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Abstract

To cope with climate change and population growth, electrification and new renewable energy gener-
ation are suggested as important measures. However, this causes challenges for the power grids as the
peaks of power production and demand become higher. A solution to this can be the use of battery
energy storage systems (BESSs), which can support the power grid with stability services and the end

users with demand side management.

For the case of this study, an end user in Fosen (Trgndelag, Norway) wants to increase its power
consumption. But, as there are capacity limitations in the power grid, the grid customer is not allowed
to increase its consumption of grid power before grid reinforcements are in place. Therefore, this
thesis aims to investigate how a BESS can be a solution, making it possible to cover an increased

demand, and if it can prove to be technically and economically feasible.

Li-ion batteries are the basis for the energy storage system in the case. It represents a versatile type
of battery, that can be used for many purposes, and are known to have long life spans and high
efficiencies. Although the investment cost of a Li-ion battery is high, the prices of the battery packs
have reduced considerably the last decade, making it a feasible solution for several other projects.
The technical principles and limitations of a Li-ion battery, based on the LMO-NMC chemistry, are

included in the models of this thesis. This also comprises degradation.

Optimization models for sizing and operation of the BESS have been made and solved using the Julia
programming language with JuMP and Ipopt. The optimization problem for sizing includes a simple
model of the power grid, with relevant constraints such as available power, operating costs and BESS
investment costs. The unit costs of 2 500 NOK/kWh and 3 200 NOK/kW are the basis for the this.
The optimal sizing parameters are found to be 12 500 kWh and 1330 (1500) kW. Further, these are
taken as inputs for the operation model, which aims to simulate optimal operation for a period of four
years, by minimizing operating costs. Degradation is also taken into account, with the results showing

an aging of around 20 % after four years.

The most significant results for BESS operation are found for variations in electricity spot prices.
For highly varying prices, such as for the elspot of NOS in 2022, the net present costs of operation
are found to be 2.41 % lower than a hypothetical scenario with only grid power. But for low prices
with little variations (NO3 elspot, 2020) the costs are found to be 3.64 % higher. In other words, the
potential costs savings from a BESS, for the case of this thesis, are quite low or none. Therefore,
the feasibility of the investigated solution is mostly dependent on the investment cost, assumed to
be above 54 MNOK, and the estimated revenue from increasing the power consumption. The load
profile of the end user, representing few opportunities for reduction in peak power, is pointed out as a

main factor of why the BESS is not generating more savings.

It is concluded that a BESS is probably not an economically feasible solution for the case of this

thesis.
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Sammendrag

Elektrifisering og ny, fornybar, kraftproduksjon er viktige tiltak for & imgtekomme befolkningsvekst
og redusere klimagassutslipp. Dette medfgrer imidlertid utfordringer for kraftnettet, pa grunn av gkte
effekttopper pa bade forbruks- og produksjonssiden. Batterisystemer (BESS pa engelsk) kan benyttes
for & handtere dette, ved a sikre stabil nettdrift og bidra til reduksjon i effekttopper hos forbrukere.

Denne case-studien baserer seg pa en sluttbruker pa Fosen (Trgndelag), som gnsker & gke strgm-
forbruket sitt for a gke en naringsaktivitet. Men pa grunn av kapasitetsutfordringer i overliggende
kraftnett ma strgmkunder pa Fosen i utgangspunktet begrense effektgkninger fram til at strgmnettet
er oppgradert. Denne masteroppgaven gnsker derfor a undersgke om det er mulig a benytte batterier
som en lgsning, slik at energiforbruket kan gkes. Det vurderes om en slik lgsning kan vere teknisk

gjiennomfg@rbar og mulig innenfor visse, gkonomiske, rammer.

Energilagringssystemet baserer seg pa Li-ion-batterier, som har vist seg a vere en allsidig batteritek-
nologi som kan benyttes for de fleste formal. Selv om investeringskostnadene for slike batterier er
relativt hgye, sa har prisene sunket vesentlig det siste tiaret, noe som har gjort flere batteri-prosjekter
lgnnsomme. Teknisk data og begrensninger for et Li-ion-batteri basert piA LMO-NMC er utgangs-

punktet for denne oppgaven. Dette inkluderer ogsa degradering (batteriets aldring).

Programmeringsspraket Julia er tatt i bruk for a Igse optimeringsmodeller for bade dimensjonering
og drift av et batterisystem. Modellen for dimensjonering inkluderer ogsa et enkelt oppsett av distri-
busjonsnettet, som sluttbrukeren er koblet til, med relevante restriksjoner pa blant annet tilgjengelig
effekt, samt drifts- og investeringskostnader. Enhetskostnadene som er tatt 1 bruk for batteridimensjo-
neringen er 2 500 NOK/kWh og 3 200 NOK/kW. Den fgrste optimeringen resulterte i en batterikapa-
sitet pa 12 500 kWh og en installert effekt pa 1330 (oppjustert til 1500) kW. Dette benyttes videre i
driftsmodellen, med mal om a simulere optimal drift av batterisystemet for fire ar, med lavest mulige
driftskostnader. Her er ogsa degradering av batteriet tatt hensyn til, og det viser seg at batterisystemets
kapasitet reduseres med omtrent 20 % etter fire ar.

Det er variasjoner i elektrisitetspriser (spotpriser) som gir de mest betydelige resultatene. Basert pa
spotprisene for NO5 fra 2022, som var hgye og svert varierende, er netto naverdi for driftskostnader
2.41 % lavere nar batterisystemet benyttes, i forhold til et hypotetisk scenario hvor sluttbrukeren kun
far kraft fra strgmnettet. Men for tilfellet med lave og lite varierende spotpriser (NO3, 2020), vises
det at kostnadene er 3.64 % hgyere. Med andre ord sa er de potensielle kostnadsbesparelsene med et
batterisystem relativt sma eller negative for casen i denne studien. Fglgelig er de gkonomiske forde-
lene ved et slikt system mest avhengig av investeringskostnadene, som er antatt a veere omtrent 54
millioner NOK, og de potensielle inntektene som kan forventes ved et gkt energiforbruk. Lastprofi-
len til sluttbrukeren, som er preget av et jevnt strgmforbruk med fa muligheter for effektreduksjoner,

pekes pa som en viktig arsak til at besparelsene ikke er stgrre.

Det konkluderes med at et batterisystem antakeligvis ikke er en gkonomisk gunstig Igsning for den

aktuelle casen.
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List of Symbols

Symbol | Unit Description

B - Battery, or point B (label).

C NOK Cost or cash flows.

c NOKY/... | Cost per unit (e.g. per unit of energy or power).
cos(9) | - Power factor.

E Wh, Ah | Energy, capacity.

f Hz Frequency.

G - Generator (label).

I A Electrical current.

Iy NOK Investment cost.

L - Load (label).

m - Month.

Ney # Number of equivalent cycles.
P w Power.

Q Wh, Ah | Capacity, energy.

R Q Electrical resistance.

—
1

Decimal number: rate (discount rate).

S VA Power capability (apparent power).

t s, h Time.

T °C, K Temperature.

U Vv Voltage.

y - Year.

o, - Discount rate.

Y [%] Battery degradation.

A Delta. Indicating difference.

n - (eta). Efficiency, number between 0 and 1.0.

() °,rad (phi). Phase displacement (voltage <+ current).



List of Terms and Abbreviations

Term Description

Anode The electrode of which an oxidation process occurs. For a discharging battery cell, it
is the negative electrode.

Arrhenius A certain temperature dependence of reaction rates (chemistry).

relationship

Balance of system

Battery
management
system

Cathode

Calendric aging

Converter

c-rate
Current carrying
capacity

Cycle

Cycle life

Cyclic aging

Demand side
management
Distribution
system operator

Energy arbitrage

Energy density

Inverter

Load shifting

Referring to all components, structures and parts that are necessary for a system, in
addition to the main parts.
Any electronic system that monitors and controls a rechargeable battery, for

protection and balancing of charging and discharging.

The electrode of which a reduction process occurs. For a discharging battery cell, it
is the positive electrode.

(Calendar aging). The reduction of capacity (mostly) and power capability
(somewhat) of a battery, while the battery is at rest.

(Power converter). An electrical device for converting the characteristics of
electrical energy. This involves changing voltage levels, currents and waveforms.

A measure on the rate of charging and discharging of a battery, based on its capacity.
Maximum continuous operating current (stationary) allowed for a specific
conductor. Also known as thermal loading limit.

(Charge cycle). The process of charging a rechargeable battery to a certain state, and
discharge it back to initial state.

The number of cycles that a battery can undergo before its aging reaches certain
limit.

(Cycle aging). The reduction of capacity and power capability of a battery, caused
by the battery usage.

A strategy/process where the consumption of electric power, at the end users, are
controlled, influenced and/or adapted. E.g. peak shaving.

Institutions or companies that operate and manage the distribution grids. They can
also own the grid, which is the case of DSOs in Norway.

The concept of buying and/or selling energy and taking advantage of price
difference, in order to save or earn money.

The amount of energy that can be stored, produced or distributed per unit of volume.
A power converter that converts DC to AC. It is often used interchangeable with
power converter, in cases where it can also convert AC to DC.

A strategy to shift load from periods of high power peaks to periods of lower power.



Peak shaving

Power factor
Round-trip
efficiency
Secondary battery
Second life battery

Specific energy
Spinning reserve

State of charge

State of health

A strategy to avoid power peaks by reducing consumption. Sometimes also called
load shedding.

The ratio of real power to the apparent power.

The relationship between the energy that is added to an energy storage system, and
the energy that is retrieved from the same system.

A rechargeable battery.

A battery that have been used, typically for transport/mobility, but are considered to
be at its EOL for its purpose. However, having some more capacity left, it can be
used for other purposes.

The amount of energy that can be stored, produced or distributed per unit of mass.
Extra generating capacity that is on-line but not in use.

The energy level of a battery at a certain time, related to its nominal capacity. The
opposite of depth of discharge.

A measure on the available capacity of a battery at a certain time, relative to the

original capacity (of a new battery).

Abbreviation Description

AC Alternating current.

Avail. Available. (E.g. available power).

BESS Battery energy storage system.

BOS Balance of system.

BMS Battery management system.

BTM Behind-the-meter (battery location in relation w/ the electrical meter).
Ch. Charge.

DC Direct current.

Dch. Discharge.

DoD Depth of discharge.

DSO Distribution system operator.

Elspot Electricity spot price.

EOL End of life.

FEC Full equivalent cycle (factor of equivalent cycles).

FTM Front-of-meter (battery location in relation w/ the electrical meter).
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Abbreviation

Description

HSE

HV

HVAC
IEA

IEEE

LFP
Li-ion
LMO-NMC
MNOK
NaS

NEK
NOK
NO3, NO5
NPV, NPC
NREL
NVE
OPEX

Pb

PV

RMS

RV

SoC

SoH

S.t

T2

T3

VAT
VRFB

Health, safety and environment.

High voltage.

Heating, ventilation and air conditioning.
International Energy Agency.

Institute of Electrical and Electronics Engineers.
Lithium iron phosphate (battery type).
Lithium-ion (battery).

Li-ion battery with the Manganese Oxide/Nickle-Manganese-Cobalt blend.

Million NOK.

Sodium-sulfur (battery).

The Norwegian Electrotechnical Committee.

The Norwegian krone (currency).

Price zones for electrical energy in Norway (west and mid-Norway).
Net present value, net present cost.

The National Renewable Energy Laboratory (the USA).

The Norwegian Water Resources and Energy Directorate.
Operating expenses (operation and maintenance costs).

Lead (chemical element).

Photovoltaic (technology for extraction of solar energy).

Root mean square. (Standard measure for currents and voltages).
Residual value.

State of charge.

State of health.

Subject to.

(This thesis:) Transformer connecting the regional grid with the distribution grid.

(This thesis:) Substation connecting the end user to the distribution grid.
Value added tax (Norwegian tax on all goods and services).

Vanadium redox flow battery.
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Introduction and Background

1 Introduction and Background

High energy demand, especially in the form of electric power, represents a great challenge today
and for the years to come. The challenge is present both globally, nationally and locally, due to
population increase, higher loads and the need for replacing fossil fuels in order to reduce greenhouse
gas emissions and global warming. Within 2050, the energy production from fossil fuels are predicted
to fall to 31 %, from being more than 80 % today, while renewable energy sources (e.g. hydro,
wind and solar) are predicted to constitute more than 62 % of the mix [1, 2]. This mix of resources
represent highly intermittent power supplies which, in addition to higher loads from electrification,

entails challenges for the power grids.

The increased amount of power that needs to be transferred from producer to user will require sub-
stantial upgrades of the power grids. However, grid reinforcements are expensive and may take long
time to implement, which may cause the demand for power to increase faster than the amount of avail-
able power. This is the case for Fosen in Trgndelag, where end users want to increase their power
consumption, but cannot do so due to capacity limits in the regional power grid. The deployment
of stationary energy storage solutions, such as battery energy storage systems (BESSs), is often pre-
sented as a solution to challenges with power grid limitations and expensive reinforcements. Energy
storage systems can reduce power peaks by shifting load in time, and thereby relieving the power

grid. A BESS could also be a solution for the case in Fosen [2, 3].

1.1 Challenges in Distribution Grids and How Batteries Can Be a Solution

The Norwegian Water Resources and Energy Directorate (NVE) expects energy consumption to in-
crease more than energy production until at least 2030, mainly due to electrification of the transport
sector and the establishing of new industries. Approximately 50 % of the energy consumption of
today originates from electrical power, and the share is assumed to grow. This development requires
the need for importing power through power grid infrastructure with high capacity. However, there
are several bottlenecks in the Norwegian power grid, where the power capability of grid infrastructure
set limits on the power flow. These are mostly found in the distribution grids (voltage below 22 kV)

and regional grids' (voltage ranging from 66 kV to 132 kV) [4].

The power capability of distribution grids depend on the amount of power that can be transferred
without harming its components and causing bad voltage quality. The required quality of electricity
supply, including voltage quality, is defined in laws and standards such as the Norwegian regulation
of quality of supply [5]. When the power flow in the grid exceeds certain levels, depending on the grid

I'The regional grid is a part of the transmission grid.
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design, the voltage waveforms, frequency and magnitudes will be affected. This must be avoided, and
has traditionally been solved by grid upgrades. However, as mentioned, grid upgrades may not be

economical feasible or immediately possible in several cases [6].

The above-mentioned issues can be solved by installing batteries at strategical locations in the power
grid. These solutions can also be economically feasible compared to grid upgrades [7, 8]. Battery
installations located in the grid, providing services for the system operators (DSOs and TSOs), are
known as front-of-the-meter (FTM) batteries as they are located on the grid side of an electric meter.
Examples of use cases for such installations are frequency regulation, energy shifting / load level-
ing, voltage support, capacity reserves, phase balancing, reducing curtailment of renewable energy

generation and backup power [9, 8].

The two first properties are illustrated in figure 1. The frequency of the grid is balanced by providing
power when the grid frequency is found to be too low and by absorbing power when the grid frequency
is too high (above 50 Hz). This is illustrated in figure 1a. In figure 1b, the load is covered within the
power capability limits of the grid. The latter case can for instance be relevant if the power required
by a low voltage load would cause too high voltage drop in the transfer system if provided directly by
the grid.

Supply power
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g Discharge ?:J (:;‘.’-]I'_\__J 3 DiSCharge
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(a) BESS for frequency regulation. (b) BESS for load leveling / Load shifting.

Figure 1: Example on BESS charging and discharging for grid support. Adapted from [10].

According to the Norwegian regulation of quality of supply [5], the Norwegian DSOs are obligated
to ensure that the variations ins system voltages are minimized. Slow variations in the RMS value of
the system voltage must be within £10 % of nominal value, measured as an average over one minute,
at the point of connection between high voltage and low voltage. In addition, short-term and rapid

overvoltages and undervoltages are not allowed to be higher than 3 % and 5 % of nominal system
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voltage, for dU; ; and dU,,..”, respectively [5]. Referring to figure 1b again, the peaks in load could
potentially result in voltage reductions that are too high according to the above-mentioned criteria.
By rather providing the load with energy from a battery during these instances, the system voltage

can stay within the required limits [8, 10].

It must be noted that distribution system operators (DSOs) have not been allowed to own, develop
or operate own energy storage systems. This is stated in the EU directive on common rules for the
internal market for electricity, article 36 ([11], 2019). However, energy storage systems like batteries
can be allowed for some exceptions, where regulating authorities (NVE in Norway) give approval.
Such circumstances can be if the batteries are necessary for the grid operation [8, 7]. The main reason
for this regulation is that DSOs, being monopolists, can exploit own energy storage systems over
other flexibility solutions, and thereby reduce the effectiveness of the electricity market. A proposed
solution to this challenge is that a third party is involved. Some DSOs own and operate batteries in

Norway today, with dispensation from NVE [6].

1.2 Batteries for Demand Side Management

As mentioned initially, the need for increased power transfer capabilities are to a large extent caused
by an increased demand for electric power, due to electrification and new industry. Therefore, another
approach to deal with this challenge, is to deploy battery storage systems at the load (demand) side.
These are known as behind-the-meter (BTM) installations, where grid customers own the battery
systems and pays for the electricity needed for charging [9]. A BTM battery facilitates for demand
side management, which could be beneficial for both the DSO and the end user owning the battery.
In short, load side management are measures to control energy usage, in order to postpone investment
in new electrical installations, reduce operating costs and/or to ensure that energy usage stays within

limits on available energy to avoid overload situations [12].

Figure 2 illustrates four categories of demand side management, that can be facilitated with a BESS.
Peak shaving, also referred to as load clipping and load shedding, means reducing or cutting the load
for periods. This can be a measure to avoid high peaks or operation that can cause overloading on
the energy input source (being for instance the connection point of the power grid). If it is possible to

rather cover the peak with local (own) energy production, this could be done in stead [12].

24Uy, Stationary (steady state) change of voltage due to a characteristic of change in voltage [5]
dU,4x: Maximum change of voltage during a characteristic of change in voltage [5]
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Figure 2: Examples on demand side management. Adapted from [12].

Having a BESS, it is possible to charge during periods of low demand, and discharge during periods
of high demand. This is called load shifting, and makes the load profile more flat. The total energy
consumption, and amount of energy imported from the grid, remains the same?. Many grid costumers
pay for their peak power, as a part of the grid tariff, which means that there are also economical
motivations for peak shaving and load shifting[6]. Valley filling is the case when the load is increased
only in periods of low demand, without reducing the power peak. If the load can combine several of
these demand side techniques over time, for instance in cooperation with a DSO, the load is said to
be flexible [12].

Another advantage with BTM batteries is that the above-mentioned techniques can be combined with
energy arbitrage. This is the process of buying energy when the price is low, and selling it or using
it, when the price is high. By using a BESS with energy arbitrage, it is possible to cover the load at

lowest possible energy costs, by charging when prices are low and discharging when prices are high.

SExcept for some losses in energy storage and conversion.
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The discharged power can then cover the load, and give savings in energy costs, and excess power can
be sold to the grid and generate revenue. Customers who do the latter are referred to as prosumers.
In Norway, NVE has set a maximum limit on the power that can be sold without having to pay for
production, currently being 100 kW [13, 14].

1.3 BESS Deployments and Battery Costs

On a global scale, the use of battery energy storage systems for both FTM and BTM purposes is
becoming significant. According to the International Energy Agency, IEA, the total capacity of sta-
tionary battery installations reached 16 GW by the end of 2021. Of these installations, batteries with
Li-ion chemistries are dominant and constitute 71 % to 96 % of the capacity added each year from
2015 to 2021 [15]. An overview of the annual add-ons in installed capacity of battery installations,

with country of location, is given in figure 3.
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Figure 3: Annual add-ons of global stationary battery energy storage capacity from 2015 to 2021.
Data from IEA [15].

As shown in the figure, the annual add-ons have increased at a significantly higher rate since 2019
than earlier. This is likely due to a combination of the need for battery services to cope with capacity
challenges and a reduction in the prices of Li-ion batteries. According to BloombergNEF, the average
prices of Li-ion battery packs, being used for both electric vehicles and stationary applications, have

fallen with almost 80 % the last ten years. In 2021, the average price of Li-ion battery packs where
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around 140 USD, and the price is expected to go below 100 USD before 2025 (2021-USD) [16, 17].
It must be noted that these prices are for battery packs, and exclude other required components for a
BESS, that contribute significantly to the investment costs. However, the reduction in the prices of

battery packs are making stationary batteries a more feasible investment for several projects.
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Figure 4: Volume-weighted average battery pack and cell prices, from 2013 to 2021 in
2021-NOK/kWh. Data from BloombergNEF [17].

1.4 Problem Statement and Research Question

The municipality of @rland in the region of Fosen (in Trgndelag) got a notice in the spring of 2022,
requiring grid customers to limit new power demand with a maximum of 0.5 MW. The reason is
that the overlying power grid, connecting the distribution grid at Fosen with the transmission grid, is
not able to meet higher power requirements until reinforcements are in place. Due to the process of
licensing, procurements and construction, it will not be possible to let grid customers increase their
load significantly until the end of 2027, the earliest. After this time, it is expected that the regional
grid is upgraded from 66 kV, being the system voltage of today, to a new voltage level of 132 kV [3].

Several private and commercial customers want to increase their electricity consumption, in order to
expand production processes and change energy supply from fossil fuels. In forecast scenarios, new
aquaculture industry in the region is expected to require power of 8.5 MW within the next ten years.

Including scenarios on high electrification, this can increase to 16.5 MW [3].

The case for this thesis is focused on a single end user (grid customer), being a business that wants

to increase its power supply in order to increase production and sales. The peak load today is at

6
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200 kW, but it is assumed that the peak of a new load would need to increase to 1.5 MW. As this
change (AP ~1.3 MW) is higher than the above-mentioned, possible, increase in power demand, this
power cannot be taken directly from the grid continuously. One solution, that this thesis aims to
investigate, is to use a battery energy storage system to charge when power is available from the grid,
and discharge the energy in periods when the power grid faces capacity limitations. In other words,

this means combining some of the demand management techniques presented in figure 2.

Figure 5 and 6 give an overview of the case investigated in this thesis. The first figure shows the
overlying grid with the capacity limitations (bottleneck), the transformer connecting the regional grid
to the distribution grid at Fosen (T2), some loads, some power generators and the end user of concern.
The latter is assumed to install a BESS. The second figure shows the daily average of power imported
through the distribution transformer (T2, with label “1”’) as well as the load of the end user (with label
“2”)*. The load profile of the end user is characterized by a continuous anf high power demand. The
peak of power flow through T2 is around 23.95 MW, and the total installed capacity of local power
producing units is around 25 MW. However, most of this power production is from wind power,
generating intermittent electrical power, and the region is therefore dependent on power from other

areas [18].
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Figure 5: The case of the thesis.

“Note that the plots are made from daily averages. Actual peaks in power are higher, and the power variations are
significantly higher in hourly resolution.
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Figure 6: Plots illustrating required power (load) and available power in the case. Load data from
2021.

In short, the idea for this thesis is to let a BESS exploit the available energy, defined by the maxi-
mum power imported through T2 today (2021). It investigates whether this can be a possible way
of providing the load with the wanted amount of energy, given the above-mentioned restrictions in
available grid power. Referring to figure 6, this means that the BESS alone must provide the load
with the increased power (AP) when there is no or little available power from the grid. Additionally,
the thesis will investigate if the solution can be economically feasible, by letting the BESS exploit the
techniques of demand side management and energy arbitrage. Based on this, the research question is

formulated as follows:

Can a BESS be a technically and economically feasible solution for the capacity expansion of an end

user in Fosen, given the restrictions on available grid power of today?

In order to answer this, optimization models are made as a part of the thesis, to find optimal sizing of

the battery energy storage system and to simulate optimal operation.
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1.4.1 Assumptions and Limitations

The solving of the case problem is based on several assumptions, some of them being introduced
here. The BESS is set to consist of LMO-NMC? battery packs, a type of Li-ion batteries. This is
due to the versatile characteristics, and that a degradation® model has been available, for this type of
battery. Further, the case assumes that the BESS is owned and operated by the end user, who also
takes the cost of transformer losses at the substation (T3) as operating costs of the battery system.
The substation, T3, is also assumed replaced to fit the new power requirements. Only the power flow
on the radial from point A to the end user, indicated in figure 5, is investigated. Both regional load
and the load of the end user are assumed to follow the same load profiles as in 2021, for all years of
BESS operation. The restrictions in available power are assumed to apply until 2028, meaning that

the BESS would be required in this period.

1.5 Related Work and Literature

There exist many articles and reports that touch upon the topics of stationary battery systems. These
include cases with power limitations of power grids, grid balancing, reducing power peaks and de-
laying grid investments or demand side management with the goal of reducing energy costs. Several
articles, reports and previous master theses have given inspiration to the contents and approaches of
this thesis.

Batteries to Help With Grid Challenges

Several articles and reports connected to the IntegER’ project (with SINTEF, Skagerak Nett AS and
several) are relevant for the problem case of this study [6]. The project aimed to evaluate the values of
location, ownership, technical integration and business models for energy storage systems, for both
DSOs and others. In a guide for batteries for the distribution grids ([13], 2020), a NVE project on
the same topic ([8], 2019) and a cost-benefit analysis ([7], 2019), the benefits of stationary batteries
are divided in market and grid categories. They all present cases where batteries can provide required
grid services, and discuss possible scenarios where involvement in the electricity market can make

them economically feasible.

One of the cases described in the first example is about an end user that wants to increase its load from

24 kW to 30 kW. The power grid is found to be to weak to allow for the increased power flow without

>Manganese Oxide/Nickle-Manganese-Cobalt blend
®A Li-ion battery experiences a loss in available capacity with time ans usage (known as degradation).
"IntegER - Integration of energy storage in the distribution grid (project period: 2017 - 2020).
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facing too high voltage drops. Two alternative solutions are presented, being the installation of a
BESS close to the end user or upgrading the power grid. It is found that the solution with BESS can
be economically feasible for an investment cost below 3 500 NOK/kWh?®. The report also investigates
different cases for ownership and location, where the end user owns the battery installation or the DSO

buys a battery service from a third party [13].

The second example describe similar scenarios, and concludes that investment costs below 6000
NOK/kWh could be economically beneficial if the radial to the customer is longer than 300 meters
(due to voltage drops). This report also discusses challenges and possibilities with ownership. A
possibility is to remove economical incentives for battery operation (by not allowing to exploit the
variations in electricity prices). This significantly reduces the economical feasibility of the battery
solution. Another way could be to involve third parties, similarly as for the first exampl. As this
third party would be driven by profit maximization, this solution would require that the selling of grid

services would generate enough revenue [8].

The last of the above-mentioned literature investigates the situations, and for which costs, that bat-
teries are attractive solutions. It finds that batteries for grid support can be attractive for investment
costs below 14 500 NOK/kWh (2019), if used for grid services such as frequency regulation’. For
cutting power, load shifting and increasing self-consumption with photovoltaics (PV), batteries are
only feasible for investment costs below 2 000 - 6 000 NOK/kWh (2019), depending on electricity
costs and power tariffs [7].

Optimal Battery Operation

A techno-economic analysis of Skagerak EnergyLab ([19], 2020), investigates a case study where
battery operation is simulated to cover some loads and increase self-consumption of a PV installa-
tion. It includes two types of Li-ion battery chemistries, being NCA and NMC!?. The different cases
involved maximizing self-consumption, covering flood lights, energy arbitrage and general minimiza-
tion of energy and power costs. For investment costs between 4 000 and 10 000 NOK/kWh, none of
the cases with NCA battery proved economically feasible. For the NMC type however, the battery
investment could be feasible for investment costs below 4 000 NOK/kWh, when PV self-consumption

and general minimization of energy and power costs are prioritized.

In a master’s thesis from 2018 ([20]), an optimization model with the goal of minimizing total system

operating costs for a combined PV and BESS installation was developed. For an optimal battery size

8Cost per nominal battery capacity
9This assumes a battery composition of 1 MW (power) and 400 - 500 kWh (capacity)
10Nickel cobalt aluminium and Nickel manganese cobalt oxide

10
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of 150 kWh, with respect to operating costs, the BESS would provide yearly savings in energy costs
for a BESS investment cost of 3 600 NOK/kWh. The case investigated a battery of the NMC type, and
included a model of degradation. The optimization model of this thesis also aims to limit degradation,

by setting a cost on the type of operation that provokes degradation.

Optimal Battery Sizing (and Operation)

The above-mentioned master’s thesis found the optimal BESS size from an iterative process, running
the optimization model for different battery capacities. The value resulting in the lowest operating
costs was then chosen. In a similar work ([21]), a function including both operating and capital
(investment) costs was formulated, and the optimal value of the variable representing BESS sizing
was found for the case where the function was at minimum. The results showed that the sizing was

very sensitive to the grid power constraints, being the most important factor for the sizing.

In a master’s thesis from 2020 ([22]), a battery installation is evaluated against reinforcing the power
grid, for a fast charging station in Trgndelag. The case assumed a NMC-LMO battery and an invest-
ment cost of 9 000 NOK/kWh. The investment cost was split in a power cost and a capacity costs, in
order to find optimal ratio of power and energy (P/E). The method for sizing the BESS is similar to
the one from the above-mentioned article ([21]), and resulted in a 300 kW/225 kWh battery system.
Given the investment costs, it was concluded that reinforcing the grid would be better than to use the
BESS solution, given an economical point of view. Another interesting finding was that degradation
is significantly higher when simulating at minute resolution rather than hourly resolution. However,

different degradation cases only contribute with about 1 % difference in operating costs.

As observed from the descriptions of previous works on the topic, there are many different cases that
are relevant for a BESS. It is also shown that economical feasibility depends on many factors, and
vary from case to case. It therefore seems that all cases require tailored solutions and cost-benefit
studies that are case specific. This thesis includes several elements from, among others, the above-
mentioned sources, but with the case being unique. One of the most significant differences is the fact
that the restrictions on available power is not based on the point of connection between grid and load,

but the available power from the regional grid.

11



1.6 Structure of the Report

The report consists of seven main chapters (sections), in addition to this introduction. The contents
of these are as follows:

Section 2:

In this part, technical details on components, working principles and terminology that are relevant for

understanding battery energy storage systems are introduced.
Section 3:

Important principles of energy pricing, the composition of energy costs and approaches for economi-

cal analysis, including optimization, are explained in this section.
Section 4:

In this section, the case is described in more detail, and the approaches (including mathematical
formulations) are depicted thoroughly. Overviews of important assumptions and input data, as well

as descriptions of the investigated scenarios, are also presented.
Section 5:

The results are presented, evaluated and discussed in this part. In addition, case assumptions and

methodology are reviewed.

Section 6 and 7:

Conclusions and points on further work are presented in the last two sections.

12
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2 Battery Energy Storage Systems and Battery Fundamentals

This chapter introduces and describes relevant theory and background material. Components and
technical principles for battery energy storage systems, with Li-ion being in focus, is presented first.
An important part of this is the aging mechanisms and the models that are used to account for degra-
dation in battery operation. Furthermore, BESS investment and operating costs are presented and

compared. Costs associated with energy and power are considered more in depth in section 3.

There are many different energy storage technologies, that fit for different purposes and scales. In
general, these can be categorized as electrochemical technologies (e.g. batteries), electrical technolo-
gies (e.g. super capacitors), thermal technologies (e.g.sensible thermal), chemical technologies (e.g.
hydrogen/fuel cells) and mechanical technologies (e.g. flywheel). An overview of these technologies
are given in appendix A. One advantage with electrochemical technologies, such as batteries, is that

this technology is mobile, easy to implement and is suitable for most locations [2].

2.1 BESS Components

A battery energy storage system (BESS) consist of several components and elements. The main
components, illustrated in figure 7, are the battery packs (consisting of battery cells and organized in
racks), power conversion systems and different control and management systems. It is common that
most of these components and elements are gathered in a battery container that also equipped with
HVAC'! systems for thermal management. In addition to these main components, some supporting

components are required. These are referred to as the balance of system (BOS) [13, 23]:

* Electrical BOS: Wiring (DC and AC), conduits, switchgear, transformer, controllers and moni-

tors.

* Structural BOS: Foundation, container materials, inverter house and cable laying.

""HVAC = heating, ventilating, and air conditioning
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Figure 7: Key components and elements of a grid connected BESS. Adapted from [13, 23].

While the battery packs decide the energy storage capacity of a BESS, the amount of power that can
be drawn from the system (the power capability) is mainly determined from the power conversion
system. This is required as the grid power is in AC voltage, while the battery only works for DC
voltage. The power conversion system must therefore convert AC to DC (rectifier operation) in order
to charge the battery, and convert the DC to AC (inverter operation) in order for the battery to provide
the AC side with power. When these processes are conducted in the same component, inverter and
converter are often used interchangeable for the component name. Smaller battery energy storage
systems can do with only one inverter, while it is more common to have several for larger installations.

The efficiency of an inverter depends on the power, but is generally in the area of 95 % [13, 21].

The battery packs and battery cells are governed by the battery management system (BMS), which
ensures safe operation by balancing the energy of the battery cells and monitor the state of the battery.
The supervisory control system is the main controller, which decides when to charge and discharge
and at what current and power. This system takes input from for instance the load, the power grid and
the electricity market, depending on the purpose of the BESS. For the case in this thesis, relevant input
data could be measurements of load and available grid power, electricity spot prices and forecasts on
future load [13, 23].

14
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2.2 Battery Fundamentals

Most of the above-mentioned components remain the same for different types of BESS. However, the
battery can be of many different types, such as lead-acid, sodium-sulphur and Lithium-ion (Li-ion).
In general, a battery cell is an electrolytic cell (electrochemical cell) which generate electrical energy.
The most essential components are a positive and a negative electrode, an electrolyte and a separator.
Battery cells that are “single use” are called primary batteries, while rechargeable batteries are called

secondary batteries [24].

2.2.1 General Working Principles and Terminology

The main components and working principle of a secondary battery cell is presented in figure 8.
In order to generate electrical energy (electricity), two half-cell reactions must happen at the two
electrodes. These electrodes consist of active material, which generate ion movement, and the current-
collector (also known as the grid). Positive ions are called cations, and negative ions are called anions.
An electrolytic cell in which a current is produced is known as a galvanic cell (a in figure 8), while a

charging cell, that receives current, is known as an electrolysis cell (b in figure 8).

a) Galvanic cell c¢) Battery operation
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Figure 8: Components and operation principles of secondary battery cells. Adapted from [24].
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The electrodes are called anodes and cathodes depending on whether the battery cell is charging or
discharging. An oxidation reaction, liberating electrons, occur at the anode and a reduction reaction,
taking up electrons, occur at the cathode. As it is most common to speak of to the discharge state of
a battery the anode is often understood as the negative electrode while the the cathode is understood

as the positive electrode [24].

The voltage of a battery cell is measured as the difference in the potentials of the two electrodes. At no
current flow (no load connected to the terminals / electrodes), this is known as the reversible voltage
(V;) or the open-circuit voltage. Having a load connected to the battery cell, the actual voltage will
be lower as a result of voltage drops due to irreversible losses, such as polarization losses and ohmic
losses. These cause, among other things, an increased cell voltage when charging and a decreased cell
voltage while discharging. The losses related to charging and discharging of a battery are expressed

through the round-trip efficiency. [24].

Cell voltages for common battery cells are around 2 V, for lead-acid, and 3.5 - 4.2 V, for Li-ion types.
To achieve common battery pack voltages, for instance 12/24 V for lead-acid and 14/36/48V for Li-
ion, several of these cells must be connected in series!?. The voltage and capacity of a battery are

closely related to each other [24].

Terminology

Before moving on, it is important to be aware of the terminology that is used for describing different

battery characteristics and properties. The most common terminology is presented in table 1.

I2Battery cells are most commonly connected in series, but they can also be connected in a series-parallel array.
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Table 1: Battery terminology [13, 24, 25].

Term Unit Description

Cut-off voltage Vv The voltage limit of a battery. A battery should not be operated under /
over certain voltage.

Nominal capacity Ah, Wh The capacity of a new battery under specific conditions. Energy that is
available for discharge until a specific cut-off voltage.

Useful capacity Ah, Wh The amount of energy that is available for charge/discharge, given
restrictions in minimum and maximum levels.

Auvailable capacity Ah, Wh The amount of energy that is available for charge/discharge, given the
age and state of the battery or battery system.

Max power (max load) W(A) The maximum power (current X battery voltage) that can be drawn
from the battery.

Response time ms., sec. The time needed for the battery to start charging and discharging when
requested to do so by the control system.

Specific energy Whikg Energy storage potential per weight. Also known as gravimetric energy
density.

Energy density Wh/L, Wh/m? | Energy storage potential per volume. Also known as volumetric energy
density.

Round-trip efficiency % The combined efficiency of charging and discharging a battery. There
are losses associated with both charging and discharging.

C-rate - The rate of charge and discharge. 1C means a power rate that
corresponds to a full discharge / charge in one hour.
2C: a full discharge / charge in 1/2 hour.
0.5C: a full discharge / charge in 2 hours...

SoC % The energy level of the battery, expressed as a fraction of the available

(State of charge) capacity.

DoD % The discharged capacity of a battery, being the opposite of the SoC.

(Depth of discharge)

SoH % The amount of capacity of a battery, relative to the nominal capacity, at

(State of health) any given time. Expresses the loss in capacity with time and usage.

Cycle # Charging and discharging, starting and ending up at the same SoC.

Full Equivalent cycle # Energy throughput from charging and discharging equivalent to the
scenario where the SoC at the beginning and end is 100 %.

Cycle life # The number of cycles a battery can go through before the capacity is
below a certain limit.*).

Shelf lifetime years The time (number of years) a battery can be stored without being used,

at certain conditions, before the SoH is reduced to a certain limit due to

self-discharge(®).

* The most common limit, being a SoH of 70 - 80 %, is mainly for applications requiring mobility, such as mobile devices and electric vehicles. For
stationary applications, the battery can be useful for even lower states of health.

Indicated by the table, there are many factors to consider for a battery, both for instantaneous operation

and conditions over longer time horizons. The discharge curves of figure 9 show how a Li-ion battery
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cell is discharged for different operating conditions, and illustrates that voltage and capacity of a
battery are closely related to each other. The characteristics are similar for other types of batteries. The
discharge curves in figure 9a indicate that higher c-rates discharge the battery faster than c-rates being
lower than one. The voltage drop is more significant, and the available capacity is less, the higher
c-rate. Because of this characteristic of secondary batteries, it is important that the nominal capacity
of a battery is presented together with corresponding c-rate, often being one (1C). Figure 9b shows
that moderately high operating temperatures result in lower voltage drops than low temperatures. The
latter also resulting in less available capacity [24].
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(a) Discharge curves of Li-ion battery cells for different c-rates.
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(b) Discharge curves of Li-ion battery cells for different temperatures.

Figure 9: General discharge curves of Li-ion battery cells for different c-rates and temperatures,
based on the curves from a Sanyo Li-ion cell from [24].

The cut-off voltage is found in the area where the cell voltage starts falling at a higher rate, before
100 % DoD. It is common to operate the battery between a SoC of 20 to 90 %. The figures indicate

that optimum, instantaneous, operation is achieved for low c-rates and moderately high temperatures.
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However, as will be described in section 2.3, degradation over longer time intervals must also be
considered [24].

2.2.2 Batteries for Stationary Storage

There exists many different types of batteries, that can be used for the same or different purposes. The
components and chemical principles are mostly as described above, but the materials differ signifi-
cantly. A comparison of technical details on the different types is presented in table A.2 in appendix

A, while an overview of the most common types with key properties are introduced here.

Lead-acid (Pb-acid) is the most mature battery technology, and has existed for more than one hundred
years. It has commonly been used in for instance starter batteries in cars and UPS (uninterruptible
power supply) systems. Its positive electrode contains PbO,while the negative electrode is made from
lead. These are both immersed in sulfuric acid electrolyte. An advantage with this battery chemistry
for stationary storage is that it is relatively cheap (560 - 3 200 NOK/kWh). However, disadvantages
such as low cycle life, bad performance at low temperatures, high weight, large volume and danger of

environmental damages from highly toxic lead, may motivate for using different technologies [26].

Sodium-sulfur (NaS) is a different type, where the positive electrode consists of molten sulfur (S) and
the negative electrode is molten sodium (Na). These are separated by solid ceramic, serving as elec-
trolyte. Stationary storage systems of this types are more expensive than for lead-acid, but has higher
cycle life and requires less volume and weight. However, it requires high operating temperatures,
approximately 300 to 400 °C [26].

The flow batteries, also known as redox flow batteries, represent a quite different technology. These
batteries consist of two liquid electrolytes (anolyte and catholyte) that are stored in different tanks.
The electrolytes flow through an electrochemical cell, separated by a membrane, that converts chem-
ical energy to electricity. About 80 % of all registered energy storage installations based on flow
batteries are of the Vanadium redox flow (VRFB) type ([26], 2018). Advantages of VRFBs are long
lifetime (up to 25 years), high cycle life, almost no degradation, very low self-discharge over time and
medium investment costs. In addition, the available and useful capacity is very close to the nominal
capacity, meaning that almost all of the energy stored in the system can be used'?. Disadvantages are
that the round-trip efficiency is lower than for the above-mentioned technologies, the systems become

heavy and space-intensive, it uses battery acid (toxic) and have slow response time [26, 27].

Lithium-ion batteries requires little weight and space per unit of capacity, have the highest efficiency

of the above-mentioned technologies, have long cycle life and can be operated at room temperatures.

3In order to stay within optimal efficiency, it is advantageous to not drain the electrolyte tanks entirely, as this will
require more energy to the pumping system)
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In other words, it represents a good mix of the advantages of the different technologies presented so
far. However, the investment costs of stationary energy storage systems based on Li-ion are high,
even though the battery prices are reducing. But the greatest advantage of Li-ion battery systems is
the versatile characteristics. As illustrated in figure 10, this technology is suitable for many different

purposes when connected to the grid and load side [26].

® Li-ion Lead-acid ® Sodium-sulphur Flow batteries

Frequency restoration
reserves

Voltage support Load shifting

Capacity reserves Spinning reserve

Figure 10: A comparison of common battery types for different purposes in grid and load support
[26, 28].

As shown in the figure, most of the technologies are suitable for load shifting and capacity reserves.
However, only Li-ion is clearly suitable for voltage support and frequency control. The other types
are unsuitable due to for instance long response time. The Li-ion technology is able to cover all the
illustrated needs. However, the technology covers a group of different variants that are better suited

for the different purposes. These are described in the next section [26, 28].

2.2.3 Lithium-ion Battery Chemistries

Lithium-ion batteries were discovered by researchers at oxford University (UK) in the 1970s, and
was later commercialized by Sony in the 1990s. Lithium as material has been very attractive as a
component for the negative electrode due to high electrochemical potential in combination with low
atomic mass. In the beginning, several anode and cathode materials were tested, but it was soon found
that the preferred negative electrode material (anode material) was carbon in the form of graphite. The
working principle of Li-ion batteries is based on the movement of Li-ions (Li™) between the positive
and negative electrodes, which are separated by a porous polymeric material (that allows for flow of

ions). These are also immersed in an electrolyte consisting of Lithium salts [24, 26].
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Graphite, serving as the negative electrode, has a high gravimetric energy potential of 372 mAh/g.
However, the materials used for the positive electrodes (the cathode materials) have significantly
lower energy potentials. For instance, metal oxides based on Cobalt, Nickel and Manganese have
gravimetric energy potentials ranging from 120 to 130 (maximum 160) mAh/g. Therefore, the cath-
ode material is the limiting part that contribute the most to the total weight of the battery. Different
Li-ion chemistries, with different anode-cathode combinations, are compared in table 2, considering
specific energy and cycle life. It shows that NMC and NCA are the best types with respect to specific
energy, while NMC, LFP and LTO have the highest cycle life [29, 30, 31].

Table 2: Parameters for the most common Li-ion chemistries [29, 31].

Type of Li-ion Anode material | Cathode Specific energy | Cycle life!
material [Wh/kg]

LCO Graphite LiCoO, 150 - 200 500 - 1000

(Lithium cobalt (LiCg)

oxide)

LNO Graphite LiNiO, 150 - 200 > 300

(Lithium nickel (LiCy)

oxide)

LMO Graphite LiMn;04 100 - 150 300 - 700

(Lithium nickel (LiCe)

manganese)

NMC Graphite Li(NiMnCo)O, | 150 - 220 1000 - 2000

(Lithium nickel (LiCy)

manganese cobolt

oxide)

LFP Graphite LiFePOg4 90 - 150 1000 - 2000

(Lithium iron (LiCy)

phosphate)

NCA Graphite Li(NiCoAl)O, | 200 - 260 ~500

(Lithium nickel (LiCg)

cobalt aluminium

oxide)

LTO Lithium titanate | LiMn20Qy, 70 - 85 3000 - 7000

(Lithium titanate) LisTisOqo Li(NiCoAl)O,

The development of other material combinations is an ongoing research, aiming to increase specific
energy, efficiencies and safety of operation. New anode materials can be Silicon (Si1), potentially hav-

ing a capacity of 4 200 mAh/g, and Tin (Sn), potentially having a capacity of 980 mAh/g. However,

14 Assumed full equivalent cycles (FECs). Actual cycle life is dependent on operating conditions. For shallow DoDs
(below 30 %), moderate temperatures and moderate c-rates, several battery types (LMO, NMC and LFP) are expected to
have a cycle life greater than 14 000 cycles. LFP is generally considered to have longer cycle lifes [32].
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the cathode will still be the limiting part. LiFePos (LFP) currently has one of the highest cathode
capacities, being 170 mAh/g, but suffers from poor conductivity characteristics [30].

Characteristics for Stationary Applications

The characteristics for the most important of the above-mentioned Li-ion chemistries are illustrated
in figure 11 for stationary applications. It shows, for instance, that NCA batteries have high specific
power and energy, but a high investment cost. LFP batteries score high on safety and are not that

expensive. NMC and LMO show quite balanced characteristics [31, 29].
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Figure 11: Comparison of properties, advantages and disadvantages of different Li-ion chemistries.
Adapted from [29, 31].
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2.3 Degradation Mechanisms in Li-ion Batteries

All secondary batteries, including those of Li-ion, have reversible processes with irreversible losses.
This means that both the usable power and capacity reduces with time and use, which is referred to as
power and capacity fade. Only the latter is the focus for this thesis. The mechanisms of capacity fade
are further categorized as cyclic and calendric aging. The first type happens even though the battery
is at rest, without any external load or power source connected to it. The second type only occurs
when the battery is charging and discharging. The state of health (SoH) is used as a measurement on
the degradation of batteries [29].

Degradation mechanisms for Li-ion batteries are complex, occur on different components and depend
on many factors. An overview of many of the mechanisms can be found in appendix B, while the

most important are presented below.

Calendric Aging

At the anode (negative electrode) of a Li-ion battery cell, a chemical reaction occurs which forms a
passivating layer on the electrode surface. This layer is called solid electrolyte interface (SEI). Having
a high amount of this, the internal resistance of the battery cell become unacceptable high, while too
little SEI can cause corrosion because of electrolyte reaching the anode material. The growth of SEI
is the most prominent contributor to degradation of Li-ion batteries, and is especially important for
calendric degradation. Other important contributors is the loss of active material and the change of

surface phase [29].

As the name suggests, calendric aging depends on time. Experiments show that an underlying depen-
dency on time follow the function %, where z is close to 0.5 (making it equivalent to 1/7). In addition,
it is found to be highly dependent on temperature and SoC through an Arrhenius relationship. A
general equation for this relationship is presented in equation 1, where A is the pre-exponential factor,
k is a rate constant, Tk is the temperature (in Kelvin), R is the gas constant and E, is the activation

energy !> for the reaction [29].

_ E(l
RTx

k=A ey

Figure 12 shows how SoC and temperature, at storage, contribute to the calendric degradation of a

LMO battery. The tendencies are similar for other Li-ion chemistries. It is shown that higher storage

15 Activation energy: The minimum amount of energy to cause the chemical reaction
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temperatures and SoCs cause higher degradation, than lower temperatures and SoCs. At least down
to 15 °C and 60 % SoC. By charging this battery to half capacity and keeping it at a temperature of 55

°C, the SoH ends up at 60 % after five years. In other words, 40 % of the original nominal capacity is
lost [32].
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(a) Calendric aging for different storage temperatures and SoC at 50 %.
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(b) Calendric aging for different SoCs while temperature is held at 25 °C.

Figure 12: The effects of temperature and SoC on calendric aging of storing Li-ion batteries. Based
on data for a LMO battery [32].

Cyclic Aging

Cyclic aging is more complex than calendric aging, as it depends on more factors and conditions. The
degradation mechanisms causing cyclic aging are mainly having to do with the lithium plating and
general mechanical failure. In addition to temperature and storage SoC, the cyclic aging depends on
DoD and c-rate. The latter case is already touched upon in figure 9a. In general, high c-rates cause
the battery to degrade faster than low c-rates [29, 32].
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The depth of discharge affects degradation in several ways. Firstly, large charge and discharge inter-
vals should be avoided, as this result in capacity fade. Secondly, the average SoC between starting
and ending DoD is contributing as well. From figure 13 it is shown that operation between 25 and
85 % SoC (marked in green) is better than operation between 40 % and 100 % SoC (marked in red),
even though both cases use 60 % of the energetic battery capacity (i.e. the same amount of energy
throughput). In the first case, the battery degrades to 84 % of SoH while the second case ends up at a
SoH being 79 %, for a lower amount of DST cycles 16 129, 32].
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Figure 13: Degradation of a Li-ion (LMO) battery for different cycling conditions (starting and
ending SoC), at 20 °C [32].

Obviously, shallow discharges (as for the yellow data) can allow for many more cycles, with the same
depth of discharge, than a deep discharge (as for the black data). Therefore, a cycle in this sense is
not adequate to measure life time when varying the length and profiles of charge and discharge. In
order to correctly compare degradation effects and show the true effects on storage capability, the
term energetic throughput is introduced. This can for instance be obtained by measuring the energy
flowing in and out of the battery, by considering ampere-hours (Ah) or watt-hours. A common way is
to define 1 Ah charge and 1 Ah discharge, as a charge throughput of 1 Ah [29].

In equation 2 from [33], the charge throughput (Q) is based on the charge or discharge current during a

certain time. This can further be generalized by relating the energetic throughput to the useful battery

16DST cycle: Dynamic stress test. Starting from a specific SoC, a DST profile (with certain charging and discharging
pattern) is applied until wanted SoC is reached, before the battery is recharged at a c-rate equal to one (1C) back to starting
SoC to finish one test cycle [32].

25



Battery Energy Storage Systems

capacity, E5"’, based on the nominal battery capacity, Ep°", and limits on state of charge. In a PhD
report by Maik Naumann ([34]), the term “full equivalent cycle” (FEC) is defined as the energetic
throughput during a certain time period related to the twice of the battery capacity, according to
equation 3. Eg""(t) is the cumulative energetic throughput from charging and discharging the battery
with a power of Pg(t) and an efficiency of np. This occurs during a time interval from g tO 44.
For a single time step of Az, the equation is simplified from being an integral. The half (1/2) represents

that an interval of charging or discharging only constitute a half cycle.

Tend
0=0.5 / \1|dt )

Istart

S|Py ()| npdt
Egum (t) Istart |PB (t) | NB

1 1 1
2 ESP T 2 B (S0Cmax — S0Cmin) 2 ER™ - (S0Cpar — S0Cpin)

FEC(t) = At (3)

In the literature, many terms are used to describe this concept. In this thesis, a full equivalent cycle
(FEC) is defined as a factor describing the energetic throughput relative to the nominal battery ca-
pacity at a certain time, according to equation 3. These factors are accumulated to express the total
number of equivalent cycles, Ny, for a period of operation (T) as in equation 4. The concept is also
illustrated in figure 14, showing the charging and discharging of a battery from 80 % SoC down to 20
9% SoC and back again to 80 % SoC in several time steps, at a constant c-rate. From ¢/ to 2, there is a
discharge corresponding to a FEC of 0.1, and from ¢/ to ¢/, ten such partial charges and discharges

accumulates to one equivalent cycle (N, = 1).

T
Ney(T) = Y FEC(t) (4)

t=1
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Figure 14: The concept of equivalent cycle counting.

Chemistry Dependency on Degradation

Capacity fade, as well as power fade, happens for all Li-ion chemistries. However, the degree of de-
pendency to the different conditions vary, for both calendric and cyclic aging. In [29], the chemistries
presented in section 2.2.3 are compared with respect to sensitivities for degradation mechanisms. The
best chemistry in terms of calendric aging is reported to be for the NCA chemistry, being least sen-
sitive to both temperature and storage SoC. LFP and NMC both have a high temperature sensitivity,
and a variable sensitivity on SoC. The LMO-NMC blend is found to have the poorest calendric life

time, and the most capacity fade in total, having both a high dependency on SoC and temperature.

Optimal Operation of Li-ion

Due to the degradation mechanisms of Li-ion batteries, optimal operation and storage is important in
order to prolong the life time and usefulness of the battery. According to [35], optimal operation (for
minimizing degradation), can give 130 to 260 % longer life time of the battery, compared to operation
without concerning the effects of degradation. This can be achieved by operating within a certain

operating window [29]:
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* To minimize calendric aging: maintain a low SoC (< 50 %) and a low temperature.

* To minimize cyclic aging: keep a moderate temperature, a moderate/low c-rate (around or
below 1C) and shallow discharging (DoD) around an optimal SoC (commonly around 50 %).
For example: discharge from a SoC of 60 % to 40 % and en charging back to 60 % SoC, at a

c-rate of one (1C)

Figure 15 shows a suggested, general, operating window for Li-ion batteries.
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Figure 15: Generalized relationship between cycle life and operating temperature for Li-ion
batteries, for different c-rates. Adapted from [36].

2.3.1 Different Degradation Models

In order to correctly simulate and analyze battery operation, a model of battery degradation is re-
quired. There exists many different approaches for this, that can be found in literature, in which a few

of them are presented here.
Model with Focus on DoD and Calendric/Cyclic Aging Split

In [37], a battery degradation model is developed to account for capacity fade and related costs during
operation and cycling. The model assumes NMC type, and split the degradation in calendric and
cyclic aging, where either part is set to define the reduction of capacity for a certain time step. The
variations in DoD, causing reactions with deposited lithium, is the basis for cyclic degradation in this

work.

The calendric aging, or shelf degradation as stated in the report, is set as a linear function of time,

according to equation 5. Here, L, s, is the assumed life time (shelf life) of the battery when stored
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at certain conditions and DP is the degradation percentage. If the shelf life is 20 years, and the time
resolution is in hours, the calendric degradation at any time step is assumed to be 0.00057 %. The
cyclic aging of time step ¢ is found based on the total amount of cycles that the battery is assumed
to go through, if the battery is operated similarly for the rest of its life, according to equation 6. For
each time step, the greatest of these two degradation estimations are used to set the actual degradation

percentage (DP) of time ¢, as in equation 7 [37].

DPl (1) = 100% 5)
Lgper f
100% .
DPY(t) = =V deg®* (6)
( ) Ncy(t) ; gt
deg;”" = 0.5 |deg, —deg; 1|
DP(t) = max {DPC“’ (1), DP< (z)} 7

The cyclic degradation is based on N, (t), which is a predefined function for the number of cycles the
battery can have before end of life (EOL) or failure. The function, obtained from [38], is presented
in equation 8. N{&;{% is the number of cycles to EOL with operation at 100 % DoD and k, is a type
specific constant ranging from 0.8 to 2.1 depending on battery chemistry. The graphical illustration

of this function, for the case from [37], is given in figure 16.

Ney(t) = NJS . DoD ™% (8)
50000
S 40000F
© \I.
S 30000+ \
) —
220000+
5 -
= 10000}
0 0.2 0.4 0.6 0.8 1.0
DoD

Figure 16: Cycle life for different DoD [37].

The degradation percentage for the cyclic degradation, DP®*, is found by calculating a loss percent-
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age for several points in this graph, using equation 6. From this, figure 17 is created, expressing
degradation for different intervals in SoC. To illustrate the principle, an example is given where the
battery discharges from a SoC of 80 % to 20 % at time ¢. The cyclic degradation percentage for this
period is found to be 0.014 %, based on the number of cycles from figure 16:
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Figure 17: Degradation for different levels of SoC [37].

In [20] and [37], the degradation percentages are found for all possible SoC values, using the above
figure and mixed integer linear programming (MILP), in order to include the values between the data

points that are known.
Models Assuming Addable Calendric and Cyclic Aging

In contrast to the above-mentioned model, several degradation models assuming that degradation
effects from calendric and cyclic aging are additive are presented in [29]. The author presents these
models with the names of their origin, being the NREL Model ([39]), the MOBICUS Model ([40])
and the Wang Model ([40, 41]). These are briefly described in the following parts.

The NREL Model

The NREL Model ([39]), was originally made for the NCA chemistry, but has been updated to include
other chemistries such as the LFP. It includes losses in battery capacity, due to the loss of active
lithium (Qp;), the loss of active sites in the electrolyte (QOs;ses) and internal resistance. The minimum

of the two first contributors are set to define the capacity loss, according to equation 9. The internal
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resistance is defined in equation 10. The coefficients (a, b, ¢) are chemistry specific and can be tuned
[29].

Q = min(Qri, OSsites) )

where :
Qri=bo+bit* + ()
Osites = co+ 1N+ (...)

R=ay+ait'*+aN (10)

The model incorporates temperature, SOC and DoD. However, it does not include any direct depen-
dency on c-rate. To summarize the model, it predicts incremental aging for a certain period, over a
standard aging profile. It includes cyclic and calendric aging terms together, as these two effects in

reality cannot be separated from each other [29].

The MOBICUS Model

The MOBICUS'” Model ([40]) is the product of a french national collaborative project from 2013 to
2017. It builds upon earlier research on the separate effects of cyclic and calendric aging [42]. The
new approach of this work was about linking calendric and cyclic aging with a nonlinear and strong

coupling. The model should work for both first and second life batteries [29].

For the cyclic aging, the temperature was found to have the most significant effect. This was for a
LMO-NMC chemistry. Furthermore, the effect of energetic throughput was found to be more impor-
tant than the effect of current (c-rate). For storage and calendric aging, the temperature was chosen
to have a stronger effect than storage SoC, in line with earlier observations and documentation from

others work. The model descriptions are to little extent available in the literature at present time.

The Wang Model

The Wang Model ([40, 41]) has been built using accelerated life testing of many different battery op-
erating conditions. It is developed based on the 1.5 Ah 18650 LMO-NMC Sanyo battery technology,
including a combined relationship between calendric and cyclic aging. It is based on a large set of

data, that is used to make a theoretical-empirical model [29].

The calendric aging part of the model is established from fitting parameters to a relationship following

the Arrhenius dependence on temperature, as introduced with equation 1. As the available data from

"Modeling of Batteries Including the coupling between Calendar and Usage aging
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testing did not include battery cells at storage, cycling data for low c-rate (0.5C) and shallow DoD
(10 %) was used to simulate approximate storage conditions. The resulting model, for calendric
degradation only, is expressed in equation 11.

Qcal — 14876 - 6*24'5“/(”') . daysl/2 (11)

loss,%

In order to find a model for the cyclic aging, the above-mentioned calendric degradation was calcu-
lated and subtracted from the total capacity loss, which was measured for the different test conditions.
Equation 12 shows the fundamental form of the function used to fit the obtained results. B; and B;
are both fitting factors.

cyc o B)-c
Qloss,% =By e 2 'Ahthroughput (12)

By combining the expressions for calendric and cyclic degradation, the overall degradation model
becomes equation 13 18 The coefficients and parameters, with values and units, are presented in table
3. Note that this relationship is highly nonlinear, involving both exponential terms, the square root of

time and several variables (temperature and c-rate).

E,

QI o (1) = |aT2 + bTx +c| - el @Tkre el Apy, +f"a]z/azy eIk (13)

loss, %

The equation can be further adapted by replacing the energetic throughput with the number of equiv-
alent cycles, from equation 4, and gather some of the parameters into the equivalent constants kjand
ky. The latter can only be done when assuming constant temperature. This, in addition to expressing

the time on an hourly resolution in stead of a daily resolution, is done in equation 14.

y t
Ol (1) = kel WTkrer el Ny (1) 44 [ 7 ko (14)

Table 3: Coefficients and constants for the Wang model (degradation) [29].

| Coeff. | Value  Unit | Coeff. | Value  Unit |
a 8.61-107° Vank?),1/(Negk?) | | Tk (...) K

b -5.13 1073 1/(Ah-K),1/(Neg K) E, 24.5 kI [mol

c 7.63 107! 1/AR,1/N,, R 8.314 J/(mol-K)

d -6.7-1073 V(K-Crare) t (...) day, (hour)

e 2.35 U erare ki@ 15°c) | 3.176 -10~* /N,

f 14 876 1/day"/? ky (@ 15°C) | 0.5384 1/ hour

The battery degradation during five years (1825 days) is plotted in figure 18 for different tempera-

8The equation from the source ([29]) does not include the absolute value of the first term. This is added to avoid
negative degradation for some conditions.
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tures and an energy throughput of 0.8 full equivalent cycles per day (N, = 0.8/day).

temperatures of 5, 15 and 35 degrees Celsius.
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Figure 18: Degradation of a LMO-NMC battery during 5 years, according to the Wang model. For

different temperatures and 0.8 FECs per day.
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Observations from the model indicate that the total degradation follows an almost linear relationship
at lower temperatures (e.g. 5 °C). Cyclic aging is dominant at this operating temperature, which is
especially notable for large c-rates as in figure 18a. At higher temperatures, for instance 35 °C, the
square root relationship with time is more evident as the calendric aging is dominant. This is also
observed in figure 18b and 18c [29].

Limitations of Battery Degradation Models

The battery degradation models are useful, because they allow for extrapolation of future conditions
that would be too time and cost-intensive too find empirically. In addition, it can help making good
estimations on optimal, future, operation. However, it is difficult to catch all dependencies as the
degradation mechanisms are very complex. Therefore, and to limit computational effort, different

models weights some factors higher than others [29].

The models described in this section have different focus. The first model (used by [20] and [37])
emphasizes the importance of DoD and SoC, and splits calendric an cyclic degradation. It excludes
temperature dependencies. The other three models all combine calendric and cyclic aging, and states
that temperature dependencies are the most important. They include several of the factors mentioned
in section 2.3, to some extent. However, the Wang Model does not capture the effects of variations in
DoD and SoC [29].

2.4 BESS Investment and Operation Costs

The economical benefit of a battery energy storage system is to a large extent a question of invest-
ment costs. The other, very important, factor is the operating costs concerned with buying energy and
power from the grid, and the amount of savings a BESS can provide by for instance exploiting energy
arbitrage and peak shaving. The latter case is described more in depth in section 3, while the invest-
ment costs of Li-ion batteries are presented here. The cost data provided in this section is gathered
from various literature and reports on real projects, accounting for currency differences, inflation and

assumed price development!®.

The investment costs of battery energy storage systems depend on several factors, such as type of
technology, battery chemistry, power electronics, power capabilities and storage capacity. In addi-
tion, the investment costs also include designing, planning (engineering) and labor, summarized as

installation costs. These cost items depend on factors such as geographical location, wage levels and

19Currency rates from June 1, 2022 (average): 10.06 NOK/EUR, 9.368 NOK/USD.
Inflation: 2.3 % per year until 2022 (see figure E.3 in appendix E).
Assuming a linear cost decrease of 5 %/year from 2020 to 2025. Taxes excluded unless otherwise mentioned.
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the sizing (scaling). In other words, it is difficult to give precise estimates on investment costs and the

cost data found in literature also varies significantly [43].

When looking at the investment cost of a BESS, it is especially important to note the type of tech-
nology and size of the system that the cost data covers. The investment costs are especially sensitive
to the ratio between power and capacity capability, and it is therefore useful to know the costs per
unit of power and per unit of energy (capacity). This is especially an advantage when scalable costs
are required, which is the case when costs are to be compared or when the system sizing, during the

planning phase of a BESS investment, depends on the costs.

For cost analyzes in this thesis, the investment costs are provided per unit of power (NOK/kW) and
per unit of nominal capacity (NOK/kWh). These are addable, meaning that the total cost is the sum

of the two elements, as described in [43]. The two parts cover the following:

* Energy (capacity) part [NOK/kWh]: Contains the costs associated with the battery packs, BMS

and some wiring for the battery packs.

* Power part [NOK/kW]: Contains the costs associated with the power parts and materials that
are dimensioned based on power, such as the power electronic devices (inverter/converter),

transformer, electrical BOS and structural BOS.

Equation 15 and figure 19 show the principles of splitting the costs of power and energy, and how
this affects the system price. It is common to inform about the capacity of a BESS by providing the
power capability and the maximum time of operation. For instance, a BESS can be characterized by
1.0 MW and 4 hour of operation, which makes it a 4 hours system. From figure 19, it is evident that
a one hour system, with higher power capability, is more expensive than a four hours system per unit
of capacity. This split of costs is even more important considering that the costs of battery packs are

assumed to decrease faster than the cost of power equipment [43].

Wh [N OK ] costs of other components 1 {1}
T
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Figure 19: How power capability and capacity affects BESS investment costs.

Figure 20 shows the cost compositions for a medium and large scale BESS, based on Li-ion, with
data adapted from NREL ([23], 2020). Figure 20a shows the breakdown of costs for a 600 kW BESS
for 0.5 to 4 hour operation (300 kWh - 2.4 MWh). The same is shown for a 60 MW, utility scale,
BESS in figure 20b (30 MWh - 240 MWh). The costs of the battery packs and central inverter is the
same per kWh and per kW, respectively, while the costs of BOS-equipment are lower for the case of a
utility-scale BESS. The same relationship is observed for engineering, design and installation labor?’

(summarized as installation costs).

The installation costs, expressed as a fraction of the material costs, differ significantly for the different
cases. For the commercial BESS of 600 kW, these ranges from 0.608 for the 4 hours system to 1.22
for the 0.5 hour system. For the utility scale BESS, the fraction varies from 0.274 to 0.538 for the
same compositions. This shows that installation costs constitute a large share of the investment costs,

especially for the commercial scale [23].

20Note that all costs associated with engineering and labor are for US cost levels. Costs related to wages varies for
different countries
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Figure 20: Cost components, per nameplate kWh, of Li-ion BESS for different capacities. Costs in

2019-NOK. [23].

The inverters (converters) contribute with a big part to the total investment costs. For small and
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residential systems of 3.0 to 5.0 kW, prices can be found in the range of 3 000 to 6 000 NOK/kW.
For the larger systems, as the 600 kW and 60 MW depicted above, the costs of power converters
are assumed to be in the range of 500 - 600 NOK/kW. In addition, the costs of both structural and
electrical BOS add to the total investment costs [23].

Figure 21 shows estimates on future investment costs, until 2050, for both energy (capacity) compo-
nents and power components that are addable. The data, obtained from a NREL report [43] analyzing
current and future BESS costs, includes three scenarios on future developments. These are high,
medium and low price reductions It is shown that the prices of energy components, mostly for battery
packs, are assumed to fall for most of the scenarios. However, the costs of power components are
shown to fall less.
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Figure 21: Cost projections in 2020-NOK for the energy (storage / capacity) components and the
power components for a Li-ion BESS. Adapted from [43].

A different source ([44]), with data presented in table 4 for both LFP and NMC chemistry, show
similar costs as the figure with NREL data. The tabulated data is however even more conservative
with respect to changes in the costs of power components. It also shows that the NMC chemistry
is often more expensive than for instance LFP. Both these figures and the data from the illustration

above are assumed to exclude installation costs.
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Table 4: Ranges of BESS addable cost elements, for capacity (energy) and power (LFP and NMC).
For 2021 and estimates for 2030 [44].

2021 2030
21,22 | Capacity part Power part | Capacity part Power part
[NOK/kWh] [NOK/kW] [NOK/kWh] [NOK/kW]
Low | High Low | High Low | High Low | High
LFP | 1500 | 1900 2400 | 2 600 900 1200 2300 | 2500
NMC | 1800 | 2200 2400 | 2 600 1100 | 1500 2300 | 2500

A summary and comparison of cost data from the literature can be found in appendix C. The average
costs from this comparison is found to be 3 100 - 5 600 NOK/kWh (2022-NOK), for battery sizes
that are relevant for the case of this thesis. This includes materials and installation costs, but excludes

taxes.

2.4.1 Operation and Maintenance Costs

Operation and maintenance costs are also important to consider. These cover the costs for small mate-

rial replacements and the need for trained crew to enter the BESS installation for cleaning, inspection

and replacement work. Table 5 summarizes some cost levels, presented per unit of installed power

capability, that are obtained from different sources. In general, smaller facilities and systems with

high power capabilities will have higher operational costs per unit of installed power than a larger

facility with moderate power capabilities [43].

Table 5: A comparison of O&M costs (OPEX) for stationary Li-ion BESS, obtained from literature

(2021).
Source name / Annual costs Comment
citation [NOK/kW/year]
PNNL [44] 25-33 LFP type
PNNL [44] 30 - 36 NMC type
Abraham A. Kebede | 50- 110 -
et al. [2]
Cole Wesley et al. 45 - 230 Ranges from

(NREL) [43]

several sources
(2019 and later)

21 All data for a 4 MWh, 1 MW BESS, excluding taxes, design work and installation.

22Capacity part only includes storage elements. Power part includes power equipment and all BOS
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2.5 Introduction to Regulations and Environmental Considerations

So far, the technical and economical aspects of a battery energy storage system has been described.
However, other factors, such as regulations, HSE precautions and environmental considerations need
to be evaluated before choosing to install a BESS. This is out of scope to evaluate in this thesis, as the

topics are complex, but a brief introduction is given for the sake of overview.
HSE, Standards and Regulations

There is certain risk involved with the use and storage of Li-ion batteries. Overcharging, large currents
and short circuit currents can cause fire and explosions, if the BESS is not designed and operated
correctly. One very important process that must be avoided is thermal runaway, when the battery cell
enters a self-heating, unstable, state. Good ventilation and heating management (HVAC), with for
instance water cooling, is an important safety measure to avoid this from happening, and reduce the

danger of fire and explosions [13].

Battery energy storage systems are often bought, transported and installed with container systems, as
illustrated in figure 7. The location of the BESS must be such that the risk of fire spreading to other
components, buildings and infrastructure is minimized. The systems should therefore be installed
with certain distance from other elements, and such that personnel from fire departments have easy
access. Safety distances and other measures for precaution are listed in relevant regulations, guides
and standards. NEK, The Norwegian Electrotechnical Committee, has for instance published several
standards on BESS installations. These, and other relevant examples on documentation, can be found

in appendix D.
Area Footprint of BESS Installations

Another consideration for the planning and installation of a BESS system is the area footprint. This
must be considered, due to the above-mentioned safety requirements and the fact that a larger instal-
lation will require more construction work and higher installation costs. Table 6 gives an overview
of the space requirements for different types of battery energy storage systems, that are based on
real projects [45]. It shows that Li-ion systems require less area than for instance systems based on
sodium-sulfur (NaS). Flow batteries, represented by VRFB, require the largest footprints, which can
be more than ten times larger than those of Li-ion. Based on the specific energy and energy den-
sity of lead-acid batteries, systems based on this technology are assumed to have space requirements
between the ones of NaS and VRFB.
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Table 6: Space (area footprint) requirements for some BESS types [45].

BESS type Space Footprint of example installations
requirements
[m*IMWh]
Li-ion, NMC 5.00 - 7.50 2 MWh: 4 MWh:
20 ft. container (~14 m?) 40 ft. container (~30 m?)
NaS 17.5-77.0 1.5 MWh: 6 MWh:
6.10m x 2.40m (~15 m?) 6.10m x 5.60m (~34 m?)
VRFB (flow) 75.0 - 100 1.5 MWh: 6 MWh:
12.9m x 4.90m (~60 m?) 27.0m x 17.0m (~459 m?)

Environmental Impacts and Considerations

The manufacturing, transportation, operation and end-of-life (EOL) management of a battery energy
storage system all have environmental impacts that should be considered. Life cycle assessments
(LCAs) investigate these impacts, from “cradle-to-grave”. According to [46], a LCA comparing
lithium-ion and lead-acid batteries for grid energy storage, the operation phase and battery cell man-
ufacturing constitute the largest impacts on the environment. Lead-acid is found to have the biggest,
overall, impact and is used as benchmark. The NCA chemistry is found to be the best performer for
climate change and use of resources (especially fossil fuels), while NMC performs better considering
the acidification potential, both constituting around 50 % of the impacts from lead-acid batteries. An
important reason for the environmental benefit of Li-ion, is the life time. In the report, the life time of
lead-acid is 8.5 years while the life time of Li-ion batteries ranges from 15 to 20 years, depending on
chemistry [46].

A large share of the manufacturing processes for Li-ion batteries are located in China and America
(e.g. the USA and Mexico). Because of the large share of fossil fuels in the energy mix of these
countries, the production of batteries causes emission of greenhouse gases (mostly CO,), that must be
accounted for [46]. The making of a battery pack with capacity of 1.0 kWh requires approximately
400 kWh of energy [2]. In order to calculate the environmental footprint of this production, the
emissions related to the energy supply must be known. If the power source is natural gas, having an
emission factor?? of approximately 500 gco, .,,/kg, a 1.0 kWh battery pack would cause the emission
of around 200 kg CO,, before being used [47].

Z3Emissions related to production of electricity, including life time estimates on emissions for the production technol-
ogy.
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3 Energy Costs and Economical Analysis

There are several economical aspects that are relevant to introduce when speaking of grid connected
energy storage systems. The investment and maintenance costs have already been introduced in sec-
tion 2.4, but there are also significant costs associated with the usage of such systems. Being con-
nected to the power grid, a BESS would be a part of the electricity market where electrical energy is
sold and purchased. The operating costs associated with energy and power affects the feasibility of a

BESS installation, and the BESS should be operated in a way that minimizes these costs.

On the other hand, the electricity market that a grid connected BESS would be involved in, needs to
be efficient and economically attractive for all parts that are included. To ensure this, and to ensure
best possible operation of a BESS, the mathematical technique of optimization is important. In this
section, the general principles of optimization, the power market, pricing for energy and power and

tools for economical analysis are introduced.

3.1 The Optimization Technique

Mathematical optimization is, as the name suggest, a method for finding the best possible solution to
a problem, where several solutions are possible. Having a mathematical function that describe some-
thing, the goal is to assign the best possible values for the variables of this function while considering
some criteria. The goal can for instance be to maximize or minimize this function. In these cases, the

optimization problem is called a maximization problem and minimization problem, respectively.

Equation 16 shows a simple example of a minimization problem. The same general setup also applies
for maximization problems, the only difference being the goal (represented by “min” or "max”). The
function that is to be minimized, f{x), is called the objective function. It is followed by a number of
constraints, being a list of functions and statements (four in this example). The constraints can for
instance be formulated such that some variables must be within certain limits, or that a function of
one or more variables must equal, be greater than or be equal to, certain value. In this example, there
are three function of variables that are required to be less than, equal to or larger than some constants

(a, b and c). Optimization problems usually contains several functions and variables [48].
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min f(x) (16)
st. gx)<a
h(x) = b (17a)
i(x) >c
x>0

If all of the mathematical functions are linear, the problem is said to be a linear programming prob-
lem?*. There are several ways of solving such problems, by for instance graphical and algebraic
methods. One technique that is widely known is the simplex algorithm. In short, this method is based
on finding the most optimal value of all variables, by defining a feasibility region and checking the
objective value for possible variable values, within this region. The feasibility region is formed based
on the restrictions (constrains). The combination resulting in the best objective value, depending on

whether the goal is minimization or maximization, is the output and the optimal solution [48].

Simple problems can be solved manually with this method. However, as many optimization prob-
lems are complex, a computer program such as Excel and MATLAB, or programming languages like
Python or Julia, are often required. Furthermore, complex problems usually have several solutions,
which are called local optimums. The best of these solutions are referred to as the global optimum.

A local solution may, or may not, be the global optimum.

3.2 The Electricity Market and Costs of Energy and Power

Norway is a part of the Nordic and European electricity market. In this market, electrical energy
is sold and purchased between producers, consumers, prosumers, grid companies, system operators
(SO) and retailers. In Norway, the grid companies are also the system operators (DSOs for distribution
grids). As electricity cannot be stored in large quantities for long time periods, it must be consumed
once it is produced. A goal of the electricity market is to ensure that the energy resources are exploited

in an effective manner, to cover the energy requirements of the societies [49].

Nord Pool AS is the largest trading platform of power, having a futures market, a day-ahead (also

known as elspot) market and an intra-day market. In addition, the balancing market is important and

24“Programming” in this case can be understood as a synonym of “planning”
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interesting concerning BESS installations. From 2023, the minimum power that is possible to bid in
the balancing market is 1.0 MW [50]. In Norway, it is Statnett that is responsible for, and the only
trader in, this market [49].

The day-ahead market, also known as the elspot market, is the central instrument where all producers
and consumers submit their bids on power production and consumption, including prices and volumes
(amount of energy). Based on the above-mentioned optimization techniques, a market clearing price
is found from solving an optimization problem with the goal of maximizing the benefits for both
producers and consumers. In short, it is about finding the optimal electricity price for both parts,
given restrictions on power production, available resources, power transfer and other limitations of
the power systems. The optimal electricity price is found for every hour, every day, and is known as

the electricity spot price [49].

The above-mentioned process of market clearing is done for all regions that are involved in the market.
Each country has one or more such zones, which are known as price zones. In Norway, there are
currently five different price zones, which are illustrated in figure 22. Trgndelag is located in NO3,
which borders to NO5 and NOI. In figure 23, it is shown that there are different prices for different
areas, at the same time. This is mainly caused by the regions having surplus or deficit of power, and

that there are capacity limits on the power transfer between neighboring zones [49].

-

Figure 22: Price zones in Norway [51].
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Figure 23: Day-ahead prices for Europe, [EUR/MWh]. Dec 12, 2022 (08:00) [51].
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3.2.1 Pricing of Power and Energy

All of the above-mentioned market segments are a part of the wholesale market. In the end-user
market, individual end users (being private households or businesses) buy their power from a power
supplier of their choice. These power suppliers are the retailers in the wholesale market, and can
make contracts of different types with their customers. These contracts often include a fixed, monthly
price, the spot price or a fixed electricity price, and a surcharge. The electricity spot price, varying for
every hour in a day according to the clearing in the day-ahead market, is the most common contract

type and is used as basis in this thesis [49].

Figure 24, with data from Nord Pool AS [51], shows how the electricity spot price (NOK/kWh) varies
throughout the year. The daily average for NO3 in 2020 and 2021, as well as for NOS5 in 2022 are
plotted. It shows significant variations for the three different years and the two different price zones.
The spot price is much higher in 2022 compared to 2020 and 2021 due to several reasons>, such as
high prices on gas and coal which is used for power generation in several European countries [52]. In
addition, the prices of 2021 and 2022 are volatile compared to the prices of 2020. The year of 2020
had the lowest electricity prices of its preceding decade, which can be observed from appendix E.
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Figure 24: Comparison of the electricity spot prices (daily average), for 2020-2022 and NO3/NO5
[51].

2 The energy prices can be seen in conjunction to the geopolitical situation in Europe from 2020 to 2022. The outbreak
of Covid in 2020 resulted in less activity and the escalation of the Russo-Ukrainian War in 2022 resulted in high gas
prices.
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The electricity spot price, Cg spor, COnstitutes one part of the energy costs of a power consumer. The
other part is the grid tariff that must be paid to the local grid owner (DSO). This is a cost for everyone
who imports energy from the power grid, and the pricing is set to cover the expenses of the grid-owner
such as losses in the grid, maintenance, fees and some margin to account for price Variability%. As
the grid owners (DSOs) are monopolists, these companies are regulated by NVE-RME?’. The grid
tariff usually consist of the following [49, 53]:

* A Fixed part [NOK/month]
* A fixed energy part, related to actual consumption, cg ;qr [NOK/KWh]

* A power part: A customer has to pay for their peak consumption, usually measured as the aver-

age of the three highest power peaks (registered at three different days): cpsqr [NOK/KW ,/month]

* Taxes, such as VAT?3. Business/industry also pays tax on electric power, CE tax-

The power part of the grid tariff is organized in two different ways, depending on the consumption
and type of customer. If the customer is a household or small business with consumption below
100 000 kWh/year, the power part is a fixed cost for different intervals of peak power. For large
businesses/industries with consumption above 100 000 kWh/year, the power part is a variable cost
depending on the actual peak power [53].

To summarize, a Norwegian electricity customer must pay for the energy to a retailer of own choice,

most commonly based on the spot price, and a grid tariff to the local DSO.

Costs of Losses (Grid Components)

The above-mentioned pricing model captures the costs of energy consumption behind-the-meter.
However, it does not capture the cost of operation of power and grid components that are located
in front of the electricity meter. In order to give a more holistic overview, the costs of energy losses in
relevant grid components can be calculated. In Norway, statistics indicate that the losses of electrical

energy constitute 5 % of yearly power generation in average, and 11 % in max load situations [54].

In a planning guide [54], created by SINTEF and REN, a method is suggested for estimating costs
of losses in components such as transformers, substations and power cables/lines. The model, with

clarifications, is presented in equation 18. The advantage of this model, is that costs of power and

26The power cost of the grid tariff is also included to motivate for reductions in power peaks.
21The Norwegian Energy Regulatory Authority
Z8Value added tax: Tax that is paid when buying goods and services. General level: 25.0 %
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energy losses can be calculated based on a few equivalent costs and a time factor, 7;,,,. The equivalent
costs are tabular data, obtained from the planning guide. The utilization time of losses is a standard

way of expressing the equivalent duration of maximum load (and maximum losses) that would give

the actual, annual energy losses?’. The equivalent costs of interest for this thesis is provided in
appendix E.
Closses = kp APy + /kw(t) AP(I)
t
AP(t
:kp'APmax‘l’APmax'kweqv/Jdt (18)
APmax
t
- kp “APyax + APmax : kweqv “Toss
= APpax - (kp + kweqv : Tloss)
Where:

Closses - Annual costs of losses [NOK/year]
kp, : Cost of maximum power losses (during max load) [NOK/kW/year]
AP0« : Maximum power loss [kW]
ky(t) : Energy cost at time ¢ [NOK/kWh]
AP(t) : Power loss at time ¢ [kW]
kiweqv : Equivalent yearly cost of losses [NOK/kWh]

Tj,ss : Utilization time of losses [h/year]

For a transformer or substation (and similarly for other power grid components), the instantaneous
power loss can be calculated according to equation 19. To calculate this, the nominal power/capacity
(S,) must be known, in addition to the transformer load losses at maximum load (#;), the transformer
no-load losses (Py) and the active power flow at time 7 (S(¢) = P(r)). By taking the integral of this
expression, the total energy losses for the whole period (for example one year), can be calculated
using equation 20. The latter can further be used to define the utilization time of losses, 7}z, With
equation 21. The maximum power loss of a transformer is the sum of the load and no-load losses
[54].

2
AP(t) = Py (SS(I)> +P (19)

2Values of Tj,, depend on consumer category, but are most often between 2000 - 2400 hours/year
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AEZOSS:/[pk.<SS(Z))2+PO

t

(20)

T . — AEpss o AEjpss
loss — -
Pk + PO APmax

21

3.2.2 Economical Analysis Using Net Present Value (NPV/NPC)

There are many mathematical tools that can be used to evaluate the economical befits of an investment.
The net present value (NPV) is perhaps the most known measures on economical feasibility. The
general procedure for the method is to refer the values of all future cash flows to the value of money at
a certain time, most commonly to the time of investment. All future costs and benefits are discounted
back to this time, such that the time value of money is accounted for. The method is meant to account
for the fact that a certain amount of money is worth more today than the same amount of money in

the future, because of inflation and missed financial returns [54].

The general formulation for net present value is presented in equation 22, where [y represents the
initial investment, C; is the cash flow at time #, RV is the residual value of the investment after the
period of interest (r = N) and r is the discount rate, also known as the rate of return or the calculation
interest. The term 1/(1+r)" can be substituted by a discount factor, ,(¢). It is most common to use
years as the time resolution, and an investment resulting in a positive NPV (when 7 = N) is regarded
as feasible [54].

NPV = 1+§‘, © R I+%a(t)C+a(N) RV (22)
et 0 = (1+r>t (1+F)N - 0 = r t r

The cash flows are defined such that benefits (e.g. revenue) are positive and costs are negative. In
the cases when only the costs are of concern, the term “Net present costs” (NPC) can be used. The
equation remains the same, with the exception that the signs are switched. The net present cost favors

income, or cost savings, that occur in the beginning, and costs that occur at a later time.

The discount rate is an important element of the NPV, and reflects the time value of money. It usually
accounts for inflation and required yields, that for instance could be the result of other, alternative,
investments. NVE recommends a discount rate of 4.0 % for socioeconomic analyzes, which is also
used as basis for this thesis [55].
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4 The Case Study: Approaches and Methodology

In this chapter, the case that was introduced in section 1.4 is described in more detail. It includes an
explanation on the approaches, assumptions and methods that are used. The mathematical formula-

tions that are established in order to propose a solution to the case are presented, step-by-step.

The flow chart in figure 25 summarizes the methodology of this thesis, where optimization is a key
element. The approach involves the making and simulation of two different optimization models. The
first one aims to find the optimal sizing of the BESS (kWh and kW rating), and includes a model of
the distribution grid connected to it. This model is simulated for one year of operation. The second
model takes the optimal BESS sizing as input, and aims to find the most optimal operation of the
BESS system for a period of four years. The case assumes operation of the BESS until the grid

reinforcements of the regional grid are finished in 2028 (as explained in section 1.4).

Literature review. Choosing tools and
Decide technical Receive and manage approaches for
parameters and case specific data building and solving
constraints the case

Define the case
and problem
description

Running the sizing Building of a BESS
model for different sizing model
scenarios (incl. a grid model)

Discuss results and
conclude on feasibility

Running the operation
model for different

scenarios —

Building of a BESS
operation model

Figure 25: A flow chart describing the approaches and the methodology of the thesis.

4.1 Notations and Sketching of the Case

The initial drawing of the case from figure 5 is redrawn in the single line diagram of figure 26,
representing a three-phase power system. The area of focus is on the radial going from transformer
T2, through pint A to the end user located after substation T3. The single line diagram is made to
approximately locate power production and regional loads. The goal is to achieve realistic power

flows and system states in the simulation of a new load situation that includes a BESS. The sizing
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model includes the whole grid model, while the operation model only considers the load side, which

is indicated in the figure.

G1.1 GI.Z L[ GZ LZ

1

Line A Line B
— N —
;I i ;I
(B) v
66 kV / 22 kV 4 ,,TT\\
1 | ro
I\
L' ' BESS ) |
3 G, L, : Load :

Load side

_____________________________

Figure 26: A single line diagram of the case.

Inputs and Outputs In the Model

Several elements and characteristics are indicated in the figure. These are both constants that are
known, such as line resistances and nominal voltages, hourly time series on production and power
flows, and unknown variables. For instance, the power flow through T2 and the power production

from the four generators are known for 2021, while the battery power (Pg) and line currents (Ifine
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and Ifm .) are unknown variables. The optimization models aim to assign the optimal values for these
unknown variables. Relevant data on load, power production and characteristics of the distribution

grid is provided by Nettselskapet AS, the local grid owner at Fosen [18].

Assumptions and Clarifications

The models, as well as the approach for solving, involves several assumptions that are elaborated

further in the following list:

* The models are made and run for hourly resolution. Power flows, voltages and currents are assumed to

be fixed for each hour.

* The models are solved for 8760 hours per year. All input data and variables that are time dependent are
adapted for this.

¢ Transformer T2 has a capacity of 25 MVA, and the maximum available, active, power that can flow
through T2 is set to be 23.9 MW.

* Only active power flows are considered, but a margin obtained by a power factor, cos(¢), of 0.9 is used.
* The overlying regional grid is assumed to be capable of delivering up to 23.9 MW at all times.

* The total load of the region is calculated as the sum of the power imported through T2 and the power gen-
erated by the four generators, subtracting the exported power through T2, for every time step. (Excluding

losses).

* Both the total load of the region and the power generation is assumed to follow the same load profile as

of 2021, unless otherwise stated.

* The load of concern is assumed to follow the same load profile as of 2021, and the new load equals the
consumption of 2021 (with a peak of ~200 kW) scaled up with 1306 kW for every hour (giving a peak
of ~1500 kW). See figure 6.

* The substation, T3, is assumed replaced to fit the new power requirements. A 3150 kVA (22 kV/415 V)

substation from Mgre Trafo AS [56] is assumed in the case.

* The maximum limits on import and export through T3 are set to 3.0 MW and 100 kW, respectively,
according to the capacity of the transformer and the restriction concerning the feed-in tariff of power

export [14].

* The battery is assumed to consist of LMO-NMC battery packs, having aging that is described according

to the Wang degradation model [41]. Degradation is only included in the operation model.
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4.2 Mathematical Formulation of The Case

Based on historical data on loads, power generation and electricity prices, as well as a new load for
the end user and the restriction in available power, the goal is to find optimal sizing and operation of
a BESS. The approach is to build an optimization model that minimizes the net present costs (NPC)
of investment and operation, and compare different scenarios in order to say something about the
feasibility of a BESS. Two minimization models are created, based on the principles introduced in
section 3.1, for sizing and operation. The objectives are split in two models in order to reduce the
complexity of solving. In the following subsections, the mathematical formulations of these models

are described, which include the constraints and objective functions.

4.2.1 Model Constraints

The sizing model includes several constraints that describe the physics of the distribution grid depicted
in figure 26. In general, these are formulated such that power flows are balanced, and that voltages
and currents are related according to the laws of physics. In addition, the technical limits and working
principles of the BESS are incorporated in the load side of the models. The equations and notations

are presented in accordance with the sketch of figure 26.
The Grid Side

The first set of constraints define the power flows through transformer (T2) and power injections at
point A. The power flow through T2 can either flow out of the distribution grid, referred to as export,
or into the distribution grid, referred to as import (into point A). The power flow is defined to be
positive when imported. In addition, the power flow through the transformer cannot exceed the power
rating of the transformer. All of these relationships are formulated in equation 23, and must be valid

for all time steps (¢) in the simulations. The latter fact also applies to all other constraints.
Pra(t) = Py’ (1) = P73 (1)

PP (1) < Pps™ (23)

Pry (1) < Pp3°

Furthermore, the power balance at each node (/, 2, 3 and 4) must be defined. All of these nodes
have both producing units (generators) and consuming units (loads), except for node 3 which only

has consumption. Power into the distribution grid (Power injections at point A or point B) is defined
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to be positive, such that equation 24 is valid.

£) = —Pi3(1) (24)

While the power production is known for every hour, based on data from 2021, the loads and the
load distribution must be calculated and assumed. The total amount of electricity consumption, on
the 22 kV side of T2, can be found by adding the power production to the imported power through
T2, and subtracting the exported power through T2 from this sum. This is formulated in equation 25
for all time steps. The ¢ in the subscripts indicate that these are fixed values for corresponding time
steps. The formulation assumes no losses and that all of the power production and power throughput

through T2 is registered.

Ploadregs = (P61.10+ Por24 + Po2y + Poas) + Pray — Py, (25)

As the load distribution is not known in detail, the four different loads are located based on assump-
tions on power demand. For instance, areas with large industries and/or many households are assumed
to have a higher electricity consumption than areas that are sparsely populated. Therefore, the four
nodes are set to have loads within the ranges presented in table 7. The ranges also allow for some

flexibility, which ease the solving of the sizing model. The biggest loads are assumed to be in node 3.

Table 7: Possible ranges of the loads at the different nodes.

Node Minimum Maximum

@) fraction (P"}"), fraction (P/"{*),
1 0.2 04

2 0.1 0.3

3 0.4 0.6

4 0.05 0.3

In order to ensure that the load follows the correct load profile, the sum of all loads are required to

equal the total load at corresponding time step, P;% , - This, as well as the mathematical formula-
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tions for the possible ranges of loads, are defined in equation 26.

inlm ly Ii(())tad Jregt — < Pri (t ) max Itf())lad Jreg.t
in2l "P Iigtad Jregt — <P (t ) max igtad Jreg.t
Z’l’am Ptgtad Jregt = <P (t) max igtad reg.t (26)
Pr4 iy i?)tad Jreg.t < P4 (t ) max igtad Jreg.t
Ploud regy = Pri(t) +Pra(t) + Pra(t) + Pra(t)

The power flowing from point A into the radial of interest (Pfine), is the sum of the power from
nodes /, 2 and 3 and the power flowing into the distribution grid through T2. This is described by
equation 27. Further, the line currents and voltage of point A are related to this power flow according
to equation 28. The latter is the expression for three-phase power, where V4 is the line RMS voltage

of point A and cos(¢) is the power factor.

Pline(t) = Pra(t) + Pi(t) + P2 (t) + P5(1) 27)

Pfine(t) = \/g'VA(t) 'Iéine<t> 'COS((P) (28)

The same approach is used to define the power flow on the lines from point B, PLme The positive
direction is defined for power flowing from B to 73. The three-phase power injection at this node,
flowing either to point A or 73, is defined in equation 29, similarly as for point A. However, in
this case it is not related to the sum of powers, but rather to the sum of currents (Ifine and Iy @22kv)
because of ohmic losses on line A. The currents are defined according to equation 30 and 31, based
on Kirchhoff’s current law3’. As both the power at node 4 and the voltage at point B are unknown,

the currents are approximated by assuming 22.0 k'V.

Pgne(t) :\/§~VB(1)'IZ-M([)-COS((P) (29)
e (t) = I}o () + I @240 (1) (30)
Py(t)

€1V

Iy @2o1v (t) =

V/3-22kV - cos(¢)

30 Also called Kirchhoff’s first law: The sum of currents flowing into one point equals the sum of currents flowing out
of that same point.

55



The Case Study: Approaches and Methodology

Having defined all voltages and currents until T3, the connection point of the end user of interest, the
power flowing into or out of this substation can be defined with equation 32. This also requires V73
to be decided.

Prs(t) = V3-Vr3(t) - I, (t) - cos(9) (32)

Voltages, currents and line impedances are related through Ohm’s law. By using this, the voltages at
each point as well as the voltage drops on the power lines are formulated using equation 33 and 34.
The resistance of the two line segments are found from datasheets [54]. Only the resistive part of the

impedance is included, and only active power flow is considered.

(t) \/_ lme(t)'RAfB'COS((p)—i_VB(t) (33)
Va(t) = V3-1f,.(t) - Rp_13 - cos(§) + Vr(t) (34)

Lastly, all voltages and currents are restricted to stay within some boundaries, in order for the grid to
be operated safely. The currents cannot exceed the ratings of the power lines, which are decided based
on the current carrying capacity®' [54]. The voltages cannot deviate more than a certain percentage
from nominal system voltage, as mentioned in the introduction (section 1.1). These constraints are
mathematically formulated in equation 35.

A,limit
ILme( ) ILmZm

B,l
ILine( ) ILmlemlt
VI <Va(t) < 35)
Vmin <VB( ) Vmax

VT min <VT3< ) < Vmax

The Load Side

The battery installation is located on the load side in figure 26, which is the low voltage side of
substation T3. Power balances and limitations in possible variable values are also important in this
part of the model. In addition, the constraints on the load side are also used to register and control the

power and energy that is imported from and exported to the power grid.

Similarly as for T2, the power flowing through T3 is split into imported and exported power. Equation

36 is established such that power imported from the grid is defined as positive. Furthermore, the power

31 Also known as the thermal loading limit: the maximum stationary current that gives a certain increase of temperature
in the conductor.
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that can be imported and exported is restricted due to limitations of the substation and regulations.

Prs(t) = P3P (1) — P (1)
PP (1) < PRsP™(n) (36)

PEP (1) < PP (1)

In order to estimate the operating costs of energy and power, the power flow through T3 must be
known for all time steps. The monthly power peak of the imported power, being the basis for the
power cost in the grid tariff, is registered in Pgrﬁ?j , according to equation 37. This variable is assigned
with a value for every month of the simulation period. By setting it to be greater or equal to the
imported power of all time steps within the given month, the variable will be assigned with the max-
imum value. The model assumes that the grid tariff is based on the absolute peak power of a month,
while a true grid tariff uses an average of the three highest peaks.

s (m) > Ppa? (1) 37)

For the main case of this thesis, the new load has to be covered by power from the battery in periods
when the power grid is not able to meet the demand alone. In the sizing model, the use of battery will
be required when P;’gp is at its boundary. However, the operation model does not include the grid side
of this model. Therefore, an extra limit on the imported power through T3 is introduced, only for the

operation model, being P%“tﬂ *. Equation 38 expresses this constraint.

PP (1) < Pyl (38)

The notation represents a fixed value for every time step. It is set based on the imported power through
T2, subtracted from the yearly maximum of T2 (23.9 MW) and assuming 5.0 % losses between T2
and the end user. The power through T2 is estimated according to equation 25, knowing P;% d.reg.t
and the local power generation.

The case of using battery is mathematically summarized with equation 39, which allows the load to
be covered by grid power (Pr3), power from the battery (Pg) or a combination of these. It also allows

for exporting power to the grid, when the battery power is higher than the load.

Pioaas = Pr3(t) + Pp(t) (39)

The battery power is further divided between charging power (Pgh) and discharging power (PgCh),

according to equation 40. Discharging gives a positive power flow. Further, the battery level with the
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energetic capacity that is available for discharge or recharge, is defined in equation 41. The change
of available battery energy is expressed as the battery power of time step ¢, added or subtracted from
the battery level of the previous time step, Eg(t — 1), depending on whether the battery is charged
or discharged. The losses of charging and discharging, including the losses in power conversion, are

incorporated here.

Py(t) = P§"(t) — P (1) (40)

Ep(1) = Eg(t— 1)+ (nch-Pé’%r) - -ngm)) At (41)

Ndch

Note that in figure 26, the battery power, Pp is indicated on the AC side of the converter, but it is set
equal to the charge or discharge power in the equations. That is, the efficiency of the battery and the
converter is already accounted for when Pp is given a value, even though the label is always put on

the AC side of the converter.

The goal of the sizing model is to decide the optimal value of nominal battery capacity and the power
capability of the power converter (inverter) of the system. In order to manage the first, EZ°" is defined
as a variable. In equation 42, this is linked to the state of charge of the battery, which again is restricted
to stay within some limits. The limits, included in equation 43, are set to ensure safe operation
of the battery, and improve life time. As it appears from the first equation, the available battery
capacity depends on the state of health (SoH) of the battery at the given time. When disregarding the

degradation, which is the case for the sizing model, the SoH is always fixed to 1.0.

_ Eg(r)
SOC(t) o Egvail.(t)
SoC(t) = __Es) (42)

~ Epom.SoH(t)

SoC(t) < SoComa 43)

The sizing of the power capability is also managed by defining a new variable. P is defined ac-

cording to equation 44, and ensures that the power of the converter is set based on the battery power,
accounting for losses.

Pt > P (1) + P5 (1) (44)
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Battery Degradation

The degradation of the Li-ion battery is only accounted for in the operation model, when the BESS
sizing is fixed. The key variable for the degradation is the SoH, which adjusts the available capacity
of the battery depending on the time and use of the BESS. As mentioned, this is done according to
equation 42. The battery degradation (7;,e), measured by the reduction in SoH, depends on calendric
and cyclic aging. The Wang Model from equation 14 is used to include these mechanisms, and is

reformulated to include the SoH in equation 45. The different coefficients can be found in table 3.
SOH(Z) = SoH,itia1 — Ydeg (t)

1
SoH (t) = SoHyjtia1 — 100 <k1 . ol [dTk+e) Crae(r)] “Neg (1) + 4 /2t_4 -k2> (45)

The degradation depends on time, some temperature dependent coefficients, the c-rate and the number
of equivalent cycles (N,4). The c-rate, being the rate of charge and discharge, is defined in equation 46.
Equation 47 gives the number of equivalent cycles, which is the cumulative number of full equivalent
cycles for every time step, defined by equation 48.

Crare(t) = Epo (406)

Neg(t) = Neg(t — 1)+ FEC(t) (47)
ch dch

FEC(I):l PB (t>+PB (t> (48)

2 ER"™- (SoCpax — S0Chin)

4.2.2 Objective Functions

The two optimization models have two different goals, and thereby two different objective functions.
However, they both include the operating costs of energy and power based on electricity spot prices
and grid tariff.

The part having to do with costs of power and energy are equal for the two models, and is presented
in equation 49. The equation is split in two sums, where the first sum includes all terms that are
factors of time in hours. These are the elspot price cg spor,, the fixed energy part of the grid tariff,
CE tar and taxes on electric power, cg sqx, all being in the units of NOK/kWh. The last term in the

first sum accounts for the selling of power back to the grid, which is expressed as a reduction of the
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energy costs. The other sum includes the power part of the grid tariff, cp;q,, which is a factor of time
in months with the unit of NOK/kW/month.

T .
Z <P}n;p (I>At : (CE,spot,t + CE tar + CE,tax) - P%p (I)At : CE,spot,t)
t=1
M
Y cpiar(m) - Py (m) (49)
m=1

Furthermore, the sizing model includes a part for the investment costs for the BESS system. This is

pOW
CBESS

represents the costs of power components in NOK/kW. The designing, engineering and installation

shown in equation 50, where C;%p s contains the costs of capacity components in NOK/kWh and

costs are expressed by the factor c;.

s ~cap DOW
Io = (Cppgs Eg™™" + Chpgs Piny) * Cinst (50)

In total, the objective function for the sizing model is given in equation 51

T .
Z (PlTn;p (t)At : (CE,spot,t + CE tar + CE.,lax) - P;);p (I)At : CE,spot,t)
t=1
M
ca 0
+ Y cpiar(m) - Py (m) + (Chifss - EE™ + Chss - Pin'™) - Cinst &)
m=1

The objective function of the operation model has some different elements. Firstly, it expresses the
net present cost of operation for the period of interest. While the sizing model only considers one
year, with 7' time steps, the operation model considers Y years, all consisting of 7' time steps (hours).
As it aims to estimate the net present cost, a discount factor is set for all of the years in line with the
theory from section 3.2.2. It also includes the residual value (RV) of the BESS, being the economical

value it is assumed to have after Y years, and a degradation cost, C"?*

deg” The objective function of the

operation model is presented in equation 52.

M~

(P;nslp (1) A - (CE spots =+ CE ar + CE 1ax) — Pp3 (1) At - CE’SPOI’t>

t=1

Zl ar(y)' (

M
+ Y. Craar(m) - Perig (m) + cos - W) —RV-a.(Y)+ Cifl, (52)
m:1 -----------
The degradation cost, Cﬁfe;,, is included in the objective function to penalize the type of operation that

causes degradation. Thereby, the type of operation that prolongs the life time of the battery system
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can be simulated. It is defined in equations 53a to 53c such that when the degradation (},,,) reaches a
certain EOL—fracti0n32 (e.g. 30 % reduction in SoH, from 1.0 to 0.7), the total BESS cost is accounted
for. As the case is formulated as a minimization problem, the solving will imply the minimization
of this cost, which is done by limiting degradation. It must be noted that this term of the objective

function is an optional part in the model, only being used for some scenarios.

CZ'Ogig = Cdeg (t = Ttot) (53a)

Yaeg (1)

’}/deg(l) = ASOH(I) = SoH,,itia1 — SOH(I) , 1t €Ty (53¢)

1 € Tior (53b)

Both of the models include several sets of time steps, being hours per year, months per year, number
of years, the number of hours in total and the number of months in total. In the case of the operation

model, the sets of total amount of hours and total amount of months are as follows:
To=Y-T, T = 8760h

M[0[:Y‘M7 M:12

4.2.3 The Optimization Models, Summarized

In the following part, all of the above-mentioned constraints and the objective functions are summa-
rized in the standard form of an optimization problem. The sizing model is presented in equations 55

to 57q and the operation model is given by equations 58 to 59o.

322EOL: End of life. The reduction in SoH a battery can have before it is defined to be at its end of life.
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The Sizing Model
L um
gtig% t; <PT3P( VAt - (CE spot ¢ + CE tar + CE tax) — PT3 (t)At - CE spor, ,)
VmeM
M
+ mX_‘,ICP,mr(m) Pyt (m) + (Cyiss - E5™ + Cprss Piny™) + Cinst
5.t Pra(t) = Pl (1) — PR (1) VteT
PP (1) < Py VieT
PR (t) < P~ VieT
Pi(t) =Pgi.1:+ P12 — Pri(t) VieT
P(t) = Pgay — Pra(t) VieT
P3(t) = —P3(1) VieT
Py(t) = Pgay — Pra(t) VieT
T Plod rege < Pui(t) < P Ploug reg. VieT
PLY" - Pt regs < Pra(t) < PI3™ Pl reg.s vieT
PI3" - Ploud regs < PLa(t) < PI5™ Ploug g VieT
P Piotd regs < Prat) < PLA™ - Piotg vogs vieT
Ploud regs = Pri(t) +Pra(t) + Pr3(t) + Pra(t) vieT
Pline(t) = Pro(t) + Py () + Py (t) + Ps(t) vieT
Pline(t) = V/3-VA(t) Iy (1) - cos(9) VieT
Pline(t) = V/3-VB(1) - Iy (1) - cos(9) VieT
I (£) = It () + s @221v (1) vieT
Iy, @2y (1) = /3 22?\Et~)cos @) VieT
Va(t) = V3, (t) -Ra_p-cos(9) + Vi(t) VieT
Va(t) =V3-15 (1) Rp_13-cos(9) + Vr3 (1) VieT

(55)

(56a)
(56b)
(56¢)
(56d)
(56e)
(56f)
(56g)
(56h)
(561)
(56j)
(56k)
(561)
(56m)
(56n)
(560)
(56p)

(56q)

(56r)
(56s)
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The Operation Model
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4.2.4 Overview of Parameters, Variables and Input Data

Parameters and Constants

All of the parameters and constants are set based on information provided by Nettselskapet AS and
observations from literature that is presented in chapter 2. All relevant parameters and constants are

provided in table 8 and 9 for the grid side and load side, respectively.

The voltage limitations are set to be 5.0 % of the nominal voltage, in accordance with the regulations
presented in section 1.1. The limits on SoC are set to 0.2 and 0.9, being minimum and maximum
values. This is set in accordance with information presented in section 2.2. The efficiency of charging
and discharging, including the step of power conversion, is set to be fixed and equal to 0.9 for both
cases. Efficiency will in a real case vary depending on several factors, such as instantaneous power,
but an average of 0.9 is assumed to be realistic [21]. The temperature is set as a constant value for

every time step, being equal to 15 °C, unless otherwise mentioned.

BESS Investment and Operating Costs

Based on cost data from literature, described in section 2.4, the material and installation costs are set

as follows:

cap

* Cost of capacity components, Cppoe: 2 500 NOK/kWh

pow

¢ Cost of power components, Cppoe: 3 200 NOK/KW
» Factor to account for the costs associated with designing, engineering and installation, c¢;us>>

1.5

The operation and maintenance cost, that comes in addition to the energy costs, is set to be 50.0
NOK/kW/year, based on figures from table 5.

33The additional installation costs, which is used as a collective term, is set to be 50 % of the material costs
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Table 8: Constants and parameters for the optimization models, grid side.

Parameter / Value Description
Constant
o 23.9 Active power limit of transformer T2 (25
MVA), [MW].
Z’li” 0.2 Minimum factor of load 1.
i 0.4 Maximum factor of load 1.
i 0.1 Minimum factor of load 2.
A 0.3 Maximum factor of load 2.
Z’;” 04 Minimum factor of load 3.
s 0.6 Maximum factor of load 3.
Py 0.05 Minimum factor of load 4.
Py 0.3 Maximum factor of load 4.
Ri_p 3.056 Resistance of line segment between A and B
[Q1.%)[54]
Rp 73 2.888 Resistance of line segment between B and T3
[Q1.0)[54]
Ifi’,llzn” 629 Current carrying capacity of line segment
between A and B [A].1*)[54]
ILBI.’Z"” 266 Current carrying capacity of line segment
between B and T3 [A].(**)[54]
yin ymin | ymin 20.9 Minimum voltage for the nodes [kV].
Ve, Vgt Vst 23.1 Maximum voltage for the nodes [kV].
cos(9) 0.9 Power factor.

(*)Line segment between A and B:

16 km with line of type 151-AL1/25-ST1A

xg : 0.192Q/km, x;, : 0.351Q/km

(**)Line segment between B and T3:

1) 3.0 km with line of type 80-AL1/13-ST1A and 2) 2.5 km with line of type 40-AL1/7-ST1A
1) xg : 0.360Q/km, xz : 0.373Q/km and 2)xg : 0.723Q/km, xr, : 0.394Q/km

Both assumed to be overhead lines with earthing (grounding) line, mounted on H-masts with 1.5 meters of phase distance.

Conditions that are assumed in the calculation of current carrying capacity:
Wind crossing the conductor: 1 m/s; Solar irradiance: 900 W/m?; Coef ficiento fabsorption :y = 0.5,
Emissitivity: K, = 0.6; Ambienttemperature : 20°C; Aluminiumtemperature : 80°C
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Table 9: Constants and parameters for the optimization models, load side and general.

Parameter / Value Description

Constant

T 8 760 Set of hours.

M 12 Set of months.

Y 4 Set of years.

At 1.0 Time step of model simulation, [hour].

PIT";p ma 3 000 Power limit of the point of feed-in from the
power grid (T3) [kW].

Ezom - Nominal battery storage capacity [kWh].
Output from the sizing model.

PP - Maximum inverter power [kW].
Output from the sizing model.

Nehs Ndch 0.9 Efficiency of battery charging and discharging.
Also including inverter losses.

SoCin 0.2 Minimum state of charge.

SoCnax 0.9 Maximum state of charge.

SoHitial 1.0 Initial state of health.

EOL 0.3 Degradation fraction corresponding to end of
life.

ki - Temperature dependent constant. See equation
13 [1/Ngq].

ko - Temperature dependent constant. See equation
13 [1/4/1].

Tx 288.15 Temperature (15 °C for the base case), [K].

d -6.7-1073 Coefficient (degradation), [1/(K - c;4ze)]-

e 2.35 Coefficient (degradation), [1/c,4te]-

Cypes 2 000 Battery investment cost for the capacity part
[NOK/kWh].

ng;s 3200 Battery investment cost for power components
(inverter, BOS), [NOK/kW].

Cikss - Total BESS investment cost [NOK].
Based on output from the sizing model.

CE tax 0.00546 Tax on electric power, [NOK/kWh].

CE tar 0.0375 Energy part of the grid tariff, [NOK/kWh].

CPtar 21.25 (S) Power part of the grid tariff, for summer (S)

60.00 (W) and winter (W), [NOK/kW/month].

co&M 50.0 Operation and maintenance cost for the BESS,
in addition to energy/power costs
[NOK/kW/year].

Coia 1.5 Factor to include installation/engineering and
labor costs.

RV 0.15-Cif.gq Residual value of BESS investment after end
of operation period.

r (in Q) 0.04 Discount rate.
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Transformer Data

In order to calculate the costs of losses through substation T3, some technical data is required. Rele-
vant data, including the no-load and load losses, of a substation used as basis in this thesis is provided
in table 10. The data is obtained from a datasheet from Mgre Trafo AS [56].

Table 10: Technical data on substation T3 [56].

Parameter / Value Description

specification

Capacity, power 3150 kVa The power capability of the transformer.
Voltage levels 22 000/415 V | The voltage levels of the HV and LV side.
Load losses, Py 29 093 W Losses at peak power.

No-load losses, Py 1920 W Losses at no load.

Investment costs for transformers can be found in appendix E.
Input Data

Table 11 gives an overview of the input data, with values for every time step during a year (8760

hours). The data is based on figures from 2021, but is adapted for some scenarios.

Table 11: Overview of input data (time series with hourly resolution).

| Symbol / name | Unit | Description

CE spot t NOK/kWh Electricity spot prices, including VAT.
Provided by Nord Pool AS.

Pci.1, kWh/h Power production from power generator 1.1.

PG, kWh/h Power production from power generator 1.2.

PGo s kWh/h Power production from power generator 2.

PG3 kWh/h Power production from power generator 3.

P d.reg. kWh/h Total power demand in the region (22 kV side
of T2).

P oad ¢ kWh/h Load of the end user (adapted from 2021 data).

P%“t”' kWh/h (Only input data for the operation model):

7 Available power for import from the grid,

through T3. (Based on available power at T2
and 5 % losses from T2 to T3).

All other elements from the model summary, that are not described in the above tables, are variables.
It must be noted that a few symbols represent a variable in the sizing model, but becomes a fixed
parameter in the operation model. This includes Ez®" and P]**. Once the sizing model outputs the

my

optimal values for these variables, the operation model takes these as constants.
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The Inclusion of Costs of Losses

In addition to the operation costs, which is an output of the operation model, costs of losses in substa-
tion T3 are estimated. This is done after the running of the optimization model, when the total energy
throughput of transformer T3 is known. The costs are calculated using equations 18 to 21, and tabular
data from table 10 and appendix E. Costs of losses are included in the total operating costs that are

reported in the results chapter.

4.3 Solution Method and Solvers

The models are written in the Julia programming language, using Visual Studio Code, which is free
and open source (MIT licensed) [57]. It is a high-level and high-performance programming language,
designed for scientific computations. It is similar to the Python programming language, but is known
to have better performance and more simple syntax, which is why it is chosen for the work of this
thesis. Furthermore, the modeling language JuMP is used in order to formulate the problem [58].
JuMP is a Julia based package, that allows for mathematical optimization of a variety of problem
types and classes. Its syntax and output formulation is intuitive, and requires fewer formulations than
similar tools based on, for instance, Python. The Julia language, as well as the relevant packages used

for this thesis, are freely available.

Several of the constraints in the models are nonlinear, such as constraint 57p and 59m. These contain
fractions with several variables and a term with an exponent. In order to be able to solve such models,
a nonlinear solver is required. Having formulated the problem using Julia with JuMP, the nonlinear
solver of Ipopt (Interior Point Optimizer) [59] is used. The software package is open source and
distributed by the COIN-OR initiative for large-scale nonlinear optimization, based on the interior
point method which is described in [60]. As the models are solved numerically, not analytically, the

obtained solutions are not exact. However, they are good estimates [59].

The input data with hourly values, from table 11, are managed using Excel. The data of interest for the
specific cases are saved in column vectors and taken as input by the Julia program. The optimization
program is then run until a solution is found. The solution, being the objective value and the values
of the variables at every time step, is then output to a new excel file. Both Julia and Excel are used for

data analysis and graphical presentation of the solutions.

4.4 Simulation Scenarios: Cases of Analysis

In order to conclude on the feasibility of a BESS system as a solution for the case of this thesis,

several scenarios must be analyzed as there are many variables. These are for instance the electricity
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spot prices, the load situation and available power in the future. Data from 2021 is used as basis for
all of the above-mentioned elements, while some data is adapted to investigate different scenarios.
Electricity spot prices of NO3 from 2021, and the end user load adapted from 2021 data, are the basis
for most of the scenarios, and are illustrated in detail in appendix F. Scenarios with this combination

is referred to as the main cases of this thesis.

A few scenarios on the load situation of the region is considered for both the sizing and operation
models. This is mainly included to see how possible future loads affect the sizing of the BESS and
the state of the grid. The scenarios can be relevant if for instance other end users in the region
implement similar solutions as the one presented in this thesis, or if the demand increases due to more
electrification or new industry. In practice, the cases are adapted by increasing the total, regional, load

P d,reg,z) for every time step ¢, according to the following definitions:

Region load case 1

This is the regional load registered in 2021, P, ,, , which is defined according to equation 25.

This is the basis for most of the sizing and operation cases.

Regional load case 2

This load situation is adapted by adding a fixed power demand to the original load of 2021 (regional

load case 1: PZZi 4_21)» for every time step, according to the following rules:

© P iy 01,€ (I8MW.2IMW] = P00 oes = Plova 21, + 1L.SMW
© WPy 01,€ (ISMWIBMW] = P00t = Ploig o1, +453MW
© M P iy 01, S ISMW = Py e = Plosa 21, +3-0MW

Regional load case 3

This load situation is also adapted in the same way as for regional load case 2, according to the

following set of rules:

* U Py 21,€ QOMW.2IMW] = P00 oo = Plova—21, +2:0MW
o If Per)id—Zl,te (I8MW,20MW] = P[0 10ei = PZZid—zl,z +3.0MW
© WPy 01,€ (ISMWISMW] = Pt oo = Plong 21, +3-0MW
© WPy 01,€ (NOMWISMW] = Pt oo = Plong 21, +T-0MW
© WPy 01, S1OMW = P00y oo = Plosg 21, +10MW
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As the load situations are adapted without adapting the regional power production, the new power
demand must be met by power imported through T2. Therefore, these cases may affect the amount
of power that is available for charging the BESS. The regional load, P! is illustrated for one

Load,reg t’
year for the different load cases in figure 27. Note that the plots are for the daily average, and that the

actual peaks are higher.
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(a) Regional power demand, regional load case 1.
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Figure 27: Regional power demand, for the different load cases (daily average).
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When the regional load exceeds the limit of the T2 transformer, being 23.9 MW, the demand must be
covered by the local energy generators or stored energy. The transformer faces capacity limitations

during the winter months, and especially in February for region load case 1.

Possible Load Shedding by the End User

A scenario where the end user reduces its power consumption, in stead of having it supplied from
the battery, is also considered. This is done for some periods where the power grid is assumed to
be operating at maximum load, meaning that the demand would have to be covered by the BESS
otherwise. The scenario is established by adapting the input data on the load, such that it is reduced
to its original power demand (measured for 2021) when the power imported through T2 exceeds 22.5
MW. In other words, the load is reduced significantly during these hours, referred to as load shedding.
The updated load data, which is an input for the optimization model, is found to have 32 hours with
load shedding within a period of two weeks in February. For this scenario, regional load case 1 is

used.
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Base Cases (no BESS)

Several base cases, where the load is directly connected to the grid without having a BESS installation,

are investigated to establish benchmarks. These scenarios are hypothetical, as they assume that the

grid is always capable of covering the new peak load of the end user, being 1.5 MW. This is not

realistic. However, these cases are meant to give an impression of the levels on the energy cost that

the end user would have to pay when not having a BESS. The base cases assume the installation of

the same substation (T3) as for the cases with BESS, with the corresponding data on losses. The

scenarios that are investigated are described in table 12, and are analyzed using Excel.

Table 12: Descriptions of the base cases (scenarios without BESS).

Case / scenario

Description

Base case 0

Base case 1

Base case 2

Base case 3

Base case 4

Base case w/PV 1

Base case w/PV 2

A fixed electricity spot price corresponding to the average
elspot price of NO3 in 2021: 0.524 NOK/kWh.
Electricity spot price of NO3 from 2021

(medium high price level).

Electricity spot price of NO3 from 2020

(low price level).

Electricity spot price of NOS from 2022

(low price level).

Electricity spot price of NO3 from 2021,

1.5x power cost (increased grid tariff).

Including PV production with irradiance data from 2019,
and electricity spot price of NO3 from 2021.

[Only included in appendix G]

Including PV production with irradiance data from 2019,
and electricity spot price of NOS5 from 2022.

[Only included in appendix G]

The electricity spot price in NOS from 2022 is only recorded until December 10th, 2022. The data for

the remaining days are added manually by repeating the daily variations of the last day of record. The

scenario is included to observe the effects of high electricity spot prices, that can occur if for instance

the transfer capacity between the price zones increases significantly in the future.
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Scenarios for Sizing

The scenarios for the sizing model includes variations in elspot prices, battery investment costs and
regional power demand. These are summarized in table 13. The goal is to investigate how the different

conditions and costs affect the sizing of the system.

Table 13: Descriptions of the BESS sizing scenarios.

Case / scenario | Description |

Sizing case 0 A fixed electricity spot price corresponding to the average spot price of NO3
in 2021: 0.524 NOK/kWh.

Sizing case 1 Electricity spot price of NO3 from 2021 (medium high price level).
Regional load case 1.

Sizing case 2 Electricity spot price of NO3 from 2021 (medium high price level).
Regional load case 2.

Sizing case 3 Electricity spot price of NO3 from 2021 (medium high price level).
Regional load case 3.

Sizing case 4 Electricity spot price of NO3 from 2021 (medium high price level).
Load shedding of the end user.

Sizing case 5 Electricity spot price of NOS from 2022 (high price level).

Sizing case 6 Electricity spot price of NO3 from 2020 (low price level).

Sizing case 7 Electricity spot price of NO3 from 2021 (medium high price level).
Cheap BESS: 1000 NOK/kWh; 1200 NOK/kWh.

Sizing case 8 Electricity spot price of NO3 from 2021 (medium high price level).
Expensive BESS: 4000 NOK/kWh; 5000 NOK/kWh.

Scenarios for Operation

The same type of scenarios are investigated for the operation model. These are found in table 14.
However, as this model does not include the grid side, the available grid power is expressed by an
updated input data for P%“"l‘, as stated in equation 38. Also, the battery sizing is set as a fixed value,
based on the output of the corresponding sizing model. All of the scenarios for the operation model
is run for four years, except from the scenario of BESS OPR 2.3 (load shedding of end user), which
is only simulated for one year. The operation model also includes some extra scenarios, having to do
with degradation. All cases, except from BESS OPR 4.3, include both cyclic and calendric degradation
and assumes a constant temperature of 15 °C, unless otherwise mentioned. Degradation cost is only
included in the objective value for BESS OPR 1.2, and BESS OPR 4.3 excludes degradation entirely.
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Table 14: Descriptions of the BESS operation scenarios.

Case / scenario | Description

BESS OPR 0 A fixed electricity spot price corresponding to the average spot price of NO3
in 2021: 0.524 NOK/kWh.

BESS OPR 1.1 Electricity spot price of NO3 from 2021 (medium high price level).
P%“” * based on regional load case 1.

BESS OPR 1.2 Electricity spot price of NO3 from 2021 (medium high price level).
P%‘”'l - based on regional load case 1.

Degradation cost included in the objective function.

BESS OPR 2.1 Electricity spot price of NO3 from 2021 (medium high price level).
P%“” - based on regional load case 2.

BESS OPR 2.2 Electricity spot price of NO3 from 2021 (medium high price level).
P%“il “ based on regional load case 3. (Increased battery size).
BESS OPR 2.3 Electricity spot price of NO3 from 2021 (medium high price level).
Pioaqa s adapted for load shedding.

Simulated for one year. Different BESS sizes.

BESS OPR 3.1 Electricity spot price of NO3 from 2020 (low price level).

BESS OPR 3.2 Electricity spot price of NOS5 from 2022 (high price level).

BESS OPR 3.3 Electricity spot price of NO3 from 2021,

high power cost (1.5x power cost).

BESS OPR 4.1 Electricity spot price of NO3 from 2021 (medium high price level).
Low operating temperature: 5 °C

BESS OPR 4.2 Electricity spot price of NO3 from 2021 (medium high price level).
High operating temperature: 35 °C. (Increased battery size).

BESS OPR 4.3 Electricity spot price of NO3 from 2021 (medium high price level).
No degradation.

BESS OPR PV-1 | Including PV production with irradiance data from 2019,

and electricity spot price of NO3 from 2021.

[Only included in appendix G]

BESS OPR PV-2 | Including PV production with irradiance data from 2019,

and electricity spot price of NOS from 2022.

[Only included in appendix G]

Two scenarios that also includes local energy production with a PV installation is also investigated to

some extent. Information on this can be found in appendix G.
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5 Results and Discussion

In this part, the results from the different models and scenarios are presented, analyzed and discussed.
The chapter starts by illustrating the variants of the base cases, where the load is assumed to be covered
by power from the grid directly. As stated earlier, these cases are hypothetical and not realistic, but are
used as a benchmark to measure the feasibility of the cases involving battery energy storage systems.
Further, the outputs of the different scenarios of the sizing model are analyzed. The state of the power
grid is also considered for this model. Knowing the power and capacity characteristics of the BESS,
the operation model is simulated for many of the same scenarios of the sizing model, in addition to
a few more. The results from these cases are also presented and discussed. Lastly, some general

remarks and interesting observations are brought up.

The base cases are solved and analyzed by using Excel, while the optimization models are solved
by using a program made in Julia. Being run on a general-purpose laptop (Lenovo Yoga C930°%),
the program required 12 to 37 minutes to solve the different scenarios of the sizing model. For the
operation model, 60 to 90 minutes were needed for each scenario. The case including the degradation
cost in the objective function, for the operation model, required the longest run-time. All of the
problem scenarios are locally solved, meaning that the solver (Ipopt) finds locally optimal solutions.

These may also be globally optimal, but the program is not able to prove so.

5.1 Base Cases (No BESS)

The base cases from table 12 are investigated and compared with respect to net present costs, NPCs,
as for the other cases in this chapter. The resulting costs of the base cases are understood as the costs
that would apply if the adapted load, having a new peak power of 1.5 MW, were to be covered by
power from the grid, directly. Figure 28 shows and compares the net present costs of operation after
four years, and the operation costs of the first year, for scenarios with different energy costs. These
include three different elspot prices and the case of an increased power cost in the grid tariff. The first
year operation costs are not discounted. It is shown that there are significant differences in the energy

costs for the three different elspot prices that are investigated.

34Processor: Intel(R) Core(TM) i7-8550U CPU @ 1.80GHz 1.99 GHz; 16.0 GB RAM; Windows 11 Home, x64-based
processor.

76



Results and Discussion

50 000 000

1192 M B Operation costs,
first year
(not discounted)
40000000 m Net present costs,
4 years
v) 2825 M 29.53
30 000 000 S
o ~
£
2
2 20000 000 [3284M
o |
10.32 M
10 000 000

7780 M 8.133

[ 2.842M

Base case | Base case 2 Base case 3 Base case 4
(NO3 -2021) (NO3 -2020) (NO5-2022)  (1.5x power cost)

Cases

Figure 28: Net present costs of operation for the base cases (only grid connection, no BESS).

It is only the energy costs that vary for the first three scenarios. The power costs and transformer
loss costs stay the same, being 702 400 NOK and 59 745 NOK for the first year, respectively. This
is because the load is assumed inflexible, requiring the same, monthly, peak power for all years and
all cases. The monthly power peaks, in addition to the original power costs of the grid tariff, are
illustrated in figure 29. Note that the highest power peaks are during the spring, while the power
costs are generally the highest during the winter months. This is due to the pricing scheme of the grid
tariff, where the price of power is higher during the winter months (from November to, and including,

April). Based on this, it could be an idea to reduce the peak of the power imported in April.
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Figure 29: Monthly power peaks and power costs for the base cases (only grid, no BESS).
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Table 15 shows a breakdown of the NPC calculation for base case 1. The actual costs, based on the
monetary value of 2022, include energy and power costs that are static, and a cost of transformer
losses which increases for each year as presented in table 16. The sum of these cost elements are
discounted to give the present cost of the respective year, and the total net present cost for all years
of interest. After four years, the NPC of base case 1 is found to be approximately 28.25 MNOK. For
base case 0, assuming a fixed electricity price for every hour throughout the year, the NPC is slightly
higher, being around 28.29 MNOK.

Table 15: Breakdown of NPC calculation for base case 1 (no BESS).

Discount Costs, Discounted costs NPC
Year factor 2022 level (Present value) [NOK]
[NOK] [NOK]
1 0.9615 7 782 100 7 482 800 7 482 800
2 0.9246 7 783 100 7 195 900 14 678 700
3 0.8890 7 784 100 6 920 000 21 598 700
4 0.8548 7 785 200 6 654 800 28 253 500

Table 16: Transformer loss costs for the base cases (no BESS).

Year (y) Reference Costs of T3 losses,
year in year (y) [NOK]

1 2024 59 745

2 2025 60 767

3 2026 61 782

4 2027 62 829

The figures and result data presented above are used as benchmarks for comparison with the cases

involving battery energy storage systems. These are described in the subsequent subsections.
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5.2 Results From the Sizing Model

The goal of the sizing model is primarily to find the optimal BESS sizing, given the investment costs,
possible savings in energy costs from energy arbitrage, and the restrictions on available power. But,
as it also include a model of the grid side, it also aims to ensure that the implementation of a BESS,

with the new power demand of the end user, is technically achievable.

5.2.1 Optimal Sizing

The optimal sizing of a BESS depend on several aspects, such as the system constraints, investment
costs and the possibilities of cost savings from demand side management or grid services. The latter is

not a focus for the cases of this thesis, as the battery is considered installed behind-the-meter (BTM).
Sizing case 0: Fixed Electricity Price

The first scenario to consider is sizing case 0, which is based on a fixed electricity price throughout
the whole year of operation. This case is included to isolate the effect that the restrictions on available
power and grid capability have on the BESS sizing. Figure 30b shows the energy throughput (cumu-
lative charged and discharged energy) for every month throughout the year. It clearly illustrates that
the BESS is used extensively for February, in contrast to the rest of the months. The use in February
is more closely illustrated in figure 30a, which shows a plot of the battery power versus time. Dis-
charged power is positive, while charging is negative. The figure indicates which times the battery
is required, considering the available power from the grid, as there are no economical incentives for

discharging these amounts of power with a flat electricity price.
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Figure 30: Battery use for sizing case 0 (fixed electricity price).

The heavy use of the battery during February can be understood when considering the power demand
of the region in this period, illustrated by figure 27a. At this time of the year, the regional transformer
(T2) is known to operate at its capacity limits, as the local power generation is not sufficient to cover
the total demand. Therefore, the battery must be used in order to cover the load of the end user. It is

the capacity and power requirements of this period that decides the BESS sizing in this scenario.

During the rest of the year, the battery is used to a small extent. As there is no motivation for energy

arbitrage, the only way of reducing operating costs (being a part of the objective function), is to
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reduce the peaks of the imported power (peak shaving / load shifting). It is observed that the BESS
charges and discharges small amounts of energy in order to achieve this during the rest of the year,
and especially during the winter months where the grid tariff is most expensive. This is especially
notable for April, having the highest power costs in base case 1 (figure 29). The peak power of this
month is reduced by approximately 40 kW when including the battery system.

Optimal Sizing for the Different Cases

Sizing case 0 gave a nominal capacity of 8603 kWh and a power capability (of the converter / inverter)
of 1330 kW. As stated above, this is found to be the required capacity and power in order to cover the
load given the constraints of the model. However, when including varying (real) elspot prices, which
is further described in subsection 5.2.2, the optimal BESS sizing is found to be the same. There
are also no changes in optimal sizing with the cases of cheap and expensive BESS investment costs
(sizing case 7 and 8). The latter is logical, as the sizing model is only solved for one year of operation.
In order to investigate the benefits or drawbacks of investments in extra battery capacity, a longer time

horizon would be required to include future savings.

This means that the optimal BESS sizing for the case of this thesis are also the minimum capabilities
that are required due to the limitations of the power grid only. Table 17 summarizes the sizing pa-
rameters that was found to be optimal (and minimum), for the different scenarios of the sizing model.

These results are commented on in the subsequent paragraphs.

Table 17: Optimal BESS sizes, for the different sizing cases.

Sizing case BESS optimal capacity BESS optimal power capability
(Nominal capacity<*)) (converter power) [kKW]
[kWh]

BESS sizing case 0 | 8603 kWh 1330 kW

BESS sizing case 3 | 12 208 kWh 1330 kW

BESS sizing case 4 | 53 kWh 33 kW

All other sizing 8603 kWh 1330 kW

cases

(*) Degradation not accounted for.
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5.2.2 BESS Sizing and Usage for Different Electricity Spot Prices

Even though the battery sizing is found to be the same for all of the scenarios with different elspot
prices, the battery system is used differently in these cases. This is discussed more in-depth in section
5.3, but is introduced here as it is also related to the grid side of the model. The yearly electricity costs
of sizing case 1 to 4 are all somewhat lower than those of the base cases with corresponding energy
costs. This is because the BESS is used actively for energy arbitrage and load shifting, in order to
minimize operating costs. This is observed from figures 31 and 32, showing the energy throughput
for the whole year as well as the battery power and variations in elspot prices for February, for NO3
in 2021 and NOS5 in 2022, respectively.

Compared to sizing case 0, the battery is used more extensively in February in the case of the electric-
ity spot price in NO3 from 2021. This is displayed in figure 31a, where it is evident that the battery
is charged (negative power) during times of low electricity prices (e.g. February 23. and 26.), and
discharged during times of high prices. This comes in addition to the required battery usage due to

limitations of the power grid.
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Figure 31: Battery use in sizing case 1 (NO3 elspot of 2021).

Furthermore, considering figure 31b, February is no longer the month where the battery is used the
most. The highest energy throughput of the battery is now observed for the month of May. This can
for instance be explained by the fact that the electricity prices of this period are characterized by a lot
of variation (see the orange graph of figure 24), that can be exploited by the BESS. It is also defined
as the first “summer month” for the grid tariff, meaning that the costs of peak power are lower than
for instance those of April. Because of this, the battery can charge at a higher power rate, for the same

or lower total costs compared to the winter months.
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In the case of the electricity spot price from NOS in 2022, the battery usage is quite different. During
February, the BESS is used to a small extent as illustrated by figure 32a. Looking at figure 32b, it is
observed that the battery is used substantially more frequent from September to December. Again,
considering the elspot prices from figure 24 (the graph in gray color), this can be explained by the

high variations for these months, which allow for significant savings from energy arbitrage.
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Figure 32: Battery use in sizing case 5 (NOS elspot of 2022).
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5.2.3 BESS Sizing for Different Scenarios of Regional Demand

The sizing model is also investigated for scenarios where the total power consumption of the region,
on the 22 kV side of transformer T2, is increased according to the descriptions from section 4.4. This
affects the available power for the end user, as the power production of the region and the power
capability of T2 remain the same. Because of this, the battery usage and the states of the power grid
are also influenced. For sizing case 2, the output sizing parameters remain the same as for sizing case
0, with slightly different use of the battery. In this scenario, T2 is observed to import energy at an
average power that is higher than 22.5 MW for 388 hours, mostly during January and February, but
also during November and December. For sizing case 0 and 1, the same is only observed for 102 hours
in January and February. This indicates that there is less available power to charge and discharge the
BESS for the new load situation.

For sizing case 3, representing the highest regional power demand, the situation is different. In this
scenario, T2 imports energy at an average power that is above 22.5 MW for 734 hours. This also
occurs in the months of March, May and October, and causes the required battery capacity to increase
to a nominal capacity of 12 208 kWh (an increase of almost 42 %). The optimal power capability
remains the same (1330 kW). In other words, a large amount of battery packs are required in order to
exploit the available power for a situation as this, where the regional load increases due to for instance

electrification and new industry.

Load shedding - Reducing the Load of the End User

In sizing case 4, the end user is assumed to reduce its power demand back to the original load of
2021 for the periods where the power imported through T2 exceeds 22.5 MW. In this case, the power
demand of the end user is reduced for 32 instants (hours). This approach reduces the need for battery
energy storage, having a resulting optimal capacity of 53 kWh and a power capability of 33 kW.
Analyzing the output data, the sizing of this BESS is still based on the requirement of covering the
load, which is now reduced compared to the main case. However, this sizing also allows for reductions

in monthly power peaks for several winter months.

Figure 33 shows the battery usage for sizing case 4, similarly as for the previous scenarios. The usage
pattern is quite different for this case, characterized by a lower volume of energy throughput and a
lower monthly variability. This is likely because the BESS is mainly used for energy arbitrage and

load shifting in a small scale, compared to the above-mentioned scenarios.
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Figure 33: Battery use in sizing case 4 (when end user cuts load).

For the sizing cases (1 to 6), a relatively extensive use of the battery is observed. However, the
optimal battery usages, involving energy arbitrage and reductions of power peaks, are not providing
for enough savings in energy costs to motivate for larger BESS sizing. The optimal battery sizing
is also the minimum sizing for the given constraints, as the model is formulated as a minimization
problem for one year only. Within this short time horizon, it will not be possible to cover significant
parts of the investment costs with the savings from energy arbitrage. Another approach, formulating
the model as a maximization problem with the objective of maximizing energy cost savings for a
longer period, could give different results. However, while the grid requirements remain the same,
a large BESS with correspondingly high investment costs would be the outcome for the realistic

investment costs that are investigated.

5.2.4 System States (Grid Side)

The sizing model also includes a grid model, with power flows, line currents and voltages for the part
of the distribution grid that will be affected by a BESS installation and an increased load. Figure 34
and 35 show snapshots of the states of the power grid for two different time steps (hours) based on
sizing case 1 and 5, respectively. The output variable values, as well as the known power generations

for the corresponding time step, are indicated by green labels.

At the time of the snapshot in figure 34, the power flow is from point B to 73, and the battery is
charging at a power of 739 kW (c,4.< 0.1). Most of the power required to cover the regional power
demand is in this case imported from the regional grid through transformer T2 (approximately 22
MW).
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Figure 34: Snapshot of system state (grid and load). Sizing case 1 (NO3 el. spot prices of 2021), on
February 10, at 15.00.

At the time of the snapshot in figure 35, the power flow is in the opposite direction. That is, from 73

to point B, and from point B to point A. The BESS is discharging a power of 1329 kW, which is 13

kW more than required by the load at this time. The surplus power is therefore exported to the grid,

and flows toward point B. At this instant, there is a surplus of power on the 22 kV side of T2, resulting

in the export of 9.5 MW out of the region.
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The snapshots show the working of the sizing model. The power is flowing according to the rules
defined by the constraints of the model, which aim to ensure realistic operating conditions. Recalling
that the constraints involve limits on currents and voltages, it is possible to say something on the
achievability of the BESS implementation and the increase of power consumption by investigating
these. Considering the current carrying capacity of the power lines, being 629 A for line A and 266
A for line B, the new situation will not cause too high loading on the power lines as the maximum
registered currents are 179 A and 85 A for line A and B, respectively. This occurs for sizing case 3,
which represent the highest loads of the region. In other words, the constraints on current limitations

are never binding.

Considering the voltages, registered for point A, B and T3, these are also found to be within the re-
quired minimum and maximum limits of £ 5 % of nominal voltage (22.0 kV), for all times. However,
the voltage constraints are binding for several time steps. Figure 36 shows the variations in voltages
for the three different scenarios of regional load. The figures are based on daily average, and the ac-
tual magnitude of the variations are therefore actually higher. Nevertheless, for the case of the highest
loads, plotted in figure36c, a voltage dip down to 20.9 kV (being the minimum limit of the voltage)
is registered for 7°3 in February.

It is observed that all voltages, for all three scenarios, drop at this time. This can be seen in connection
with the peak in the regional power demand, which occur in the same time period. Although the
voltages stay within the requirements, the situation is not optimal. A possible solution is to adjust the

tap settings>> on the regional transformer (T2), in order to increase the voltage of point A.

33The transformer taps are mechanisms that can be adjusted in order to change the turns ratio and voltage levels.
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Figure 36: Voltages (daily average) for each node of interest, for three regional load scenarios.

5.2.5 Setting the BESS Size for the Operation Model

Having obtained the optimal BESS sizing parameters, these are used as basis for the operation model.
However, as the operation model includes degradation, this must be take into account before moving

on. According to the Wang Model for degradation, which is used for this thesis, the calendric aging
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can reduce the battery capacity by 20 % for four years, according to figure 18b (for 15 °C). In order
to allow for some margin, and the effect of cyclic aging, a degradation of 30 % is assumed when
setting the required battery capacity for four years of operation. This results in the following BESS

capacities, adapted from table 17:

8603 kW h

2= 8603 kWh _ 12290 kWh = 12500 kW h

) 0.7 s
12208 kW h

ER%' = o7 = 17440 kW h = 18000 kW h

For most of the operation scenarios, a nominal battery capacity of 12 500 kWh is therefore set as a
fixed parameter. For the case of the highest regional power demand, regional load case 3, a capacity
of 18 000 kWh is set. For all cases, a power capability of 1500 kW, allowing for some margin and

power fade, is set. This means that the maximum possible c-rate for this system is 0.12.

5.3 Results From the Operation Model

In the following part, the results from the operation model is presented, analyzed and discussed. In
contrast to the sizing model, the operation model is used for the whole period that requires battery
operation, being four years. The nominal BESS power and capacity is set based on the outputs of the
sizing model, and the degradation of the battery capacity is included. So are also the operation and
maintenance (O&M) costs and costs of transformer losses for substation T3. It is for the operation

model that the economical aspects, with potential costs savings, are investigated.

Table 18 summarizes the total net present costs (NPCs) obtained for the different scenarios of the
operation model. It includes the investment cost of the BESS, as well as the discounted operating
costs for the four subsequent years of operation. For most of the cases, a BESS with capacity of 12
500 kWh is required, giving an investment cost of about 54.08 Million NOK. Per unit of capacity, this
is 4 326 NOK /kwn. For BESS OPR 2.2 and BESS OPR 4.2, larger battery capacities are required, with

investment costs assumed to be 4 150 and 4 200 NOK/kwh, respectively.
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Table 18: A summary of the NPC of investment and operation of the BESS, for different scenarios.

Operation Nominal Investment NPC of operation Total NPC,

case capacity costs(!) costs, after 4 years | after 4 years(®
of the BESS [Million NOK] | [Million NOK] [Million NOK]
[KWh]

BESS OPR 0 12 500 54.08 28.72 87.65

BESSOPR 1.1 | 12500 54.08 28.19 87.11

BESSOPR 1.2 | 12500 54.08 28.22 87.15

BESS OPR 2.1 | 12500 54.08 28.23 87.16

BESS OPR 2.2 | 18 000 74.70 27.97 109.4

BESS OPR 3.1 | 12500 54.08 10.70 69.63

BESSOPR 3.2 | 12500 54.08 116.3 175.3

BESS OPR 3.3 | 12500 54.08 29.61 88.53

BESS OPR 4.1 | 12500 54.08 28.16 87.09

BESS OPR 4.2 | 16 000 67.20 28.13 101.4

BESS OPR 4.3 | 12500 54.08 28.10 87.03

(1) Total investment costs, including materials and installation. Excluding taxes.
(2) Net present value of investment costs and operating costs, discounted for four years. Taxes included.

The calculation of the NPC of operation case 1.1 (BESS OPR 1.1) is further shown in table 19,

representing a breakdown of the cost items. The investment is assumed to be a cost at year zero, and

the operating costs of the subsequent years are discounted and summed. Lastly, the residual value

of the system after end of operation is subtracted, giving the total NPC. This value includes a value
added tax (VAT) of 25 %.

Table 19: Breakdown of the NPC calculation for BESS OPR 1.1.

Disc. T3 costs of Discounted costs | NPC of
G factor EZI:);I‘Zg}l;g)IS;S’ lz%v;;rNcoosIt(s, losses (Present value) operation
W gy | [2022NOKI [ [2022-NOK] | 15057 NOK] | [NOK] [NOK]
0 1.0 Investment, excl. VAT [NOK] 54 075 000
1 0.9615 | 6819 100 794 900 61700 7 452700 7 450 600
2 0.9246 | 6 826 400 799 400 62 700 7 177 800 14 630 400
3 0.8890 | 6832 100 800 700 63 700 6 908 800 21539 200
4 0.8548 | 6834 500 801 900 64 700 6 647 000 28 186 100
Residual value, excl. VAT [NOK] -6 933 500
Total NPC, incl. VAT [NOK] 87 112 900
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5.3.1 Variations in Electricity Prices

From investigating the effect of different electricity prices, the results show significant variations.
This is understood from looking at the net present costs of operation in table 20. This table includes
some key findings for operation with four different electricity prices and one case with higher power
tariff (BESS OPR 3.3). Compared to the base cases, based on the same energy cost scenarios, the
inclusion of a BESS is found to both increase and reduce the total energy costs after four years. For
a flat price, in the case of BESS OPR 0, the BESS solution gives a net present operating cost that is
435 100 NOK, or 1.54 %, higher than that of the hypothetical case of only grid power. For the elspot
price of 2020, generally characterized by low prices of very little daily variation, the case of a BESS

is found to be 3.64 % more expensive. The higher costs are due to the O&M and costs of losses.

Table 20: Comparison of NPC of operating costs, for different elspot prices.

H Total f PC of opr.
Case Elspot S0 Ota,l amount o NPC of opr Difference from base
after 4 | equivalent cycles, | costs, after
case of corresp. elspot
{;a]r > | Ny I#] 4 years [NOK] | [NOK] (%]
(/)
BESS OPR 0 NO3, 2021 79.40 | 19.78 28 721 900 435100 1.54
(fixed avrg.)
BESS OPR 1.1 NO3, 2021 79.34 | 263.2 28 186 100 - 67 400 -0.239
(med. cost)
BESS OPR 3.1 NO3, 2020 79.40 | 59.8 10 700 400 376 100 3.64
(low cost)
BESS OPR 3.2 N(_)S’ 2022 79.22 | 606.9 116 332 200 -2874500 | -2.41
(high cost)
1.
BESS OPR 3.3 io Sst ;‘ POWEL 17937 | 1882 29 606 000 - 77 600 -0.263

However, for the case of higher elspot prices with significant, daily, variations, the BESS is found to
generate savings in the energy costs, compared to the base cases. This applies to BESS OPR 1.1 and
3.2, which is based on the elspot prices of 2021 (NO3) and 2022 (NOS), respectively. In the case of
an increased power tariff, some extra savings are also observed. The differences in net present costs
of operation are found to be between 0.239 and 2.41 %, compared to the base cases of corresponding
elspot and power pricing. The electricity spot price of 2021 is assumed to be more realistic for future
scenarios than those of 2020 and 2022, because of the effects from geopolitical situations (as stated

in section 3.2).
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Other observations from this table are the amount of equivalent cycles that the battery goes through
during the phase of operation. For the cases of low elspot prices, with small variations, the battery
is utilized very little as it ends up with a total number of equivalent cycles being between 20 and 60.
For the other scenarios, the battery is used more, with the resulting number of 188 to 607 equivalent
cycles. Nevertheless, the battery degradation is almost the same for all of these cases, which indicate

that the battery usage in these scenarios have little impact on the aging.

The net present costs of operation for the cases with varying elspot are also illustrated in figure 37,
for comparison. This also includes the first year operation costs, that are not discounted, which are
further split into cost elements in figure 38. The latter illustrate that the energy costs, mostly being
the electricity spot prices, constitute the largest cost item, followed by the power cost of the grid
tariff. The operation and maintenance costs are assumed fixed, constituting 75 000 NOK/year, and
the transformer loss costs are between 60 000 - 70 000 NOK for all cases.

116.3 M

50 000 000
m Operation costs,
first year
(not discounted)
40 000 000
B Net present costs,
4 years
28.19 M \‘
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o |
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Figure 37: NPC of operation for the operation cases with different elspot.
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= Energy costs:
6 818 900 NOK

= Power costs:
794 800 NOK

= BESS O&M costs:

75 000 NOK

n T3 costs of losses:
61 700 NOK

= Energy costs:
2 065 600 NOK

= Power costs:
741 600 NOK

= BESS O&M costs:

75 000 NOK

= T3 costs of losses:
60 100 NOK

(a) BESS OPR 1.1. (b) BESS OPR 3.1.

= Energy costs:
30 822 300 NOK

= Power costs:
1 034 000 NOK

= BESS O&M costs:
75 000 NOK

= T3 costs of losses:
66 100 NOK

(c) BESS OPR 3.2.

Figure 38: Cost compositions of first year operating costs, for the scenarios of different elspot prices.

Even though the power costs have a relatively small contribution to the total operating costs, it is
interesting to observe how the BESS implementation affect the peak of the power imported from the
grid. The power peaks of every month during the period of operation are shown in figure 39a, 39b
and 39c, for BESS OPR 1.1, 3.2 and 3.3, respectively. Firstly, it can be noted that the power peaks are
generally higher here than for the base cases, shown in figure 29. In addition, the power peaks increase
slightly from year to year, which is probably due to the degradation of the battery causing the need for
more rapid charging and discharging. But for the last scenario, the peaks are significantly lower than
the others, meaning that the higher costs of power reduce the benefits from energy arbitrage. This
observation is further supported by the battery usage. Having only 188 full equivalent cycles after
four years, the battery is used less than for the case of a normal grid tariff.
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Figure 39: Monthly peaks of imported grid power, for variations in electricity prices.
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For BESS OPR 1.1, the highest peaks are observed for February, being the month in which battery
use is required. This is followed by May, being the first month of lower grid tariff which also has
significant variations in the elspot price. For BESS OPR 3.2, with the highest and the most variable
elspot prices, the power peaks are much higher. This indicates that it is more beneficial to import
power at a high rate, to use it for energy arbitrage, than to reduce costs of power peaks. The motivation
for high power costs as a price signal from the DSO to reduce the loading on the distribution grid, is

therefore not successful for this scenario.

The operation model is constructed such that the BESS is used to cover the load, given the restrictions
in available power, but also to reduce the operating costs through price arbitrage and load shifting.

Figure 40 illustrates the working of the BESS operation, for one week in February, where the charging

and discharging of the BESS is influenced by signals on elspot prices and available power>°.
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Figure 40: Plots of grid power, batter level (SoC), available power, load and elspot, for a week in
February. (BESS OPR 1.1).

36The cost of power (grid tariff), is also a price signal but is not included in the illustration as it is not affected by the
operation during the week of focus.
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Two points in time are marked by red circles in the plots. For point 1, a peak in the elspot causes the
battery to discharge in order to cover the power demand at a lower cost. In this case, a small amount
of surplus power is also exported to the power grid which generates a small revenue. At point 2,
the battery is discharged to cover the load as the available power from the grid is less than the power
required by the load. At this time, and for the subsequent day, there are no economical motivations for
using the battery as the variations in elspot prices are very small. Therefore, the battery SoC remains

he same, at minimum, for this period.

As mentioned, some power is exported and sold to the grid (at spot price), in cases where the dis-
charged power is higher than the one required by the load. More power is exported in the operation
model compared to the sizing model, as the power rating is increased from the optimal value of 1330
kW to 1500 kW, to include some margin. However, energy arbitrage for self usage is prioritized. This
can be concluded as there are only 23 hours with maximum export (at 100 kW) and 127 hours of any
power export, during the first year of operation for BESS OPR 1.1. For the case of high elspot prices,
BESS OPR 3.2, there are more hours of export (283 hours of 100 kW and 537 hours in total), but self
usage is still most important. Furthermore, it is also observed that less power is exported during the
fourth year than during the first year, which is probably because the degradation of the battery reduces

the amount of energy that is available for export.

5.3.2 Different Scenarios for the Regional Demand

The operating costs are very similar for the different cases of regional power demand. This is illus-
trated in figure 41. Compared to the base cases with corresponding electricity price, being the elspot
of NO3 from 2021, all of the scenarios generate some cost savings. These, in addition to the states
of health (SoH) and amount of equivalent cycles, are summarized in table 21. It can be noted that
the savings are the smallest for BESS OPR 2.1, representing the scenario with moderate increase of
the regional loads. The savings are actually the highest for the case of the largest increase in re-
gional loads, BESS OPR 2.2. However, this can be explained because a larger BESS (18 000 kWh)
is required, which also allows for energy arbitrage with larger volumes, but at the expense of higher

investment costs.
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Figure 41: NPC of operating costs for the scenarios with different regional load.

Table 21: Comparison of NPC of operating costs, for different regional load.

BESS OPR 1.1 NO3, 2021 79.34 | 263.2 28 186 100 - 67 400 -0.239
BESS OPR 2.1 NO3, 2021 79.34 | 264.1 28 230700 - 22 800 - 0.081
BESS OPR 2.2 NO3, 2021 79.36 | 216.5 27 968 400 - 285100 -1.01

The peaks of power imported from the grid are similar for regional load case 1 and 2 (figure 39a),
but are very different for regional load case 3. The latter is presented in figure 42, with the notable
high peaks for the months of May. As for several of the above-mentioned scenarios, this can likely
be explained by the combination of varying spot prices and lower power prices for this period. The

power peaks are in general lower for the other months, because of less available power from the grid.
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Figure 42: Monthly peaks of imported grid power, for high regional load: BESS OPR 2.2.

Load Shedding

Recalling that the BESS is only really required for some periods in February, for regional load case 1,
it is interesting to consider the consumption during this month specifically. BESS OPR 2.3 involves
an adaptation of the load, where it is reduced during the periods of limited available grid power,
according to the descriptions given in the introduction of section 4.4. The idea is that it could be

advantageous to invest in a smaller BESS and rather reduce the loads of some periods.

From the sizing model it was found that a battery capacity of 53 kWh, without considering degra-
dation, could be sufficient. A small battery of this size can also be used for some energy arbitrage,
and to reduce the peaks of imported power. However, when including maintenance costs and costs of
transformer losses, a small battery system is found to generate higher operating cost than that of the

corresponding base case.

Table 22 shows the resulting differences between the operating costs for the scenarios with load
shedding, and the operating costs of base case 1. Both are based on the same electricity spot price
(NO3, 2021). The cost variations are investigated for different standard combinations of power and
capacity, being 1, 2, 4 and 6 hour batteries. All of the combinations result in higher operating costs
when including a BESS, except from the 6h battery of 1000 kW. The latter gives a operation cost
that is close to a break even. This means that, for the case of this thesis, a relatively large battery is
required to give savings in energy costs, even with load shedding. The high operating costs are results
of maintenance costs and costs of transformer losses, the latter not being included in the objective

function.
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Table 22: Different BESS sizes for BESS OPR 2.3, with corresponding reduced/increased operation

Costs.
BESS size/ Difference from base case 1,
configuration (NO3 2021 elspot),

1. year operating costs.

500 kW /500 kWh | 44 370 NOK
500 kW /1000 kWh | 36 000 NOK
500 kW /2000 kWh | 22 500 NOK
500 kW /3000 kWh | 11 800 NOK

1000 kW /4000 19 700 NOK
kWh

1000 kW / 6000 -577 NOK
kWh

5.3.3 The Impact of Degradation

The degradation is an important part of the operation model, as the available capacity fades with time
and use. Figure 43 shows the resulting degradation of the battery capacity, for the main case of this
thesis with variations in temperatures. It is evident that the calendric degradation is the main reason
for the capacity fade, which is also highly dependent on temperature. For instance, when the battery
is operated at a temperature of 5 °C, the SoH ends up at 85 % after four years, compared to about 79.4
% and 60 % for temperatures of 15 and 35 °C, respectively. The cyclic aging mechanisms are found

to have almost no effect on the total degradation.
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Figure 43: Degradation of the battery for the period of operation, for different temperatures.
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Table 23 summarizes the key findings for the operation cases based on different assumptions on degra-
dation. Firstly, BESS OPR 1.1 and BESS OPR 1.2 include the exact same conditions of operation,
but the latter includes the degradation cost in the objective function (Cﬁfe’g). The results show that the
battery is used less for BESS OPR 1.2, with a total number of equivalent cycles of 134 compared to
263 without the degradation cost. However, this only reduces the degradation with 0.04 %. In addi-
tion, it reduces the potential savings significantly. Therefore, it is found that the use of a degradation
cost in the objective function have a counterproductive effect on the BESS operation, for the case of
this thesis.

Table 23: Comparison of the different operation scenarios with degradation.

Case Elspot SoH TOta,ll amount of | NPC of opr: Difference from base

after 4 | equivalent cycles, | costs, after

case of corresp. elspot
:’;a]" > Ny I#1 4 years [NOK] | [NOK] (%]
(4

BESS OPR 1.1 NO3, 2021 79.34 | 263.2 28 186 100 - 67 400 -0.239
BESS OPR 1.2 NO3, 2021 79.38 134.3 28 219 600 - 33900 -0.12
BESS OPR 4.1 NO3, 2021 85.12 | 268.2 28 161 800 -91 700 -0.325
BESS OPR 4.2 NO3, 2021 59.99 | 213.1 28 130 600 - 123 000 -0.435
BESS OPR 4.3 NO3, 2021 100 285.9 28 103 800 - 149 700 -0.53

It can be observed that the operation at low temperature, resulting in the minimum degradation, gives
larger savings in operating costs compared to the main scenario. This is also the case when having no
degradation, which generates the highest savings, as energy arbitrage is possible for larger volumes
of energy. Considering the case with the most degradation, BESS OPR 4.2, high savings are observed
because this case includes a larger BESS capacity (16 000 kWh). This size is required in order for
the BESS to be able to cover the load even at the fourth year of operation. However, this comes with

a higher investment costs.

Due to relatively small variations in potential savings, it is found that the degradation is not so impor-
tant with respect to the operation costs. However, the different degradation assumptions significantly
affects the investment costs of the BESS. This is, as stated in section 5.2.5, because the degradation
must be accounted for when sizing the system. In the above-mentioned scenarios, only BESS OPR
4.2 involves an adapted BESS size in order to be technically feasible. However, the battery capacity
for the scenario of the lowest degradation, BESS OPR 4.1, could be adapted similarly. The required
capacity of this case, given the constraints of the operation model and some margin, would be 11 000
kWh (allowing for 20 % degradation and some margin). This capacity reduction represents savings
of 3.75 Million NOK in investment costs. Although this is a lot, the reduced volume that is available
for energy arbitrage and the costs associated with temperature management must also be evaluated,

as this will affect the total costs.
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5.4 Notes on Assumptions and General Remarks

In the following parts, some general remarks that cover several of the above-mentioned observations

are commented on and discussed.

5.4.1 BESS Investment Costs

The investment costs of the BESS are probably the most uncertain assumptions for all of the cases.
The costs are divided in power and capacity cost elements in order to be able to choose the optimal
configuration. Being based on figures obtained from various literature on different BESS projects and
estimates on future costs development, there are several elements of uncertainty. For instance, the
contents covered by a certain number are not always well-defined in the literature. Furthermore the
cost data depend on factors such as scale (size), location, battery chemistry, country of installation
and currency, that need to be accounted for and converted to fit the case of this thesis. However,
by considering average values that fit the requirements of this case, it is assumed that the obtained
investment costs of 2 500 NOK/kWh and 3 200 NOK/kW are possible and realistic, but perhaps

somewhat optimistic.

5.4.2 General Assumptions for the Cases

Load Distribution

The scenarios investigated, for both the sizing model and the operation model, include other assump-
tions in addition to the investment costs. First, the sizing model include some assumptions for the grid
side of the model. The most important one is maybe the load distribution, defined in table 7. Even
though the location and magnitudes of these loads are presumed to be realistic, unknown loads may
give a different picture and affect the power flows. In addition, no other loads are assumed connected
to T3 or on the line between point B and 73 (see figure 26). If large loads are connected here, the
power that is available for the BESS to charge can be affected, because of possible saturation of the
power lines and high voltage drops. However, as the maximum currents that are registered are far
below the current carrying capacities of the lines, it is assumed that the increased power of the end

user, including a BESS, will be achievable even with other loads connected to 73 or /ine B.

Available Power

For the sizing case, a limit of 23.9 MW is set for the regional transformer, T2, for all year. This may

not be the case, as for instance temperature and reactive power requirements may limit the possible
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power throughput. Considering the capacities of the power lines, on the other hand, these should
include large margins as described in table 8. The limit on available power also assumes that the

regional grid (transmission grid), at 66 kV, will be capable of providing up to 23.9 MW at all time.

Input Data (Time Series)

The input time series, such as data on power generation, transformer power, load and elspot prices,
are repeated for all years for both the base cases and the operation model. The volumes of energy, the
usage patterns (load and production profiles) and the characteristics of price variations are assumed to
be realistic for the future, with a horizon of four years. However, the actual conditions will for sure be
somewhat dissimilar, and may result in different operation of the battery system with correspondingly
different costs. This is especially likely for the case of elspot variations. Based on the differences
in electricity prices from 2020 to 2022 for NO3 and NOS5 (figure 24), it is possible and probable
with significant variations during a period of four years. Additionally, the power tariff is set to be
equal for all years of interest, while it for instance could increase. Nevertheless, the contribution from
variations in electricity spot prices are assumed to be of higher importance than the grid tariff for the

case of this thesis.

Degradation Model

The degradation model that is used for this thesis is based on the Wang Model, described in section
2.3.1. Results from the operation model points out that the calendric degradation contribute the most,
by far, to the capacity reduction of the BESS during four years. The model is accepted as appropriate
and realistic for the battery type of this thesis, but could also be somewhat pessimistic. The latter point
of reflection can for instance be seen in relation with other works that involve battery degradation, such
as [20]. For that case, the degradation of a NMC battery was found to be around 7.5 % after one year of
operation, compared to approximately 10 % for the main case of this thesis. The degradation model
of the cited work is bases on DoD and not the c-rate, which is used to measure cyclic degradation
in this thesis. By including the effect of different depths of discharge, the degradation could look
differently. Anyways, the LMO-NMC blend is known for having poor calendric life time, that is

highly dependent on temperature, compared to other types of Li-ion.

Time Resolution

All input data and variables are based on an hourly time resolution. This means that for instance
short-term power peaks, and other fast variations that can affect the battery usage, are not included.
In [22], it was found that input data and solving in minute resolution could affect the operation, and
especially degradation, significantly. However, knowing that calendric degradation is the main driver
for capacity fading in this thesis, the smaller time resolution would probably not affect the outcomes
that much.
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5.4.3 Considerations for Installation

In the models of this thesis, the battery is presumed installed behind-the-meter, on the low voltage
side of substation T3 (22/0.415 kV). This is mainly done for simplicity, regarding the regulations for
ownership of energy storage systems, and in order to include the costs of transformer losses. However,
this is not necessarily the most feasible solution, both technically and economically. Localizing the
BESS on the HV side, or having separate transformer systems for the BESS and the load side could

be an alternative.

5.4.4 EOL and Environmental Considerations

The battery energy storage system is only set to operate for four years in the cases of this thesis. For
most of the scenarios, the BESS ends up with a SoH of around 80 % after this time. This means that
it cannot longer cover the load after this point in time when considering the constraints of the model.
Although it can still be used for energy arbitrage and load shifting for several more years, this is not
investigated. But a residual value of 15.0 %, which is also discounted, is set in order to put a value on
the battery investment after the end of the operation phase. Considering the possible scale of savings
and the SoH at this point, the residual value is assumed to be in the correct order of magnitude. If
the battery is to be disassembled, the recycling process should be reviewed for both economical and

environmental considerations, but these are out of scope of this thesis.

5.4.5 The Feasibility of BESS As a Solution

If the requirements of load and available grid power remain as assumed for the main cases of this
thesis, a very large BESS (12 500 kWh / 1 500 kW) would be required. This would be larger than
any other battery installation in Norway at the time of writing, and does also involve a power / energy

ratio (P/E-ratio) that is highly uncommon for battery storage systems.

Considering the space requirements for such an installation, referring to table 6, six 20 ft. containers
or three 40 ft. containers would probably be required. The components only would therefore need an
area of at least 100 m?. As the most important property of a battery in this case is capacity, the use of
second life batteries that still have enough capacity left could be interesting. As these batteries would
already have been degraded, for instance by 20 %, more such batteries would be needed which would
require more space. But, considering the location of the end user, the space in this order of magnitude

is probably available.

The operating costs of the different BESS scenarios, including energy costs, power costs, maintenance

costs and transformer loss costs, are in general lower than those of the corresponding, hypothetical,
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cases of only grid power and no BESS. However, these are far from being able to cover the initial
investment costs. For instance, the scenario entailing the largest savings have a net present cost of
operation that is about 2.87 Million NOK less than the corresponding base case, after four years. This
applies to BESS OPR 3.2, which is based on the expensive and highly varying elspot prices of NOS5 in
2022. With these savings, the BESS investment will never be accounted for within its life time (less

than 20 years).

Therefore, the economical feasibility of the BESS is rather a question on the investment costs, and
what revenues (e.g. from increased production and sales) that can be expected for the increased energy
consumption that the battery system will allow for. Recalling that the BESS is only really required
for some periods in February, for the main case, an alternative solution can involve load shedding for
these instants. For the rest of the year, it is assumed that the power consumption (peaking at 1.5 MW)
can be covered by the grid directly. In other words, the value of high power consumption during the

periods of limited grid power must be weighted against the investment costs of the BESS.

At the end of the operation period, being four years, it is assumed that grid reinforcements are in
place such that the power can be drawn directly from the power grid. At this point, the transformer T2
would be the limiting element if having the same power rating as used in the scenarios of this thesis.
It could be possible to postpone the investment of a new regional transformer, and still be using the
BESS. However, the battery degradation would have to be considered, and more battery packs would
likely be required. The investment of a new transformer is assumed to cost up to 7 Million NOK, for
power ratings up to 50 MVA (see appendix E, [54]), which is substantially less than the investment
costs for the required BESS system. In order for a BESS to be financially attractive in this case, the
investment cost should be below 800 NOK/kWh?.

One of the reasons why the battery energy storage systems are not able to provide for more savings
is due to the flat load profile of the end user. The load profile, per month of 2021, is presented in
appendix F. The BESS operation is mainly limiting the operation costs by performing load shifting
and energy arbitrage with the elspot as a price signal. In a case with loads of higher power peaks, the
battery could help reducing the costs of the grid tariff, but this is not the issue of the end user in focus
of this study. Actually, as observed for most of the operation scenarios, the battery usage actually
increases the overall power costs as more power is imported for charging the battery compared to the

base cases.

The feasibility of the BESS could probably be improved if it was also used for providing grid services,
such as frequency regulation and voltage support. The latter is made possible to investigate in the
sizing model, but without any economical benefits. The model also show that, for the investigated

load situations, voltage support may not be needed. One approach for such cases is to include the

37 Assuming a NPV of total savings being minimum 3.0 MNOK.
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battery system in the balancing market. But if this is to be an extra field of application, in addition
to covering the load, a larger battery with greater power capability would be required. Although it is
possible to check for other grid services, this would require a time resolution of minutes and seconds,
which was not possible for this study. Furthermore, the localization and sizing of the battery storage

systems would be different for the above-mentioned purposes.

Feasibility of Other Battery Solutions

The cases of this thesis is based on Li-ion batteries with the LMO-NMC chemistry. Although this
battery type have versatile characteristics, it is known to have poor calendric life time, which entails
the investment of more battery packs (capacity). Therefore, it could be beneficial to investigate other
battery types, such as other Li-ion chemistries and lead-acid, and evaluate factors such as investment
costs, field of applications and degradation. Given the area of use for the case of this thesis, being
mainly load shifting and capacity reserves, most types of batteries can be evaluated (as shown in
figure 10).

For the required power and energy ratio that was found to be optimal (and minimum), the Vanadium
redox flow (VRFB) type is an especially interesting alternative. With a long life time, almost no
degradation, nearly 100 % useful capacity and the possibility of large capacity compared to power
capability, the flow battery has many characteristics that can be suitable for the case of this thesis.
Assuming no degradation, 90 % useful capacity and some margin, the required capacity of a flow
battery for the main cases of this thesis would be around 7 000 kWh38. This is 5 500 kWh less than

for the Li-ion battery, which can represent a significant reduction in the investment costs.

The footprint of a Vanadium redox flow battery is however much larger than that of a Li-ion battery.
Assuming 7.5 MWh capacity, and the footprint data from table 6, an area of 550 to 600 m? could be
required. This is significantly more than for the Li-ion BESS. In addition, weight and volume would

require higher costs and more analysis of the physical foundation.

BESS Combined with Local Energy Production

Another factor that could increase the feasibility of the BESS system, or be an alternative solution to
the problem case, is the implementation of local energy production from for instance wind power or
solar power. As the BESS strictly speaking is only required for some periods during winter time, when
there is little solar energy to exploit, wind power would probably be the one fitting best. However,
a PV installation would be useful during summer time as the load is assumed to be high all year.
Combined with a BESS, a PV solution can prove to be feasible. As the topic is out of scope of this

thesis, a short summary of such a solution is only provided in appendix G.

38 Calculation, assuming 70 % available capacity for Li-ion (SoCgx — SOCpin, = 0.7): 8603 - %&% ~ 6691kWh
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Lastly, it must be noted that the scenarios of this thesis are solved to find optimal conditions when
knowing all data in advance of solving. This include the electricity spot prices, power demand both
for the end user and the region, and local power generation during the whole year. A BESS operated
in the real world would not have access to such data, but would have to rely on estimates and forecast
on future conditions. Therefore, the exact same optimal operation found in the scenarios presented
here are not possible to achieve. However, good control and forecast systems could still generate

approximately the same savings in energy costs.
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6 Conclusions

The problem case of this thesis has been to investigate the feasibility of a BESS as a solution for
capacity expansion, for a location in Fosen (Trgndelag) where the transmission grid faces limitations
today. The study concentrates on one single end user (grid customer) that is connected to the distribu-
tion grid of Fosen. In the main case, the end user is assumed to increase its load from having a peak
of 200 kW to having a peak of 1.5 MW. The load profile, based on data from 2021, is assumed to be
the same for all scenarios of this thesis. The power consumption is high and steady (flat) during the

whole year.

In order to give an answer to the research question of this problem, optimization models for sizing
and operation of a BESS are made. These include constraints that define the situations of loads and
available grid power. The objectives are to minimize operating costs, including the costs of energy,
power, maintenance and energy losses. Furthermore, the cases are based on a system consisting of
Li-ion battery packs, having the chemistry of the LMO-NMC blend. This is known to be a relatively
cheap and versatile type of Li-ion batteries, and a degradation model has also been possible to include

for this type of chemistry.

Several scenarios have been investigated with the optimization models. The most significant results
are found for variations in the electricity spot prices. For a period of four years, the net present costs of
operation with BESS are found to be 2.41 % lower to 3.64 % higher than the hypothetical scenarios of
only grid power (with corresponding elspot prices). The worst case is found for the electricity prices
of NO3 from 2020, being low and with little variation, while the best case is found for the elspot of
NOS from 2022, characterized by prices that are high and particularly varying. It is observed that
variations in the elspot prices are the most important factor for cost savings in this study. This is due
to the opportunity of energy arbitrage with the BESS. It is concluded that it is likely that a BESS can

give some reductions in the yearly energy costs of the end user of focus in this thesis.

Given the restrictions on available grid power and the fact that the high load of the end user must be
met, a large battery system would be required. In order for it to be technically feasible, a nominal
capacity of 12 500 kWh and a power capability of 1330 (1500) kW, is set for the Li-ion battery. The
sizing is only motivated by the requirement of covering the load during the periods when the grid
is not capable of doing so alone. In the main case, based on data from 2021, this only occurs for
some periods in February. Furthermore, the sizing is to a large extent affected by degradation. During
four years of operation the capacity is found to fade by approximately 20 % (mostly due to calendric

aging). This entails the need for more battery packs.

It is concluded that the economical feasibility of the BESS is mostly dependent on the investment

costs, as the savings in operation costs are small in comparison. For the above-mentioned BESS
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installation, it is assumed an investment cost of more than 54 Million NOK (4 326 NOK/kWh, ex-
cluding VAT). In order to be economically feasible, the estimated revenue from increasing the power

consumption, must be weighted up against the investment cost of the BESS.

If it would be possible to cut, or reduce, the load of the end user for some periods, a smaller battery
installation would be sufficient. However, the operating costs are found to be somewhat higher than
for the case of only grid power, which indicate that a smaller battery would not be economically
feasible. Due to the load profile of the end user, the only way for the BESS to reduce the energy
costs are to conduct energy arbitrage. More savings are generated with this method for systems of
higher capacity and power ratings, but with higher investment costs. The reduction of peaks in power

imported from the grid is not a possibility for the case of this grid customer.

Other fields of applications could increase the feasibility of the BESS, by generating income for ser-
vices such as frequency regulation, voltage support, backup power and other grid purposes. However,
these scenarios are not investigated, as such technical issues are likely not representing challenges for

the region of interest in this study.

To summarize, the economical feasibility of BESS as a solution is totally dependent on the investment
costs and the revenue that is expected from an increased power consumption. Nevertheless, due
to the type of load profile and probable electricity prices of the future, a BESS is probably not an
economically feasible solution for the problem case of this thesis.
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7 Further Work

The work of this master’s thesis provides an overview of the required sizing, possible costs and prob-
able cost savings that can apply when choosing a BESS as a solution to the case problem. However,
there are also other approaches, solutions and considerations that should be evaluated. Some examples

on further work are therefore given below.

Updating The Existing Model - With BESS as a Solution

* More certain load data, especially on the distribution of regional loads, can improve the realism
of the grid part of the sizing model. Different load situations for the end user could also be

investigated, for sensitivity analysis.

* The grid model of the sizing model could also include reactive power flow, to give an even more

realistic overview of the grid loading.

* The location of the BESS could be re-evaluated. It is located BTM and on the LV side of
substation T3 for the case in this thesis, but it could also be installed FTM, and on the HV side
of T3. The latter also allows for investigating other applications for the BESS, such as grid
support.

* The sizing model could be updated with more certain BESS investment costs, and account for
usage for a longer time horizon than one year, to better incorporate the correlation between

investment costs and potential cost savings.

* Both the sizing and operation model could be adapted for other battery, or energy storage, tech-
nologies (considering different degradation, operation constraints etc.). This may for instance

include lead-acid batteries, redox flow batteries (e.g. VRFB) and hydrogen energy storage.

Investigating Other Possible Solutions

* As mentioned above, it may turn out that the use of a BESS for other applications than demand
side management, such as providing grid services, may increase the feasibility of the BESS.
Scenarios such as frequency regulation, voltage support and participation in the balancing mar-
ket can be investigated.

* The implementation of local energy production can likely be a suitable and more feasible so-
lution than having an energy storage system. Additionally, a BESS could be used in symbiosis

with local energy generation from renewable energy resources.
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Next Steps Toward Realization

If the BESS solution or other approaches are to be carried out, there are several steps to consider.

* It could be relevant to conduct some load flow studies considering the BESS and state of the
grid, for instance in a hypothetical max load situation, in order to control that a solution is

feasible with a different approach.

* The technical solution, with required material, electrical wiring, control systems and safety

measures, must be planned.

* A control system, with a control program, must be designed. The control must include live
data on the load, power flow in the region (having communication with transformer T2), the
day-ahead prices and some forecast on future load in order to decide whether the system should

to charge or discharge.

* If a third party is going to own the battery, in stead of the grid customer, a business model must
be developed. One example of a business model, based on rental / leasing, is Peak Shaper by
Eidsiva [61].

* A plan for EOL management must be made, in order to ease the decommissioning and to ensure
for the lowest possible environmental footprint. It must also be evaluated how long the BESS
can be used, for energy arbitrage and demand side management, before maintenance costs

become higher than the savings.
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Appendices

A Properties of Different Energy Storage Technologies

Table A.1: A comparison of different energy storage technology categories with sub-technologies [2, 26, 62].
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(*) Denotes technologies currently under development.

Abbreviations:

CAES: Compressed Air Energy Storage. 3
FES: Flywheel Energy Storage.

Li-ion: Lithium-ion.

NaS: Sodium-sulfur.

Ni-Cd: Nickel-cadmium.

Ni-MH: Nickel metal hydride.

Pb-Acid: Lead-acid.

PCM: Latent-phase Change Material.
PHS: Pumped Hydro Storage.

SCES: Supercapacitor Energy Storage.

SMES: Superconductive Magnetic Energy Storage.

STES: Sensible Thermal Energy Storage.
TCS: Thermochemical Storage.
VRFB: Vanadium Redox Flow Batteries.

Zn Br: Zinc Bromine Flow Batteries.

Largest facility: 16 GWh [63]
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B Li-ion Battery Degradation Mechanisms

Figure B.1 shows different degradation mechanisms, sorted based on electrode, causing both power and capac-

ity fade.
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Figure B.1: Overview of the most important degradation mechanisms for Li-ion batteries, including
degradation drivers Adapted from [29].
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C BESS Cost Data

Table C.1 shows a comparison of cost data for battery energy storage systems collected from sev-

eral sources, converted to 2022-NOK'. The table contains data for different system sizes, capacities

and power ranges, but are mostly reflecting costs for utility-scale applications. The values are total

investment cost for a BESS, related to its storage capacity.

Table C.1: A comparison of BESS investment costs (CAPEX) obtained from literature, excluding
taxes. The data is converted to 2022-NOK

Original Low estimate High estimate
Source name .
and citation Bess size currency [NOK/kWh], [NOK/kWh], Comments
and year’> | (2022-NOK)* | (2022-NOK)**
1 hour operation,
NVE [8, 64] 10 kWh, 9kW | NOK, 2019 3100 4800
voltage support
Ying Wang 18 MWh, 6 .
(et al) [37] MW USD, 2015 3000 6 000 3 hour operation
et al.
Usama Bin Irshad 13.5 kWh, 5 - USD. 2020 5 000 System with Tesla
(et al.) [21]*** 7 kW ’ Powerwall
2 MWh, 1 Type: LFP
PNNL [44] USD, 2021 4300 5300 .
MW 2 hour operation
2 MWh, 1 Type: NMC
PNNL [44] USD, 2021 4 800 5900 .
MW 2 hour operation
Wood Mackenzie:
Converted to 4 hour
(Cole Wesley et al., - USD, 2020 3500 5800 ]
NREL) [43] operation
EPRI:
2 -10 MWh, Converted to 4 hour
(Cole Wesley et al., USD, 2021 2 800 4900 .
1-5MW operation
NREL) [43]
PNNL: 4 MWh - 1
Converted to 4 hour
(Cole Wesley et al., GWh, 1-100 | USD, 2020 2700 4000 t'
operation
NREL) [43] MW P
Brattle:
20 - 40 MWh, Converted to 4 hour
(Cole Wesley et al., USD, 2018 2 700 3500 .
5-10 MW operation
NREL) [43]

Table continues on next page

'Based on an inflation rate of 2.0 % and a linear cost reduction of 5.0 % per year until 2022.

2Cost data is converted to 2022-NOK using exchange rates from June 1, 2022, an inflation rate of 2 %/year and a
decrease in costs of 5 %/year (from an assumed, linear cost reduction from 2020 to 2025 [43])
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...Continued from previous page:

Original Low estimate High estimate
Source name .
and citation Bess size currency [NOK/KWh], [NOK/KWh], Comments
and year (2022-NOK)* (2022-NOK)**
Lazard:
Converted to 4 hour
(Cole Wesley et al., - USD, 2020 2 600 5300 .
operation
NREL) [43]
CPUC:
Converted to 4 hour
(Cole Wesley et al., - USD, 2019 2300 4 000 ]
operation
NREL) [43]
. 30.0 - 240 .
David Feldman 0.5 to 4 hour operation
MWh, 60.0 USD, 2019 2 300 5300 .
et al. [23] (utility scale)
MW
. 300 kWh - .
David Feldman 0.5 to 4 hour operation
2.4 MWh, USD, 2020 3 000 12700 i
et al. [23] (commercial)
600 kW
David Feldman 20 kWh, 5 4 hour operation
USD, 2020 « 5000 i i
et al.[23]*** kW (residential)
David Feldman 2 hour operation
6 kWh, 3 kW | USD, 2020 « 7 600 i i
et al. [23]*** (residential)
Approximate average 3100 5600 [NOK/kWh]

System costs are assumed to include all required components for grid connection and installation labor.
Cost intervals reflect uncertainty and economy of scale.
For sources that do not provide cost intervals, an approximate cost is presented in the column of "Low estimate"

(*): Low estimate: Large-scale and/or low power capability. E.g. 3 000 NOK/kWh for 600 kW/2.4 MWh
(**): High estimate: Smaller scale and/or high power capability. E.g. 12 700 NOK/kWh for 600 kW/300 kWh
(***): Excluded in calculation of average.
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D BESS Regulations

There are several guides, standards and regulations to consider for designing, maintenance and oper-
ation of BESS installations. IEEE Guide for Design, Operation, and Maintenance of Battery Energy
Storage Systems, both Stationary and Mobile, and Applications Integrated with Electric Power Sys-
tems ([65], 2019), describes approaches and methods for such cases. It also includes notes and guides
on how to connect stationary or mobile battery storage systems to the power grid and to end users
(grid customers) [13].

NEK, The Norwegian Electrotechnical Committee, has also published several standards that is about,

or touching upon, battery energy storage systems [66]. Some of these are:

* NEK 487:2022: Safety requirements for secondary batteries and battery installations. Con-
sisting of NEK 485:2022 and NEK 486:2021, for lead-acid and Li-ion batteries, respectively.
These are translations of the international and european standards EN IEC 62485-2:2018 and
EN IEC 62485-5:2020.

* NEK IEC TS 62933-5-1:2017: Electrical energy storage (EES) systems. Safety considera-
dions for grid-integrated EES systems.

* NEK EN 50549-1 and NEK EN 50549-2: Requirements for micro-generating plants and gen-

erating plants to be connected in parallel with distribution networks.

DNV has several reports on safety aspects of BESS installations. A Li-ion battery goes through
thorough testing, involving heating, vibrations, resilience against pressure and high currents. Two
very relevant publications on approvals, validations and safety performance for BESS installations,
made by DNV, are:

* 2020 Battery Performance Scorecard, [67].

* Safety, operation and performance of grid-connected energy storage systems, [68].
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E Electricity Cost Data and Notes on Economical Aspects

Costs Associated with Consumption of Electrical Energy in Norway

Figure E.1 shows historical electricity prices, excluding taxes and grid tariff. A significant increase
in electricity costs are seen in the end of 2021, continuing in 2022, due to the state of the European

electricity market.
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Figure E.1: Historical average electricity prices for Norway (all price zones), excluding taxes, grid
tariffs and any support scheme. For households and industry, excluding power intensive industry, for
all contract types [69].

Grid Tariff

Table E.1 shows the components of the grid tariff for big industries connected to the distribution grid
of Nettselskapet AS', having an electricity consumption above 100 000 kWh per year. This model
of grid tariff is known as power tariff, as opposed to capacity tariff which is used for end users with
consumption below 100 000 kWh.

IThe local DSO and grid owner in Fosen, Trgndelag
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Table E.1: Nettselskapet AS grid tariffs for business / industry with consumption > 100 000
kWh/year and high voltage connection. Prices including 25 % VAT. [53]

. L. Price .
Description (value) Unit
Fixed part 2087.5 NOK/month
Energy part 3.75 gre/kWh
Power part, winter(!) 60.0 NOK/kW/month
Power part, summer?) | 21.25 NOK/kW/month
General tax on ?31)CC'[I‘1C 391 sre/kWh
power, low rate
General tax on electric
power, high rate®) 15.41 gre/kWh
Tax on electric power,
reduced rate'd) e Sl
Tax to the energy fund | 1000 NOK/year

The power part is based on the average of the three hours with highest consumption, happening at three different days, within a month.
(1): Winter period: 01.01 - 30.04 and 01.11 - 31.12

(2): Summer period: 01.05 - 31.10

(3): Low rate for the following period: 01.01 - 31.03

(4): High rate for the following period: 01.04 - 31.12

(5): Reduced rate for certain industries, equal throughout the whole year.

*For the case in this thesis, reduced rates are assumed. This is added to the energy part of the grid tariff.

Costs of Losses

In this part, a summary of the most relevant elements in calculations on costs of losses, taken from
the Planning Guide for the Power Grid [54], are presented. The model to calculate costs of losses,
described in this work, relies on some tabular data that are defined for certain ranges of years and for
different locations and voltage levels in the power grid. The following data is for the grid layer where
a substation is located between a 22 kV overhead line and a 230V (400V) overhead line system, for a
location with low energy demand per area.

Table E.2b and E.2c show the cost equivalents k.., and k,, respectively, for the time horizon and

grid layer that is relevant for the case of this thesis.

Typically sparsely populated areas, on the countryside.
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Year Value Year Value
[NOK/kWh] [NOK/kW/year]

2024 0.495 2024 840

2025 0.500 2025 862

2026 0.504 2026 886

2027 0.508 2027 911

2028 0.512 2028 939

2029 0.516 2029 969

2030 0.520 2030 1002

(b) Equivalent yearly cost of losses, kyeqy (c) Cost of maximum power losses (during
[NOK/kWh] [54]. max load), k, [NOK/kW/year]* [54].

*Includes a discount rate of 4.0 (Both tables based on cost levels of 2021)

Investment Costs of Power Transformers

Power transformers and substations are expensive components in the power grid. The Planning Guide
for the Power Grid [54] includes an overview of costs for components such as regional transformers

Figures and data presented here are for cost levels of 2021.

The investment costs of substations (between 22 kV and 230 V/400 V) depend on the size/capacity
of the transformer and the type of housing. The costs typically ranges from 280 000 NOK to 600 000
NOK for sizes between 315 kVA to 1600 kVA. The investment costs of larger power transformers are
illustrated in figure E.2.
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0
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Power rating [MVA]

Figure E.2: Material and total costs for power transformers [54].
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Economical and Financial Aspects

Several economical and financial aspects are considered in some of the calculations conducted in
this thesis. Inflation is an important factor, describing the rate of increase in prices over a certain
period of time. It is used to evaluate the value of money and cost data obtained from literature for
different years. The consumer price index (CPI) is used as a measure on the inflation during a time
interval. Figure E.3 shows the yearly changes in the consumer price index of Norway, excluding
energy products and tax changes®, from January 2015 to September 2022. The average inflation in
this period is found to be 2.3 %, which is used as basis for calculations in this thesis. Note that the
inflation has increased significantly during 2022, which will affect price levels and cost data for future

investments.

1,0

0,0
jan. 2015 jan.2016  jan.2017  jan.2018  jan.2019  jan.2020  jan.2021  jan. 2022

Year

Figure E.3: Yearly changes of consumer price index (CPI-ATE) for each month from 2015 to 2022
[70].

3CPI-ATE is CPI adjusted for tax changes and excluding energy products, such as electricity costs. The variation in
electricity prices is often causing incorrect illustration on general price development in the society, and is therefore often
removed.
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F Future Load and Electricity Spot Prices

Figure F.1 shows the variations in the electricity consumption of the load / end user (active power)
and electricity spot prices (NO3) for each hour throughout the whole year of 2021!. It is observed
that the power consumption is high all year, with little variation. The load data is adapted based on
the load profile registered for 2021. The electricity spot prices are provided by Nord Pool and exclude
VAT as well as any surcharges [51].
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NB! Figure continues on next page

'Note the different scale of the axes.
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Figure F.1: Load profile (adapted from 2021-profile) for the adapted load (end user) and elspot

prices for NO3 (excl. VAT) [51, 18].
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G Cases with PV and BESS

In this appendix, two extra cases that include a PV installation are described. First, the approaches

and assumptions are stated, before the results of optimization are presented.

Case Approaches and Assumptions

The cases with PV assume that a rooftop PV system is installed at the location of the end user. Only
the operation model, described by equations 58 to 590, is simulated. The only difference from the
original operation model, is that constraint 59b is updated to become equation 60, meaning that the
load can be met by battery power, grid power and PV power. This also allows for charging the battery
with power from the PV, instead of power from the grid. The updated load side, being the focus
of the operation model, is illustrated in figure G.1. As depicted, the PV system and BESS are both

connected to the AC bus in this case.

Pioads = Pr3(t) + Pp(t) + Ppy, (60)
T;
" PVsystem " BESS
= | e |
~N ! : ==
PV modules _‘JﬁrterﬂLMPPTi j EC,,,wertgr—l_,_ Battery

Figure G.1: A single line diagram of the case with PV and BESS.

A satellite photo of the end user is provided in figure G.2, which also indicates the rooftop area
that is assumed available and suitable for PV modules. Based on the dimensions of the roof, an
estimated azimuth angle (compass direction) and the ratings of an appropriate type of PV module, the
hourly irradiance and electrical power output (Ppy,) of the PV system is found by using PVGIS [71].

Relevant details on the PV system, and assumptions for the case, are given in table G.1.
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Area for
PV installation

Figure G.2: Overview of the area (roof) that is available for PV modules.

Table G.1: Parameter data and assumptions for the case with PV [71].

Azimuth angle 43° Compass direction: Southwest
(90° = west, 0°= south).
Slope of the rooftop 20° The steepness of the roof.
Radiation database - PVGIS-SARAH2(!). Data from 2019.
System losses 14 % System losses (converter, wiring, dirt etc.).
Type of PV modules - Peimar 545 Wp(z) [72] .
Number of modules 128 Portrait mode: 2 x 64
mounted on area 1
Number of modules 234 Portrait mode: 3 x 78

mounted on area 2
Total installed capacity | 197.29 kWp | PV power of the total system at STC®)

of PV modules
PV electricity 137.8 MWh | Estimated electricity production per year, on
generation per year the AC side, based on irradiance data of 2019.

(1): Solar radiation based on satellite data.
@): PV modules with length = 2279 mm and width = 1134 mm
(3): Standard Test Conditions: Irradiance = 1000 W/m2, module temperature = 25 C, Air Mass = 1.5
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The estimated monthly energy production from the PV system, per unit of installed capacity (kWp),
is presented in figure G.3. The data is from 2019, which represent a relatively conservative estimate
of the solar irradiation of the geographical location, compared to the average from 2005 to 2020. It
can be observed that the highest energy production from the PV system of this case is assumed to be
for April and July. There is almost no electricity production in the winter months, and especially little

for December and January.
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Figure G.3: Monthly energy output from the PV system, per kWp. Irradiance data from 2019 [71].

Scenarios For the Cases With PV

The PV system described above is included in both base cases without a BESS and cases with a BESS.
As the life time of a PV system is assumed to be much longer than that of a BESS, including also
the fact that the BESS in this case is only required for four years, the base cases assume power from
the grid and PV system only. The cases with BESS and PV are simulated with the updated operation
model, for four years. The assumptions and elements of the cases are in general the same as described

in section ??, with some extra information listed below:

The load (Proqa,) is adapted from 2021 data, giving a peak power of 1.5 MW.

BESS sizing: 12 500 kWh, 1500 kW. Assumed investment cost: 54 MNOK (excl. VAT).

Life time of the PV system: 30 years, with one replacement of the inverter.

The BESS is only operated for the first four years. From the fifth year, the load is covered by the PV

system and power grid only.

¢ Electricity spot prices of NO3, for 2021, and of NOS5, for 2022, are used. These are repeated for every

year of the cases.
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Results

Figure G.4 shows the most relevant input data and output variables from the optimization model, for
a week in May. On the bottom, the electricity spot price is plotted, which is for NO3 (2021). In the
middle, the PV production and load are plotted. It shows that the PV production have peaks at the
middle of the days, with some variations due to weather conditions. The load has a flat profile, with
a relatively steady power which is just below 1.5 MW. On the top, the power flow through substation
T3 (grid power) and the SoC of the battery is presented.
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Figure G.4: Plots of PV power, load, BESS usage and elspot prices for a week in May.

It can be observed that for high elspot prices, for instance at the evening of the first day, the BESS is
discharging to cover the load in stead of having to import power from the grid. At such instances, a
small amount of power (maximum 100 kW) is also exported to the grid through T3. The combination
of PV and BESS to reduce energy costs can also be seen during, for instance, the time of the highest
PV power at day five. Here, the PV and BESS are used together to cover most of the load. The graphs
indicate that the BESS is used actively to optimize the use of the PV power and the grid power.
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As for the main cases of this thesis, the net present value (NPV) is used as a measure on the feasibility
of the investment in a PV system together with the BESS. But for these cases, the NPV of savings in
energy costs, compared to the case of no PV and no BESS (see figure 28), is expressed rather than
the net present costs of operation. Table G.2 and G.3 show the breakdown of the net present cost
calculations for some years until the life time of the PV system is reached (30 years)'. The first table
is for the scenario with elspot prices of NO3 from 2021 while the second is for a scenario with elspot
prices of NOS5 from 2022. All operating costs, such as energy costs, power costs, costs of transformer

losses and maintenance costs are included.

Table G.2a shows the net present values of cost savings after y years, when only having a PV instal-
lation and power from the grid. It also shows how big the total investment cost can be, per unit of
installed PV capacity (NOK/W ), in order to give a positive NPV after y years. For instance, the
investment cost is required to be 5.60 NOK/Wp, or lower, to get a positive NPV after 18 years. The
same results are provided in table G.2b for the case when a BESS is operated for the four first years.
It is observed that the NPV of energy cost savings are 67 700 NOK higher for the case including a
BESS, after four years. In other words, the battery installation increases the feasibility of the system,
considering operation costs. However, due to the high investment costs of the BESS, the energy cost

savings will not be able of covering the investment costs of the whole system.

Table G.2: Net present values of energy cost savings, for BESS + PV (NO3 elspot, 2021).

Year | Present | Net present Inv. cost for Year | Present | Net present Inv. cost for

(y) value value, positive NPV (y) value value, positive NPV
[NOK] NPV [NOK] in year (y) [NOK] NPV [NOK] in year (y)

[NOK/Wp] [NOK/Wp]

1 77 100 77 100 - 1 - - -

4 72700 299 600 1.52 4 - 367 300 1.86

7 68 600 509 600 2.59 7 68 600 577 200 2.93

10 64 700 707 600 3.59 10 64 700 775 300 3.93

13 61 000 894 500 4.54 13 61 100 962 100 4.88

15 -21 300 933 100 4.74 15 -21 300 1 000 800 5.08

18 55400 1102 700 5.60 18 55400 1170 300 5.94

21 52 300 1 262 600 6.41 21 52 300 1 330 300 6.75

24 49 300 1413 500 7.18 24 49 300 1481 200 7.52

27 46 500 1 555 900 7.90 27 46 500 1 623 600 8.24

30 43 900 1 690 200 8.58 30 43900 1757 900 8.92

(a) PV + power grid (no BESS).

(b) PV + power grid + BESS (4 years).

NPV calculated according to equation 22, with a discount rate of 4.0 %. The calculations assume replacement of the
PV inverter after 15 years, at a cost of 80 000 NOK (including discounting).
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Table G.3a and G.3b contain similar results, for the scenario with an electricity spot price of NOS,
from 2022. This elspot price is characterized by high values, and large daily variations. As indicated
by the tables, the cost savings are significantly higher with the inclusion of a PV system in this case.
The investment cost of the PV system can for instance be as high as 19.7 NOK/W,, to give a positive
NPV after 13 years, which is a very high price for such a system. Considering the inclusion of a BESS
for the first four years as well, the same investment costs would result in a positive NPV before the
end of the operation phase of the BESS (i.e. less than four years). After four years of BESS operation
with PV, the NPV is more than 2.8 MNOK greater than that of only a PV system. This indicates that
the BESS increases the economical feasibility of the system significantly, for this scenario. But the
savings are not high enough to cover the investment costs of the combined system, having a value of
10.44 MNOK, compared to 54 MNOK for the BESS investment.

Table G.3: Net present values of energy cost savings, for BESS + PV (NOS elspot, 2022).

Year | Present | Net present Inv. cost for Year | Present | Net present Inv. cost for

(y) value value, positive NPV (y) value value, positive NPV
[NOK] NPV [NOK] in year (y) [NOK] NPV [NOK] in year (y)

[NOK/Wp] [NOK/Wp]

1 334 800 | 334 800 1.70 1 - - -

4 315900 1301 100 6.60 4 - 4 138 200 21.0

7 298 000 | 2212700 11.2 7 298 000 | 5049 800 25.6

10 281 100 | 3072700 15.6 10 281 100 | 5909 800 30.0

13 265200 | 3 884 000 19.7 14 265211 6 721 200 34.1

15 175100 | 4319200 21.9 15 175100 | 7 156 400 36.3

18 240700 | 5055500 25.7 18 240700 | 7892700 40.1

21 227000 | 5750100 29.2 21 227100 | 8587300 43.6

24 214200 | 6405 400 32.5 24 214200 | 9242 600 46.9

27 202 000 | 7023 600 35.7 27 202 100 | 9 860 800 50.1

30 190700 | 7 606 800 38.6 30 190 700 10 444 000 53.0

(a) PV + power grid (no BESS). (b) PV + power grid + BESS (4 years).

The scenarios assume that the BESS only is operated for the first four years, and that the grid is
capable of covering the load alone after that time. At the end of this period, the battery packs are
found to have a SoH of 79.2 - 79.3 %, meaning that there still is a substantial amount of capacity left,
that can be used for energy arbitrage and further cost savings. This can increase the feasibility of the

system.
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