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Abstract

The power quality regulation states that the distribution system operator is responsible for

maintaining the power quality in the grid and ensuring that the voltage quality is within

statutory limits. Due to environmental issues and a demand for more e�cient energy generation

the power system is transforming into a more decentralized system resulting in more intermittent

power generation and distributed generation. This results in challenges in the distribution grid,

such as under-voltage issues. The use of battery energy storage in the distribution grid provides a

reliable energy source to be used for e.g. voltage control. The flexibility in battery energy storage

systems can be made accessible for the distribution system operator through local flexibility

markets.

This master thesis therefore presents the network model of a case study network with under-

voltage issues. The under-voltage issues are evaluated for three load profile scenarios and the

results are used to procure the flexibility demand for the load profile scenarios, consider two

set voltage limits at 0.95 pu and 0.9 pu. These voltage limits reflect the DSO responsibility

for ensuring the power quality in the distribution grid and the responsibility for ensuring that

the voltage quality is within statutory limits. A two-stage stochastic optimization model was

created with goal of obtaining enough flexibility, through a battery, to cover the flexibility

demands procured, and thereby avoid violating the set voltage limits. The objective of the

model is to minimize the total cost for the distribution system operator considering the cost of

booking and activating flexibility through two flexibility options, LongFlex and ShortFlex, and

also considering the cost of battery degradation.

The use of various load profile scenarios in the network model resulted in varying degree of

under-voltage issues, considering voltage magnitude and the duration of the issues. The use

of the flexibility demands procured, by the use of the under-voltage limit, in the optimization

model verified that the model booked and activated enough flexibility to cover the demands. The

use of ShortFlex and LongFlex varied with the cost of booking and activation, for both of the

cost profiles. The battery discharged enough power to cover the demand and various segments

in battery are activated. However, the model resulted in low cost for the distribution system

operator as a result of operating with small amount of power and a overdimensioned battery.

The use of the power quality limit resulted in a very high flexibility demand for each scenario,

and the use of these demands in the optimization model resulted in an infeasible model. This

was a result of the constant flexibility demands, which did not allow for any battery charging. In

situations with a great demand more batteries must be considered or other options for reinforcing

the grid.
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Sammendrag

Netteieren, eller distribusjonssystemoperatøren, er ansvarlig for å operere og vedlikeholde

distribusjonsnettet. I forskrift om leveringskvalitet er det fastsatt at det er netteieren som er

ansvarlig for å opprettholde kraft- og spenningskvaliteten i nettet, dette innebærer at spenningen

skal være innenfor lovbestemte grenser. P̊a grunn av den p̊ag̊aende klimakrisen og behovet for

mer e↵ektiv kraftproduksjon blir strømnettet mer og mer desentralisert. Dette medfører en økt

andel varierende fornybar kraftproduksjon og mer kraftproduksjon koblet til distribusjonsnettet.

Den p̊ag̊aende endringen av strømnettet medfører ulike spenningproblem som f.eks. under-

spenningsproblemer. Bruken av batteri i distribusjonsnettet gir tilgang p̊a en p̊alitelig energikilde

som kan benyttes til f.eks. spenningsregulering. Fleksibiliteten i batteriene kan tilgjengelig gjøres

gjennom lokale fleksibilitet marked.

Denne masteren presenterer derfor en modell av et casestudie nettverket med under-

spenningsproblemer. Spenningsproblemene vurderes ut i fra tre ulike last profil scenario og

resultatene benyttes for å ska↵e fleksibilitetsbehovet for de ulike scenarioene, med hensyn til

to ulike spenningsgrenser, p̊a 0.95 pu og 0.90 pu. Spenningsgrensene ble satt for å reflektere

netteierens ansvar for å opprettholde kraft- og spenningskvaliteten i nettet.

En to-steg stokastisk optimeringsmodell ble laget med et mål om å ska↵e nok fleksibilitet, fra

et batteri, til å dekke fleksibilitetsbehovene ved de tre last profil scenarioene. Objektivet til

modellen er å minimere netteieren utgifter med hensyn p̊a kostnaden av å booke og aktivere

fleksibilitet gjennom to fleksibilitetsmuligheter, LongFlex og ShortFlex, og samtidig ta hensyn

til kostandene ved nedbrytingen av de ulike segmentene i batteriet.

Ved å benytte fleksibilitetsbehovet ska↵et ved bruk av under-spenningsgrensen og to ulike profiler

for fleksibilitetskostnader i optimeringsmodellen gir en bekreftelse p̊a at modellen fungerer slik

den skal, ettersom det aktiveres nok fleksibilitet til å dekke behovet. Det benyttes b̊ade ShortFlex

og LongFlex avhenging av prisen p̊a aktivering og booking. Modellen trekker nok kraft fra

batteriet til å dekke behovet og ulike segmenter i batteriet blir aktivert. Den totale kostnaden

for netteieren er veldig lav, men dette kommer av at batteriet er overdimensjonert og av det

lave fleksibilitetsbehovet. Ved å benytte fleksibilitetsbehovene fra kraft-kvalitetsgrense er ikke

modellen løselig, og dette er p̊a grunn av det konstante fleksibilitetsbehovet, ettersom dette

betyr at batteriet ikke f̊ar muligheten til å lade. I slike situasjoner kan det være mulig å benytte

flere batteriet eller vurdere andre metoder for å styrke nettet.
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Chapter 1

Introduction

This chapter firstly presents the background and motivation for this master thesis. Further, it

presents a description of the scope of work and the contribution of this master thesis. Lastly,

an outline of the master thesis is presented.

1.1 Background and Motivation

Due to the ongoing environmental issues there is an increase demand for renewable and more

e�cient energy generation. The power system is therefore transforming into a more decentralized

system with a increased implementation of renewable energy sources, such as solar- and wind

power, and more distributed generation. The reduction in pollution from power generation is

important and necessary, however, the transformation of the power system, with more power

generation in the distribution grid, causes issues for the distribution system operator, as the

distribution system is not designed for connections with power generation [1][2][3].

The transformation causes among other, voltage related issues in the distribution grid and as the

distribution system operator is responsible for maintaining the voltage quality within statutory

limits, voltage control at distribution level is necessary [4]. There are many methods for voltage

control in the distribution grid, however, in grids with a high penetration of renewable energy

generation, the use of battery energy storage systems o↵ers a reliable source for energy. Battery

energy storage systems o↵ers many areas of use in the distribution system such as voltage support

[5][6]. However, the distribution system operator is not allowed to own, develop, manage or

operate battery energy storage system as state by the current regulation from the European

Commission [7]. However, the flexibility in batteries can be accessed through local flexibility

markets [5].

This master thesis therefore focuses on the possibility of accessing the flexibility in batteries

through local flexibility markets, and to evaluate the costs for the distribution system operator

to do this considering the load uncertainty, the cost of booking and activating flexibility from a

local flexibility market and how the cost of battery degradation might impact the total cost.

1



Chapter 1 Introduction

1.2 Scope of Work

This master thesis investigates the potential for using local flexibility markets as a way for the

distribution system operator to access flexibility in battery energy storage systems for voltage

control. This master therefore looks into the concept of flexibility, local flexibility markets, the

areas of use for battery energy storage in the distribution grid and battery degradation. The

scope of work can therefore be summarized to:

• Voltage: Presenting methods of voltage control in the distribution grid, voltage quality

regulations and defining under-voltage issues.

• Flexibility: Describing the concept of flexibility, flexibility sources and the purpose of

flexibility in the power grid. Presenting the framework for local flexibility markets as local

flexibility markets and existing platforms.

• Battery: Investigate the area of use for battery energy storage in the distribution system

and present methods for modelling battery degradation in optimization models.

• Network modeling: Modeling and simulating a realistic distribution grid using

Norwegian load data to investigate under-voltage issues. Evaluate the demand for

flexibility consider statutory voltage limits and power quality.

• Two-stage optimization model: Model a two-stage optimization model considering

the load uncertainty, and investigate the total cost for the distribution system operator

to book and activate flexibility through a local flexibility market and the e↵ect of battery

degradation on this cost. Evaluate the results of using various cost profiles for flexibility.

1.3 Contribution

This master thesis has several contributions such as an introduction to important concepts

regarding the future power grid, such as flexibility, local flexibility markets and BESS in

the distribution system. Another contribution is a review regarding battery degradation in

optimization modeling. However, the two main contributions are presented below:

Network Model: One contribution of this master thesis is the model of the low voltage

distribution grid in PandaPower. The model o↵ers a network with common configurations of a

low voltage distribution grid and load data from a distribution grid in Norway. The results from

the simulations o↵ers a network with violations of statutory levels and under-voltage issues.

Optimization Model: Another contribution is the two-stage stochastic optimization model

in Pyomo. The optimization model considers the cost for DSO to procure flexibility, both long-

and short term, through BESS, as well as the cost of battery degradation under the uncertainty

of load with various cost profiles.
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Chapter 1 Introduction

1.4 Thesis Outline

This report consists of six chapters:

Chapter 1: Introduction presents the background and motivation for the master thesis.

Further, the scope of work and the contribution are presented. Lastly, an outline of the master

thesis is presented.

Chapter 2: Theoretical Background** presents the necessary theoretical background for

this master thesis. Firstly, it presents theory related to the distribution grid and the distribution

grid operator, such as the decentralization of the power system, power quality regulation, under-

voltage issues and voltage control. Further, the concepts of flexibility and local flexibility markets

are described and the role of flexibility in the power system. The purpose of battery energy

storage system in distribution grid is presented with methods for considering battery degradation

in optimization modeling. Lastly, power flow analysis and stochastic programming are presented.

Chapter 3: Case Study presents the case study low voltage distribution grid used in the

master thesis. It also presents three load profile scenarios and a battery case evaluated in

combination with the case study network.

Chapter 4: Methodology** presents the modeling and simulation of the case study network

with an explanation of the modelling process, necessary data, approaches to data handling and

quasi-dynamic simulation. Further, the two-stage stochastic optimization model is presented

and explained, as well as any assumptions and data used.

Chapter 5: Results and Discussion presents the results from both the network model and

the two-stage stochastic optimization model in combination with a discussion of the results.

Chapter 6: Conclusion summarizes and concludes the report, and presents the main

discoveries. It also presents thoughts around further work.

** Note that some information presented in the specialization project “Reducing Voltage Related

Challenges Through Flexibility and Modelling of a Distribution Grid” is re-used and re-written,

for chapter 2 and 4, see reference [8].
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Chapter 2

Theoretical Background

This chapter presents the relevant theoretical background for this master thesis. Firstly, theory

regarding the distribution grid, such as as power quality regulation, decentralization of the power

system, voltage issues and voltage control are presented. Further, the concept of flexibility and

its role in the power system are presented, as well as the framework for local flexibility markets.

Then the role of battery energy storage in the distribution grid and battery degradation are

presented. Lastly, there is a presentation of power flow analysis and stochastic programming.

2.1 Distribution Grid

The Norwegian power system is divided into three levels; transmission-, regional distribution-

and local distribution grid. Figure 2.1 presents an overview of the power system, di↵erentiating

the various levels. The transmission grid is a nationwide network binding together producers

and consumers, as well as international connections, through a high voltage system, mostly at

300 kV or 420 kV [9][10].

Figure 2.1: Overview of the three levels in the Norwegian power system. Based on [11, p.2].

According to European Union (EU) regulations, both regional- and local distribution grids are

a part of the distribution system in Norway. However, the regional distribution grid is mainly

used to bind together the transmission- and local distribution grid at a voltage level between

33-132 kV. The local part of the distribution system are the local grids, owned and operated

by various grid companies, delivering power to smaller end-users. The local distribution grid is

divided into a high voltage (HV) level, between 1-22 kV, and a low voltage (LV) level, at 230 V

or 400 V, connected to end-users [9][10].
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Chapter 2 Theoretical Background

2.1.1 Power Quality Regulation

The distribution system operator (DSO) is responsible for operating and maintaining the

distribution grid. In Norway there are over 100 DSOs responsible for the distribution grid

in various areas of the country. The distribution of electrical power is a monopoly and the DSOs

are therefore subjected to comprehensive regulations by the energy law. The regulations in the

energy law are related to power production, sale, transfer, distribution and more [10][12][13].

Further, the power quality regulation, set by the Norwegian Water Resources and Energy

Directorate (NVE), ensures that satisfactory power quality is delivered in the power system.

The quality of delivered power is important as reduced quality might lead to consequences such

as equipment failure and financial losses [4][14]. An important factor in delivered quality, is the

voltage quality. The DSOs are responsible for ensuring that the slow variations in the voltage

magnitude is within statutory limits. These limits are within the range of ±10 % of the nominal

voltage, measured as the average value over a minute, in connection with the LV-side of the

local distribution grid [4].

2.1.2 From a Centralized to a Decentralized Power System

In a centralized power system the power generation is centralized at large-scale facilities, and

these facilities are located far from the end-users. The power is transferred through the

transmission grid and distributed to the end-users through the distribution grid [15]. Figure

2.2 presents an illustration of a centralized power system. However, due to environmental issues

and the depletion of energy resources, there is an ongoing transformation of the power system.

The demand for a decarbonized, renewable and more e�cient energy generation challenges the

traditional centralized management of the power system [1][2][3].

Figure 2.2: An illustration of a centralized power system. Based on [1].

The power system is therefore becoming more decentralized and more complex than a traditional

centralized power system. An illustration of a decentralized power system is presented in figure

2.3. In a decentralized power system, the power generation comes from intermittent generation,

such as solar- and wind power, and distributed generation (DG), in addition to large-scale

facilities [1]. DG is a term used for a variety of power generation technologies connected to

the distribution network. For the residential sector DG is technologies such Photovoltaic (PV)

panels, backup generators and small wind turbines. These technologies might also be used in a

bigger scale in the industrial and commercial sector, in addition to hydro power, combined heat

and power (CHP) systems and more [16].
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Figure 2.3: An illustration of a decentralized power system. Based on [1].

The increase in intermittent renewable energy sources (RESs) results in a need for energy storage

systems (ESSs) to contribute towards a more reliable and e�cient power system. There are

several technologies for energy storage such as battery energy storage (BES), compressed air

energy storage (CAES) and hydrogen energy storage (HES). Surplus energy generation can be

stored in an ESS and be utilized during high demand to reduce the strain on the grid [17][18].

Further, an expectation in a decentralized power system is bi-directional power flow as a result

of the consumers transitioning into prosumers. A prosumer is an end-user with their own power

generation to cover some of their own demand. In periods with a power surplus, the end-user

can sell power to the grid [19][20].

Demand-side management (DSM) is the implementation of various measures, such as demand

response (DR), that can be utilized to improve the consumption-side of the power system [21].

DR is the end-users change of consumption pattern as a result of changes to the electricity price

over time. The changes of consumption can be total consumption of electricity, timing and

instantaneous demand. Figure 2.4 presents four methods of DR. The peak clipping technique is

reducing the demand during peak hours without shifting the demand to o↵-peak hours. Shifting

demand from peak hours to o↵-peak hours is load shifting. Valley filling is about increasing the

o↵-peak hours load and flexible load shifting refers to increasing the consumption [22][23].

Figure 2.4: Methods of demand response. Based on [24].
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2.1.3 Power Quality Challenges

The distribution system is not design for connections with power generation technologies and

bi-directional power flow [25]. The ongoing transformation of the power system therefore results

in voltage related challenges in the distribution system. Voltage issues can be defined by the

voltage magnitude and the duration of the event, as presented in figure 2.5. Voltage magnitude

issues can be split into; interruption, over- and under voltage [26]. This master thesis focuses

on long and very long under-voltage issues.

Figure 2.5: Magnitude/duration plot for voltage issues. Based on [26, p.8].

Long-Duration Voltage Variations

Long-duration voltage variations are deviations from the nominal voltage for more than one

minute, and are classified as under-voltage when the nominal voltage is between 0.8-0.9 pu [26].

In a local distribution system with a nominal voltage at 230 V, under-voltage is below 207 V.

Under-voltage issues are created when the voltage drops too low as a result of a great load,

meaning that the distribution system is to weak to handle the load [27].

2.1.4 Voltage Control in the Distribution System

In traditional distribution grids voltage control is usually done by conventional volt/VAr control

(VVC) devices, such as on-load tap changer (OLTC) and step voltage regulator (SVR). An

OLTC is a transformer component used to automatically change the tap position and thereby

creating an increase or decrease in voltage at the substation. If the voltage level is outside of a

set perimeter the OLTC is activated. In a centralized control strategy the high penetration of

DG and distributed energy resources (DERs) in the distribution grid results in a high variation

in voltage levels throughout the day resulting in many tap variations. Frequent use of the OLTC

under load results in material degradation, which impacts the lifespan of the component. To

provided e�cient voltage control the OLTC can be used in combination with other reactive power

control devices, such as the static var compensator (SVC) or shunt capacitor (SC) [28][29][30].
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In automatic voltage regulating (AVR) systems the OLTC is used in combination with a SC at

the primary substation for voltage control by adjusting the reactive power output. This would

be enough voltage regulation in a traditional distribution grid. Further, the SVR is operated

like the OLTC, but it is used for feeder-level control and is therefore installed in each feeder and

not at the substation. Thereby providing voltage regulation which improves the voltage profile

of the transmission line [5] [28].

The methods presented above are traditional methods of voltage control, however, in a grid

with a high penetration of renewable generation the use of battery energy storage provides a

reliable energy source. ESS can be used for voltage control in the distribution grid as it could

be used to reduce the di↵erence between supply and demand. In a distribution system the use

of ESS would result in voltage support, security of supply, reduced power loss and a reduced

need for grid reinforcement [5]. This master thesis focuses on voltage control by the use of ESS

to procure flexibility to reduce under-voltage issues and maintaining power quality.

2.2 Flexibility

Flexibility is defined as the possibility of modifying the generation and consumption patterns

in reaction to a signal. Flexibility is further defined as the power system networks capacity and

ability to sustain reliable supply during imbalance between supply and demand [31].

2.2.1 Flexibility Resources

A flexibility resource is a resource with the ability of flexibility, meaning the ability to respond

to a request in services such as time, availability, volume and cost. In [32] the characteristics of

flexibility resources are divided into two main groups, technical- and economic characteristics,

with sub-classifications. This is presented in figure 2.6.

Figure 2.6: Flexibility resource characteristics. Based on [32].

The economic characteristics are classified into capital (investment) expenditure characteristics

(CAPEX) and operational expenditure characteristics (OPEX). CAPEX refers to the investment

cost of the flexibility resources and enabling activation of flexibility, while OPEX focuses on the

other cost related to activation of flexibility and aging as a result of activation [32].
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The technical characteristic are classified intro three groups; qualitative, controllability and

quantitative. The qualitative technical characteristics refers to the flexibility resources quality

expressed as a degree of comparison and the control technical characteristic refers to how

the flexibility resources are controlled. The quantitative technical characteristics refers to the

numerically expressed capability of flexibility resources [32].

In [2] and [3] the most commonly used attributes to characterize flexibility resources, that falls

within quantitative- and qualitative technical characteristics, are stated as;

• Direction

• Power capacity (power modulation)

• Ramping capacity (rate of change, gradient)

• Service duration

• Location

In [2], [3] and [32] these attributes are defined similarly, however, using various terms for the same

attribute. Location is a qualitative technical characterization states the location of the flexibility

resource in the system. Direction, power capacity, ramping capacity and service duration are

quantitative technical characterizations. Direction is stated as +/� a numerical value referring

to an increase or decrease in net power output, as flexibility can be provided in both direction

by some flexibility resources.

Power capacity or power modulation, in MW or MVAr, is states as the capability of delivering

a change in power output. The ramping capacity, in MW/s, is defined as rate of change or the

gradient, meaning the maximum change in power output as a function of time. Further, service

duration, in seconds, refers to how long the flexibility resource can provide flexibility [2][3][32].

These quantitative attributes are illustrated in figure 2.7.

Figure 2.7: Illustration of the most common quantitative attributes for flexibility resources. Based on [32] and [33, p.239].

9



Chapter 2 Theoretical Background

2.2.2 Distribution System Flexibility

In power systems with a high penetration of renewable energy generation, there is a need for for

increased flexibility for both planning and operation of the power system. The access to flexibility

will be important in the evolution of modern power systems as it will allow for more e↵ective

renewable integration in the power system [31]. Reference [34] presents two main purposes of

flexibility in the power system, as presented below.

• Transmission Level: Mitigate the imbalance between supply and demand

• Distribution Level: Reduce overloading and the violation of statutory voltage limits

In [3] flexibility is classified intro three types of products depending on purpose. These types

and purposes are presented below.

• Type 1: Balancing flexibility for the transmission system operator (TSO) at transmission

level available through e.g. the intra-day energy market.

• Type 2: Balancing flexibility for TSO at distribution level available through DERs at

distribution level.

• Type 3: Flexibility for DSO at distribution level to be used for congestion management,

voltage control and reduction of losses.

This master thesis focuses on the flexibility in the distribution grid, more specifically type 3

flexibility. In [3] type 3 flexibility is divided intro three sources of flexibility dependent on where

in the distribution grid the flexibility is available.

• Grid-side flexibility: Grid-side flexibility refers to the flexibility available through

various grid equipment; discrete equipment such as OLTC and remotely controllable

switches (RCSs), and controllable power electronic devices such as soft open point (SOP).

The equipment can be used to improve the operation of the system and thereby o↵ering

flexibility.

• Supply-side flexibility: Coordinated operation of DGs, such as diesel generator, fuel

cell, BESS and CHP plant, leads to flexibility at the supply-side.

• Demand-side flexibility: Demands-side flexibility refers to the flexibility created by the

end-users. This can be achieved through DSM, heat pumps, electrical vehicles (EVs) and

heating, ventilation and air conditioning (HVAC) systems.

2.2.3 Local Flexibility Market

A local flexibility market (LFM) is an electricity trading platform to buy and sell flexibility

within limited geographical areas. Local flexibility markets presents one solution for procuring

flexibility in the distribution system [2][3].

Framework

There are several key participants in a local flexibility market, and the participants have various

objectives and roles [3]. The key participants in a local flexibility market are generally:
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• Balance responsible party

• Distribution system operator

• Aggregator

• Local flexibility market operator

The buyers in the LFM are the DSO and the balance responsible party (BRP). The BRP is a

trader in the electricity market outsourced by clients, which is responsible for the energy balance

between supply and demand, and is therefore interested in procuring flexibility to ensure that

balance. The DSO also has an interest in acquiring flexibility for various operation functions,

such as voltage control and congestion management [3].

The flexibility in the LFM is provided by various generation asset owners, such as prosumers, and

ESS operators. However, as they individually have a limited amount of flexibility and therefore

hold little negotiation power on their own in the market, an aggregator gathers these individual

flexibility providers and trades on their behalf. The local flexibility market operator provides

a trading platform and supervises the trading between the market participants [3]. Figure 2.8

presents an overview of the LFM framework.

Figure 2.8: Overview of the framework for a local flexibility market. Based on [35].

2.2.4 NODES

NODES is an independent market operator o↵ering flexibility in the grid through an open

marketplace for flexibility providers and grid operators. NODES operates in Norway, Sweden

and the UK, securing the supply of flexibility for various participants in the power system.

NODES o↵ers selling and buying of flexibility through two various platforms; ShortFlex and

LongFlex [36].
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• ShortFlex: Close to real-time flexibility trade in a continuous market, with a price of

buying/activation [37].

• LongFlex: Contracts for booking flexibility a head of time to ensure available flexibility

for the DSO. LongFlex consist of an availability/booking price and an activation price [38].

2.3 Battery Energy Storage Systems

The development of the technology and cost of batteries have made battery energy storage

systems (BESS) a good alternative to traditional grid investments. There are several areas of

use for BESS in a distribution system, which can be divided within security of supply, security

of delivery and power equalization [6]. Figure 2.9 presents the area of use for BESS in the

distribution system. This master thesis focuses on the use of BESS for voltage support in the

distribution system.

Figure 2.9: Areas of use for BESS in the distribution system. Based on [39, p.17]

2.3.1 BESS in Distribution Systems

BESS is suitable for handling under-voltage issues as it can be used to rapidly adjust the active-

and reactive power generation in the system, and thereby regulating the voltage quality of the

system [40]. Voltage related challenges in the distribution system are local problems, which

are therefore required to be solved locally [6]. One advantage to BESS is the independence to

geographically factors, and the BESS can therefore be placed close to the demand for voltage

support in the grid [40]. BESS can therefore also be used to postpone infrastructure upgrades

[18], and as batteries are flexible, meaning batteries can easily be disassembled and moved, if

the load situation changes or upgrades of the infrastructure are to be made [6].

Ownership

One of the main advantages considering the DSO owning BESS is full control over capacity

and availability [6]. However, current regulations from the European Commission states that

DSOs are not allowed to own, develop, manage or operate BESS [7]. Therefore, other options of

access to BESS in distribution systems have to be considered. Another option for BESS access

is through LFM [5].
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2.3.2 Characteristics

There are many types of batteries, however, compared to other types of batteries, lithium-ion

batteries have a high power density and cycle life. This makes lithium-ion batteries a good

candidate for grid application. Additionally, the cost of lithium-ion batteries are decreasing and

is expected to continue to decrease [41]. There are several battery parameters that are used to

characterize a battery, and some important battery characteristics are presented below [42].

• Energy capacity is the amount of energy that can be stored in the battery in kWh

• Maximum charging/discharging is the maximum rate of charging/discharging in a

given instance in kW

• Roundtrip e�ciency is an indicator for the percentage of energy going into the battery

that might be withdrawn

• State of Charge (SOC) refers to the level of charge in the battery

• State of Health (SOH) describes the di↵erence in state between a new battery and the

studied battery

• Depth of Discharge (DOD) is a percentage of the total capacity discharged

• Cycles is a measure of the battery lifetime for a given DOD

2.3.3 Stress Factors in Battery Degradation

Batteries experience degradation over time which is influenced by various stress factors. The

e↵ects of battery degradation that can be observed are capacity- and power fade, the reduction

in usable capacity and delivered power [40]. Several of this stress factors are presented below.

• Cycle aging occurs as result of charging and discharging cycles causing fading of active

materials. Batteries have a limited cycle life, and more frequent cycling increases the

battery cell degradation [40].

• High/low SOC levels as a result of over charging and discharging, reduces the battery

lifetime [40][43].

• Cycle depth, or DOD, is an important factor as deeper cycles reduces a battery’s amount

of possible cycles and lifetime [43]

• Calendar aging refers to battery degradation as a result of time without external

influence [40]

• Ambient temperature is the air temperature at the battery [44]

2.3.4 Modeling of Battery Degradation in Optimization

This section investigating various methods of modelling battery degradation and battery

degradation cost in optimization modelling. The focus is therefore on the equations and

approaches used for battery degradation, and not the full optimization models.
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In reference [45] the cost of battery degradation is measured as the cost of degradation per

kWh and the cost of degradation per cycle. The degradation cost in $/kWh, B, is presented in

equation 2.1a, where R is the investment cost in $, L is the lifetime throughput in kWh and E is

the squareroot of the roundtrip e�ciency. The degradation cost per cycle in $, Bn
c , is presented

in equation 2.1b, where index n is the depth of discharge as a fraction of the capital cost in $,
R, and the remaining cycles to failure fn.

B =
R

L · E (2.1a)

Bn

c =
R

fn
(2.1b)

Reference [43] has established a marginal cost function reflecting the cost of battery degradation

caused by cycles. The piecewise linear upper-approximation function for cost, c, as a function of

the cycle depth, �t, is presented in equation 2.2. The equation considers the battery replacement

cost in $, R, the battery discharge e�ciency in %, ⌘dis, the battery energy capacity in $/kWh,

Erate, the total amount of battery segments J, the current battery segment j and loss of life per

cycle in %, �. The marginal cost function was used in an optimization model to optimize the

BESS dispatch.
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8
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)

◆
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✓
j � 1

J

◆#
(2.2)

The marginal cost function established in reference [43] gives a close approximation the actual

cycle aging of electrochemical batteries. Reference [46] has implemented this function into a

two-stage stochastic model considering flexibility booking for congestion management as well as

battery degradation.

In reference [44] the cost of battery degradation is implemented into a optimal operational

scheduling of a virtual power plant by the use of several equations. Equation 2.3a calculates the

DOD for every time step t, where SOCt is the SOC in time step t and Emax

BESS
is the maximum

energy stored in the BESS in MWh. Equation 2.3b states the relation between the DOD and

the battery cycle life LDOD, in cycles, where a and b are cycle life coe�cients dependent on

DOD. Equation 2.3c states the relationship between the ambient temperature in �C, T, and the

number of cycles, Ltemp, where m and � are cycle life coe�cients dependent on the ambient

temperature.

14



Chapter 2 Theoretical Background

DODt = 1� SOCt

Emax

BESS

(2.3a)

LDOD = a ·DOD + b (2.3b)

Ltemp = m�T (2.3c)

LV V P =
LDOD · Ltemp

LR

(2.3d)

Equation 2.3d combines the e↵ect of ambient temperature and DOD to calculate the cycle life

of the battery with VPP (virtual power plant) participation, LV PP , where LR is the rated cycle

life of the battery by the producer. The cost of battery degradation, CBD, is then calculated by

considering the DOD and the ambient temperature, as presented in equation 2.4. CBC is the

captial cost of the battery and Etotal is the total energy storage in the battery [44].

CBD =
CBC · LR

LDOD · Ltemp · Etotal ·DODref
(2.4)

Reference [47] implements the battery degradation in an optimization model for a battery energy

storage system EV fast charging station, by the use of the equations presented below. Equation

2.5a states that the actual energy at all times in kWh, EB,cap, is obtained from multiplying SOH

in every time step t in %, SOHt, with the initial battery capacity in kWh, EB0. In equation

2.5b the SOHt is calculated by dividing the energy stored, EB
t , by the battery capacity, EB,cap.

Equation 2.5c states that the C-rate, speed to full charge/discharge, Cr
t is obtained by the power

discharged from the BESS, PB
t , by the initial battery capacity, EB0.

EB,cap = SOHt · EB0 (2.5a)

SOCt =
EB

t

EB,cap
(2.5b)

Cr

t =
PB
t

EB0
(2.5c)

Equation 2.6a states that the cyclic aging function, f c
t , is obtained by the use the two cyclic

aging factors, Cr0 and Cr1 , and the C-rate, Cr
t . The full equivalent cycle FECt is obtained, in

equation 2.6b, by multiplying the charging power, P c
t , by the discharging power, P d

t , and then

dividing it by the di↵erence between the minimum and the maximum SOC, SOCmax�SOCmin,

multiplied with two times the EB0. In equation 2.6c the calendar aging is stated as a temperature

dependent factor, K , multiplied with squareroot of time t, and the cyclic aging is stated by

cyclic aging function, f c
t , multiplied with the full equivalent cycle FECt. The SOHt is then

SOHt = minus the calendar aging and cyclic aging [47] .
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f c

t = Cr0 + Cr1 · Cr

t (2.6a)

�FECt =
P c
t · P d

t

2EB0 · (SOCmax � SOCmin)
(2.6b)

�SOHt = SOHt0 � K ·
p
t� f c

t · FECt (2.6c)

The main findings from the various references presenting the modelling of battery degradation

and battery degradation costs in optimization are presented in table 2.1.

Table 2.1: Approaches and main findings from various references modelling battery degradation in optimization.

Ref Approach Main findings

[43] Cycle aging, cost of

degradation per segment

BES probability and life expectancy improved

considering battery degradation

[44] Cost of degradation

based on DOD and ambient

temperature

Battery degradation has an important e↵ect on

the profit and must be considered in maximum

profit problems.

[45] Cost of degradation per

kWh, cost of degradation per

cycle

The importance of taking the relationship

between operation and degradation considering

the economic operation of storage. Important

for extending the life of the battery.

[46] Cycle aging, battery segment

cost based on cycle depth

Solving the same problem with and without

considering degradation costs showed how

important it is to account for the realistic cost

of using the battery for flexibility

[47] Calendar aging, cycle aging Battery degradation has a minimal impact on

the operation cost, but an impact on the

investment costs. The dominant term in the

battery degradation is the calendar aging.

2.4 Power Flow and Stochastic Programming

This sections presents the concept alternating current (AC) power flow analysis and its area of

use. It also presents stochastic programming for optimization.

2.4.1 AC Power Flow Analysis

Power flow, also referred to as load flow, analysis is a numerical analysis of a power system

operating under balanced and steady-state conditions. The power system consists of generators,

loads and buses connected together by transmission lines. The analysis is done to obtain voltages,

currents, powers and losses in the network. Thereby making power flow analysis a useful tool

for planning, operation and economic scheduling of power systems. [48][49]
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Bus Classification

It is necessary to begin the power flow analysis by classifying the buses in the power system to

determine the specified and unknown variables. The buses are classified into; PQ bus, PV bus

and slack bus, where each bus type has a set of specified and unknown variables. The bus types

with their specified and unknown variables are presented in table 2.2 [48][49].

Table 2.2: Bus classification. Based on [49].

Bus type Specified variables Unknown variables

PQ / Load Pi, Qi �i, |Vi|

PV / Regulated Pi, |Vi| Qi, �i

Slack / Reference �i, |Vi| Pi, Qi

The PQ bus is a load bus as both the active (P) - and reactive (Q) power is known. The power

consumed in the system is defined as negative, while the power supplied to the system is defined

as positive. The unknown variables for a PQ bus are the voltage magnitude (|V|) and voltage

angle (�) [48][49].

The PV bus is a voltage controlled bus as it is where the generator is connected, and it is

controlled as the voltage magnitude is known. The active power is also specified, while the

voltage angle and reactive power are unknown. The slack bus acts as the reference bus in

the system. The voltage angle and magnitude are specified and assumed to be 0 �and 1 pu,

respectively, while the active- and reactive power are unknown. Further, the slack bus provides

the di↵erence between the scheduled loads and the power generation as a result of the losses in

the system [48][49].

Bus Admittance Matrix

The bus admittance matrix, Ybus, reduces a complex system into a matrix. The Ybus can be

obtained by examining the structure of the network and using the transmission line impedance,

z. The dimension of the Ybus-matrix is N⇥N, where N is the number of buses in the system.

The Ybus-matrix is presented in equation 2.7 [50].

Ybus =

2

6666666664

Y11 Y12 ... Y1i ... Y1n

Y21 Y22 ... Y2i ... Y2n

... ... .. ... ... ...

Yi1 Yi2 ... Yii ... Yin

... ... .. ... ... ...

Yn1 Yn2 ... Yni ... Ynn

3

7777777775

(2.7)

The line admittance, yij, between bus i and j is calculated by using equation 2.8, where zij is

the transmission line impedance between bus i and j [50].
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yij =
1

zij
(2.8)

The o↵-diagonal elements, Yij, is equal to the negative line admittance calculated in equation

2.8. The diagonal elements, Yii, in the admittance matrix are the self-admittances, which is

the sum of all line admittances, yij, connected to bus i. Equation 2.9 is used to calculated the

self-admittance of bus i [50].

Yii =
nX

j=0

yij j 6= i (2.9)

Power Flow Equations

The power in an AC power system is active power, reactive power or apparent power (S). The

relationship between the active-, reactive- and apparent power and the phase angle (�) are

presented in figure 2.10 [50].

Figure 2.10: The relationship between active-, reactive- and apparent power. Based on [50, p.50].

The relationship between the active-, reactive- and apparent power results in equation 2.10. The

apparent power, in VA, is the square root of the active power, in W, squared and the reactive

power, in VAr, squared [50].

S =
p

P 2 +Q2 (2.10)

The powerfactor, cos�, is obtained from dividing the active power by the apparent power. This

is presented in equation 2.11 [50].

cos� =
P

S
(2.11)

The use of power flow equations are required to analyze the power flow in the power system.

The power flow equations for active- and reactive power presented in 2.12 and 2.13, respectively.

Where i and j denote the bus number, Y is the bus admittance, |V| is the voltage magnitude, ✓

is the phase angle and � is the voltage angle [50].
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Pi =
nX

j=1

|Yij ||Vj ||Vi| · cos(✓ij � �i + �j) (2.12)

Qi = �
nX

j=1

|Yij ||Vj ||Vi| · sin(✓ij � �i + �j) (2.13)

Power Mismatch, Sensitivity and Unknowns

The jacobian matrix is a matrix of sensitivity and contains the power flow equations partially

deviated by the voltage magnitude and angle. The jacobian matrix is presented in equation 2.14

[50].

J =

"
J1 J2

J3 J4

#
=

2

4
@Pi
@�i

@Pi
@|Vi|

@Qi
@�i

@Qi
@|Vi|

3

5 (2.14)

Further, the power mismatch vector accounts for both the active- and reactive power at each bus.

The power mismatch vector is the di↵erence between the scheduled power and the calculated

power for each bus, and this is presented in equation 2.15 [50].

"
�Pi

�Qi

#
=

"
P sch

i

Qsch

i

#
�
"
P calc

i

Qcalc

i

#
(2.15)

The power mismatch vector is equal to the jacobian matrix multiplied with the vector of unknown

voltage magnitudes and and angles, as presented in equation 2.16. The vector of unknown

voltages can be obtain by multiplying the power mismatch vector by the inverse of the jacobian

matrix [50].

"
�Pi

�Qi

#
=

2

4
@Pi
@�i

@Pi
@|Vi|

@Qi
@�i

@Qi
@|Vi|

3

5
"
��i

�|Vi|

#
(2.16)

Newton-Raphson

The Newton-Raphson method is the most widely used method for solving simultaneous non-

linear algebraic equations. The method is a successive approximation method using an initial

estimate, xk, of the unknown variables and Taylor series expansion. The next estimate, xk+1,

in the Newton-Raphson iteration is obtained by using in equation 2.17, where �xk is small

deviation from the correct solution [49].

xk+1 = xk +�xk (2.17)
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The Newton-Raphson method used for power flow analysis is presented by the flow chart in

figure 2.11. The first step is to evaluate the data for the power system and set up the Ybus.

Then making an initial estimate of the voltages, e.g. assuming a flat start for each bus (0 �and

1 pu). The next step is to calculate Pcalc and Qcalc by using the power flow equations presented

in equation 2.12 and 2.13 [50].

Figure 2.11: Newton-Raphson flow chart. Based on information from [50].

The power mismatch vector can then be calculated by equation 2.15. If the power mismatch

is below a set mismatch error (✏) the power flow analysis is done, but if it is not, the jacobian

matrix in equation 2.14 must be obtained. The vector of unknown voltages is then be calculated

as presented in equation 2.18 [50].

"
(��i)n

(�|Vi|)n

#
= J�1

"
(�Pi)n

(�Qi)n

#
(2.18)

The last step is to calculate the voltage angles and magnitude for the next iteration. This is done

by adding the initial voltage angles and magnitudes of the iteration with the voltages calculated

in equation 2.18. This is presented in equation 2.19 [50].

"
(��i)n+1

(�|Vi|)n+1

#
=

"
(�i)n

(|Vi|)n

#
+

"
(��i)n

(�|Vi|)n

#
(2.19)

2.4.2 Stochastic Programming for Optimization

Stochastic programming, or stochastic optimization, is a method for making decisions under

uncertainty. The uncertainty in the model is related to data used within the model. Thereby

creating various scenarios of di↵erent variations of the data, where the scenarios represents

di↵erent situations with various probability. The point of stochastic programming is to obtain

the optimized goal of the model over all the scenarios, thereby accounting for the uncertainty of

the scenarios [51].
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Two-stage stochastic optimization is one case of stochastic programming. In the first stage the

decisions are made “here and now”, meaning the decision is made based on the available data

at that time. The first stage is followed by the realization of uncertainty. The second stage

decision are the “wait and see” decisions and are therefore corrective decisions [51]. Figure 2.12

presents an illustration of two-stage stochastic optimization.

Figure 2.12: Illustration of two-stage stochastic optimization, where x is the first stage decision and ⇢ is the probability

of each scenario [51].
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Case Study

This chapter presents an overview of the case study used in this master thesis. The case study

network is a low voltage distribution grid based on the European Low Voltage Test Feeder

from IEEE PES AMPS DSAS Test Feeder Working Group. The European Low Voltage Test

Feeder represents a low voltage distribution system in Europe with common configurations of

low voltage systems [52]. Further, three load profile scenarios and a battery case are presented.

3.1 Network Overview

Figure 3.1 presents a single-line diagram of the case study network. The case study network is a

low voltage distribution grid connected to the HV-side of the distribution grid (external grid) by

a transformer. The network is divided into three radials, consisting of a total of 50 buses, where

24 of them are load buses and the rest are measuring buses, marked as nodes in the single-line

diagram.

Figure 3.1: Single-line diagram of the case study network.
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3.2 Load Profile Scenarios

Three load profile scenarios were create for the case study using load data from a modified

version of a distribution grid at Steinkjer, Norway [53]. The load profile scenarios are presented

in 3.2. Load profile scenario 1 is presented in 3.2a, load profile scenario 2 is presented in 3.2b

and load profile scenario 3 is presented in 3.2c. These figures presents the load data from the

25.01.2012 to the 25.02.12 of the available data.

(a) Load profile scenario 1.

(b) Load profile scenario 2.

(c) Load profile scenario 3.

Figure 3.2: Active power load per radial. Based on [53].
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3.3 Battery Case

One battery is used on connection with the case study network. The battery is connected to the

first bus in radial 2, as presented in figure 3.3. The DSO can procure the necessary flexibility

to ensure the power quality in the network. The battery is not connected to a specific end-user,

however, the flexibility in the battery is accessible through a local flexibility market.

Figure 3.3: Placement of the battery in the case study.
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Methodology

This chapter presents the methods and modifications used to model, analyze and simulate the

case study network. Further, the composition of the two-stage stochastic optimization model is

presented. The objective of the model is to minimize the total cost for DSO while supplying

the case study network with ample flexibility to maintain power quality and avoid under-voltage

issues. The software used for modelling, as well as any model assumptions and limitations are

presented. Lastly, the data and the data acquisition are presented.

4.1 Network Modeling and Simulation

This section presents software used to model and simulate the case study. It then presents

an overview of the Test Feeder network the case study is based on. Thereafter, the process

of modelling and simulating the case study network with any modifications, assumptions and

approximations is presented.

4.1.1 Software: PandaPower

PandaPower is an open-source Python tool combing the system analysis tool, PYPOWER,

and the data analysis library, Pandas. It is a power system analysis tool supporting element

based power network modelling and several power system analysis methods, such as power flow

analysis. PandaPower was developed by the University of Kassel and Fraunhofer Insitute for

Energy Economics and Energy System Technology (IEEE)[54][55].

PandaPower uses an element-based model (EBM) to model a network, and o↵ers a library of

elements based on electrical components, e.g. bus. An element is created by a set of input

parameters, which might vary depending on the power system analysis method to be used. A

standard library of pre-defined lines and transformers is also available [54][55]. PandaPower

o↵ers a time series simulation module to both analyze and simulate the network model. The

module allows for a series of power flow simulations over a time period by the use of controllers,

varying the the input data for a variable, e.g. active power. For each time step a controller

simulation is initialized and a power flow analysis, using the Newton-Raphson method, is

executed [54][56]. Figure 4.1 presents an overview over of the time series simulation module.
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Figure 4.1: Time series simulation module overview. Based on [56].

4.1.2 Test Feeder Overview

The European Low Voltage Test Feeder network is a low voltage grid consisting of five

components; buses, lines, loads, transformer and a voltage impedance source. The Test Feeder

have 906 buses, where buses connected to a load have a rated voltage of 0.230 kV and the other

buses have a rated voltage of 0.416 kV. The LV-side of the transformer is therefore connected to

a 0.416 kV, the medium voltage (MV)-side is connected to the voltage source and the HV-side

is connected to a bus with a rated voltage of 11 kV. The Test Feeder transformer is therefore a

11/0.416 kV three-winding transformer. There are 905 three-phase lines connecting the network

together, and in total there are 55 loads distributed throughout the network. The Test Feeder

grid is divided into three areas; Area A, Area B and Area C, as presented in figure 4.2 [52].

Figure 4.2: European Low Voltage Test Feeder network overview, where the loads are marked by numbers. Changes have

been made from [57].
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4.1.3 Network Modifications and Modeling

In most cases it is a goal to obtain a strong network, to avoid challenges such as under-voltage

issues. However, in this case some modifications were made to weaken the grid and thereby

obtaining under-voltage issues, as the results from the case study network were used for further

analysis in the master thesis.

Only Area A in the Test Feeder network was used for further work in this master thesis. The

other two areas were therefore removed. Some connections between buses and lines in Area

A were changed to obtain a network with three radials. Further, two major assumptions were

made for the modelling of the network in PandaPower, these are presented below. Smaller

assumptions, approximations and changes made for specific network components are presented

as the modelling of the components are described.

• The same rated voltage at the LV-side

There are two various rated voltages, 0.230 kV and 0.416 kV, used for the buses at the LV-side

[52]. PandaPower does not support lines between buses of various rated voltages, the lines must

therefore be modelled as transformers or the voltage must be set equal for all the buses at the

LV-side [54]. It does not make sense to add transformers between buses and loads, therefore the

voltages were set to 0.230 kV for all the buses on the LV-side.

• Three-phase components were assumed to be single-phase

All the three-phase components in the network were assumed to be single-phase and this was

done by modelling them as single-phase elements in PandaPower. Excess available data meant

for three-phase modelling was removed. Three-phase elements are supported by PandaPower,

but the shift was made to single-phase to accommodate regular AC power flow.

Bus Elements

The bus element in PandaPower represents a node in the network, and all the other network

elements must be connected to at least one bus, thereby binding the network together. A bus

element is only defined by the rated voltage at the bus, as presented in 4.1 [54].

Table 4.1: Required input parameters for modelling bus elements in PandaPower [54].

Element Input parameter Unit

Bus Rated voltage at bus kV

Only the buses in Area A of the Test Feeder were kept, however, many of the buses acts as

measuring nodes and were therefore not necessary. The only buses kept were buses connected

to a load and buses used to split the grid in various directions. In addition, there are buses at

the end of lines that were kept to be additional load buses. The network consist of one bus with

a rated voltage of 11 kV connected to the HV-side of the transformer and 49 buses with a rated

voltage of 0.230 kV buses at the LV-side.
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Line Elements

In PandaPower line elements can be created by using line types o↵ered in the standard type

library or by input parameters. The required input parameters for single-phase lines are

presented in table 4.2 [54]. The Test Feeder o↵ers data for three-phase lines, however, this

is also su�cient data for creating single-phase lines. The reduction of buses and the size of

the network resulted in a reduced amount of lines, from 905 to 49. As unnecessary buses were

removed the length of the lines were summed up, creating longer lines. The length of each

line were multiplied by 15 to create even longer lines, but most importantly creating a weaker

network. The Test Feeder uses various lines, which were kept. Information regarding line

connections and line types are presented in appendix A.1 and appendix A.2, respectively.

Table 4.2: Required input parameters for modelling single-phase line elements in PandaPower [54].

Element Input parameter Unit

Line

To bus -

From bus -

Length km

Line resistance ⌦/km

Line inductance ⌦/km

Line capacitance nF/km

Max thermal current kA

Load Elements

In PandaPower load elements represents electrical consumption and as load elements have a

consumer viewpoint, loads are modelled by positive active- and reactive power. The required

input parameters for load elements are presented in table 4.3 [54].

Table 4.3: Required input parameters for modelling load elements in PandaPower [54].

Element Input parameter Unit

Load
Active power MW

Reactive power MVAr

As only Area A from the Test Feeder was used in the network, the number of loads were reduced

from 55 to 17. However, additional buses at the end of lines were kept to create additional loads.

The total amount of loads were therefore increased to 24. The data used to create the loads

are from a modified version of a distribution grid at Steinkjer, Norway. The distribution grid

at Steinkjer o↵ers a wide range of load data, active- and reactive power, from 0.230 kV load

buses over a time period from 25.01.2012 to 31.12.2012 with 15 minutes increments [53]. Various

combinations of the loads were set together to obtain three load profile scenarios, as presented

in section 3.2.
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Transformer Element

PandaPower supports both two-winding and three-winding transformers [54]. The transformer

used in the Test Feeder is a three-winding transformer, however, as the the voltage source at the

MV-side of the transformer is removed, a two-winding transformer is su�cient. The transformer

used is a 11/0.23 kV 0.8 MVA transformer, and all necessary input parameters, as presented in

table 4.4, are available. All transformer parameters are presented in appendix A.3.

Table 4.4: Required input parameters for modelling a two-winding transformer element in PandaPower [54].

Element Input parameters Unit

Two-winding transformer

Low voltage bus -

High voltage bus -

Rated apparent power MVA

Rated high voltage kV

Rated low voltage kV

Short circuit voltage %

Real component of short circuit voltage %

Iron losses kW

Open loop losses %

Transformer phase shift angle �

External Grid Element

The external grid element is a representation of the higher voltage grid the network is connected

to, which in the Test Feeder is at the HV-side of the transformer. In PandaPower the external

grid element is also used to create the slack bus for the network, which is needed for a power flow

analysis. The required input parameters for modelling an external grid element are presented

in table 4.5. As the external grid acts as a reference bus the voltage magnitude and angle were

set to 1.0 pu and 0�, respectively [54].

Table 4.5: Required input parameters for modelling an external grid element in PandaPower [54].

Element Input parameter Unit

External grid

Connected bus -

Voltage set point pu

Angle set point �
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4.1.4 Network Simulation

The time series simulation module was used to simulate a power flow analysis of the case study

network. The time period used for the simulation was from 30.01.12 to 08.02.12, as this is the

period with the highest loads. Three assumptions were made for the simulation of the case study

network, as presented below, and these are necessary assumptions for power flow analysis.

• The system is in steady-state condition

• The system is balance and symmetrical

• There are no faults or disturbances in the system

ConstControl

The time series simulation was done by the use of a controller, specifically a ConstControl. A

ConstControl is created for a specific element, such as a load, which is specified by the use of

the element index set by PandaPower as the element is created. In addition, the variable, e.g.

active power, must be declared. The ConstControl reads the data from a data source based on

a profile name, name of the column in the data source to be used, and then writes it back to the

network. It was necessary to implement two controllers, to vary both the active- and reactive

power in each time step according to the given load profiles [54].

Simulation Results

There are many various element results available from the time series simulation. The relevant

results used for further work in this master thesis are presented in table 4.6.

Table 4.6: Relevant results available from PandaPower [54].

Element Result

Bus Voltage magnitude [pu]

Line Current at bus [kA]

4.2 Optimization Model

This section presents the software used for modelling the two-stage stochastic optimization

model. The optimization model is then presented with an explanation of model instances, such

as sets and variables. The data used and the data acquisition are presented, as well as any

assumptions and limitations.

4.2.1 Software: Pyomo and Gurobi Optimizer

Pyomo is an open-source optimization modeling language based on Python. Pyomo o↵ers a

diverse set of capabilities for modelling, analyzing and solving optimization models, and is

therefore applicable for various problems, such as linear- and stochastic programming. The

optimization problem is created by a mathematical representation of a system using the following

concepts [58]:
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• Set: Collection of elements used to define model instances such as variables

• Variables: Unknown or changing parts in the model

• Parameters: Known data supplied to the model to find the optimal solution for the

variables

• Constraints: Mathematical relationships, such as equations or inequalities, connecting

the parts of the model together

• Objective: Expression of variables to be minimized or maximized, the goal of the model

The solving of a model is done by the use of an external solver and Pyomo o↵ers support to a

variety of solvers, such as the Gurobi Optimizer [58]. The Gurobi Optimizer is a mathematical

programming solver supporting a variety of modelling and programming languages, as well as

various problem types [59].

4.2.2 Two-Stage Stochastic Optimization Model

The two-stage stochastic optimization model is based on the model presented in [46], however,

changes and additions have been made. The goal of the two-stage stochastic optimization model

is to procure enough flexibility, through a battery, to avoid violating set voltage limits. This

is to be done considering the cost of booking and activating flexibility through two flexibility

options, LongFlex and ShortFlex. The model also considers the degradation cost of the battery

segments.

Sets and Indices

B/b Set/index of batteries

J/j Set/index of virtual battery segments

S/s Set/index of scenarios

T/t Set/index of time steps

Parameters

�T Conversion factor kW to kWh

⌘chb Battery b charging e�ciency [%]

⌘disb Battery b charging e�ciency [%]

⇢s Probability of scenario s [%]

C
booking
t Cost of booking LongFlex [NOK/kWh]

C
long
t Cost of activating LongFlex [NOK/kWh]

C
short
t Cost of activating ShortFlex [NOK/kWh]

C
deg
bj Cost of segment j in battery b [NOK/kWh]
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E
cap
b Energy capacity of battery b [kWh]

E
cap
bj Energy capacity of segment j in battery b [kWh]

F
load
bst Flexibility demand per battery b [kW]

Q
ch
b Maximum battery b charging power [kW]

Q
dis
b Maximum battery b discharging power [kW]

X
imp
bst Available charging power per battery b [kW]

Variables

�bt Battery b binary variable

�̂bst Second stage battery b binary variable

a
long"
st Activated upward flexibility through LongFlex [kW]

a
short"
st Activated upward flexibility through ShortFlex [kW]

ebt Battery b state of charge [kWh]

êbst Second stage battery b state of charge [kWh]

ê
seg
bstj Second stage battery b segment j state of charge [kWh]

q
ch
bt Battery b charging power [kW]

q̂
ch
bst Second stage battery b charging power [kW]

q̂
ch,seg
bstj Second stage battery b segment j charging power [kW]

q
dis
bt Battery b discharging power [kW]

q̂
dis
bst Second stage battery b discharging power [kW]

q̂
dis,seg
bstj Second stage battery b segment j discharging power [kW]

r
long"
t Booked upward capacity through LongFlex [kW]

Objective Function

The main objective function for the optimization model is presented in equation 4.1. The first

term is related to the first stage and the total cost of booking LongFlex by multipling the booked

LongFlex, r long"t , with the cost of booking LongFlex, C booking
t . The second and third term are

the second stage cost of activating flexibility, through LongFlex, a long"
st · C long

t , and ShortFlex,

a
short"
st · C short

t , multiplied with the probability of each scenario, ⇢s .

min
X

t

�T · rlong"
t

· Cbooking

t
+
X

s

⇢s
X

t

�T · along"
st

· C long

t

+
X

s

⇢s
X

t

�T · ashort"
st

· Cshort

t +
X

b

X

s

⇢s
X

t

X

j

�T · q̂dis,seg
bstj

· Cdeg

bj
(4.1)
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The fourth term is the total cost of battery degradation. This is obtained by multiplying the

second stage segmented battery discharge, q̂dis,segbstj with the cost of battery degradation, C deg
bj ,

and the probability of each scenario, ⇢s . �T is used in every term to convert kW to kWh, as

the costs are given by NOK/kWh and the power related variables are in kW.

Constraints

The flexibility demand, F load
bst , is the flexibility to be procured by each battery to uphold the

set voltage limit. To ensure that all the flexibility demand is covered, the sum of the activated

upward capacity from LongFlex and ShortFlex, along"
st

+ashort"
st

, must be equal to or greater than

the flexibility demand, as stated in equation 4.2.

along"
st

+ ashort"
st

�
X

b

F load

bst 8st (4.2)

Equation 4.3 states the energy balance in the network and ensures available power for battery

charging in time steps without flexibility demand. The available charging power, X imp
bst , and the

second stage discharging, q̂disbst must be equal to or greater than the flexibility demand, F load
bst ,

and second stage charging, q̂chbst .

Ximp

bst
+ q̂disbst � F load

bst + q̂chbst 8bst (4.3)

Equation 4.4a states that the deviation from the baseline,
P

b( q̂
dis
bst � q

dis
bt ) , for each scenario

cannot exceed the sum of the booked upward capacity through LongFlex, r long"t . The same goes

for the activated upward flexibility through LongFlex, a long"
st , as presented in equation 4.4b.

rlong"
t

�
X

b

( q̂disbst � qdisbt ) 8st (4.4a)

rlong"
t

� along"
st

8st (4.4b)

Equation 4.5a, 4.5b and 4.5c are first stage battery constraints. Equation 4.5a is the maximum

charging constraint, ensuring that the battery charging power, qchbt , has to be less than or equal

to the maximum battery charging power, Qch
b , if the battery is not in use, which is defined by

the battery binary variable �bt = 1. The maximum discharging constraint is given by equation

4.5b, where the battery discharging power, qdisbt , has to be less than or equal to the maximum

battery discharging power parameter, Qdis
b , if the battery is in use, �bt = 0. The battery SOC

ebt limit is set in equation 4.5c by the energy capacity of the battery, E cap
b .
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qchbt  Qch

b · �bt 8bt (4.5a)

qdisbt  Qdis

b · (1� �bt) 8bt (4.5b)

0  ebt  Ecap

b
8bt (4.5c)

Equation 4.6a, 4.6b and 4.6c are second stage battery constraints, stating the same as the first

stage battery constraints. The second stage battery constraints uses the second stage charging

power, q̂chbst , second stage discharging power, q̂disbst , the second stage binary variable, �̂bst , and the

second stage battery SOC, êbst .

q̂chbst  Qch

b · �̂bst 8bst (4.6a)

q̂disbst  Qdis

b · (1� �̂bst) 8bst (4.6b)

0  êbst  Ecap

b
8bst (4.6c)

The link between the second stage segmented battery variables and the second stage non-

segmented variables are given in equation 4.7a, 4.7b and 4.7c. In equation 4.7a the sum of

the second stage battery segments SOC, êsegbstj , is set to be equal to the second stage battery

SOC, êbst . The sum of the second stage battery segments charging power, q̂ch,segbstj , is set equal to

the second stage charging power, q̂chbst , as presented in equation 4.7b. The same is stated for the

second stage battery segments discharging power, q̂dis,segbstj , and second stage discharging power,

q̂
dis
bst , in equation 4.7c.

X

j

êseg
bstj

= êbst 8bst (4.7a)

X

j

q̂ch,seg
bstj

= q̂chbst 8bst (4.7b)

X

j

q̂dis,seg
bstj

= q̂disbst 8bst (4.7c)

Equation 4.8a states that the second stage battery SOC per segment, êsegbstj , is limited by the

energy capacity per battery segment, E cap
bj . The sum of the SOC per battery segment,

P
j ê

seg
bstj ,

is limited by the battery capacity, E cap
b , as presented in equation 4.8b.

0  êseg
bstj

 Ecap

bj
8bstj (4.8a)

0 
X

j

êseg
bstj

 Ecap

b
8bst (4.8b)
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Equation 4.9a states the evolution of the battery SOC for the state t = t + 1 , eb(t+1 ), is then

equal to ebt plus the charging power, qchbt , times the charging e�ciency, ⌘chb , minus the discharging

power, qdisbt , divided by the discharging e�ciency, ⌘disb . Equation 4.9b states the same for the

second stage segmented battery SOC, êbs(t+1 )j . �T is used to convert kW to kWh.

eb(t+1) = ebt +�T

 
⌘chb · q̂chbt �

q̂dis
bt

⌘dis
b

!
8bt (4.9a)
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bstj
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!
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4.2.3 Model Limitations

There are several limitations of the model. Firstly, the battery “injects” active power into the

network model to cover the flexibility demand, however, the e↵ects of this on the network is not

accounted for. The optimization model does not account for “injected” active power causing any

overloading of lines or voltage issues at buses. Further, power is made available for charging the

battery and the e↵ect of this power on the network is not accounted for considering overloading

and voltage issues. As flexibility is used to cover the flexibility demand, further e↵ects of cover

flexibility demand are not accounted for. Meaning, the model does not investigate how 1 kW

from the battery might e↵ect the flexibility demand or other part of the network before using

more of the flexibility available in the battery.

4.2.4 Data

The data used in the optimization model for sets and parameters are presented below with an

explanation of acquisition of the data.

Declaration of Sets

The parameters, variables and constraints are defined by the use of four sets. The sets and their

respective data are presented in table 4.7. The number of batteries in set B is one, based the

battery case, presented in section 3.3. The number of virtual battery segments in set J are set

to 10. The three load profile scenarios presented in section 3.2 are basis for set S. Set T are the

number of time steps from 30.01.12-08.02.12, as this is the time period with flexibility demand.

Table 4.7: The sets in the optimization model and their respective data.

Set Description Data

B Batteries 1

J Virtual battery segments 10

S Scenarios 3

T Time steps 864
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Procuring the Flexibility Demand

The flexibility demand for each of the three load profile scenarios implemented in the

optimization model was calculated using the results from the network model. The results

acquired from the network model were the voltage magnitude and current at each bus. A

function was created using Python to calculate the various flexibility demands. The function

finds out the buses with load, takes the voltages magnitude results for these buses and find the

load buses with voltage below a set limit.

The function then calculates the amount of voltage below that limit for each load bus and

multiplies it with the current at that specific bus. The results from the function are then the

flexibility demand to be procured for each load bus to not exceed the set voltage limit. Two

various voltage limits were set, as presented below, creating two voltage limit cases. Each voltage

limit case has three various flexibility demand scenarios based on the three load profile scenarios.

• Under-voltage limit: The under-voltage limit was set to 0.9 pu as any violations of this

limit results in statutory voltage limit violations and thereby creates under-voltage issues

in the case study network.

• Power quality limit: The power quality limit was set to 0.95 pu and it is set to maintain

the power quality in the network. It also ensures that there are no violations of statutory

voltage limits and thereby no under-voltage issues.

There is only one battery connected to the network in the case study, meaning that one battery

must cover the whole flexibility demand. The flexibility demand was therefore summed up for

each scenario, leading to a flexibility demand per scenario, per time step for each of the two

voltage cases.

Probability Scenarios

The three load profile scenarios lead to three various flexibility demand scenarios for each voltage

limit case. There was no basis for assuming various probabilities for each load profile scenario as

there were no data to support this. Therefore it was assumed that the probability of the three

various flexibility demand scenarios for each voltage limit case were equal, as presented in table

4.8.

Table 4.8: The probability of each load profile/flexibility demand scenario.

Scenario Probability

1 0.333

2 0.333

3 0.333
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Cost of Flexibility

Two profiles for the cost of flexibility were created for use in the optimization model. There is

no basis for setting the cost of flexibility due to limited market data. These costs are therefore

not representative for the actual cost of flexibility, but rather to test two various cost situations.

• Cost of flexibility profile 1: In the first profile the total cost of booking and activating

LongFlex is equal to the cost of activating ShortFlex per time step. Thereby making it

up to the optimization model to find the minimized cost combination of ShortFlex and

LongFlex with equal costs. The cost used are presented in table 4.9.

Table 4.9: Cost of flexibility profile 1.

Service Cost

ShortFlex activation 1.5 NOK/kWh

LongFlex booking 0.5 NOK/kWh

LongFlex activation 1.0 NOK/kWh

• Cost of flexibility profile 2: The costs in the second profile were based on market data

from Nordpool in the period 28.08.21-02.10.21. Market data is given per hour, however,

in the model the cost per hour was set as the cost per 15 minutes. Area 1 in Denmark

was used for the cost of activating ShortFlex, while area Oslo was used for the cost of

activating LongFlex. The cost for booking LongFlex were set to 0.3 NOK/kWh. The

most important factors for using this data were that these are market prices for electricity

and the two cost profiles vary around each other, as presented in figure 4.3.

Figure 4.3: Cost of flexibility in cost profile 2. Based on data from [60].

Batteries

The battery specifications for the battery used in the model is based on technical data

for the sonnenBatterie hybrid 9.53. The hybrid 9.53 is a high-tech battery storage system

o↵ering a battery capacity between 2.5-15 kWh, using Lithium Iron Phosphate cell technology.

Additionally, the hybrid 9.53 has a DoD of 90 % and a cycle life of 10 000 cycles [61][62]. The

specifications for the battery used in the optimization model are presented in 3.3.
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Table 4.10: Battery specifications for the case study battery. Based on data from [61] and [62].

Cost Capacity
Maximum

charging

Maximum

discharging

Charging

e�ciency

Discharging

e�ciency

63131.38 NOK 15 kWh 3.3 kW 3.3 kW 95 % 95 %

Cost of Battery Degradation

The cost of battery degradation was set using the method from reference [43] presented in section

2.3.4. Table 4.11 presents the parameters used to calculate the cost of degradation per segment

in NOK/kWh.

Table 4.11: Parameters used for battery degradation. Based on data from [61] and [62].

Parameters

Replacement cost 63131 NOK

Discharge e�ciency 95 %

Energy capacity 15 kWh

Segments 10

Life loss per full cycle 0.0001

The degradation cost per battery segment is presented in figure 4.4

Figure 4.4: Degradation cost per battery segment. Based on method from [43].

Imported Charging Power

The imported power in the model acts as o↵ered power to charge the battery in time steps where

there is no flexibility demand. If charging power is o↵ered in a time step, it is set to 1 kW per

battery used in the model. It is therefore always available power for the battery to charge.

38



Chapter 5

Results and Discussion

This chapter presents the results from the simulation of the network model using the various load

profile scenarios. The demand for flexibility in the case study network is presented considering

two voltage limits. Further, the results from the two-stage optimization model using the various

flexibility demands and two cost of flexibility scenarios are presented. This chapter also presents

a discussion of the results as they are presented.

5.1 Network Model

This section presents the results obtained from the power flow time series simulation of the

network model. This includes results such voltage magnitude profiles compared to the two

voltage limits; under-voltage and power quality. Further, it presents the flexibility obtained

from the network results using the various load profile scenarios and the voltage limits.

5.1.1 Voltage Magnitude

The results from the network model were obtained using three various load profiles, as presented

in section 3.2, and the voltage magnitude profile for each bus, in each load profile scenario were

obtained, as presented in figure 5.1. Figure 5.1a presents the voltage magnitude results from load

profile 1, and the voltage magnitude ranges from 1 pu to 0.885 pu, resulting in under-voltage

issues. These under-voltage issues vary between long and very long duration.

(a) Load profile scenario 1.
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(b) Load profile scenario 2.

(c) Load profile scenario 3.

Figure 5.1: Voltage magnitude profiles for all buses for each load profile scenario.

The voltage magnitude results from using load profile scenario 2 in the network model is

presented in figure 5.1b. The use of load profile scenario 2 also results in long and very long

duration under-voltage issues. The voltage magnitude varies between 1 pu to 0.8895 pu, which is

slightly higher than the lowest voltage magnitude from the use of load profile scenario 1. Figure

5.1c presents the voltage magnitudes obtained from using load profile scenario 3. The voltage

magnitude is between 1 pu and 0.8836 pu.

The use of all the various load profile scenarios in the network model results under-voltage issues.

This is expected as some of the modifications made while creating the case study network were

done to create a weakened network and thereby creating under-voltage issues. The under-voltage

issues across the three load profile scenarios are of varying degree, where load profile scenario 3

leads to the lowest magnitude of 0.8836, and of varying duration.

5.1.2 Under-Voltage Issues

Figure 5.2 presents the voltage magnitude of the load buses in each load profile scenario violating

the under-voltage limit of 0.9 pu, and all time steps with one or more violation are marked. The

results from the use of load profile scenario 1 are presented in figure 5.2a. Load profile scenario 1

creates 11 time periods with a varying degree of time and violations, which are divided between

the load buses from all of the three radial in the case study network. There are 7 load buses

with violations; load bus 8 and 9 at radial 1, load bus 13 and 14 at radial 2 and load bus 19, 21

and 22 at radial 3.
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(a) Load profile scenario 1.

(b) Load profile scenario 2.

(c) Load profile scenario 3.

Figure 5.2: Voltage magnitude profiles for load buses violating the under-voltage limit of 0.9 pu

Figure 5.2b presents the load buses violating the under-voltage limit with the use of load profile

scenario 2. By comparing this figure with figure 5.2a it can be observed that load profile

scenario 2 results in 3 more time periods with violations. However, these are shorter time

periods compared to time periods from the use of load profile scenario 1. Further, load profile

scenario 2 leads to an increased amount of load buses with violations, in total 10. The additional

load buses with violations are load bus 4, 5 and 6, leading to greater under-voltage issues at

radial 1.
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The results from the use of load profile scenario 3 are presented in figure 5.2c. The use of load

profile scenario 3 results in violations at all the load buses at radial 1, except load bus 1, and at

all the load buses at radial 2, except load bus 16. Thereby increasing the violations at radial 1

and 2, while decreasing the violations at radial 3, where there only are violations from load bus

19. Even tough load profile scenario 3 leads to violations at 15 buses, the amount of time periods

with violations are 13, compared to 11 and 14 from load profile scenario 1 and 2, respectively.

Compared with each other, load profile scenario 3 leads to the greatest amount of load buses

with violations. However, the degree of violations vary from load bus to load bus, and from

load profile scenario to load profile scenario. The same can be said for the duration of the time

periods with violations.

5.1.3 Power Quality Issues

Figure presents the voltage magnitude of the load buses violating the power quality voltage limit

of 0.95, for all the load profile scenarios. The results are presented in figure 5.3a for load profile

scenario 1, figure 5.3b for load profile scenario 2 and figure 5.3c for load profile scenario 3.

(a) Load profile scenario 1.

(b) Load profile scenario 2.
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(c) Load profile scenario 3.

Figure 5.3: Voltage magnitude profiles for load buses violating the power-quality limit of 0.95 pu

By comparing these figures it can be observed that all of the three load profile scenarios results

in one or more violations at all of the load buses. The power quality voltage limit leads to

constant violations during the given time frame, and most of the load buses are in a constant

violation of the limit. This expected from the results of the under-voltage limit in figure 5.2, as

the only change from those results is an increased voltage limit.

5.1.4 Flexibility Demand

Figure 5.4 presents the flexibility demands from the use of all the load profile scenarios

considering the two voltage limits; under-voltage and power quality. The flexibility demands

from the load profile scenarios when considering the under-voltage limit at 0.9 are presented

in figure 5.4a. From the figure it can be observed that load profile scenario 3 leads to the

greatest flexibility demand. This was expected as the voltage magnitude for load buses creating

violations of the under-voltage limit, was the greatest compared the same result from using load

profile scenario 1 and 2, as presented in figure 5.2. The flexibility demands from load profile

scenario 1 and 2 are quite similar, however, the flexibility demand from load profile scenario 1

is slightly higher.

(a) Under-voltage limit.
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(b) Power quality voltage limit.

Figure 5.4: Flexibility demands for each load profile scenario as result of the two voltage limits, under-voltage and power

quality.

Figure 5.4b presents the flexibility demands from setting the voltage limit at 0.95. This results

in a constant flexibility demand from the use of each of the three load profile scenarios. The

three load profile scenarios creates three various flexibility demand scenarios for each of the two

voltage limits. The load profile scenarios are therefore referred to as flexibility demand scenarios

for the rest of this chapter, dependent on which load profile scenario the flexibility demand

comes from.

The method used for procuring the flexibility demand is quite simple, as it is done by multiplying

the current at the bus with the voltage magnitude below the set voltage limit. This method

does not account for how the flexibility demand might change as a result of flexibility “injected”

into the network from the battery in previous time steps.

5.2 Optimization Model

This section presents the results from the two-stage stochastic optimization model using the

flexibility demands acquired from the results of the network model. Firstly, the results from

using the under-voltage limit are presented and then the results from power-quality voltage

limit.

5.2.1 Under-Voltage Issues

Activation and Booking

The first stage decision of booking LongFlex and the second stage decisions for activating

LongFlex and ShortFlex for each flexibility demand scenario using cost of flexibility profile

1 are presented in 5.5. The results are presented for flexibility demand scenario 1 in figure 5.5a,

for flexibility demand scenario 2 in figure 5.5b and flexibility demand scenario 3 in 5.5c. From

figure 5.5b it can be observed that the whole flexibility demand in scenario 2 is covered by

LongFlex. However, in flexibility demand scenario 1 and 2, ShortFlex is also activated to cover

the demand.
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(a) Flexibility demand scenario 1.

(b) Flexibility demand scenario 2.

(c) Flexibility demand scenario 3.

Figure 5.5: Booking and activation of LongFlex and activation of ShortFlex using cost of flexibility profile 1.

It can also be observed from figure 5.5a and figure 5.5c that all the LongFlex booked in stage 1

is activated in stage 2. Cost profile 1 was used, and in time steps with flexibility demand across

each scenario, it is cheaper to book and activate LongFlex. This is because the cost of booking

LongFlex is not a scenario dependent variable in the optimization model. The booked LongFlex

is therefore usable in all three scenarios, but only paid for once, making the total cost lower.
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The booking and activation of LongFlex and the activation of ShortFlex for each flexibility

demand scenario using cost of flexibility profile 2 are presented in figure 5.6. These results

are presented in figure 5.6a for flexibility demand scenario 1, figure 5.6b for flexibility demand

scenario 2 and figure 5.6c for flexibility demand scenario 3. It can be observed from figure 5.6

that both ShortFlex and LongFlex are activated for all three scenarios. The varying use of

ShortFlex and LongFlex is a result of the varying cost of ShortFlex and LongFlex. In some

time steps it is cheaper to activated ShortFlex for each flexibility demand scenario, rather than

booking and activating LongFlex, and the other way around.

(a) Flexibility demand scenario 1.

(b) Flexibility demand scenario 2.

(c) Flexibility demand scenario 3.

Figure 5.6: Booking and activation of LongFlex and activation of ShortFlex using cost of flexibility profile 2.
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Further, the optimization model states that the amount of booked flexibility must be greater

then or equal to the activated LongFlex. The booked LongFlex is never below the activated

LongFlex, however, in figure 5.6b is can be observed that the booked LongFlex exceeds the

amount of activated LongFlex. This is a result of the amount of booked LongFlex being equal

in each flexibility demand scenario as the booked LongFlex variable only is dependent on time.

Meaning that the cost of booking and activating LongFlex is cheaper than activating ShortFlex

in these time steps, and the optimization model therefore books enough LongFlex to cover the

highest flexibility demand across the three flexibility demand scenarios.

Flexibility and Discharge

Figure 5.7 presents the flexibility demand and the second stage battery discharge for each of the

three flexibility demand scenarios, and for both cost of flexibility profiles. Figure 5.7a presents

the result from cost of flexibility profile 1 and figure 5.7b presents the results from cost of

flexibility profile 2.

(a) Flexibility demand scenario 1, 2 and 3 using cost profile 1.

(b) Flexibility demand scenario 1, 2 and 3 using cost profile 2.

Figure 5.7: Flexibility demand and second stage battery discharge for each flexibility demand scenario for the various cost

profiles.
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The flexibility demand is the same for both of the cost of flexibility profiles, as it is a given

parameter in the optimization model. However, it can be observed from figure 5.7a and

figure 5.7b that the second stage battery discharge matches the flexibility demand in each

flexibility demand scenario and both cost of flexibility profiles. This acts as a verification of

the optimization model, as the model uses the battery to procure the necessary flexibility to

cover the flexibility demand in each flexibility scenario.

Second Stage Battery SOC

The second stage battery SOC for each flexibility demand and for both cost of flexibility profiles

are presented in figure 5.8. The results for cost of flexibility profile 1 are presented in figure

5.8a and for cost of flexibility profile 2 in figure 5.8b. It can be observed that the second stage

battery SOC begins at 3 kWh for all of the flexibility demand scenarios across the cost of

flexibility profiles. This is because the second stage battery SOC was set to 3 kWh for all t =

0. Thereby creating an equal starting point across all scenarios.

(a) Flexibility demand scenario 1, 2 and 3.

(b) Flexibility demand scenario 1, 2 and 3.

Figure 5.8: Second stage battery SOC for each cost profile.
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By comparing figure 5.8a and 5.8b it can be observed that the amount of discharge in each

time step across the same flexibility demand scenarios for both cost of flexibility profiles are

equal. The di↵erence is in the charging, as it is up to the optimization model to decide. The

only constraints regarding the charging is the maximum amount allowed to be charged every 15

minutes and that charging cannot happen in a time step with discharge. As there are many time

steps without flexibility demand in each scenario, the second stage battery charging variable has

several options for charging.

Second Stage Battery SOC Segment

The second stage battery SOC per segment for each flexibility demand scenario using cost of

flexibility scenario 1 are presented in figure 5.9. The results from flexibility demand scenario

1 are presented in figure 5.9a, from flexibility demand scenario 2 are presented in figure 5.9b

and flexibility demand scenario 3 are presented in figure 5.9c. It can be observed from figure

5.9b that flexibility demand scenario 2, which is the lowest, results in only the use of battery

segment 1. While flexibility demand scenario 3, figure 5.9c, which is the highest, uses three

battery segments.

(a) Flexibility demand scenario 1.

(b) Flexibility demand scenario 2.
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(c) Flexibility demand scenario 3.

Figure 5.9: Second stage battery segment SOC for cost of flexibility profile 1.

Further, by comparing the three figures it can also be observed that the initial starting point of

each segment varies between the three flexibility scenarios. This is a result of no set initial state.

There are no additional constraint set for the charging of the segments, so the model is free to

choose from several possible charging patterns. In some instances the charging is not necessary,

for example at the end of the time period when there is no more discharging, however, this does

not matter as there are not set cost of charging.

Figure 5.10 presents the second stage battery segments SOC for each flexibility demand scenario

using cost of flexibility profile 2. The results from flexibility demand scenario 1 are presented in

figure 5.10a, results from flexibility demand scenario 2 are presented in figure 5.10b and results

from flexibility demand scenario 3 are presented in figure 5.10c. By comparing these results

with cost profile 1, presented in figure 5.9, it can be observed that the same battery segments

are used for the same flexibility demand scenarios. The discharging is the same, however, the

charging varies. In figure 5.10c it can be observed that the deepest segment used, c3, is only

activated when segments, c1 and c2, are fully discharged.

(a) Flexibility demand scenario 1.
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(b) Flexibility demand scenario 2.

(c) Flexibility demand scenario 3.

Figure 5.10: Second stage battery segment SOC for cost of flexibility profile 2.

Distribution System Operator Costs

Table 5.1 presents the total costs for booking and activating LongFlex, activating ShortFlex

and battery degradation for cost of flexibility profile 1 and 2. Firstly, it can be observed that

the cost of battery degradation is the same for both cost profiles. This is expected as the

same amount of power is discharged in both scenarios and the same segments are used. The

cost of degradation is quite low, however, this is a result of operating with small amounts of

power. Further, the battery used has a greater capacity then necessary and the use of the batter

segments are therefore limited to the cheapest segments. It could also be argued that the cost

of degradation is not a cost that should be considered as “belonging” to the DSO. However, the

cost of degradation must be covered by the battery owner and it is possible to assume that this

cost must be partly or fully covered by the flexibility buyer.
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Table 5.1: Distribution system operator costs per cost of flexibility profile.

Cost Profile 1 Profile 2

Booking LongFlex 0.3999 NOK 0.3649 NOK

Activating LongFlex 2.5995 NOK 1.2458 NOK

Activation ShortFlex 5.6057 NOK 6.1326 NOK

Battery degradation 0.3941 NOK 0.3941 NOK

Total 8.9992 NOK 8.1374 NOK

The total cost of booking and activating LongFlex and activating ShortFlex do vary between

the to cost profiles for flexibility. This is expected as two various cost profiles are used, however,

the variation in cost profile 2 also e↵ects this as the cost of activating LongFlex and ShortFlex

vary a lot. The total costs of booking and activating flexibility are also quite low. This is also

a result of operating with small amounts of power. The total cost for the DSO as a result of

both of the two cost profiles are low. However, in a distribution system with greater flexibility

demands and greater battery system, the costs will increase. In addition, it could be assumed

that the costs of flexibility will be higher than the costs used here.

5.2.2 Power Quality

The use of the flexibility demand procured by using the power quality voltage limits, for both

cost of flexibility profiles results in an infeasible optimization model. This is a result of the

flexibility demand being to great. The constant flexibility demand in each time step results in

no opportunities for the battery to charge, as discharging and charging can not happen at the

same time. One solution to this is to use several batteries in the network, so that one battery

can charge while the other discharge. However, in a network with a constant flexibility demand

it might be an option use other methods to reinforce the grid.

5.2.3 Optimization Model

The optimization model does not account for how the additional power in the network

from available charging power and power from battery discharging e↵ects the system. The

optimization model only secures that the flexibility demand is met and that the battery has

power to charge. The additional power in network might cause overloading of the transformer

or the lines, as well as new voltage-issues at the buses. This could be solved by procuring

the flexibility demand through optimal power flow by e.g. install generators as batteries. The

generator will then generated the amount of flexibility needed to maintain set voltage limits.

By using optimal power flow it is also possible to ensure that there are no overloading issues at

the transformer or at any lines, and that the buses have a voltage within set limits. However,

even though optimal power flow results in a more accurate flexibility demand, it can also be

argued that the DSO will not buy 1 kW from the LFM and then check the e↵ect of this on the

grid before buying more, which is an e↵ect of using optimal power flow to procure the flexibility

demand.
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Conclussion

This master thesis presents two models. The first model is a network model of the case study

network. The results from the power flow time series simulations of the network model, using

the three load profile scenarios, leads to long and very long under-voltage issues. Two various

voltage limits were set, under-voltage at 0.9 pu and power quality at 0.95, to investigate the

violations in the various load profile scenarios and the flexibility needed to avoid these violations.

The varying load profile scenarios and the two voltage limits results in a varying amount of load

buses with violations, a varying amount of violations and a varying amount of time periods with

violations.

From the results in the network model three flexibility demands were obtained for each voltage

limit. In addition, two cost of flexibility profiles were created for the use in the two-stage

optimization model. By using the flexibility demands acquired from the use of the under-

voltage limit in the optimization model it was verified that optimization model operated as it

should. The optimization model booked and activated enough flexibility to cover the scenario

based flexibility demands, and discharged this amount of flexibility in second stage.

Further, the use of the various cost profiles in the model resulted in various use of LongFlex and

ShortFlex. In time steps with flexibility demand across all three flexibility demand scenarios,

LongFlex was booked and activated if the total cost of this was lower than the cost of activating

ShortFlex in all three scenarios. In cost of flexibility profile 2 this varied due to a varying cost

profile. However, in scenario 1 the cost of booking and activating LongFlex was equal to the

cost of activating ShortFlex. The optimization model therefore booked LongFlex to reduce the

costs in the time steps with flexibility demand across the three scenarios.

Even though the battery used in the optimization model has 10 segments, the maximum amount

of segments used were three. This is because the battery was overdimensioned. The use of

various cost profiles resulted in various charging patterns, as the charging was not very restricted,

however, the discharging patterns were the same. The total costs for DSO were quite low, as

a result of only using the cheapest segments in the battery due to it being overdimensioned

and operating with small amounts of kWh. In addition, the two cost profiles do not represent

actual costs of flexibility, which might be higher. In a distribution system with greater flexibility

demands and greater battery system, the costs will increase.
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The use of the flexibility demands procured using the power quality limit resulted in an infeasible

optimization model. This was due to a constant demand and thereby no opportunities for the

battery to charge. In cases with power quality in mind the options are either to increase the

total amount of battery capacity, increase the amount of batteries or reinforce the grid in other

ways.

After evaluating all the results it can be concluded that the weakening of the case study network

resulted in a varying degree of under-voltage issues for the three load profile scenarios, leading

to various flexibility demand scenarios. Further, the two-stage optimization model acts as it

should, procuring the necessary flexibility through a battery, while minimizing the costs for the

DSO. In addition, it can be concluded that it is possible to use batteries for voltage control,

however, in situations with a great flexibility demand other methods should also be considered.

In situations where using batteries the cost of battery degradation must also be considered, as

it does increase the total cost for the DSO.
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Further Work

The method used for procuring the flexibility demands is quite simple and it does not take

into account how previously acquired flexibility might e↵ect the flexibility demand. It might

therefore be advantageous to use optimal power flow to acquire the flexibility demand. Further,

the two-stage optimization model does not account for how “injected” power into the network

from discharging of the battery and power for charging might e↵ect the system. By using optimal

power flow to procure the flexibility demand, such issues can be avoided. A model for procuring

the flexibility demand through optimal power flow should therefore be made for comparison.

Some work should also be put into investigating the what the optimal size of the battery to use

is in the model dependent one the flexibility demand is. An overdimensioned battery o↵ers the

use of only the cheapest segments, however, it will lead to unnecessary investment costs. This

optimization model should therefore also be used with various battery sizes to investigate the

optimal battery size. It would also be interesting to see how this e↵ects the total cost for DSO.

This optimization model focuses on minimizing the DSO cost, however, there should be put

some thought into the charging of the battery. In this model the battery charging is not very

restricted, however, the owner of the battery must pay a cost for charging the battery using the

grid. This cost will change the charging patterns and thereby e↵ect the DSO’s access to the

battery, at least for the use of ShortFlex.

In a situation considering the power quality it should be investigated if it is more cost e↵ective

to reinforce the grid in other ways or use flexibility from several batteries. It could also be

interesting to see how PV in the network model might e↵ect the power quality demand for

flexibility.
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Appendix A

Network Model Data

This appendix presents all relevant data used in the network model, such as line connections,

line types- and transformer specifications.

A.1 Line Connections

Table A.1: Presentation of line connections, line lengths and line types. Based on [52].

From To Length [km] Type

1 2 0.2333 4c70

2 3 0.0416 2c.007

2 4 0.0782 4c70

4 5 0.0885 2c16

5 6 0.0803 2c16

5 7 0.1013 2c16

4 8 0.1893 4c70

8 9 0.0860 2c16

9 10 0.0966 2c16

9 11 0.0923 2c16

8 12 0.12 4c70

12 13 0.5753 4c185

12 14 0.1467 4c70

14 15 0.0192 4c70

14 16 0.0503 4c70

16 17 0.1239 2c16

17 18 0.0606 2c16

17 19 0.0606 2c16

1 20 0.2007 4c70

20 21 0.2202 4c.35

i
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21 22 0.2781 2c16

21 23 0.1845 4c.35

23 24 0.2121 4c.35

24 25 0.2769 2c16

23 26 0.1868 2c16

26 27 0.1037 2c16

26 28 0.1236 2c16

23 29 0.111 4c.35

29 30 0.2043 2c16

30 31 0.0795 2c16

30 32 0.0795 2c16

29 33 0.017 4c.35

33 34 0.132 4c70

1 35 0.2007 4c70

35 36 0.0498 2c.007

35 37 0.0465 4c.35

37 38 0.2153 2c16

37 39 0.2415 4c.35

39 40 0.1679 2c16

40 41 0.1032 2c16

40 42 0.072 2c16

39 43 0.2451 4c.35

43 44 0.1562 2c16

44 45 0.1068 2c16

44 46 0.05 2c16

43 47 0.0677 4c.35

47 48 0.0487 4c.35

47 49 0.0521 4c.35

ii



Appendix A Network Model Data

A.2 Line Types Specifications

Table A.2: Presentation of the line type specifications. Based on [52].

Type
Line resistance

[⌦/km]

Line inductance

[⌦/km]

Line capacitance

[nF/km]

Max thermal

current [kA]

2c.007 3.97 0.099 1 0.105

2c.0225 1.257 0.085 1 0.14

2c16 1.15 0.088 1 0.14

35SACXSC 0.868 0.092 1 0.17

4c.06 0.469 0.075 1 0.217

4c.1 0.274 0.073 1 0.28

4c.35 0.089 0.0675 1 0.74

4c185 0.166 0.068 1 0.362

4c70 0.446 0.071 1 0.217

4c95SACXC 0.322 0.074 1 0.249

A.3 Transformer Specifications

Table A.3: Transformer specifications. Based on [52].

Parameters Value

Rated apparent power 0.8 MVA

Rated high voltage 11 kV

Rated low voltage 0.23 kV

Short circuit voltage 4.0 %

Real component of short circuit voltage 1.0794 %

Iron losses 1.18 kW

Open loop losses 0.1873 %

Transformer phase shift angle 150�

iii
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