessed: Feb. 2, 2026.
[Online]. Available: https://www.res-group.com/.

[13] European Energy Sverige. “Skåramåla pv”. Accessed: 3. Feb, 2026. [Online].
Available: https://se.europeanenergy.com/vad-vi-gor/sol/skaramala-
pv/.

[14] Sungrow. “Hybrid Solar Deployment: 6.5 MW PV+ESS Project in Sweden”.
Accessed: Feb. 25, 2026. [Online]. Available: https://www.sungrowpower.
com/en/case/utility-scale/sweden-first-hybrid-solar-park-6-5mw-
4-4mwh-sweden.

[15] S. Varotto, V. Trovato, E. Kazemi-Robati, and B. Silva, “Optimal sizing
and energy management of battery energy storage systems for hybrid off-
shore farms”, in 2024 IEEE 22nd Mediterranean Electrotechnical Conference
(MELECON), 2024, pp. 390–395. doi: 10.1109/MELECON56669.2024.10608500.

[16] S. Paul, A. P. Nath, and Z. H. Rather, “A multi-objective planning framework
for coordinated generation from offshore wind farm and battery energy storage
system”, IEEE Transactions on Sustainable Energy, vol. 11, no. 4, pp. 2087–
2097, 2020. doi: 10.1109/TSTE.2019.2950310.

[17] A. Scrocca, R. Pisani, D. Andreotti, G. Rancilio, M. Delfanti, and F. Bovera,
“Optimal spot market participation of PV + BESS: Impact of BESS sizing in
utility-scale and distributed configurations”, Energies, vol. 18, no. 14, p. 3791,
2025, issn: 1996-1073. doi: 10.3390/en18143791.

[18] T. Senthilkumar and T. Jayasankar, “Optimal sizing of Hybrid Solar-Wind
Battery System (HSWBS) using secretary bird optimization”, Electric Power
Systems Research, vol. 251, p. 112 284, 2026. doi: 10.1016/j.epsr.2025.
112284.

[19] P. Dennis, R. Passey, M. S. Samhan, and B. Yildiz, “Neighbourhood-scale
battery energy storage system revenue optimisation in distribution networks:
Impact of price forecasts”, Energy Reports, vol. 14, pp. 3204–3220, 2025. doi:
10.1016/j.egyr.2025.10.011.

[20] P. Breeze, “Chapter 2 - the wind energy resource”, in Wind Power Generation,
P. Breeze, Ed., Academic Press, 2016, pp. 9–17, isbn: 978-0-12-804038-6. doi:
https://doi.org/10.1016/B978-0-12-804038-6.00002-5.

[21] H. Hodel, L. Göransson, P. Chen, and O. Carlson, “Which wind turbine types
are needed in a cost-optimal renewable energy system?”, Wind Energy, vol. 27,
no. 6, pp. 549–568, 2024. doi: https://doi.org/10.1002/we.2900.

60

https://doi.org/https://doi.org/10.1016/j.est.2025.115500
https://www.res-group.com/
https://se.europeanenergy.com/vad-vi-gor/sol/skaramala-pv/
https://se.europeanenergy.com/vad-vi-gor/sol/skaramala-pv/
https://www.sungrowpower.com/en/case/utility-scale/sweden-first-hybrid-solar-park-6-5mw-4-4mwh-sweden
https://www.sungrowpower.com/en/case/utility-scale/sweden-first-hybrid-solar-park-6-5mw-4-4mwh-sweden
https://www.sungrowpower.com/en/case/utility-scale/sweden-first-hybrid-solar-park-6-5mw-4-4mwh-sweden
https://doi.org/10.1109/MELECON56669.2024.10608500
https://doi.org/10.1109/TSTE.2019.2950310
https://doi.org/10.3390/en18143791
https://doi.org/10.1016/j.epsr.2025.112284
https://doi.org/10.1016/j.epsr.2025.112284
https://doi.org/10.1016/j.egyr.2025.10.011
https://doi.org/https://doi.org/10.1016/B978-0-12-804038-6.00002-5
https://doi.org/https://doi.org/10.1002/we.2900


References

[22] J. Wang et al., “Degradation of lithium ion batteries employing graphite nega-
tives and nickel–cobalt–manganese oxide + spinel manganese oxide positives:
Part 1, aging mechanisms and life estimation”, Journal of Power Sources,
vol. 269, pp. 937–948, 2014, issn: 0378-7753. doi: https://doi.org/10.
1016/j.jpowsour.2014.07.030.

[23] J. Örneblad, Personal conversation, Apr. 2026.
[24] W. Cole, V. Ramasamy, and M. Turan, “Cost projections for utility-scale bat-

tery storage: 2025 update”, National Renewable Energy Laboratory of the
U.S. Department of Energy, Tech. Rep. NREL/TP-6A20-93281, 2025, Ac-
cessed: May. 13, 2026. [Online]. Available: https://docs.nrel.gov/docs/
fy25osti/93281.pdf.

[25] Svenska kraftnät. “Tariff, prislistor, nyttjandeavtal och abonnemang”, Ac-
cessed: Feb. 25, 2026. [Online]. Available: https://www.svk.se/aktorsportalen/
anslut-till-transmissionsnatet/transmissionsnatstariffen/tariff-
prislistor-avtal-abonnemang/.

[26] Svenska kraftnät. “Kapacitetsberäkning”, Accessed: May 29, 2026. [Online].
Available: https://www.svk.se/om- kraftsystemet/om- elmarknaden/
kapacitetsberakning/.

[27] Svenska Kraftnät. “Dagen före-marknaden – fysisk handel med el”. Accessed:
Feb. 2, 2026. [Online]. Available: https://www.svk.se/om-kraftsystemet/
om-elmarknaden/dagen-fore-marknaden--fysisk-handel-med-el/.

[28] Energiföretagen. “Energiföretagen förklarar negativa elpriser”. Accessed: Feb.
12, 2026. [Online]. Available: https://www.energiforetagen.se/pressrum/
nyheter/2024/juli/energiforetagen-forklarar-negativa-elpriser/.

[29] Nord Pool. “Becoming a customer”. Accessed: Feb. 23, 2026. [Online]. Avail-
able: https://www.nordpoolgroup.com/en/trading/join-our-markets/
becoming-a-customer/.

[30] EPEX Spot. “Become a member”. Accessed: Feb, 23, 2026. [Online]. Available:
https://www.epexspot.com/en/becomeamember.

[31] Svenska Kraftnät. “Intradagsmarknaden – justering av dagen före-handel”.
Accessed: Feb. 2, 2026. [Online]. Available: https : / / www . svk . se / om -
kraftsystemet/om-elmarknaden/intradagsmarknaden--justering-av-
dagen-fore-handel/.

[32] M. Brolin, C. Hamon, and S. Nyström, “Intradagmarknaden: En generell
beskrivning av intradagmarknadens funktion”, Energiforsk, Energiforsk Re-
port 2021:797, 2021, Accessed: Feb. 12, 2026. [Online]. Available: https://
energiforsk.se/media/30200/intradagmarknaden-energiforskrapport-
2021-797.pdf.

[33] Svenska Kraftnät. “Balansering av kraftsystemet”. Accessed: Feb 2, 2026. [On-
line]. Available: https://www.svk.se/om-kraftsystemet/om-systemansvaret/
balansering-av-kraftsystemet/.

61

https://doi.org/https://doi.org/10.1016/j.jpowsour.2014.07.030
https://doi.org/https://doi.org/10.1016/j.jpowsour.2014.07.030
https://docs.nrel.gov/docs/fy25osti/93281.pdf
https://docs.nrel.gov/docs/fy25osti/93281.pdf
https://www.svk.se/aktorsportalen/anslut-till-transmissionsnatet/transmissionsnatstariffen/tariff-prislistor-avtal-abonnemang/
https://www.svk.se/aktorsportalen/anslut-till-transmissionsnatet/transmissionsnatstariffen/tariff-prislistor-avtal-abonnemang/
https://www.svk.se/aktorsportalen/anslut-till-transmissionsnatet/transmissionsnatstariffen/tariff-prislistor-avtal-abonnemang/
https://www.svk.se/om-kraftsystemet/om-elmarknaden/kapacitetsberakning/
https://www.svk.se/om-kraftsystemet/om-elmarknaden/kapacitetsberakning/
https://www.svk.se/om-kraftsystemet/om-elmarknaden/dagen-fore-marknaden--fysisk-handel-med-el/
https://www.svk.se/om-kraftsystemet/om-elmarknaden/dagen-fore-marknaden--fysisk-handel-med-el/
https://www.energiforetagen.se/pressrum/nyheter/2024/juli/energiforetagen-forklarar-negativa-elpriser/
https://www.energiforetagen.se/pressrum/nyheter/2024/juli/energiforetagen-forklarar-negativa-elpriser/
https://www.nordpoolgroup.com/en/trading/join-our-markets/becoming-a-customer/
https://www.nordpoolgroup.com/en/trading/join-our-markets/becoming-a-customer/
https://www.epexspot.com/en/becomeamember
https://www.svk.se/om-kraftsystemet/om-elmarknaden/intradagsmarknaden--justering-av-dagen-fore-handel/
https://www.svk.se/om-kraftsystemet/om-elmarknaden/intradagsmarknaden--justering-av-dagen-fore-handel/
https://www.svk.se/om-kraftsystemet/om-elmarknaden/intradagsmarknaden--justering-av-dagen-fore-handel/
https://energiforsk.se/media/30200/intradagmarknaden-energiforskrapport-2021-797.pdf
https://energiforsk.se/media/30200/intradagmarknaden-energiforskrapport-2021-797.pdf
https://energiforsk.se/media/30200/intradagmarknaden-energiforskrapport-2021-797.pdf
https://www.svk.se/om-kraftsystemet/om-systemansvaret/balansering-av-kraftsystemet/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/balansering-av-kraftsystemet/


References

[34] Svenska Kraftnät. “Om olika reserver”. Accessed: Feb. 2, 2026. [Online]. Avail-
able: https://www.svk.se/aktorsportalen/bidra-med-reserver/om-
olika-reserver/.

[35] I.-L. Frogner, A. T. Singleton, M. Ø. Køltzow, and U. Andrae, “Convection-
permitting ensembles: Challenges related to their design and use”, Quarterly
Journal of the Royal Meteorological Society, vol. 145, no. S1, pp. 90–106, 2019.
doi: https://doi.org/10.1002/qj.3525.

[36] Norwegian Meteorological Institute. “MET Norway Numerical Weather Pre-
diction products”. Accessed: Feb. 26, 2026. [Online]. Available: https : / /
thredds.met.no/thredds/metno.html.

[37] M. L. Kubik, P. J. Coker, and C. Hunt, “Using meteorological wind data to
estimate turbine generation output: A sensitivity analysis”, in Linköping Elec-
tronic Conference Proceedings (ECP), Vol. 15, Article 004, Linköping Univer-
sity Electronic Press, 2011. [Online]. Available: https://ep.liu.se/ecp/
057/vol15/004/ecp57vol15_004.pdf.

[38] A. Lucas, K. Pegios, E. Kotsakis, and D. Clarke, “Price forecasting for the
balancing energy market using machine-learning regression”, Energies, vol. 13,
no. 20, 2020, issn: 1996-1073. doi: 10.3390/en13205420.

62

https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/
https://doi.org/https://doi.org/10.1002/qj.3525
https://thredds.met.no/thredds/metno.html
https://thredds.met.no/thredds/metno.html
https://ep.liu.se/ecp/057/vol15/004/ecp57vol15_004.pdf
https://ep.liu.se/ecp/057/vol15/004/ecp57vol15_004.pdf
https://doi.org/10.3390/en13205420


DEPARTMENT OF ENVIRONMENTAL AND ENERGY SCIENCES
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden
www.chalmers.se

www.chalmers.se

	List of Acronyms
	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Background
	Aim and Research Question
	Limitations

	Theory
	Hybrid Parks
	Generating Technologies
	Battery Energy Storage System
	Grid Connection

	The Swedish Electricity Market
	Day-Ahead Market
	Intraday Market
	Balancing Market


	Method
	Optimisation Model
	Day-Ahead Model
	Intraday Model

	Julia
	Economic Calculations
	Data Collection
	Wind Speed
	Turbine Generation
	Day-Ahead and Intraday Prices
	Imbalance Forecast Data

	Sensitivity Analysis
	Use of AI

	Results
	Model Performance
	Two-Hour Storage Duration Case
	Four-Hour Storage Duration Case

	Sensitivity Analysis
	Impact of Export Capacity Size
	Impact of Price Forecast Accuracy
	Impact of Decreased Investment Costs
	Impact of Relaxed Intraday Import Limit


	Discussion
	Model Performance
	Data Collection
	Sensitivity Analysis
	Method Improvement and Future Studies

	Conclusion
	Bibliography
	References

