Vaasan yliopisto

UNIVERSITY OF VAASA

Md Ashfaqul Alam

Optimization Model Based Techno-Economic
Assessment for Optimal Siting, Sizing and Energy
Market Participation of Battery Energy Storage
System to Enhance Grid Flexibility

School of Technology and Innovations
Master of Science in Technology
Master’s Programme in Smart Energy

Vaasa 2025



UNIVERSITY OF VAASA

School of Technology and Innovations

Author: Md Ashfaqul Alam

Title of the thesis: Optimization Model Based Techno-Economic Assessment for
Optimal Siting, Sizing and Energy Market Participation of Battery
Energy Storage System to Enhance Grid Flexibility

Student Number: 2302031

Degree: Master of Science in Technology

Discipline: Masters in Smart Energy

Supervisor: Hannu Laaksonen

Co-supervisor: Seyedehsahar Seyedbarhagh

Year: 2025 Pages: 79
ABSTRACT:

This thesis investigates a 20 kV Medium Voltage (MV) radial distribution network located in
Porkholm, Finland, as part of the PEAK project in collaboration with the Distribution System
Operator, Esse Elektro-Kraft Ab. The Porkholm 20 kV distribution network, which serves a
combination of dispersed urban and scattered rural consumers, often faces significant
operational challenges, including irregular load profiles and voltage instability. These issues
compromise system reliability and efficiency, highlighting the growing need for enhanced
network flexibility to accommodate fluctuating demand.

To address these challenges, this study explores the integration of a Battery Energy Storage
System (BESS) as a flexible solution that enhances grid stability while maximizing revenue
through strategic participation in energy markets. A two-stage optimization framework is
developed, incorporating piecewise linearized power flow modelling and Mixed-Integer Linear
Programming (MILP), to determine the optimal siting, sizing and energy market participation of
BESS. This technical approach is complemented by a comprehensive techno-economic analysis,
aiming to balance operational constraints with market based economic performance.

In the first stage, the optimal BESS location is identified by targeting nodes with the highest
voltage deviation and minimum BESS size, thereby improving voltage stability and overall
network flexibility. Simulation results confirm that strategic placement of BESS significantly
enhances voltage profiles and system reliability. The second stage involves determining the
optimal BESS size by simulating its participation in both the Day-Ahead Spot Market and the
Frequency Containment Reserve for Normal operation (FCR-N) market. In this stage, a strategic
market participation approach is developed to allocate BESS capacity effectively between the
two markets, aiming to maximize revenue while maintaining grid support functions.

Finally, the economic feasibility of BESS deployment is evaluated using key financial metrics. The
Net Present Value (NPV) analysis confirms positive long-term returns, with a payback period of
approximately 6 years under a 5% discount rate. The Levelized Cost of Electricity (LCOE) is
calculated at 0.2788 euro per kWh over the project’s lifetime. These findings demonstrate that
when BESS is optimally sited, correctly sized, and strategically integrated into energy markets, it
can deliver both technical benefits and cost-effective energy services to the MV distribution
network.

KEYWORDS: Battery Energy Storage System (BESS), Network Flexibility, MILP Optimization,
Congestion Mitigation, FCR-N, Spot Market, Techno-economic Analysis.
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1 Introduction

A stable power system’s fundamental requirement is to balance supply and demand
across the network (Ten & Hou, 2024). An unmanageable power system creates frequent
demand spike which leads to instability, increased operational costs and price spike, all
of which negatively impact both on utilities and consumers (Sayed et al., 2024).
Balancing can be achieved utilizing different types of Flexible Energy Resource (FER)
considering existing network’s characteristics across Transmission System Operator
(TSO) to consumer level (Uzum et al., 2024). While TSO handles bulk-system balancing,
DSO increasingly needs local flexibility to manage distribution level constraints (Patig et
al., 2022). However, this thesis focuses on a Finnish Distribution System Operator (DSO)
Esse Elektro-Kraft Ab Medium Voltage (MV) radial networks flexibility considering
Battery Energy Storage System (BESS). In this context, a two-stage optimization model
and an economic model has been developed to allocate optimal siting and sizing of BESS
and its participation in different energy market maintaining coordination between TSO
-DSO and conducted a comprehensive Techno-Economic analysis. This chapter
illustrates a thorough background to the study, clear definition of the problem
statement, organising the objective of the thesis and formulation of the research
questions. Through this foundational overview, first chapter provides a clear insight of
the research and demonstrates the importance of technoeconomic analysis to integrate

BESS in MV network.

1.1 Background and Motivation

The development of power system is one of the remarkable engineering and
technological achievement in human history. From the early ages, the goal is the same
to deliver electricity reliably, safely, and economically. Though the goal is same but the
way we try to manage is changed. Today’s energy system is undergoing major
transformation driven by climate changes, digitalization and green energy transition. In

recent years, Variable Renewable Energy (VRE) integration is remarkably increased. By



20t century, VRE generation has been increased around 9000 TWh and in Finland 42.1%
of electricity supply is provided with VRE. This transformation brings with new challenges
both technically and economically and requires developing new solution and strategies

to manage.
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Figure 1. Globally Renewable Energy Integration (Ritchie et al., 2024).
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Figure 2. Finland Renewable Energy Generation (Statista, 2025).



1.1.1 Flexibility Needs in MV Network

Earlier MV networks consisted of radial lines designed to only carry power from the
primary substation to the loads, leading to a steady variation of voltage along the route
and slowly changing load curves unlike transmission corridors which deal with bulk
power in both directions. However, nowadays MV network is integrating more DER and
facing evolving load patterns, it becomes more technical challenges in maintaining
power quality and system wide stability (Muzammal Islam et al., 2024). A Photovoltaic
(PV) plant, the day with maximum solar radiation, generates more power pushing feeder
to reach over voltages, while heavy peak loads or remote rural consumers rise heavy
voltage drops (Gandhi et al., 2020). Traditional voltage control method or equipment
like On Load Tap Changer (OLTC) or capacitor banks may struggle to effectively respond
to frequently fluctuations with renewable generation which leads to raise voltage

limitations (Sarimuthu et al., 2016).

On the other hand, by integrating DER, there are challenges adherence to thermal limits
of lines and transformers (Coletta et al., 2020). MV radial networks have capacity ratings,
and surges in demand for example electric heating during winter peaks in cold climate
or generating more power from DER can cause overloads (J. Hu et al., 2021). Such
thermal stress does not only cause to equipment damage but also make DSO to curtail
DER output or reinforce lines. Simultaneously, Electric Vehicle (EV) charging or electric
heating, can greatly increase peak loads on 20 kV feeders. Similarly, clustering of PV or
wind can create network congestion in some parts of the network operating near their
transformer limits. Network Congestion and thermal issues generally occur relatively for
brief periods mostly in peak hours or high generation intervals; however, DSO must

consider infrastructure planning to meet those worst-case situations (Silva et al., 2018).

The active injection of power from various DER sources at the MV level alters fault
currents and power flow directions, which is challenging to maintain coordination of
protection devices and the stability of the network(Razavi et al., 2019). Besides DER

issues, rural distribution system encounters remarkable voltage drops in normal
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conditions because the consumers are distributed over long intervals in long radial
network (Rakhmonov et al., 2020). Overusing electrical heating in winter can lead to
currents above their safety limits, and starting large motors also causes short voltage
drops which can lead a section of the network to low voltages (Akmal et al., 2014). These
technical issues collectively limit the hosting capacity of the distribution network for
example the amount of new DER capacity that can be accommodated without violating
voltage or thermal limits (Dong et al., 2024). In summary, MV distribution network in
Finland and elsewhere is facing complication related to manage voltage regulation
difficulties, thermal overload risk and congestion points as the network is evolving to
more dynamic configuration. This makes to deploy FER to mitigate these issues in real

time.

1.1.2 Enhancing Grid Flexibility with BESS

BESS provides promising support to address and mitigate above challenges and enhance
grid stability. BESS can act as a highly flexible controllable resource connected at the MV
network and enhances operational supports and infrastructure management. Recent
studies underscore that appropriate allocation of BESS placement and sizing improve
distribution network performance and reliability. Moreover, by the integration of
innovative control strategy, BESS can activate charging during off peak periods for low
demand or excess generation and discharging during on peak hour or shortfalls, support
peak shaving and load levelling (Elio & Milcarek, 2023). Therefore, it manages thermal
stress on feeders and transformers by reducing peak currents and mitigates congestion

and costly network upgrades (Prakash et al., 2022).

BESS unit can also provide rapid voltage regulation and improve power quality in the
network by injecting or absorbing reactive or active power in response with local grid
during voltage rise due to high penetration of solar generation as well as support sagging
voltage during heavy load (Ghazavi Dozein et al., 2021). Additionally, BESS can store
surplus power from VRE and utilizes when required and increases DER hosting capacity

without effecting voltage and thermal limits. In essence with the integration of BESS, the
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remaining power from utilities during off peak period are managed without violating

network constraints (Efkarpidis et al., 2023).

Beyond steady state operation, BESS can highly improve grid reliability and resiliency
with the help of its fast-acting capabilities. During the event of upstream outages or fault,
Grid Forming Inverter (GFM) based BESS can independently handle the abnormality of
the system and can steadily supply power to the network in islanded mode by
maintaining network constraints (Babu et al., 2024). Moreover, BESS can be activated as
a backup power support when network faces overload resulting from unexpected load
growth (Parthasarathy et al., 2022). Normally in this type of situation, DSO dispatches
some parts of the network to manage this kind of situations however with the
deployment of BESS such kind of issues are smartly managed by supplying extra required
power to the network such capabilities improve the System Average Interruption
Duration Index/System Average Interruption Frequency Index (SAIDI/SAIFI) reliability
indices (Siregar & Sihaloho, 2024). Overall, BESS enables DSO to manage peak demand,
improve renewable integration, stabilizes voltage and frequency and lowers the need of

network upgrades.

1.1.3 BESS in Energy Markets

While DSO deploys BESS as a primary support for the local grid, the same asset can be
utilized in different energy arbitrage and ancillary service markets to support TSO and
can earn additional revenues. Effective integration of BESS for such purposes require
appropriate coordination between TSO and DSO (Parthasarathy et al., 2021). In Finland,
the power system is part of synchronized Nordic grid and Fingrid maintains different
types of reserve market for flexibility services. Key ancillary services including FCR-N,
FCR-N for disturbances, Fast Frequency Reserve (FFR), Automatic Frequency Restoration
Reserve (aFRR) and manual Frequency Restoration Reserve (mFRR). These services are
critical in maintaining grid stability which requires quick response from BESS depending
on type of services (Chen et al., 2016). BESS is well suited for this these reserve markets

for its fast responsive characteristics (Motta et al., 2021). In recent years, BESS earns
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significant revenue by participating in frequency reserve markets by injecting or
absorbing required power with instant activation. Frequency-reserve services have been
shown by market studies to be the greatest source of profit for battery storages in
Europe. In 2022, a survey in Europe found that using energy arbitrage usually does not
lead to remarkable revenue whereas frequency regulation market participation gains

significant revenue (Y. Hu et al., 2022).

With proper communication framework, BESS injects or absorbs required power to the
grid. In this context, appropriate coordination is required so that BESS should not face
any conflict on activating its charging and discharging cycle based on local grid condition
and TSO requirements (Celli et al., 2021). Generally, for the ancillary market
participation, a particular amount of power from BESS is reserved for providing the
services (Y. Hu et al., 2022). According to the contract if BESS fails to provide the reserve
services, TSO could issue penalty to DSO (Alazemi et al., 2022). In this thesis the practical
assumption is that local network constraints are satisfied first, and the remaining
capacity is offered to Fingrid’s reserve markets and the day-ahead spot market, reflecting

the minimal coordination necessary for reliable participation.

1.1.4 Techno-Economic Perspectives for DSO

BESS is one of the best choices for DSO to improve network’s flexibility, reliability and
ensure resiliency. As it is expensive to implement and maintain, DSO needs to carefully
assess whether the investment in BESS is financially worthwhile or not. This is where
techno economic analysis becomes important, it combines technical performance such
as how much the battery improves voltage or reduces line loading with comprehensive
financial analysis like how much money it saves or earns. New studies at feeder level
suggest that a BESS with can reduce annual loss on feeders and decrease peak voltage

changes (Alrashidi, 2022).

Traditional upgradation in network component such as line and transformer capacity is

often approved as long-term investment. However, BESS is a newer type of solution, and
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the regulators may require solid proof and operational planning to make sure that it is
cost effective. To do this, DSO uses financial analysis considering Net Present Value
(NPV), Internal Rate of Return (IRR), Payback Period, and Levelized Cost of Energy (LOCE)
(Peng et al., 2021). These assessment help to differentiate the expenses and future
profits of the BESS over its lifetime. NPV calculation results either positive or negative
value which means that whether the future cash flows is higher than the investment. If
it is positive NPV, the project is considered beneficial. Moreover, the Payback Period
calculation tells how many years it will take to recover the initial cost. A case study on
Second-Life EV Battery participation in Frequency Containment Reserve services found
that bundling revenue from offering frequency reserves with savings achieved at feeder
level enables Internal Rate of Return (IRR) values between 8 and 21 percent and
shortens project payback periods from 5 to 8 years (Janota et al., 2020). Therefore, a
well techno economic analysis gives appropriate decision for a BESS project that the
project is both technically useful and financially sound. This thesis demonstrates such
assessment to recommend the best size and location in a Finnish 20 kV MV radial

network.

1.2 Case Company (A Finnish Rural 20 kV Radial Distribution Network)

The work of this thesis has been conducted as part of the PEAK (Pathways to Energy
Autonomy and Knowledge-Based Flexibility) project, coordinated by the University of
Vaasa, in collaboration with a Finnish power company Esse Elektro-Kraft Ab. In this study,

Esse Elektro-Kraft Ab is considered as the case company (PEAK Project, 2025).

Esse Elektro-Kraft Ab provides power distribution services to rural region of
Ostrobothnia by receiving power from TSO as well as from their own power generation
units from Hydropower, Wind Power and Solar Park. There is total 4 numbers of primary
110/20 KV substation with 18 numbers of 20 KV feeders. However, this thesis focuses on
one 20 kV network (Porkholm network) to deploy a BESS by assessing comprehensive

technoeconomic analysis utilizing a 2-stage optimization model and an economic
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analysis model. The length of the network is 55 KM with 39 distribution substations. The
consumers in the network are far from each node of the network which increases
resistivity with the length results voltage drop and line loss. The objective is to integrate
Flexible resource as BESS to address these challenges, enhance flexibility and boost

revenue by participating in different energy market.

Figure 3. 20 kV Finnish Rural Network.
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1.3 Problem Statement and Research Questions

20 kV Porkholm network is increasingly facing technical challenges due to evolving load
patterns and rising peak demand. These changes lead to voltage instability, particularly
during periods of high demand which comprises power quality and system reliability.
Although voltage instability is the primary issue, it can also trigger secondary technical
issues such as increased network loss, equipment overloading and reduced lifespan of
network components. The DSO aims to make the most of the existing infrastructure by
avoiding expensive upgrades to line or transformer capacity. As the network transitions
towards dynamic and potential distributed energy resources, there is a growing need of
flexible solution to maintain operational stability and meet energy efficiently. To tackle
these challenges, the deployment of BESS is considered a suitable flexible solution due
to its fast response capabilities and versatility. BESS can effectively manage voltage
fluctuations, reduce peak demand, and alleviate network congestion. Its ability to take
part in energy and reserve market also supports economic viability. Therefore, a techno-

economic approach is essential to ensure its optimal integration into the MV network.

To respond to the issues outlined above, the following research questions have been

developed to guide the study:

1. How can BESS be optimally allocated and sized to maximize flexibility and
reliability?

2. How can BESS be simultaneously participated in Day ahead spot market and
Frequency Containment Reserve for Normal operation (FCR-N) market by
maintaining coordination between TSO and DSO?

3. How techno-economic analysis can guide DSO to make appropriate investment

decision for the deployment of BESS considering NPV, Payback Period and LCOE?

By addressing above mentioned problem statement along with subsequent research
guestion this study aims to provide comprehensive techno-economic analysis result for

the deployment of BESS in Porkholm 20 kV distribution network.
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1.4 Research Objectives

This thesis aims to deliver an effective strategy for enhancing flexibility in medium-
voltage distribution network facing increasing technical challenges. With a focus on the
20 kV Porkholm network, the study will investigate how BESS can be optimally integrated
to manage voltage instability, peak demand, and congestion. A techno-economic
perspective will be adopted to ensure both technical feasibility and financial viability.

The objectives of the study are articulated below:

Objective 1: Optimal siting and sizing of BESS to improve network stability and
resiliency.

This study aims to create an optimization framework that identifies the most suitable
location and size for BESS, based on both technical efficiency and economic viability.
Firstly, piecewise linearized power flow analysis will be applied to evaluated network
performance and identify potential bottlenecks. Based on these insights, the model will
identify suitable locations and size of BESS. Finally, BESS placement will be finalized
through stability analysis, while its sizing will be based on the system’s ability to inject or

absorb power under varying network conditions.

Objective 2: Participation of BESS in Day ahead spot market and FCR-N market

After getting the optimal location and minimum sizing, BESS will be participated in day
ahead spot market and FCR-N market to determine maximum BESS capacity that can be
finalized and maximize the revenue from the energy market participation. In this stage,
BESS will participate simultaneously in both markets considering coordination between
DSO and TSO. Finally, both market participation will be evaluated to determine which

market participation will bring maximum profit for DSO.
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Objective 3: Techno-economic analysis for the deployment of BESS in Porkholm

Network.

Furthermore, a comprehensive techno-economic analysis will be conducted considering
whole year simulation to finalize net present value of BESS investment, cash flow,
payback period and LCOE while maintaining technical constraints. This assessment will
be carried out to make decision for DSO whether the invest is profitable or how to

approach for the investment for the deployment of BESS in Porkholm network.

By addressing above objectives, this study aims to provide structured and data driven
approach to integrate BESS in MV network. Through the integration of power flow
analysis, multistage optimization, and market participation modelling, the study not only
identifies optimal siting and sizing of BESS but also ensures its technical impact and

economic viability.

1.5 Scope and Limitation

This thesis focuses on developing an optimization-based techno-economic model for the
deployment of BESS into the existing 20 kV Porkholm MV network. The study covers the
assessment of network limitations, including thermal capacity, voltage regulation, and
the need for system flexibility. This model is designed to find the most suitable BESS
placement and capacity while maintaining technical reliability and financial viability.
Additionally, the study includes formulating an operational strategy for BESS
participation in the Day-Ahead Spot Market and the FCR-N market to enhance network

flexibility and support financially viable deployment decisions.

While this study presents a comprehensive approach to optimal BESS integration, it
excludes the impacts of variable renewable energy (VRE) and electric vehicle (EV) loads.
These factors may require separate analysis to assess their influence on BESS

deployment. Moreover, the model includes BESS participation in the FCR-N market with
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coordination with TSO however a detailed strategic coordination framework needs to be

developed to support efficient and aligned market participation.

1.6 Thesis Structure Overview

The thesis follows a structured format to present the research conducted for a
comprehensive techno-economic assessment of BESS in MV distribution network
utilizing a two-stage optimization model and an economic model. The following sections

are a comprehensive overview of each chapter of the thesis.

Chapter 1: Introduction

Chapter one lays the groundwork for the study by outlining its background, highlighting
the core issue, defining the research aims, and stating the guiding questions. It also
highlights why the study is important. This chapter helps the reader to understand the

context and purpose of the study and explains why it is relevant.

Chapter 2: Literature Review

The chapter reviews related literatures on MV network flexibility, optimal placement and
sizing of BESS, different types of energy market participation, techno-economic
optimization techniques and newer approaches for MV network flexibility and deploying
BESS in MV network. It provides a review of the literature and sets the theoretical

framework of the research.

Chapter 3: Methodology

This chapter outlines the research methodology used to prepare a two stage piecewise
linearized power flow optimization model and one economic analysis model to study MV
networks flexibility by strategy for BESS deployment. It describes data preparation
process using real network information and electricity market prices, the network
analysis approach, the development of optimization model, and the techniques used for

comprehensive techno-economic analysis.
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Chapter 4: Results and Findings
This chapter is provided with techno-economic analysis results before and after the
integration of BESS in the network. Based on 2024 network data, multiple scenarios were

developed and simulated to assess the techno-economic feasibility of BESS deployment.

Chapter 5: Discussion and Conclusion
The last chapter provides the summary, and the major contributions of this study to the
area of MV network Flexibility utilizing BESS and the recommendation on future

research.
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2 Literature Review

The chapter covers the current studies on how to optimally allocate the siting and sizing
of BESS in MV rural network considering Techno economic analysis. Key issues are
covered such as MV network challenges, Flexible resource for network stability, BESS
siting and sizing methods, flexibility market participation of BESS and economic analysis
concept for the deployment of BESS. The purpose of this review is to build a solid
theoretical foundation that informs the modelling approach and supports the
integration of BESS as a viable solution for enhancing both technical performance and
economic efficiency in distribution system. With this knowledge, it allows us to provide
a detail analysis results from technoeconomic point of view for the deployment of BESS

in MV rural network.

2.1 MV Network

MV network has traditionally operated as radial circuit designed for unidirectional
power flow from substation toward end users resulting in predictable voltage profiles
and manageable loading conditions. However, recent trends in electrification and
integration of renewable energy have fundamentally altered this operational paradigm,

which creates new flexibility needs in MV distribution grid.

2.1.1 Voltage Regulation Challenges

Rural MV networks, such as the 20 kV feeder is particularly vulnerable to voltage
deviations, and protection coordination issues due to extensive length, high impedance,
and dispersed consumer loads (Saboori et al., 2015). Voltage challenges are prominent,
with significant voltage drops occurring during peak hours and substantial voltage rises
when distributed Photovoltaic (PV) generation is high (Wang et al., 2019). These voltage
challenges, driven by frequent fluctuations in renewable generation, often occur faster

than the response capabilities of traditional voltage control device such as On Load Tap
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Changer (OLTC), making them less effective under such dynamic conditions (Elrayyah &

Singh, 2020, Olatunde et al., 2020).

2.1.2 Thermal Overload and Congestion

Thermal overloads constitute another critical bottleneck, particularly during extreme
weather conditions or periods of high renewable generation. Transformer and
conductor could reach their nominal rating, driven by short term peak from electric
heating and electric vehicle charging (EV). Additionally, network congestion frequently
occurred, where renewable generation and variable loads are clustered which led to
section of the network operating close to or exceeding their limits (Syranidou et al.,
2020). Rural and suburban feeders are especially prone to overload during coincident
high-load and high-generation periods. Moreover, limited conductor capacity, coupled
with uncoordinated DER output, intensifies congestion risk and restricts available

headroom for further renewable integration (Dargaville et al., 2021).

2.2 Overview of Flexibility in Power System

The growing share of VRE and the widespread electrification of transport, heating, and
industry have made today’s electricity network far more complex. This is especially true
for MV distribution grid, where operators must keep voltage and frequency steady even
though power flows quickly in both directions. Flexibility at distribution level has now
emerged as a major solution to combat challenges emerging from VRE integration and

increased electrification.

2.2.1 Flexibility: Concept and Classifications

In power network, flexibility generally refers to the grid’s capability to adjust active and
reactive power flows in real-time to ensure stable and efficient operation. This capacity
becomes significant in MV network with high penetration of renewable energies. ISGAN
(2021) discussion paper offered a multi-dimensional definition of flexibility, where

flexibility has been described as its capability to reliably manage the variations in both
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generation and consumption across different system layers. This report distinguished
between flexibility from a technical perspective related to physical asset, infrastructure

and from the user perspective which emphasizes consumer behaviour and participation.

Based on flexibility services it can be classified into temporal, geographical, and
operational types (W. Zhang & Zavala, 2023). The author proposes a computational
framework to allocate flexibility resource in a power network and underscored how
temporal flexibility for example load shifting and battery storage control is the key to
adapt time varying condition, while geographical flexibility such as optimal BESS
placement addressed grid congestion at specific nodes. Furthermore, Vagropoulos et al.
(2022) highlighted, operational flexibility by proposing TSO-DSO market coordination
framework which illustrates how real time reserve activation and reactive power
management could be utilized to stabilize MV network during fluctuating load and

generation events.

Additionally, Luo et al. (2022) analysed, several demand response models and load
adjustment strategies. They validated the effectiveness of temporal flexibility in peak
demand reduction and cost minimization for system operator. The findings underscore
the growing reliance on consumer level response to ensure real time operational

flexibility, particularly the network experiences stress from decentralized resources.

2.2.2 Flexibility under Rising VRE and Demand Electrification

The growing contribution of VRE, such as wind, solar, and electrification of heating,
transportation, and industrial sectors lead increasing rate of uncertainty and variability
into MV network. This evolution requires enhanced flexibility to maintain power quality
and supply continuity. A detailed techno economic analysis has been assessed in
Colombian grid under different VRE penetration level by Gonzalez-Dumar et al. (2024).
They introduced flexibility indices and highlighted that higher flexibility reduces VRE
generation curtailment, better renewable integration, and ensures stable voltage

profiles across distribution feeders.
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Apribowo et al. (2024) addressed, this issue and proposed a BESS siting and sizing
optimization model to support flexibility in Finnish MV rural network. Their findings
evaluated the significance of BESS on network performance under different VRE
uncertainty scenarios. A coordinated control of storage has been proposed that
significantly reduces voltage swings and alleviates feeder overloads. In another study,
Bolfek et al. (2024) focused on voltage triggered flexibility. The author analysed how
limited observability MV network, particularly rural network, could benefit from
voltage-based activation of flexibility resources like BESS. This study provides a solution
to local congestion and fluctuation, especially during massive EV adoption and rising

demand of heating electrification.

2.2.3 Technological Pathways to Grid Flexibility

A numerous numbers of literature identify multiple sources of flexibility essential to
address the dynamic demands in MV distribution network. Demand side flexibility is one
of the prominent sources of flexibility. A spatial temporal model has been proposed by
Agbonaye et al. (2021) to map residential and commercial demand flexibility in United
Kingdom. Using smart meter data and building energy usage profiles, the author
analysed the shiftable load potential across different neighbourhood. The findings
underscored that targeted demand side intervention could delay reinforcement needs
in constrained MV network by reshaping load patterns, particularly during on peak

hours.

Energy storage, particularly BESS, is another vital contributor. Levin et al. (2023)
examined the role of BESS in decarbonizing electricity system through multiple storage
pathways. The study employed a techno economic model that simulated BESS
participation in different energy market and policy scenarios. The analysis showed that
the deployment of BESS can improve system wide resilience and manage network

variability, especially in MV network with low inertia renewable energy resources.
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2.3 BESS in Distribution Network

BESS is the one of the promising flexible resources for MV network. Unlike traditional
reinforcement measures, BESS offers dynamic controllability that supports grid reliability,
operational supports and increase hosting capacity. BESS’s fast responsive capabilities
make them valuable especially in rural radial network where voltage stability, congestion
and peak load management are critical challenges. This section gives a thorough review

of BESS regarding the technical roles, operational benefits to integrate in MV network.

2.3.1 Optimal Siting and Sizing of BESS

BESS are increasingly integrated into MV network to improve network stability and
resilience. To deploy BESS in the network, optimal allocation of siting and sizing is
essential otherwise maximum flexibility would not be accessible from BESS. Different
studies conducted to allocate accurate location and capacity of BESS considering

technical constraint of the network and economic viability.

In the reviewed studies, BESS siting and sizing were carried out by simulating their
impact on specific distribution networks while considering voltage and loading
constraints. One study used a real MV/LV network in Cape Town with high rooftop PV
penetration; the authors applied quasi-dynamic simulations and voltage time-series
analysis to identify nodes with persistent overvoltage, then sized the BESS based on
energy needed to mitigate these violations (Mudimu et al., 2024). Another study applied
optimization on the IEEE- 33 and 69 bus system, where voltage deviation, energy losses,
and peak shaving are considered as performance metrics, BESS sizes were computed by
iteratively adjusting energy and power capacity to meet technical limits under time-
varying load and solar data (Wichitkrailat et al., 2024). These analyses ensured that both

placement and capacity aligned with system operating conditions and planning goals.

Moreover, recent research applies piecewise linearized power flow optimisation model

utilizing Mixed Integer Linear Programming (MILP) methods to fit nonlinear grid
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constraints into a manageable optimization problem (Khajeh et al., 2023). These models
are very appropriate for large radial MV networks, where more precise nonlinear
modelling would be complicated in terms of resources. Piecewise linear models simplify
the relationship between voltage and current into segments (Jiang et al., 2020). This
approach significantly captures voltage and current constraint as per existing network
parameters and by using of deterministic solvers it provides most accurate and realistic

results (Khajeh et al., 2023).

Choosing an appropriate optimization technique depends on the problem’s complexity,
the extent of available data, and the precision required in the solution. However,
deterministic solvers are widely used for reliability and scalability in practical utility
studies (Risi et al., 2022). On the contrary, in situations where the solution space is
complex and non-convex or there is lack of information, metaheuristic techniques such
as Genetic Algorithm and Particle Swarm Optimization (PSO) have been applied
(Papazoglou & Biskas, 2023). Although these techniques give solutions that are close to

ideal in a shorter amount of calculation time, they often do not ensure global optimality.

Several works highlight the need for time-series simulation at timescales to
accommodate load variability and renewable generation patterns. For instance, Zhang
et al. (2024) include hourly demand and price data in a two-stage optimization model at
which the first stage finds the BESS placement and size and the second optimizes the
operation under market constraints. The structure of this process follows a sequential
order that fits with real world planning processes and that allows a clear segregation
between strategic and operational decisions.

Some researchers used the combination of economic evaluation and technical
optimization to develop multi objective frameworks. At the same time, they are
designed to minimize power losses and investment cost with satisfying voltage and line
loading constraints (Ahmadi et al., 2021). Others added market participation for
example day ahead or ancillary market as an objective function term to put more

emphasis on revenue stacking and regulatory compliance (Rancilio et al., 2022). The
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evolving needs of the power grid, changing market rules, and advancements in
computing power have led to a wide range of modeling strategies for BESS siting and
sizing presented in recent studies. It has been confirmed that optimal BESS placement
should not only consider network topology, loading and constraint violation based on

utility values, but also optimise economic trade-off and market dynamics.

2.3.2 \Voltage Control

BESS offers range of technical benefits which enhance the stability of network. One of
the benefits is voltage stability especially for the network with high penetration
renewable energies. The fast-acting capabilities of BESS absorb or inject required
reactive power to the network to stabilize the voltage during the time of sudden load
increase or decrease. BESS significantly manage voltage deviations in rural 20 kV radial
network in coordination with OLTC from primary substation transformer and capacitor
bank units by controlling reactive power in the network (Kotsalos et al., 2020). In such
schemes BESS handles fast voltage deviations. On the other hand, an OLTC is also used
to manage voltage by adjusting its taps when demand rises, it increases the voltage to
maintain stable levels. This feature is known as Line Drop Compensation (LDC). If PV shift
their output rapidly due to clouding, the current in the transformer can also vary quickly.
Sudden changes in OLTC operations can make the regulator adjust its position a lot.
Making these changes in the OLTC several times can lower its overall reliability and

reduce its age (Elrayyah & Singh, 2020).

2.3.3 Congestion Relief and Peak Shaving

Beyond voltage regulation, congestion relief is another critical and most commonly in
MV network where BESS is effective. Optimal placement of BESS at critical nodes in MV
feeders can manage thermal limits by supporting local consumption during on peak hour
or absorbing excess renewable energy during off peak hours. Laaksonen et al. (2025)
demonstrated the interaction of DER and BESS in MV network and found that congestion

ranges in feeders were significantly reduced when BESS was coordinated with DER
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dispatch. The study showed that BESS with sensitive droop control can tackle problems
with power oscillations at the connection point between HV and MV grids. Additionally,
deploying BESS at mid-feeder made it possible to reduce voltage swings in local areas
and clear upstream congestion during extreme frequency situations (Laaksonen et al.,
2025). Liu et al. (2023) suggested a method that combines the work of both BESS and EV
to reduce peak load efficiently. A multi objective optimization model was considered to
help minimize power losses, peak demand and energy costs by means of a Modified
Opposition-based Ranking-Based Human Psychology Optimizer (MORBHPSO). BESS was
shown to release stored energy when there is peak demand and to charge when the grid

requires less energy, helping to minimize load spikes.

2.3.4 Operational Strength

One of the main benefits of BESS is its controllability. Unlike conventional generator, BESS
can respond to control signal within a second, which is the most important during
frequency events (Tan et al., 2020). This fast-ramping capability and bidirectional power
flow enables BESS to act as both a load and source and contributing to both grid support
and energy market functions (Varhegyi & Nour, 2024). Fast response capability is very
crucial for Frequency Containment Reserves for normal (FCR-N) operation services,
where activation time up to 3 minutes. This capability allows BESS to participate
appropriately in real time in different energy markets and ancillary services by managing
reliability of the local grid. Furthermore, during upstream outages or sudden load shifts,

BESS provides flexibility and keep the network in safe margin.

2.4 Market Participation Structures for BESS

BESS is becoming increasingly important in energy markets because of its quick response
time and ability to keep the grid stable. BESS involvement in ancillary service markets
adds another revenue generating opportunity and enhances system flexibility. These
developments help improve the collaboration between TSO and DSO in flexibility

management.
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2.4.1 Fingrid’s Frequency Reserve Market Structure

Fingrid, the Finnish TSO, operates different types of frequency reserve markets, enables
flexibility resources like BESS to support system stability. These include FFR, FCR-N, FCR-
D, and restoration reserves such as aFRR and mFRR (Fingrid, 2025). Based on the type of
reserve market the activation speed, duration, and response time vary. Each reserve
market has certain technical and regulatory criteria for prequalification to guarantee that
BESS can function as planned. The involvement of BESS in these services improves the
technological stability and viability of storage deployment from an economic standpoint

(Hsi & Shieh, 2024).

Each reserve product in Finland prerequisites a certain system requirement. While FCR-
D is triggered during significant frequency disruptions and provides more forceful
corrective action, FCR-N provides symmetrical and automatic frequency response during
typical variations (Viola et al., 2024). On the other hand, FFR market requires sub second
activation to target quick but brief reactions to under frequency events (Viola et al.,

2024). For scheduled restoration and balancing, aFRR and mFRR are used.

Reserve market places in Finland

F D =N =R ERR

Fast Frequency Frequency Frequency Containment Automatic Manual Frequency
reserve, Containment Reserve for Normal Frequency Restoration Reserve
Finland 20 %, Reserve for Operation, Restoration Reserve, ~ Reference incident +
In Nordics, total 0-300  pjsturbances, Finland 120 MW, Nordics Finland 60-80 MW, imbalances of balance
MW (estimate) Finland 290 MW, total 600 MW Nordics total 300-400 responsible parties
Nordics total 1450 MW MW

Activated In big frequency In big frequency Used all the time Used in certain Activated if

deviations, deviations hours necessary

In low inertia situations

Activation In a second In seconds In a couple of minutes  In five minutes In fifteen minutes
speed
o > "
> =Tn TR g9l &
Resery FINGRID

Figure 4. Fingrid Frequency Reserve Markets (Fingrid, 2025).
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These solutions are appropriate for longer term interventions and specifically use a
centralized activation signal. By upholding transparent pricing and performance-based
compensation, these reserve market participants promote competition among
resources. Lots of pilot projects have been implemented and concluded that BESS units
can meet these varied technical requirements and offers flexibility to both TSO and DSO
(Attar et al., 2024). The diversity of these markets provides opportunity to flexibility

operators with several paths for revenue.

2.4.2 Market Access Criteria and Compliance Obligations

In Finland, a BESS must finish the Fingrid prequalification process before they may take
part in any reserve market. This involves providing technical report, control system
requirements, and clearing real time test considering different types of scenario analysis
(Fingrid, 2023). The BESS operator must then follow the standard for continuous
monitoring. Therefore, state of charge reporting, real time monitoring, and routine TSO
audits are needed to be verified for approval for the participation. In this context, if any
technical specifications are not met with the requirements of reserve market or after
participating if that BESS unit does not provide ancillary services as per submitted bid,
disqualification and penalty could be issued to the BESS aggregators (Fingrid, 2023). The
resilience of this framework guarantees that only trustworthy and competent units

provide essential system services.

2.4.3 Study Focus: FCR-N and Day-Ahead Spot Market Participation

According to Fingrid the FCR-N market requires BESS units to support symmetrical
upward and downward frequency regulation with a response capability within 3 minutes
and sustained activation for up to 30 minutes (Fingrid, 2025). Participation in this market
is triggered when the grid frequency remains within the range of 49.90 Hz to 50.10 Hz
(Fingrid, 2023). During these periods, the BESS responds proportionally to frequency
deviations, either discharging during upward regulation or charging during downward
regulation (Khajeh et al., 2023). To join the FCR-N market, aggregators must submit bids

at least one day in advance, with a minimum bid size of 100 kW. In addition to
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remuneration for the capacity reserved, BESS units earn revenue during upward
activation by discharging energy, while costs may arise during downward activation due
to charging (Fingrid, 2025). The activation cost or revenue is determined by comparing
imbalance and spot market prices whichever results in a lower cost for charging or
greater revenue for discharging is used for compensation. This structure incentivizes
accurate and timely BESS operation to support frequency containment while also

ensuring fair economic returns based on prevailing market conditions.

The day-ahead spot market enables electricity trading one day in advance, where
participants forecast supply and demand conditions and submit hourly bids accordingly
(Kitsatoglou et al., 2024). This mechanism acts as a vital contribution in balancing short-
term grid operations by setting market-clearing prices for each time interval. BESS is
increasingly participating in this market to provide arbitrage opportunities by exploiting
temporal variations in electricity prices. Specifically, BESS operators charge their systems
during periods of surplus electricity and low prices, then discharge stored energy during
high-demand hours when prices rise, thus enhancing both profitability and system
flexibility. The authors also highlighted that strategic BESS operation can reduce
dependency on peaking generators and contribute to flattening the demand curve.
Therefore, BESS integration into the day-ahead spot market not only supports economic
objectives for operators but also contributes to broader grid efficiency and

decarbonization goals.

2.5 Economic Assessment

The economic assessment takes precedent when determining the profitability and
feasibility of BESS in MV network. Due to the capital intensity of BESS, financial indicators
are needed to support investment decisions. However, the most used metrics are: Net
Present Value (NPV), Levelized Cost of Energy (LCOE) and Payback Period. These

indicators enable associating the technical performance of BESS with its financial
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viability in different market participation scenarios including day-ahead spot market and

frequency containment reserves.

2.5.1 Net Present Value

Net Present Value (NPV) measures the gap between the discounted value of expected
revenues and expenses throughout the system’s operational life. The long-term benefits
from the investment of BESS is evaluated by discounting future cash flows to present
value using NPV which is perhaps the most common evaluation method for BESS
investment (Sperstad et al., 2020). To facilitate the comparison of costs and revenues
over the BESS lifecycle this metric is used. A favourable NPV outcome reflects the
project's ability to produce net financial gains over its operational lifetime. Several
studies used NPV to evaluate profitability under varying market conditions including
pricing and market regulation. As an example, Lin et al. (2017) performed a sensitivity
analysis on battery size and the market income, revealing that the NPV is sensitive to
energy market price spread. Overall, NPV serves as a fundamental decision-making tool
for evaluating BESS deployment under uncertainty and varying economic conditions. Its
application ensures that investment choices align with both technical performance and
financial sustainability in MV network planning.

2.5.2 Levelized Cost of Electricity

The Levelized Cost of Energy (LCOE) is the average cost per unit of electricity generated
over the lifetime of an energy asset, considering all capital, operational, and
maintenance expenses (Kabeyi & Olanrewaju, 2023). It indicates the minimum price per
unit of electricity needed to cover all project expenses throughout its lifetime. In energy
markets, studies have found a significant reduction in LCOE when Battery Energy Storage
Systems (BESS) provide ancillary services alongside energy arbitrage (Chatzigeorgiou et
al., 2024). The author further commented that time-scheduled charging strategies, when
coordinated with frequency regulation services, not only improve grid performance but

also optimize BESS utilization. Such strategies ensure that energy storage is aligned with
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periods of high demand or grid instability, thereby maximizing economic returns and

contributing to more favourable LCOE outcomes.

2.5.3 Payback Period

The payback period is a commonly used financial metric to assess the return timeline of
energy storage investments. Peng et al. (2021) conducted a techno-economic analysis
using HOMER software for a PV-plus-BESS configuration in an industrial case in Taiwan,
evaluating discounted payback period among other indicators. Their results showed that
optimal contract capacity and time-of-use (TOU) pricing could shorten the payback
period while increasing self-consumption. Similarly, study emphasized that in frequency
regulation markets, BESS profitability improves, potentially leading to shorter payback
periods due to higher utilization rates and market remuneration schemes (Y. Hu et al.,
2022). Additionally, sensitivity analyses revealed that electricity price volatility and
capital cost reductions significantly influence the payback duration (Y. Hu et al., 2022).
These findings suggest that with supportive market conditions and optimized operation
strategies; BESS can achieve financially attractive payback periods in both industrial and

grid-service applications.

2.6 Summary of Research Gaps

Despite the growing body of literature on flexibility enhancement and BESS integration
in MV distribution network, several gaps remain unaddressed, particularly in the context

of techno-economic optimization tailored to real MV rural network.

First, while many studies have evaluated BESS for flexibility support, such as voltage
regulation, peak shaving, and congestion relief, most use generalized or idealized
network models. Very few works implement optimization directly using big size real MV
network data, such as a Finnish 20 kV rural radial system. As a result, it is rather difficult

to have the results applied directly to real life planning task of DSOs.



33

Second, piecewise linearized power flow models have been widely used by many
researchers within optimization frameworks and these models indeed best fit to large
scale radial MV networks such as the test networks used in this study. When these
systems have long feeder lengths, spares load centres and voltage sensitivity, nonlinear
modelling becomes computationally expensive and impractical for planning purposes.
However, compared to the piecewise linearized approach, keeping compatibility with
MILP optimization and the ability to model important voltage and current constraints, it
offers a reasonable balance between accuracy and tractability for complex radial

systems.

Third, many prior studies only concentrate on one or the other technical or economic
assessment. In contrast, this thesis develops a two-stage optimization framework: the
first optimization model addresses strategic placement and capacity determination of
BESS based on network constraints, while the second model simulates BESS
participation in energy and reserve markets specifically day-ahead spot and FCR-N
reserve market and to increase profit margin. A separate financial analysis module then
examines the investment’s profitability using evaluation metrics such as NPV, LCOE, and
Payback Period. This study intends to demonstrate a comprehensive technoeconomic
analysis results utilizing optimization model for the deployment of BESS in the Finnish
MV radial network. More details on the technoeconomic model and analysis method

are described in the next chapters.
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3 Methodology

This chapter presents the methodological approach adopted in this study to examine the
effective integration of Battery Energy Storage Systems (BESS) in Porkholm 20 kV
network. The work applies a model based quantitative approach using data processing,
mathematical modelling, optimization and simulation along with techno-economic
assessment. However, all implementation was done using Python with appropriate

libraries. The methodological approach utilized in this thesis is illustrated in Figure 5.
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Figure. 5 An lllustration of Methodological Approach.

3.1 Data Acquisition and Preprocessing

The Porkholm MV network data has been collected from the case company, Esse Elektro-

Kraft Ab. The data consists of information about node-to-node connection, length of the
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lines, conductor thermal ratings, resistance and reactance. To calculate per unit value of
resistance, reactance, conductor thermal ratings a number of functions were
constructed, and the calculation was done utilising the NumPy library of Python. Next,
hourly load consumption data was cleaned using the Pandas library. This step involves
delimiter correction such as commas, semi colons, for making the data consistent with
the model. On the other hand, three types of electricity price data have been used in
this study which are day ahead electricity price, imbalance market electricity price, and
Frequency containment reserve capacity price from ENSTO-e and Fingrid (ENSTO-e, 2025,
Fingrid, 2025) Moreover, yearly frequency data for FCR-N market collected from Fingrid.

And finally, all data are merged with the help of pandas to fit with the model.

3.2 Mathematical Modelling

The objective of this study is to allocate optimal siting and sizing, market participation of
BESS and technoeconomic analysis for the deployment of BESS in Porkholm 20 kV MV
network. To mee this objective two stage piecewise linearized power flow optimization
model and one economic model developed. First model provides BESS optimal location
and minimum size of BESS or required flexibility of the network in the process of power
flow analysis. Next, the 2"¥ model gives final BESS size and maximize profit by
participating in energy arbitrage and ancillary service markets. Both models provide
results in the process of power flow analysis to maintain network constraint. Finally in
the third model comprehensive economic analysis has proposed considering NPV, LCOE

and Payback Period.
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Activated upward power in kW
Activated downward power in kW

Activated power from Utility in kW

Each nodes load consumption in kW
Active power flowing in downstream in kW

Active power flowing in downstream in kW
Impedance of the line

Minimum Voltage 0.95pu

Maximum Voltage 1.05pu

Nominal voltage 1 pu

Maximum current

Number of BESS

Node to node line resistance in ohm

Auxiliary variable for squared current

Reactive power flowing in the network in kVar

Reactive power consuming in load in kVar

Reactive power flowing in downstream in kVar

Reactive power flowing in upstream in kVar

Reactance of the line in ohm

Auxiliary variable for squared voltage

Binary variable to locate BESS in candidate node

Capital cost in euro/kWh (Daily based)

Maintenance and Operation cost in euro/kWh

Charging day-ahead spot market in kW

Discharging day-ahead spot market in kW

Upward activation capacity in FCR-N market in kW
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Pji’gg;yg: Downward activation capacity in FCR-N market in kW
Cyc’r’f: Price of cycle ageing in euro/kWh
pECR: Reserved capacity price in euro/kWh
Capy¢": Reserved capacity in kW
Py 9HP: Upregulation price in euro/kWh
:eg'down: Down regulation price in euro/kWh
pda. Electricity price in day ahead marker in euro/kWh
SOEE?SS: BESS state of Energy at time slot 7 of scenario &
Afy®: Mean upward shift in system frequency in Hz
Afﬁd"“’": Mean downward shift in system frequency in Hz
Fy: Net cash flow in year t
D;: Discount-adjusted return in the t-th year
R: Annual revenue
i Inflation rate
I Initial investment (CAPEX)
K: Total discounted cost
A: Total discounted energy output
T Discount rate
d: Degradation rate
At: 1 hour
Afz o Frequency deviation
Oq: OPEX in yeart
Ce: Charging cost in year t
E;: Energy discharged in year t

3.2.1 Optimal Siting and Sizing to Enhance Flexibility

The first optimization model for optimal allocation of BESS siting for the Porkholm
network is carried out by simulating different load variations across several days. In this

context, first optimization model has been developed with the objective function with
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the allocation of required size of the BESS for deployment in the network to enhance
flexibility while considering technical constraints. To represent the nonlinear power flow
relationships in a tractable way, a piecewise linearized formulation has been adopted
following a structure consistent with established modelling approaches in the literature.
On the other hand, by applying power flow analysis and evaluating the performance of
different nodes in the network, the nodes with maximum voltage deviations are
identified and selected for BESS deployment in such a way that their operation avoids
congestion and supports the network during high-load periods, particularly in mitigating
voltage or thermal limit violations. Equation (1) is the objective function which minimizes

total flexibility power provided both upward and downward direction by BESS across all

_ E E Ug D¢
OF = Py +P; (1)
T X

nodes and time steps.

Power balance constraint equation (2) ensures active power balance at each node and
time step, accounting for net load, BESS flexibility, and network power flows.

C% U, D, +, - +38
PS® — Pl + PUE — POE — Z (B = B + Ry SIE ) + Z P
X X

(2)
_'E —
— P =0vx1
Equation (3) defines the constraint for reactive power balance. It maintains the balance
between reactive power injections and withdrawals, considering both network and BESS
variables at each node and time step.

C, , - , -
xE - QJ%,‘E - Z (Q)-(':JET - Qx,yit + Xx,x,i SI;,x,T,i) + Z Q;:-.)E‘r - Qx,)it = 0vx, T (3)
X X

Equation (4) describes the voltage drop equation in linearized form using squared
voltage (SV) and squared current (SI) variables. Voltage variations are estimated by

considering the active and reactive power flows within the network.
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Equation (5) imposes upper and lower limits on squared nodal voltages. It ensures that

the voltages remain within predefined regulatory or operational thresholds.
N2 2
(vim)” < Sus < ()" vyt (5)
Equation (6) defines the current magnitude constraints by bounding the squared line

currents. This avoids thermal overloading of network lines.
N2 2
()" < SE oy < ()" iyt (6)
Equation (7) sets an upper bound on active power flow to prevent exceeding line capacity,

thereby avoiding congestion and maintaining system stability.
+, -
P)(,x?‘t + Px,x,E‘t = Vratedl)?xax VX x, T (7)
Equation (8) similarly limits the total reactive power flow, thus complementing Equation

(7) in maintaining network reliability under flexible operations.

Q;’;ET + Q)Z;ET < yredpmaxyy x,1 (8)

Equation (9) introduces the piecewise linearization of the apparent power. It
approximates the squared magnitude of apparent power using linear segments of active

and reactive power contributions, weighted by segment factors.

2 . ;
(Vrated) = Z(Z} —1) ASy Apxz,x,r,j,i + Z(Zj —1) ASy AQ;,x,r,j,ivX’ x,T (9)
J

]

Equation (10) defines that the sum of all active power segments must equal the
total active power flow between two nodes. This maintains consistency in the (10)

linearized approximation.



40

BhE 4+ P =ZAP§ g YT

XX,T XXt

Equation (11) maintains consistency by equating the total line reactive power with the

cumulative value of its piecewise segments.
+§ -5 _ §
Qpire + Qe = Z Ayrrji VX% T (11)
J

Equations (12) and (13) define the bounds on active and reactive segment variables,
respectively. These constraints guarantee that no segment contributes more than the

maximum defined segment capacity AS.

0< AR, i SASy, VXjxT (12)
0<AQ, ;i <ASux VXX, (13)

Equation (14) defines the segment capacity AS based on the maximum allowable current

and the number of parallel segments which ensuring a uniform piecewise linearization.

rated ymax
VLY

ASx.x = N—' VX, X, T (14)
par

Constraints (15), (16), and (17) collectively ensure that flexible power is only injected or
consumed at nodes where a BESS is installed. This is enforced using the binary variable
xBESS which takes the value 1 if a BESS is installed at node x, and 0 otherwise. The upper
bounds on upward and downward flexible power at each node are scaled by a large

BESS

constant M and multiplied by x°">>, effectively deactivating flexibility at non-BESS nodes.

Additionally, constraint (17) limits the total number of BESS installations to a predefined

maximum NuBESS, which is specified by the system designer.
le‘]f < MBESS vy 1 (15)
P25 < MBESS  yx,t (16)

ZuEEss < NyBESS 17)

P
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Equation (22) defines the non-negativity constraints for all decision variables related to

active and reactive power flows, flexible power, and their segmented components.

Pitssmin = Max (Poosp o) Max (P50, ) (19)
The optimization involves solving the model defined by equations (1) to (19) to identify
the worst-case scenario requiring flexibility. Equation (19) ensures that the BESS is sized
adequately to support the network’s flexibility requirements. This approach determines

the optimal BESS location and sizing while satisfying all technical constraints, ensuring

secure and flexible network operation.

3.2.2 Market Participation Model

The goal of the model is to achieve cost minimization through strategic engagement of
BESS in electricity markets. In this approach, iteratively adjusted and determined the
optimal rated power and energy capacity of BESS. This iterative process identifies the
BESS size that results in the lowest total cost while meeting the operational and market
participation requirements.

This model is utilized when BESS participate in Daya ahead spot market, FCR-N and both

markets simultaneously.

Equation (20) defines the objective function of minimizing the total expected cost of
BESS operation. It includes revenues from energy arbitrage in spot market and providing
frequency reserve, and costs from operating and maintaining the system, battery cycling,
and by charging from spot and frequency market. It ensures optimal sizing and

scheduling of the battery to maximize net profit under market and technical conditions.
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The constraint (21) maintains active power balance at each node and time step. It
ensures that the sum of charging/discharging, frequency services, and net demand is

equal to the power exchanged with the network. It reflects grid operational feasibility.
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The constraints (22) & (23) limit the total charging and discharging power according to
rated power capacity of BESS. It prevents overloading the battery during operation in

both markets simultaneously.

Caph¢® + PouChp e < PPES vt (22)
Capféf + ngdeC?.r.z < pB&SS  yr (23)

Equation (24) & (25) define the actual power activated in response to upward or
downward frequency deviations. The amount of power delivered is influenced by how

much the frequency deviates from its nominal value and the reserve submitted for FCR-

N support.
AfTEP
FCR- T8
Posore = Tgp " CaPe VT 24)
Afdown (25)
POCSERAT = —p 5 Capl§® v

Equations (26) and (27) compute the total frequency deviation in the downward and

upward directions, respectively, over a full scenario duration. Each equation sums the
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absolute deviations in 1 hour resolution frequency measurements that are below or
above 50 Hz, capturing the extent of activation needed for FCR-down and FCR-up.
Equation (28) defines the instantaneous frequency deviation as the difference between
50 Hz and the actual value at each second. Equation (29) introduces a capping condition:
if the frequency goes beyond 50.1 Hz or below 49.9 Hz, the deviation is clipped at 0.1 Hz,
which reflects the maximum range over which the BESS can proportionally adjust its
output under FCR commitments. This set of equations ensures that frequency response

is accurately and safely mapped into the optimization.

Nz

A = Y |Afal 83 ifAfp 20 v (26)
=1

N (27)

Afowm = Y |Afyol AT ifAfy <0 v
=

Afte =50 —fzg VI (28)
Af;o =01 iff;9=>5010rf;9 <499 (29)

Equations (30) to (34) model the evolution and boundary conditions of the battery's
state of energy. Equation (30) updates the energy level at each time step by adding
energy charged from the day-ahead and the FCR-N market (specifically from FCR-down
activation), and subtracting energy discharged to the day-ahead market and for FCR-up
activation. Charging efficiency and discharging efficiency are also applied to reflect losses.
Equation (31) sets the initial state of charge for each activation. Equations (32) and (33)
ensure that the state of energy is high enough to deliver the committed FCR-up reserve
and low enough to absorb the full FCR-down activation, respectively—these conditions
ensure the BESS can fulfil its reserve obligations. Equation (34) sets the absolute
minimum and maximum bounds on the state of energy, ensuring operation stays within

technically safe limits.
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Equation (35) calculates the BESS cycling cost by accounting for energy charged from the
day-ahead market and FCR-down activation, and energy discharged through the day-
ahead market and FCR-up activation. These are treated as two half-cycles and multiplied
by a per-cycle cost coefficient to reflect battery aging. This ensures that the optimization

considers degradation when planning BESS operation.

cycle __ c cle ch da FCR down

Cost. L g { ( OBPTE+ w=0BP,1,§
" (35)
dis,da FCR-up
+2(Pu) osp,re T Fo OBP‘EE)}ATVT
Finally, the variables are constrained to take only non-negative values.
ch,da FCR-down pdis,da FCR-up FCR +,® d H+,P -
Py=o8p e Po=08pte Po=08p1e Fu=0pr e CaPrE 0% €% B B Qi Qi (36)
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The formulation composed of Equations (20) to (35) encapsulates an optimization model

that simultaneously determines the optimal battery size and its optimal operation
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strategy. The objective function drives the solution toward maximum economic return,
while the constraints ensure technical feasibility and compliance with grid service
requirements. Together, these equations guarantee that the battery will be operated in
a way that maximizes revenue from energy arbitrage and frequency regulation services,
without violating power limits, state-of-charge, safety margins, or reserve delivery
obligations. This mathematical framework thus yields a co-optimized plan for how large
the battery should be and how it should charge/discharge over time to achieve the best

performance under the given market and system conditions.

3.2.3 Economic Assessment Model

This model provides an economic analysis of BESS participation in the energy market
over the project lifetime. The primary objective is to evaluate the economic viability of
BESS deployment. The analysis is based on key financial metrics, including NPV, Payback
Period, and LCOE. By solving Equations (37) to (50), the model yields result that support
decision-making for the Distribution System Operator (DSO), indicating whether

investment in BESS is financially justifiable.

Equation (37) models how operational expenditure (OPEX) grows over time due to
inflation. Here, O, is the base year OPEX and i is the annual inflation rate. It ensures cost

realism across the project horizon.

— & h,d dis,d FCR-up FCR-d
0y = pM&° (Pac)zogl’,‘c,f + Py ospre + Pozosp g T Pw=051>0.¥?) + Cycy ¢ (37)

0, =0, (1+i)t1 (38)

Equation (40) adjusts the annual battery charging cost for inflation, using the same
escalation logic as operational expenses. It reflects increased energy procurement costs
over time.

Co = 1 (PS5 + PLCSHSE 39)

C,=Cy-(1+0)t1 (40)
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Battery performance decline over time. Each year, the battery discharges less energy due
to degradation, modelled by the rate d. Yearly energy discharge is represented in

equation (41.) Equation (42) ensures energy projections reflect aging of the storage asset.

dis,d FCR-
EO = Pa)fOBC;’,‘r,f + Pw:OB%Z,)r,E (41)
Ec=E,-(1-a)t (42)

From equation (40) the net annual cash flow is computed by subtracting operating and
charging costs from revenue R . This value represents the system’s profit margin before

discounting. It forms the basis for NPV and payback analysis.

up ,FCR- dis,d
R = prRCapigR + p;%f uppw=031§,jr,g + pfanSOB%_T_g (43)
Ft=R_0t_Ct (44)

Equation (41) converts annual net cash flows into present value terms by applying a
discount rater, thereby accounting for the time value of money, a core principle in

investment economics. Future cash is worth less than today’s equivalent.
Fy

D, = ——
T A+ )t

(45)

Equation (42) aggregates all discounted cash flows and subtracts the initial investment.
A positive result denotes economic feasibility of the project. It’s a primary indicator in

financial decision-making.

n
NPV = —I + Z D, (46)
t=1

Equation (43) calculates the total discounted costs incurred during the project. It
includes both operating and charging expenses, adjusted for inflation and discounted for

present value. It's used in the LCOE denominator.

= 0, + G,
k=) L (47)
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Equations (44) to (46) assess the economic performance for the BESS project. Equation
(44) calculates the discounted energy output by accounting for battery degradation and
time value, forming the basis for the next metric. Equation (45) expresses LCOE as the
proportion of the total discounted expenditure to the total discounted energy output,
reflecting the average cost per kWh over systems life time. Finally, Equation (46)
determines the payback period by identifying the year when cumulative net cash flows
equal the initial investment, offering insight into the project’s financial return timeline

and capital recovery.

4= i—Et (48)
- t
£ aA+r)
Lcog = X (49)
A

(50)

T
th >
t=1

3.3 Scenario Selection

For optimal siting and sizing, 5 days with different load profiles selected to determine
potential flexibility of the network. The days are for example maximum load with the
days, minimum load with the days, different load variation with days, and typical load
profile with the days. On the other hand, for market participation whole year considered
for the simulation to evaluate the performance when BESS participates in day ahead spot

market and FCR-N market.

3.3.1 Scenarios for Optimal Siting and Sizing of BESS

To reduce the computational burden of simulating 365 days of hourly net load data for
each node, a clustering-based scenario reduction technique has been used. Specifically,
K-means clustering has been applied to group days with similar load profiles for each

node. The Elbow Method has been employed to identify the most suitable number of
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daily clusters for pattern sorting, ensuring that the clustering captured meaningful
variations in daily behaviour. For each node, the resulting clusters reflected typical load

behaviour such as high-load weekdays, low-load weekends.

Once clusters were defined for each node, the next step was to combine the daily cluster
assignments across all nodes into network-wide daily scenarios. Each unique
combination of cluster types across nodes is treated as a possible scenario. The
frequency of each scenario's appearance over the 365 days was then calculated,
producing a probability value for each. Scenarios that occurred very rarely i.e., below a
set probability threshold were discarded to simplify the analysis.

Among the remaining relevant scenarios, additional days were selected to ensure that
extreme conditions are covered. Specifically, the days with the highest and lowest total
network loads are included to capture worst-case scenarios. Finally, the probabilities of
all retained scenarios are normalized so that they added up to 100%. These selected and
weighted representative days formed the basis for the simulation for optimal siting and
required capacity of BESS to enhance flexibility of the network with much lower

computational complexity.

3.3.2 Scenarios for Energy Market Participation

For the year of 2024, each day considered as different scenario. In this context, each day
hourly load, day ahead electricity market price, imbalance market price, frequency data

and capacity reserve price have been integrated in the model.

3.4 Simulation and Solver Implementation

Gurobipy solver has been used to develop simulation model for this study utilizing
Python programming language in Jupiter notebook Platform. Since the model is
piecewise linearized model and the data are time series float numbers, mixed integer

linear programming (MILP) language has been used to build the mathematical model.
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For optimal siting and sizing 5 days scenario simulation performed. The simulation is
done by applying power flow analysis. In this context different load profile of the days in

a year considered for simulations.

Next for market participation whole year’s each day simulation carried out to evaluate
cost minimization curve with different price from different market. This simulation also
performed utilising power flow analysis, but the objective function is to cost
minimization by participating both markets. These simulation results give yearly cost,
revenue and discharging power capacity. These parameters are indicator to calculate net
present value, payback period and LCOE. Doing this calculation BESS investment decision

will be presented in the next chapter.

The base mathematical model is constructed by employing mixed integer linear
programming approach and a deterministic Gurobipy solver is used to generate the
solution. This solver is particularly chosen because of its high reliability, efficiency,

accuracy, and guaranteed optimal solutions compared to other solvers.



4 Results and Findings

This chapter provides both technical and economic analysis results by performing
different scenario-based simulations. Based on the results, the flexibility potential, BESS
siting, sizing, market participation possibilities, cost minimization approach and
investment decision have been evaluated with detail discussion. Moreover, to integrate
BESS into existing network, necessary measures have been outlined in this chapter
considering technical and economic viability. Three types of prices (Day ahead electric
price, Imbalance market, and Frequency reserved capacity for FCR-N market) collected
from ENSTO-e and Fingrid for this study (ENSTO-e, 2025, Fingrid, 2025) Moreover,
frequency data collected from Fingrid and network data collected from Esse Elektro-Kraft

Ab for the study of Porkholm network. The parameters considered in this study are

demonstrated table 1.

Table 1. Parameters considered in this study.
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Parameters Value
Minimum Acceptable Voltage 0.95 pu
Maximum Acceptable Voltage 1.05 pu
Power factor 0.90
Minimum State of charge (SoC) 0.05
Maximum State of charge (SoC) 0.95
Charging & Discharging efficiency 90%

Daily based capital cost

0.085 euro per kWh

Cycle cost

0.1 euro per kWh

Operation and Maintenance cost

0.001 euro per kWh

Project life 10 years
CAPEX 200500 EURO
Inflation rate 2%

BESS degradation rate yearly 2%
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4.1 Optimal Siting and Sizing

In the first-stage optimisation, the Porkholm 20 kV MV radial distribution network was
evaluated to identify the optimal location and minimum capacity requirements for BESS
to enhance flexibility. The objective is to enhance flexibility by ensuring voltage limits are
maintained within acceptable levels and to determine the capacity needed to deliver the
required flexibility. The allowable voltage limits for this study considered as 0.95 to 1.05
pu and power factor is .90.

Voltage Profile Node-Wise Without BESS
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Figure 6. Voltage Profile without BESS.

At first, simulation performed to allocate required locations for the deployment of BESS
in the network. The results identified multiple potential locations for BESS allocation;
however, the node with the highest voltage deviation has been selected for placement.
Multiple simulations performed by placing BESS at this location to evaluate the
effectiveness of BESS in enhancing network flexibility. The result indicates that a single
BESS installation at node number 261 is sufficient to meet the flexibility. This placement
is particularly effective because node 261 experiences the most critical voltage drops

during peak load conditions.
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Voltage Profile Node-Wise With BESS

1.100
1.075
1.050 |
1.025 |
1.000
0.975 'j\\—\—ﬂw

f

0.950

Per-Unit Voltage

0.925 -
o} 50 100 150 200 250
Node Number

Figure 7. Voltage Profile with BESS.

Furthermore, the analysis shows that the minimum rated power capacity of the BESS is
150 kW for the flexibility requirement of the network. The installed BESS at this node

significantly improves voltage stability by mitigating under-voltage conditions.

Figure-6 illustrates the voltage profile before integrating BESS in the network. According
to the graph, voltage drops increase with line length starting from 1 pu reaching a
minimum of 0.93 pu at node 261. On the other hand, Figure 7 illustrates the impact of
integrating flexibility into the network. The visualization shows that after deploying BESS,
the voltage profile significantly improves, maintaining values between 0.95 and 1.001 pu
particularly the adjacent node’s voltage profile improved remarkably. These findings
demonstrate that targeted BESS deployment, rather than widespread allocation, is

sufficient and cost-effective for enhancing operational security in rural MV networks.

After determining the minimum BESS size to enhance flexibility, the next stage involves
evaluating its optimal size based on economic performance through market participation.
The BESS was simulated under two market configurations: (1) participation in the day-
ahead spot market and (2) combined participation in day ahead spot and FCR-N market.
The objective is to maximize revenue by identifying the optimal BESS size while ensuring
grid stability is maintained. To ensure robustness, the simulations were conducted for

both the maximum and minimum load days of the year, capturing the full range of
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operational stress on the network. For each case, the active power capacity (the BESS
charging/discharging rate) was incrementally increased until network constraints such
as thermal limits and nodal voltage boundaries were violated. Through this iterative
approach, the largest technically feasible and economically optimal BESS capacity was
identified for each market scenario. During the iterative process, it has been observed
that BESS can store, and network can manage more energy capacity of BESS than 500
kWh however it does not satisfy economic feasibility due to increase of associated cost
CAPEX, OPEX and charging.

The results for optimal BESS sizes when participate different energy market, are

summarized in Table 2.

Table 2. Optimal sizing of BESS from participating energy markets.

Energy Market BESS Power Capacity | BESS Energy Capacity
Day ahead Spot Market 250 kW 502.75 kWh
Day ahead spot market and FCR-N | 250 kW 456.81 kWh

4.1.1 Day ahead Spot Market Participation

Figure 8 illustrates the BESS's time varying charging and discharging action in response
to day-ahead electricity price signals. Charging was activated in the early morning hours
(0:00-4:00) when electricity prices were low, allowing BESS to store energy at minimal
cost. BESS charges up to its allowable limit, constrained by its maximum SoC 0.95 and
network stability conditions. Discharging was then initiated during hours 7:00 and 15:00,
hours corresponding to price spikes in the spot market at its rated power of 250 kW. This
behaviour reflects the ability of BESS to shift load and supply energy to match economic

signals while adhering to grid constraints.
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Figure 8. BESS Charging and Discharging cycle in Day-ahead Spot Market.

The revenue and cost generated from spot market for the selected day has been
illustrated in Figure 9. The battery incurred a total energy purchase cost of approximately
72.13 euro by charging 554.73 kWh over the day, driven by charging during low-price
hours. In contrast, the BESS generated 186.02 euro revenue by discharging of 502.75
kWh during high-price hours over the day, particularly at 7 and 15 hours, where
discharging revenue reached 94.43 and 90.17 euro, respectively. Additional costs include
a daily based capital cost of 55 euro, cycling degradation cost of 8.22 euro and an
operational and maintenance cost of 1.03 euro. Subtracting these from gross revenue
yields a net profit of roughly 47.02 euro for the day. These results confirm that the BESS
can generate substantial economic value by participating in spot market through
arbitrage while ensuring grid friendly operation. The model ensures profitability by
avoiding operation during marginal economic conditions and prioritizing transactions

that yield the most favourable cost-to-revenue ratio.
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BESS Charging Cost and Discharging Revenue

—e— Cost (DA) [€]
—e— Revenue (DA) [€]

80 1

60 1

Euro (€)

h /’\
oA
0 5 10 15 20
Hour

Figure 9. Revenue and Cost from Day ahead Spot Market.

4.1.2 FCR-N and Spot Market participation

The concept of FCR-N market participation is related with TSO frequency response. In
this context the coordination between TSO and DSO initiates BESS activation in FCR-N.
Based on TSO side frequency variation BESS activates it operation. Figure-10 illustrates
a basis concept to activate BESS charging discharging cycle operation. The figure shows
that when frequency reaches in between 50 to 50.10 HZ, FCR-N requires downward
activation on other hand when frequency drops and stays between 49.90 to 50. HZ, BESS

required to initiate upward activation.

FCR-N participation
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Figure 10. Activation of FCR-N according to FCR-N Market Frequency Variation.
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This activation incurs cost and revenue under FCR-N market. Figure-11 illustrates FCR-N
and day ahead market associated electricity price. When BESS activates charging cycle,
it generates activation cost from down regulation price. Down regulation price is
determined by comparing the imbalance market price with day-ahead market price and
considered the lowest one. Similarly up regulation while BESS discharges remunerated
from up regulation price by comparing day ahead and imbalance market price
considering the highest one. Moreover, BESS gets revenue for reserving its capacity by

participating in FCR-N market.
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Figure 11. Day ahead Spot Market, Up Regulation and Down Regulation Price.

Figure 12 demonstrates charging and discharging activation by participating day ahead
spot market and FCR-N market. At morning 0 to 2 hour the frequency reached below 50
HZ. According to FCR-N market criteria, BESS activates discharging cycle with response
to frequency variation and activated active power is equivalent to reserving capacity
with proportion to frequency variation. During winter period in Finland at night,
electricity demand reaches peak due to activating electric heating simultaneously. For
those hours as per figure 12 from 0 to 2 hours frequency reached below 50 HZ. Gradually,
the frequency increased and when reaches above 50 HZ charging cycle activated at 3 AM.
The graph highlights that maximum frequency reached up to 50.03 HZ and BESS charged

at maximum rate within its reserve capacity. Similarly, at 13 hour frequency dropped at
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minimum level around 49.97 HZ and BESS discharged at its allowable maximum range.
Moreover, BESS also participated in day ahead spot market simultaneously with FCR-N.
BESS only can charge in day ahead spot market when BESS charge in FCR-N market and
discharge only when BESS discharges in FCR-N market. Considering this cycle, BESS

activated optimize charging and discharging cycle under day ahead spot market.
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Figure 12. BESS Charging and Discharging Activation in FRC-N and Day ahead Spot Market.

Figure-13 shows how BESS participation in both the day-ahead and FCR-N markets leads
to a profitable outcome. Significant revenue earned from upward regulation during
hours 9.00, 12.00, and 13.00 hours, while hour 15.00 shows the highest return from the
day-ahead market. The BESS also received steady revenue for simply reserving capacity
in the FCR-N market when BESS activates charging or discharging cycle in FCR-N market.
On other hand, charging during the day-ahead market and down-regulation periods led
to higher expenses, especially at 5.00 hour from spot market and hour 10.00 hour at
FCR-N market. Overall, the BESS generated 209.5 euro revenue, while total costs were
29.27 euro from FCR-N activation, 35.17 euro from day-ahead charging, 55 euro from
daily based capital cost, 8.58 euro in cycling cost, and 1.51 euro in maintenance. These
findings confirm that when managed properly, BESS operation across multiple markets

can bring in more revenue than cost.
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Hourly Cost and Revenue
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Figure 13. Revenue and Cost from FCR-N and Day ahead Spot Market Participation.

BESS participation in energy market is a power flow model. Therefore, each activation
undergoes with power flow analysis with maintaining network constraint. The primary
requirement is to keep local grid stable and provide stability support to TSO. Figure 14
illustrates the voltage profile when BESS participated both markets simultaneously. The
simulation results confirms that the BESS operated within technical boundaries and
ensures system reliability. Voltage magnitudes across all 287 nodes were maintained
within the acceptable operating range of +5% of the nominal voltage (1.0 pu). Even
during peak charging and discharging periods, the voltage profiles remained stable and
flat, with minimal deviation between the feeder ends and the core network. This
demonstrates that the optimization algorithm effectively enforced both voltage and

thermal constraints while scheduling energy transactions.
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Voltage Profile in Per Unit
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Figure 14. Node-wise Voltage Profile when Participate in Day ahead Spot Market and
FCR-N Market.

On the other hand, Figure 15 illustrates the evaluation of line thermal management
during the BESS operation period. Thermal limits were assessed based on the conductor
with the lowest rating in the network (155 A) and the primary substation transformer
capacity. The BESS operation was designed to prevent network congestion and avoid
increasing thermal stress on the lines. Figure 15 indicates that, after BESS integration,
neither conductor thermal limits nor transformer capacities exceeded their network
limits. The transformer capacity is rated at 1000 kVA with a power factor of 0.9, resulting
in a base current of approximately 28.86 A for this study. Following BESS integration, the
maximum current drawn at the substation was 24.95 A, and line currents throughout

the day remained below 17 A.

Average Line Current Profile - Day 3
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Figure 15. Node-wise Load Current when Participate in Day ahead Spot Market and FCR-N
Market.
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After simulating two different load variation scenarios with simultaneous participation

in both markets, it was observed that the BESS generates higher revenue when

participating in both markets concurrently.

Table 3. Revenue from Day ahead Spot Market and FCR-N Market.

Energy Market Revenue (case-1) Revenue (case-2)
Day ahead Spot Market 47.02 euro 25.68 euro
Day ahead spot market and FCR-N 209.55 euro 255.54 euro

Additionally, a year-long simulation has been performed to assess BESS involvement in
the day-ahead market, the FCR-N market, as well as in combined participation across

both markets.

4.2 Economic Assessment

To determine the economic viability of the investment, a comprehensive economic
analysis has been conducted using full-year simulations that incorporate network,
electricity price, and frequency data. The study includes taking part in day-ahead spot
market, the FCR-N market, and both markets simultaneously. Figure 16 illustrates the
total revenue generated from each market participation. In January, revenue was highest
across all market participation due to high electricity demand in winter climate, gradually
decreased until March. From March onward, revenue again started to increase and
reached peak in May, after which it declined and remained relatively stable from July to
December. In May, the Frequency reserve capacity price was record breaking for the year
of 2024 and in FCR-N market a big amount of revenue comes from reserve capacity.
Overall, the greatest revenue variation was observed when BESS participates in FCR-N
market and in both markets combined. In contrast, revenues from the day-ahead spot
market remained relatively constant throughout the year. The figure clearly shows that

the highest revenue was obtained when BESS was involved in both the FCR-N and day-



61

ahead spot markets. This was followed by revenue from exclusive participation in the

FCR-N market, whereas the day-ahead market alone produces the least financial return.

Monthly Revenue from Markets
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Figure 16. Yearly Revenue when BESS Participate in Day ahead Spot Market, FCR-N Market, and
both Market together.

During market participation, Figure 17 shows that the day-ahead spot market incurred
higher charging costs compared to the FCR-N market. However, participating in both

markets simultaneously results in higher overall costs as well as increased revenue.

Monthly Market Costs (High-Resolution)
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Figure 17. Monthly Cost Generated from Different Energy Markets.



62

Table 4 lllustrates whole year simulation results

Table 4. Yearly revenue for participating in different energy markets.

Energy Market Revenue Capacity utilized

Day ahead Spot Market 10673.69 euro yearly | 66406.07 kWh yearly

FCR-N 37631.87 euro yearly | 61393.25 kWh yearly

Day ahead spot market
48305.56 euro yearly | 127799.32 kWh yearly
and FCR-N

After performing whole year simulation by participating both markets, the yearly
generated revenue, cycling cost, charging cost and operation and maintenance cost were
integrated in economic model to calculate NPV, LCOE and payback period over the
project life. The project life has been considered 10 years for this study. BESS investment
(CAPEX) has been considered 200500 euro from NREL 2023 cost projections for utility-
scale BESS report (Cole & Karmakar, 2023). This economic analysis performed by
applying sensitivity analysis considering different discount rates for BESS project. Other

parameters for example inflation rate, degradation rate are provided in table 1.

NPV vs Project Lifetime for Various Discount Rates
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Figure 18. NPV in different Discount rates over Project Lifetime.
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The NPV assessment has been conducted to evaluate the economic feasibility of the
BESS. As illustrated in figure 18, NPV increased consistently with longer project durations
across all discount rates. Lower discount rates, such as 5%, result in significantly higher
NPV values, indicating greater financial viability. On the other hand, applying higher
discount rates such as 12% reduces the NPV, as future cash flows are valued less in
present terms. The project becomes profitable (NPV > 0) beyond a certain lifetime
threshold, which varies depending on the discount rate applied. This trend highlights the
sensitivity of BESS investment returns to both financial assumptions and operational
lifespan. Conversely, the payback period reflects the time required for the BESS

investment to return its upfront expenditure.

At a 5% discount rate, payback happens in about 6 years. With discount rates 7%, & 9%
payback takes 7 years. In case of discount rate 12% the payback happens at 8 years. This
shows that higher discount rates reduce future earnings, affecting the project's financial

return.

LCOE vs Project Lifetime at 5% Discount Rate
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Figure 19. LCOE over Project Lifetime at 5% Discount Rate.
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Year | NPV @5% (€) | LCOE @5% (€/kwh) | NPv @7% (€) | LCOE @7% (€/kwh) | NPV @% (€) | LCOE @9% (€/kwh) | NPV @12% (€) | LCOE @12% (€/kwh)
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Figure 20. NPV and LCOE at different Discount Rate over the Project Lifetime.

Figure 19 presents the outcome of the LCOE evaluation at a 5% discount rate, revealing
a consistent decline as the project duration extends. LCOE is initially observed to be high
due to the concentration of capital and operational costs over a short duration. However,
as the project lifetime extends, these costs are spread across more years and greater
energy throughput, significantly lowering the LCOE. By the 10th year, the LCOE stabilizes
around 0.2788 euro per kWh, indicating improved cost-efficiency over time. A longer
operational lifespan contributes to improved cost-efficiency of BESS system. Some

simulation results are illustrated in figure 20 and 21 when BESS participates different

energy markets.

Month-wise Revenue from | Month-wise Revenue from | Month-wise Total Revenue
Day-Ahead Market (€): FCR-N Market (€): from Both Markets (€):
Month 1: 1792.74 € Month 1: 3833.74 € Month 1: 5626.48 €
Month 2: 484.55 € Month 2: 3539.06 € Month 2: 4023.62 €
Month 3: 460.13 € Month 3:3339.51 € Month 3:3799.64 €
Month 4: 486.16 € Month 4: 5080.68 € Month 4: 5566.85 €
Month 5: 822.95 € Month 5: 5641.07 € Month 5: 6464.01 €
Month 6: 640.91 € Month 6: 4278.56 € Month 6: 4919.47 €
Month 7: 79.80 € Month 7:2392.78 € Month 7: 2472.58 €
Month 8: 130.83 € Month 8:2892.97 € Month 8:3023.81 €
Month 9: 809.22 € Month 9: 1843.15 € Month 9: 2652.37 €
Month 10: 747.59 € Month 10: 2158.99 € Month 10: 2906.58 €
Month 11: 599.67 € Month 11: 2895.79 € Month 11: 3495.46 €
Month 12: 726.17 € Month 12:2628.54 € Month 12:3354.70 €




Monthly Market Costs:
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Figure 21. Month wise Revenue and Cost from different Energy Markets.
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5 Discussion and Conclusion

This study extensively analysed the integration of Battery Energy Storage System (BESS)
in Porkholm 20 kV network to enhance network flexibility and economic efficiency.
Employing a comprehensive methodology, the analysis included optimal siting and sizing
of BESS, participation strategies in day-ahead spot market, FCR market, and dual market
along with technical feasibility and economic assessment. By leveraging real network
data from DSO and price and frequency data from ENTSO-e and Fingrid, the study
provided a robust evaluation of the potential benefits of strategic BESS deployment.
Detailed scenario simulations highlighted how targeted BESS installation not only
improved network reliability and voltage stability but also generates substantial

economic returns through effective market participation.

5.1 Summary and Key Findings

The first key finding from this study is that strategic BESS placement significantly
enhances network flexibility. Optimal siting identified node 261 as the most beneficial
location due to its highest voltage deviation. Installing BESS at this node mitigated critical
voltage drops, effectively maintaining voltage levels within the allowable of 0.95 to 1.05
pu. Furthermore, it has been identified that BESS reduces peak load during on peak hour
by discharging providing required power to the network. Thus, it not only mitigates
stress on primary substation transformer but also manages conductor thermal limits at
those hours. This simulation-based study confirms that BESS can manage potential
overload of transformer, voltage and thermal issues which could be results from
congestion cases. By utilizing real data and considering different scenario of the existing
network, the minimum BESS power capacity required to achieve this is 150 kW, ensuring

both technical feasibility and economic viability.

Secondly, by simulating BESS participation in different energy market scenarios, the

optimal power and energy rating of BESS has been determined through an iterative
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process. This process ensured that both technical constraints such as flexibility and
economic constraints such as cost-effectiveness is satisfied. The optimal BESS capacity
that met these requirements was found to be 250 kW of power and 500 kWh of energy.
For dual-market participation, the BESS was configured to allocate 100 kW of active
power for the FCR-N reserve market and 150 kW for the day-ahead spot market for the
purpose energy arbitrage as well as local network flexibility enhancement. This
allocation ensured adequate power availability to enhance network flexibility across
varying operating conditions, while simultaneously supporting TSO stability
requirements and generating revenue from both energy markets. However, when BESS
participates in dual or FCR-N market its frequent activation of charging and discharging

cycle can affect Sate of Health (SOH) of the battery.

When BESS participated in day-ahead spot market, strategic charging during off peak
hours and discharging during on peak intervals resulted consistent profitability of
10673.69 euro annually. In addition to that, the BESS also contributed in reducing stress
on utility source during on peak hour by discharging 61393.25 kWh yearly. On the other
hand, by participating FCR-N market, BESS earned more revenue comparing to day-
ahead spot market. However, by participating in FCR-N market, BESS was remunerated
for discharging in up regulation and for reserving capacity for TSO. This made earning
more revenue than spot market. However, the combination of day-ahead market
participation with the FCR-N market significantly increased revenue rather than those
two market separate participation. This dual participation strategy which allows BESS to
respond dynamically to both price signals and frequency fluctuations, thereby
maximizing revenue of 48305.56 euro yearly and relief stress of 7.26% by discharging its
stored energy of 127799.32 kWh yearly out of 1760000.345 kWh yearly total demand of

the network.

Finally, the economic assessment underscored the long-term profitability of BESS
investments. Using Net NPV, LCOE, and payback period assessment, it became evident

that simultaneous market participation significantly improved investment returns
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compared to single-market strategies. Specifically, the best economic performance has
been achieved at lower discount rates, indicates that longer operational lifetimes
significantly reduce the cost per unit of energy delivered. Considering 5% discount rate,
an annual BESS degradation rate of 2%, and an annual inflation rate of 2%, the Net
Present Value (NPV) was calculated to be 119,326 euro over the project lifetime, with a
payback period of 6 years. Based on economic considerations, the model proposes a
strategic operational method for BESS that results in a LCOE of 0.277 euro per kWh. From
this economic assessment, DSO can decide before placing bid in energy market that how
much electricity price should be proposed per kWh for bidding so that no chances of
losses from participating whether it’s in energy arbitrage or reserve market. Moreover,
the sensitivity analysis emphasized that careful financial planning and accurate cost

forecasting are critical for achieving favourable investment outcomes.

5.2 Future Direction

Future research can expand upon this work by incorporating additional flexibility
markets by developing integrating TSO-DSO coordination framework. By involving BESS
aggregator with coordination framework flexible market participation strategies need to
be more robust to achieve system wide stability and earn maximum revenues. Evaluating
the performance of larger or multiple BESS installations under diverse operational
scenarios, including extreme weather events or significant grid disturbances, would also
be beneficial. Additionally, integrating weather forecasting techniques in BESS, could
improve accuracy in predicting renewable generation thus enabling more precise

economic optimization and operational planning.

Moreover, policy-driven research addressing regulatory frameworks and incentive
structures would help identify mechanisms that encourage broader adoption of BESS
technologies in rural and urban distribution networks. Exploring integrated flexibility
approaches that combine BESS with demand response mechanisms and decentralized
renewable generation could result in more robust and holistic strategies for enhancing

grid flexibility. These directions will ensure that future deployments of BESS continue to
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support network reliability, enhance economic performance, and contribute effectively

to sustainable energy transitions.



70

References

Agbonaye, O., Keatley, P., Huang, Y., Ademulegun, O. O., & Hewitt, N. (2021). Mapping
demand flexibility: A spatio-temporal assessment of flexibility needs,
opportunities and response potential. Applied Energy, 295. Scopus.
https://doi.org/10.1016/j.apenergy.2021.117015

Ahmadi, B., Ceylan, O., & Ozdemir, A. (2021). A multi-objective optimization evaluation
framework for integration of distributed energy resources. Journal of Energy
Storage, 41, 103005. https://doi.org/10.1016/j.est.2021.103005

Akmal, M., Fox, B., Morrow, J. D., & Littler, T. (2014). Impact of heat pump load on
distribution networks. IET Generation, Transmission & Distribution, 8(12), 2065—
2073. https://doi.org/10.1049/iet-gtd.2014.0056

Alazemi, T., Darwish, M., & Radi, M. (2022). TSO/DSO Coordination for RES Integration:
A Systematic Literature Review. Energies, 15(19), 7312.
https://doi.org/10.3390/en15197312

Alrashidi, M. (2022). Community Battery Storage Systems Planning for Voltage
Regulation in Low Voltage Distribution Systems. Applied Sciences, 12(18), 9083.
https://doi.org/10.3390/app12189083

Apribowo, C. H. B., Hadi, S. P., Danang Wijaya, F., Setyonegoro, M. |. B., & Sarjiya. (2024).
Optimal sizing and placement of battery energy storage system for maximum
variable renewable energy penetration considering demand response flexibility:
A case in Lombok power system, Indonesia. Energy Conversion and Management:
X, 23, 100620. https://doi.org/10.1016/j.ecmx.2024.100620

Attar, M., Repo, S., Mutanen, A., Rinta-Luoma, J., Vare, T., & Kukk, K. (2024). Market
integration and TSO-DSO coordination for viable Market-based congestion
management in power systems. Applied Energy, 353, 122180.
https://doi.org/10.1016/j.apenergy.2023.122180

Babu, V. V,, Roselyn, J. P, Nithya, C., & Sundaravadivel, P. (2024). Development of Grid-

Forming and Grid-Following Inverter Control in Microgrid Network Ensuring Grid



71

Stability and Frequency  Response.  Electronics,  13(10), 1958.
https://doi.org/10.3390/electronics13101958

Bolfek, M., & Capuder, T. (2024). Voltage-Triggered Flexibility Provision in a Distribution
Network  with Limited  Observability.  Energies,  17(16),  4091.
https://doi.org/10.3390/en17164091

Celli, G., Pilo, F., Pisano, G., Ruggeri, S., & Soma, G. G. (2021). Relieving Tensions on
Battery Energy Sources Utilization among TSO, DSO, and Service Providers with
Multi-Objective Optimization. Energies, 14(1), 239.
https://doi.org/10.3390/en14010239

Chatzigeorgiou, N. G., Theocharides, S., Makrides, G., & Georghiou, G. E. (2024). A review
on battery energy storage systems: Applications, developments, and research
trends of hybrid installations in the end-user sector. Journal of Energy Storage,
86, 111192. https://doi.org/10.1016/j.est.2024.111192

Chen, S., Zhang, T., Gooi, H. B., Masiello, R. D., & Katzenstein, W. (2016). Penetration Rate
and Effectiveness Studies of Aggregated BESS for Frequency Regulation. IEEE
Transactions on Smart Grid, 7(1), 167-177.
https://doi.org/10.1109/TSG.2015.2426017

Cole, W., & Karmakar, A. (2023). Cost Projections for Utility-Scale Battery Storage.
https://docs.nrel.gov/docs/fy230sti/85332.pdf

Coletta, G., Laso, A., Jonsdottir, G. M., Manana, M., Villacci, D., Vaccaro, A., & Milano, F.
(2020). On-Line Control of DERs to Enhance the Dynamic Thermal Rating of
Transmission Lines. IEEE Transactions on Sustainable Energy, 11(4), 2836—2844.
https://doi.org/10.1109/TSTE.2020.2979509

Dargaville, R., Dwyer, S., & Thorpe, A. (2021). Electric vehicles and the grid (No. Final
report). Monash University, uTs, UNSW.
https://opus.lib.uts.edu.au/bitstream/10453/151846/2/N1-EV-Opportunity-
Assessement-Report-FINAL_05112021.pdf

Dong, C., Yu, T., Pan, Z., Wu, Y., Wang, Z., Wang, Y., & Wang, K. (2024). Renewable energy

hosting capacity assessment in distribution networks based on multi-strategy



72

improved whale optimization algorithm. IET Renewable Power Generation,
rpg2.12994. https://doi.org/10.1049/rpg2.12994

Efkarpidis, N. A., Imoscopi, S., Geidl, M., Cini, A., Lukovic, S., Alippi, C., & Herbst, I. (2023).
Peak shaving in distribution networks using stationary energy storage systems: A
Swiss case study. Sustainable Energy, Grids and Networks, 34, 101018.
https://doi.org/10.1016/j.segan.2023.101018

Elio, J., & Milcarek, R. J. (2023). A comparison of optimal peak clipping and load shifting
energy storage dispatch control strategies for event-based demand response.
Energy Conversion and Management: X, 19, 100392.
https://doi.org/10.1016/j.ecmx.2023.100392

Elrayyah, A., & Singh, N. K. (2020). Autonomous Control Strategy for Reliable OLTC
Operation under PV Power Fluctuation with Effective Voltage Regulation. 2020
IEEE Energy Conversion Congress and Exposition (ECCE), 2766-2772.
https://doi.org/10.1109/ECCE44975.2020.9236356

ENSTO-e. (2025). ENSTO-e. Transparency Platform ENSTO-e.
https://newtransparency.entsoe.eu/

Fingrid. (2023). Fingrid. Fingrid.
https://www.fingrid.fi/globalassets/dokumentit/fi/sahkomarkkinat/reservit/the
-technical-requirements-and-the-prequalification-process-of-frequency-
containment-reserves-fcr-as-of-22-may-2023.pdf

Fingrid. (2025). FINGRID. Fingrid. https://www.fingrid.fi/

Gandhi, O., Kumar, D. S., Rodriguez-Gallegos, C. D., & Srinivasan, D. (2020). Review of
power system impacts at high PV penetration Part I: Factors limiting PV
penetration. Solar Energy, 210, 181-201.
https://doi.org/10.1016/j.solener.2020.06.097

Ghazavi Dozein, M., Gomis-Bellmunt, O., & Mancarella, P. (2021). Simultaneous Provision
of Dynamic Active and Reactive Power Response From Utility-Scale Battery
Energy Storage Systems in Weak Grids. IEEE Transactions on Power Systems, 36(6),
5548-5557. https://doi.org/10.1109/TPWRS.2021.3076218



73

Gonzalez-Dumar, A., Arango-Aramburo, S., & Correa-Posada, C. M. (2024). Quantifying
power system flexibility for the energy transition in Colombia. International
Journal of Electrical Power & Energy Systems, 155, 109614.
https://doi.org/10.1016/j.ijepes.2023.109614

Hsi, P-H., & Shieh, J. C. P. (2024). Techno-Economic Investment Risk Modeling of Battery
Energy Storage System Participating in Day-Ahead Frequency Regulation Market.
IEEE Access, 12, 56981-56990. https://doi.org/10.1109/ACCESS.2024.3390439

Hu, J., Liu, X., Shahidehpour, M., & Xia, S. (2021). Optimal Operation of Energy Hubs With
Large-Scale Distributed Energy Resources for Distribution Network Congestion
Management. [EEE Transactions on Sustainable Energy, 12(3), 1755-1765.
https://doi.org/10.1109/TSTE.2021.3064375

Hu, Y., Armada, M., & Jesus Sanchez, M. (2022). Potential utilization of battery energy
storage systems (BESS) in the major European electricity markets. Applied Energy,
322,119512. https://doi.org/10.1016/j.apenergy.2022.119512

Janota, L., Kralik, T., & Knapek, J. (2020). Second Life Batteries Used in Energy Storage for
Frequency Containment Reserve Service. Energies, 13(23), 6396.
https://doi.org/10.3390/en13236396

Jiang, M., Guo, Q., & Sun, H. (2020). Decoupled piecewise linear power flow and its
application to under voltage load shedding. CSEE Journal of Power and Energy
Systems. https://doi.org/10.17775/CSEEJPES.2019.02900

Kabeyi, M. J. B., & Olanrewaju, O. A. (2023). The levelized cost of energy and
modifications for use in electricity generation planning. Energy Reports, 9, 495—
534. https://doi.org/10.1016/j.egyr.2023.06.036

Khajeh, H., Parthasarathy, C., Doroudchi, E., & Laaksonen, H. (2023). Optimized siting and
sizing of distribution-network-connected battery energy storage system
providing flexibility services for system operators. Energy, 285. Scopus.
https://doi.org/10.1016/j.energy.2023.129490

Kitsatoglou, A., Georgopoulos, G., Papadopoulos, P., & Antonopoulos, H. (2024). An

ensemble approach for enhanced Day-Ahead price forecasting in electricity



74

markets. Expert Systems with Applications, 256, 124971.
https://doi.org/10.1016/j.eswa.2024.124971

Kotsalos, K., Miranda, I., Dominguez-Garcia, J. L., Leite, H., Silva, N., & Hatziargyriou, N.
(2020). Exploiting OLTC and BESS Operation Coordinated with Active Network
Management in LV Networks. Sustainability, 12(8), 3332.
https://doi.org/10.3390/su12083332

Laaksonen, H., Khajeh, H., & Hatziargyriou, N. (2025). Coordinated control schemes for
improved DER hosting capacity and flexibility provision. IET Conference
Proceedings, 2024(5), 5-12. https://doi.org/10.1049/icp.2024.1871

Levin, T, Bistline, J., Sioshansi, R., Cole, W. J., Kwon, J., Burger, S. P., Crabtree, G. W.,
Jenkins, J. D., O’Neil, R., Korpas, M., Wogrin, S., Hobbs, B. F., Rosner, R., Srinivasan,
V., & Botterud, A. (2023). Energy storage solutions to decarbonize electricity
through enhanced capacity expansion modelling. Nature Energy, 8(11), 1199-
1208. Scopus. https://doi.org/10.1038/s41560-023-01340-6

Lin, B., & Wu, W. (2017). Economic viability of battery energy storage and grid strategy:
A special case of China electricity market. Energy, 124, 423-434,
https://doi.org/10.1016/j.energy.2017.02.086

Liu, J., Wang, H., Du, Y,, Lu, Y., & Wang, Z. (2023). Multi-objective optimal peak load
shaving strategy using coordinated scheduling of EVs and BESS with adoption of
MORBHPSO. Journal of Energy Storage, 64, 107121.
https://doi.org/10.1016/j.est.2023.107121

Luo, Z., Peng, J., Cao, J., Yin, R., Zou, B., Tan, Y., & Yan, J. (2022). Demand Flexibility of
Residential Buildings: Definitions, Flexible Loads, and Quantification Methods.
Engineering, 16, 123-140. https://doi.org/10.1016/j.eng.2022.01.010

Motta, S., Aro, M., Evens, C., Hentunen, A., & lkdheimo, J. (2021). A COST-BENEFIT
ANALYSIS OF LARGE-SCALE BATTERY ENERGY STORAGE SYSTEMS for FREQUENCY
MARKETS. IET Conference Proceedings, 2021(6), 3130-3134.
https://doi.org/10.1049/icp.2021.1470

Mudimu, M. F., Van Coller, J., & Masisi, L. (2024). Location-Based Sizing of Battery Energy
Storage for Voltage Regulation in MV/LV Distribution Networks. 2024 IEEE



75

PES/IAS PowerAffrica, 01-05.
https://doi.org/10.1109/PowerAfrica61624.2024.10759377

Muzammal Islam, M., Yu, T., Giannoccaro, G., Mi, Y., La Scala, M., Rajabi Nasab, M., &
Wang, J. (2024). Improving Reliability and Stability of the Power Systems: A
Comprehensive Review on the Role of Energy Storage Systems to Enhance
Flexibility. IEEE Access, 12, 152738-152765.
https://doi.org/10.1109/ACCESS.2024.3476959

Olatunde, 0., Hassan, M. Y., Abdullah, M. P, & Rahman, H. A. (2020). Real-time
multiperiod voltage control algorithm with OLTC and switched capacitors for
smart distribution networks in the presence of energy storage system.
International  Transactions on  Electrical  Energy  Systems,  30(9).
https://doi.org/10.1002/2050-7038.12475

Papazoglou, G., & Biskas, P. (2023). Review and Comparison of Genetic Algorithm and
Particle Swarm Optimization in the Optimal Power Flow Problem. Energies, 16(3),
1152. https://doi.org/10.3390/en16031152

Parthasarathy, C., Hafezi, H., & Laaksonen, H. (2022). Integration and control of lithium-
ion BESSs for active network management in smart grids: Sundom smart grid
backup feeding case. Electrical  Engineering,  104(2), 539-553.
https://doi.org/10.1007/s00202-021-01311-8

Parthasarathy, C., Laaksonen, H., & Hafezi, H. (2021). Control and Co-ordination of
Flexibilities for Active Network Management in Smart Grids — Li-ion BESS Fast
Charging Case. 2021 IEEE Madrid PowerTech, 1-6.
https://doi.org/10.1109/PowerTech46648.2021.9494853

Patig, A., Stanojev, O., Aristidou, P., Kiprakis, A., & Hug, G. (2022). Fast Mapping of
Flexibility Regions at TSO-DSO Interfaces under Uncertainty. 2022 |EEE PES
Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), 1-6.
https://doi.org/10.1109/ISGT-Europe54678.2022.9960351

PEAK project. (2025). PEAK. https://sites.uwasa.fi/peak/project/



76

Peng, C.-Y.,, Kuo, C.-C., & Tsai, C.-T. (2021). Optimal Configuration with Capacity Analysis
of PV-Plus-BESS for Behind-the-Meter Application. Applied Sciences, 11(17), 7851.
https://doi.org/10.3390/app11177851

Prakash, K., Ali, M., Siddique, M. N. ., Chand, A. A., Kumar, N. M., Dong, D., & Pota, H. R.
(2022). A review of battery energy storage systems for ancillary services in
distribution grids: Current status, challenges and future directions. Frontiers in
Energy Research, 10, 971704. https://doi.org/10.3389/fenrg.2022.971704

Rakhmonoy, I., Berdishev, A., Khusanov, B., Khaliknazarov, U., & Utegenov, U. (2020).
General characteristics of networks and features of electricity consumers in rural
areas. IOP Conference Series: Materials Science and Engineering, 883(1), 012104.
https://doi.org/10.1088/1757-899X/883/1/012104

Rancilio, G., Bovera, F., & Merlo, M. (2022). Revenue Stacking for BESS: Fast Frequency
Regulation and Balancing Market Participation in Italy. International Transactions
on Electrical Energy Systems, 2022, 1-18.
https://doi.org/10.1155/2022/1894003

Razavi, S.-E., Rahimi, E., Javadi, M. S., Nezhad, A. E., Lotfi, M., Shafie-khah, M., & Cataldo,
J. P. S. (2019). Impact of distributed generation on protection and voltage
regulation of distribution systems: A review. Renewable and Sustainable Energy
Reviews, 105, 157-167. https://doi.org/10.1016/j.rser.2019.01.050

mudimumRisi, B.-G., Riganti-Fulginei, F., & Laudani, A. (2022). Modern Techniques for
the Optimal Power Flow Problem: State of the Art. Energies, 15(17), 6387.
https://doi.org/10.3390/en15176387

Ritchie, H., Roser, M., & Rosado, P. (2024). Renewable Energy. Our World in Data.
https://ourworldindata.org/renewable-energy

Saboori, H.,, Hemmati, R., & lJirdehi, M. A. (2015). Reliability improvement in radial
electrical distribution network by optimal planning of energy storage systems.
Energy, 93, 2299-2312. https://doi.org/10.1016/j.energy.2015.10.125

Sarimuthu, C. R., Ramachandaramurthy, V. K., Agileswari, K. R., & Mokhlis, H. (2016). A

review on voltage control methods using on-load tap changer transformers for



77

networks with renewable energy sources. Renewable and Sustainable Energy
Reviews, 62, 1154—1161. https://doi.org/10.1016/j.rser.2016.05.016

Sayed, M. A,, Ghafouri, M., Atallah, R., Debbabi, M., & Assi, C. (2024). Grid Chaos: An
uncertainty-conscious robust dynamic EV load-altering attack strategy on power
grid stability. Applied Energy, 363, 122972.
https://doi.org/10.1016/j.apenergy.2024.122972

Silva, J., Sumaili, J., Bessa, R. J., Seca, L., Matos, M., & Miranda, V. (2018). The challenges
of estimating the impact of distributed energy resources flexibility on the
TSO/DSO boundary node operating points. Computers & Operations Research,
96, 294-304. https://doi.org/10.1016/j.cor.2017.06.004

Siregar, Y., & Sihaloho, E. Y. M. (2024). Analysis Of Feeder Switch Relocation To Minimize
Saidi And Saifi In The 20 Kv Distribution Network Of Rengat City. 2024
International Seminar on Intelligent Technology and Its Applications (ISITIA), 530—
535. https://doi.org/10.1109/ISITIA63062.2024.10668373

Sperstad, I. B., Istad, M., Sale, H., Korpas, M., Oleinikova, I., Hanninen, S., Motta, S.,
Panagiotou, K., Papadimitriou, C., Efthymiou, V., Traholt, C., & Marinelli, M.
(2020). Cost-Benefit Analysis of Battery Energy Storage in Electric Power Grids:
Research and Practices. 2020 IEEE PES Innovative Smart Grid Technologies Europe
(ISGT-Europe), 314-318. https://doi.org/10.1109/ISGT-
Europe47291.2020.9248895

Statista. (2025). Share of renewable energy of the total energy consumption in Finland
from 2014 to 2024. Statista. https://www.statista.com/statistics/536065/finland-
share-of-electricity-produced-from-renewable-energy/

Syranidou, C., Linssen, J., Stolten, D., & Robinius, M. (2020). Integration of Large-Scale
Variable Renewable Energy Sources into the Future European Power System: On
the Curtailment Challenge. Energies, 13(20), 5490.
https://doi.org/10.3390/en13205490

Tan, Z, Li, X., He, L., Li, Y., & Huang, J. (2020). Primary frequency control with BESS
considering adaptive SoC recovery. International Journal of Electrical Power &

Energy Systems, 117, 105588. https://doi.org/10.1016/].ijepes.2019.105588



78

Ten, C-W., & Hou, Y. (2024). Modern Power System Analysis (3rd ed.). CRC Press.
https://doi.org/10.1201/9781003129769

Uzum, B., Yoldas, Y., Bahceci, S., & Onen, A. (2024). Comprehensive review of
transmission system operators—Distribution system operators collaboration for
flexible grid operations. Electric Power Systems Research, 227, 109976.
https://doi.org/10.1016/j.epsr.2023.109976

Vagropoulos, S. |., Biskas, P. N., & Bakirtzis, A. G. (2022). Market-based TSO-DSO
coordination for enhanced flexibility services provision. Electric Power Systems
Research, 208, 107883. https://doi.org/10.1016/j.epsr.2022.107883

Varhegyi, G., & Nour, M. (2024). Advancing Fast Frequency Response Ancillary Services
in Renewable-Heavy Grids: A Global Review of Energy Storage-Based Solutions
and Market Dynamics. Energies, 17(15), 3737.
https://doi.org/10.3390/en17153737

Viola, L., Mohammadi, S., Dotta, D., Hesamzadeh, M. R., Baldick, R., & Flynn, D. (2024).
Ancillary services in power system transition toward a 100% non-fossil future:
Market design challenges in the United States and Europe. Electric Power Systems
Research, 236, 110885. https://doi.org/10.1016/j.epsr.2024.110885

Wang, L., Yan, R., & Saha, T. K. (2019). Voltage regulation challenges with unbalanced PV
integration in low voltage distribution systems and the corresponding solution.
Applied Energy, 256, 113927. https://doi.org/10.1016/j.apenergy.2019.113927

Wichitkrailat, K., Premrudeepreechacharn, S., Siritaratiwat, A., & Khunkitti, S. (2024).
Optimal Sizing and Locations of Multiple BESSs in Distribution Systems Using
Crayfish  Optimization  Algorithm. |EEE  Access, 12, 94733-94752.
https://doi.org/10.1109/ACCESS.2024.3425963

Zhang, R., Lee, M., Huang, L., & Ni, M. (2024). Optimization of battery energy storage
system (BESS) sizing in different electricity market types considering BESS
utilization mechanisms and ownerships. Journal of Cleaner Production, 470,

143317. https://doi.org/10.1016/].jclepro.2024.143317



79

Zhang, W., & Zavala, V. M. (2023). Quantifying space-time load shifting flexibility in
electricity markets. Computers & Chemical Engineering, 177, 108338.
https://doi.org/10.1016/j.compchemeng.2023.108338



