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Sammanfattning

Elanvandningen i Sverige forvantas fordubblas till 2045 pa grund av 6kad elektrifiering av det
svenska samhallet. For att stalla om till ett elsystem som &ar beroende av mer férnyelsebara
elproduktionsslag foreslar Svenska kraftnat (2021) att Sverige kommer att behova oka sin
flexibilitet i elnatet. Ett satt att gora detta pa ar genom ellagring, dar batterisystem ar ett
alternativ. Nagon konkret plan for hur och nar detta skulle genomféras har inte gjorts av
Svenska kraftnat. Darfor syftade detta projekt till att ta reda p& om ett litiumjarnfosfat (LFP)
batterienergilagringssystem skulle vara en Iénsam investering att anvanda for
energiomstallning i det svenska elmarknadsomradet SE3. Detta mal uppnaddes genom att
modellera ett batterilager 6ver ett ar och extrapolera dessa resultat till en investeringskalkyl
genom annuitetsmetoden. Sammanfattat sa konstaterades det att det inte ar en lonsam
investering. Men det fullstandiga svaret ar mer komplicerat &n sa. Batteriets storlek och
livslangd paverkar batteriets investeringskostnad, som vidare paverkar batteriets [onsamhet.
Batteriets livslangd &r beroende av egenskaper som batteriets upp och urladdningstid (s.k.
C-rate) samt i vilken utstrackning batteriet laddas och laddas ur (s.k. state of charge), som i
sin tur influerar totala antalet laddningscykler batteriet kan genomféra. Exakt hur mycket
dessa egenskaper paverkar livslangden for LFP:erna ar oklart eftersom resultaten fran
tidigare studier av LFP-batteriers prestanda skiljer sig nagot. Till exempel ar det kant att state
of charge for ett batteri paverkar livslangden for ett LFP-batteri, men mer exakt hur mycket
varierar beroende pa studie, vilket visas i detta examensarbete. Det som gor detta annu mer
komplicerat ar det faktum att investeringskostnaden kommer att forandras beroende pa till
exempel vilken state of charge som anvands. Dessutom varierar uppskattningar av
investeringskostnaden for LFP-batterier i olika kéllor. Allt detta leder till flera typer av
osdkerheter for att bestimma den exakta investeringskalkylen. Det huvudsakliga bidraget
denna studie kan ge ar dock att den kan ge en forsta inblick i hur ett batterilagringssystem for
kortvarig energilagring (energy shifting) skulle fungera i Sverige. Med fler studier liknande
detta projekt skulle en mer konkret plan kunna goras for genomférandet av det statliga
klimatmalet om netto noll utslapp av vaxthusgaser till ar 2045 (Naturvardsverket, 2023).



Abstract

The electricity use in Sweden is expected to double before 2045 due to increased
electrification of the Swedish society. In order to transition into an electrical system that is
dependent of more sustainable renewable energy sources, Svenska kraftnat (2021) is
suggesting that Sweden will need to increase their flexibility in the power grid. One of the
main ideas on how to do that is through energy storages, where battery systems could play
an important part. However, a concrete plan of how and when this would happen was not
made clear by Svenska kraftnat. Therefore, this project aimed at finding out whether a
Lithium iron phosphate (LFP) battery energy storage system would be a worthwhile
investment to use for energy shifting in the Swedish SE3 electricity market area. This aim
was reached through modelling a battery storage over a year and extrapolating these results
into an investment calculation using the annuity method. In short, it was found that it is not a
profitable investment. But the full answer was found to be more complicated than that. The
battery’s size and lifetime affect the battery’s investment cost, which further affects the
battery’s profitability. The battery’s lifetime is dependent on battery characteristics such as
the charge/discharge time of the battery (C-rate) and the extent to which the battery is
charged and discharged (state of charge), which in turn influences the total amount of charge
cycles a battery can perform. Further, how significant these characteristics affect cost and
lifetime of the LFP’s is unclear as the results from previous studies on LFP batteries differ
somewhat. For example, it is known that the state of charge range of a battery affects the
lifetime of an LFP battery, but by exactly how much varies with different studies, which is
explained in this master thesis. What makes this even more complicated is the fact that
depending on the state of charge used, the investment cost will change. Additionally, the
assessed investment cost also changes depending on the source used. Therefore, the exact
cost is difficult to determine. However, the main contribution this study has is that it can give
a first insight into how a battery storage system for energy shifting would work. With more
case-like studies similar to this project, a more concrete plan could be made about how to
realise the Swedish governmental climate goal of net zero greenhouse gas emissions by the
year 2045 (Naturvardsverket, 2023).



Dictionary

Cannibalisation effect: When renewable power production technologies penetrate the
electricity market in a large enough scale so that it lowers the value of itself on the market.

C-rate: The charge/discharge time of the battery. For example, C-rate = 1 means one hour
charge/discharge. C-rate = 0.5 means two hours charge/discharge.

Critical mineral: Critical minerals, like lithium, cobalt, or nickel, are an essential part of
technologies for renewable electricity transition. Critical minerals tend to be more common in
renewable electricity technologies than in fossil dependent technologies.

Capacity loss (battery): When the battery ages, it loses its ability charge and discharge as
much electricity as it did when the battery was new.

Degradation (of battery): When more capacity is lost over time per unit of energy charged
and discharged electricity once the battery starts being used.

Depth of discharge (DOD): At what percent the battery is discharged. 100% means a fully
discharged battery, and a DOD of 50% means half of the battery has been discharged.

Life cycle analysis (LCA): An analysis over a product’s life, from cradle to grave, in order to
assess its environmental impact. It is a tool often usen when wanting to compare different
products and decide which of them leads to lower carbon dioxide emissions during its life.

Merit-order (list/effect): The order in which the available power producers will deliver power
that usually depend on their marginal cost. The power production type with a lower marginal
cost is used before power production with a higher marginal cost.

Peak load: Additional electricity that is needed during high demand.
Photovoltaic power station: Can be used interchangeably with “solar park”.

Polarization: A battery that is experiencing polarization will lower the battery’s capacity during
charge or discharge in terms of the amount of electricity that can be charged and discharged.
It is one form of resistance within the battery.

Spot prices: The hourly prices of electricity set beforehand by bidding on the electricity
market.

State of charge (SOC): At what percent the battery is charged. 100% means a fully charged
battery, and 0% means a fully discharged battery.

Svenska kraftnat: Sweden’s transmission system operators, responsible for the national
electrical grid.

Zero marginal cost: For power production technologies, it means that one more unit of
produced electricity does not increase the cost of production.



Abbreviations
Al-ion — Aluminium ion battery

BESS — Battery energy storage system

EOL — End-of-life

EV — Electric vehicle

FR — Frequency reserve

GWh — Gigawatt hour

HESS — Hybrid energy storage systems

kWh — Kilowatt hour

LCA — Life cycle analysis

LFP — Lithium iron phosphate battery

LiB — Lithium-ion battery

MFRR — Manual frequency restoration reserve
Na-ion — Sodium ion battery

NC — Lithium nickel cadmium battery

NCA — Lithium nickel cobalt aluminium battery
NMC — Nickel manganese cobalt oxide lithium-ion battery
PS — Peak shave (or energy shift)

PV — Photovoltaic

TSO - Transmission system operators

VRFB — Vanadium redox flow battery



1. Introduction

The Swedish electricity network is facing large challenges the coming decades. According to
Svenska kraftnét’s 2021 projections (Sweden’s transmission system operators, responsible
for the national electrical grid), the expected use of electricity in Sweden could reach 290
TWh per year by 2045%. This is about twice the amount of the electricity use today, which is
140 TWh per year. The massive increase in electricity use is mainly due to the projected
electricity use in the Swedish industry, the increasingly electrified transport sector, and larger
server halls installed due to digitalisation. The projected scenarios are based on what the
larger electricity consumption actors have estimated to require for the initiative by the
Swedish government for Fossil Free Sweden (Fossilfritt Sverige, 2023) and national net zero
greenhouse gas emissions by 2045. In order to succeed with this large expansion and reach
the ambition of a fossil free society, a greater amount of electricity would have to be
produced and stored in Sweden. (Svenska kraftnat, 2021a)

One fast, cheap, and sustainable way to expand the power produced is by constructing wind
and solar-powered parks. Electricity produced by the renewable electricity (not counting
hydro- or biopower) sources in 2022 in Sweden were 2 TWh from solar and 33 TWh from
wind (SCB, 2023). This is clearly not enough power to reach 290 TWh annually before 2045.
However, the electricity delivered from solar and wind power are somewhat random during
the 24 hours of the day, while the need for power is more predictable and constant. To help
prevent this discrepancy in a future power grid containing more renewable electricity, energy
storage is needed. Svenska kraftnét describes the great need for electricity expansion, but at
the same time there is a lack of a larger plan for how energy storage systems could be
utilised to meet these challenges. Therefore, the main contribution this master thesis could
bring is insight to the challenges Sweden face when moving towards a higher share of
renewable energy on the electricity market.

To help with grid stability, battery energy storage systems (BESS) are suggested by Svenska
kraftnat (2022) as a possible option. Hence, the electrochemical energy storages are in focus
in this study. Electrochemical energy storages have three main applications in conjunction
with electrical grids. The first is for balancing the electrical grid when there are fluctuations in
the power delivery and normal frequency is no longer upheld. The second is to increase the
safety in the grid by increasing the power reserve. The third is to use storages for peak
shaving, or energy shifting, when electricity supply and demand peaks occur during different
hours of the day, which happens more frequently when the share of power production from
wind and solar power increase on the grid. (Dongqi et al., 2022) (Sun et al., 2023). The first,
balancing the grid, is currently the most common way of using electricity storage. However, it
is a market that will be saturated eventually (Svenska kraftnat, 2023a), even if it is expected
to grow alongside the increasing amount of wind and solar power. That is why the third use
for electrochemical energy storages, peak shaving or energy shifting, will be further explored
here.

Due to the relatively new idea to use BESS’s on the electricity market, the financial
advantage of installing BESS for grid applications has not yet been understood to any great
extent. The economics of the battery are largely impacted by the lifetime, raw material and
manufacturing cost, and the availability. Due to their decreasing prices and improvements on

1 When this article was published, there were already indications that this number might be even
higher (Svenska kraftnat, 2021.).



their energy density, the amount of Lithium-ion Batteries (LiBs) used for BESS applications
are expected to grow. They already account for over 70% of the share in electrical vehicles
(EVs) and BESS applications. (Kim et al., 2022).

In order for investments to be made in electricity storages, the investments have to be
financially viable. The lithium iron phosphate (LFP) battery is the cheapest LiB on the market
and is becoming a more common battery type for larger energy storages (IEA, 2023b). That
is why the LFP battery is the main battery investigated in this master thesis.

1.1. Aim and research question
This project aims at finding a method to model an LFP battery storage system for energy
shifting in the SE3 grid area in Sweden. The battery model should use the storage system in
a way so that the highest income is achieved and thus become a sound investment for a
given case in SE3, Sweden. The company Solkompaniet provided the context for the
research topic, and this project is conducted with their help. The research question for the
project is the following:

¢ Are the Lithium iron phosphate batteries a good investment for energy shifting in the
Swedish electricity grid in terms of cost and battery characteristics?

Hopefully the results from this study will help when it comes to decision making on whether
to invest in battery storage systems for large scale use.

1.2. Assumptions and constraints
In order to determine how the chosen energy storage system is supposed to maximise
income and lifetime, some assumptions and constraints have been made in this project.
These are:

e The technical readiness level for the chosen storage system is supposed to match
the technical readiness level of today.

e The energy storage system in the case is too small to affect the electricity grid in a
way that would change the electricity market.

e The current state of investment costs for batteries are used.

The battery storage system that is modelled is a first life LFP battery. This is then compared
to other storage options: second life batteries from electrical vehicles, other LiBs, and the up-
and-coming technologies of sodium-ion and aluminium-ion batteries. The reason these three
alternatives were chosen for comparison were that they are all more or less technologically
available to use today (IEA, 2023b) (Hwang et al., 2017) (Koh et al., 2021). Other types of
batteries have also been rejected in further analysis in this project since they have either
shown high environmental impact or low material availability (by using critical minerals, which
are often in high demand for renewable power production technologies) in the pre-study.



2. Methodology

In order to answer the research question posed in Chapter 1.1, this study was conducted in
two stages. First, in order to map the availability and characteristics of LiBs as energy
storages, a literature study was conducted. Second, to address research question in full, a
model of how a battery system connected to the electrical grid would operate was made.

The investment calculation of the battery system was made in Microsoft Excel, where the
decision on whether or not to charge and discharge the battery was made through the “If’-
function. The model was divided into two main parts. The first was the running of the battery,
where the purpose was to find the highest income a battery system could make in a year by
continuously charging and discharging the battery. This is indicated as Operational
Expenditure (OPEX). The second part was calculating the investment cost of the battery
system depending on its size. This is indicated as Capital Expenditure (CAPEX). The OPEX
and CAPEX is used to determine if the investment is sound using the annuity method.

2.1. The annuity method
To evaluate whether or not the investment in a battery system is worthwhile or not, the
annuity method was used (Engwall et al., 2020). The annuity method used in this project was
based on the net present value of the investment and is calculated in Equation 1.

NPV =I+axCPV+R=*PV (1)

Equation 1: Where NPV = Net present value, | = Initial investment (negative in this case), a = Annual payment
surplus, CPV = Cumulative present value factor, R = Residual value, and PV = Present value factor.

Where the annuity factor, AF, was calculated using Equation 2.

_ IR
~ 1—(14IR)EL (2)

AF

Equation 2: Here, IR = interest rate, and EL = economic life.

If multiplying Equation 1 and Equation 2 results in a positive value, that means that the
investment is profitable. When comparing two investments, the highest positive value is the
best investment. (Engwall et al., 2020)

2.2. Programming the battery model

The battery model was programmed in a novel way and using a lot of trial and error.
Therefore, no established method was used, but it was all programmed to continuously
answer one main question: should the battery charge or discharge “now”? Following is a
description of how the model makes decisions on whether to buy or sell electricity, and what
variables are considered in the model.

2.2.1. Battery model description

The available in-data to model the battery storage system are the final historical hourly spot
prices of electricity between the years 2017-2022 in SE3. These data were provided by
Solkompaniet (Solkompaniet, 2023).

The model is made to represent an LFP battery in the sense that its investment cost matches
the LFP battery depending on its size. The prerequisites of the model will change depending
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on the conditions of the storage system. But it still “stores” electrical energy, which means its
function is the same, i.e. the model programming would operate the same for any battery.

This project has been conducted together with Solkompaniet. Solkompaniet’'s main interest
for this project was to answer whether investing in a large-scale battery in connection with
their solar park would be a sound investment. The battery system that has been programmed
to try to answer this question is not modelled to be in direct connection with a solar park.
Instead, it is modelled as an individual part, responding to the electricity spot price on the
grid. The reason why the battery model is not “connected” to the park is because the
decision-making mechanism that the park + battery + grid connection would have is the
same as the battery + grid.

Boundary conditions
The model conforms to a set of conditions. These conditions are:

e The initial state of charge (SOC) equals 50% of whatever the battery size is given as.

e The battery only checks the coming two hours average electricity price compared to
the current price.

e The model only calculates OPEX one year at a time.

e The level of degradation of the battery is the same for all SOC’s used.

e The model will not charge beyond the battery’s capacity, nor will it discharge beyond
the battery being emptied.

Variables

In order to calculate the revenue for different battery specifications, the model is made to be
able to easily vary its conditions.

The variables that can be varied in the model are:

e The battery size [MWh]

e Economic lifespan of battery [Years] (this can also be approximated by number of
charges the battery cycles in one year)

¢ Discount rate (% / 100)

e Year of electricity price (2017-2022)

¢ Residual value of battery (%)

e SOC (% / 100)

How the model works for variable costs, OPEX

The variable costs for the model are the costs and revenue of buying and selling electricity,
which is the same as charging and discharging the battery. Charging the battery costs
whatever the price of electricity that hour is. Discharging the battery bring a revenue at
whatever the price of electricity is that hour, minus the loss of electricity after a round-trip
through the battery. The consequence is that in order to earn money by selling the electricity,
the price of electricity when charging has to be low enough to account for electricity in the
round-trip through the battery when it is later sold.

The model is made to compare the “current” electricity price (Hour;) with the average price
over the coming two hours. Basically, the model will compare the rate of change in electricity
price with respect to the hour. The reason two hours was chosen is because it gave the

10



highest revenue after comparing between 1-24 hours in advance. The income of the battery
is also dependent on the duration, or charge/discharge time, of the battery (C-rate). In this
model, the C-rate has been set to 1 (but can be adjusted to study how C-rate affects
income), which means the battery will charge/discharge in one hour. A shorter duration did
not affect the profitability, as the spot prices are set by the hour, and a longer duration led to
lower income. The model will either buy or sell electricity by charging or discharging the
battery depending on whether the price in Hour; is higher or lower than the coming prices in
Houri:1 - Houri2.

The condition that the model bases its decision on whether to buy or sell electricity is
simplified in Equation 3 here to:

If Price; > average price (Price;,; — Price;,,), then sell at Hour; Otherwise, buy at Hour ;.  (3)

The model calculates the four different variables; Buy/Sell, Size, SOC, and OPEX.

e Buy or Sell can assume the values 1, -1 or O.
1 means “sell” or discharging battery.
-1 means “buy” or charge the battery.
0 means neither charge or discharge, and only applies if the price difference between
Hour; and Houri:1 — Houri+2 does not fulfil the condition of selling or buying electricity
at a profit.

e Size means how much is charged or discharged, given in [KWh/h].

e SOC stands for State of charge and is usually given in how many percent the battery
is charged. An SOC of 100% is fully charged, and an SOC of 0% is fully discharged.
In the model it is given as how much energy is stored in the battery at the end of each
hour [kWh].

o OPEX represents the variable costs/revenue each hour. This is later summarised into
total income in one year.

The condition that stops the model/battery from charging or discharging beyond its capacity
is given in Equation (4).

If SOC; + Size ;1 < SOCp,;y, for Sell - SOC;,, = SOC,,;,, else discharge Size or @)
If SOC; + Size ;1 > SOCp,uy for Buy — SOC; 1 = SOC,,,, else charge Size.

Results from the model’s calculation during 3 of June in 2022 are shown in Figure 1. In this
example, the C-rate = 1, which means that the battery is either charged or discharged at the
end of each hour. The following is an explanation of the results during each hour in each
column in Figure 1. Buy/Sell means either buy or sell electricity. When analysing each hour
of the results separately, it can be observed that the condition to buy electricity in Hour; is
fulfilled (Buy/Sell=-1). The condition to buy electricity is fulfilled until Houri.s, but in Houri.s the
electricity is too expensive to buy, but the price is still not high enough to sell at a profit
(Buy/Sell=0). In Houri:7, the electricity price is high enough to sell at a profit (Buy/Sell=1).
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The Size is how much energy is charged or discharged that hour. In Hour; the battery
becomes fully charged (Size=10000) and stays fully charged until the condition of selling
electricity at a profit in Houri.7 is fulfilled (Size=0).

SOC is how much electricity is charged in the battery at the end of each hour. When the
battery becomes fully charged in Hour;, the SOC stays the same until the condition of selling
electricity at a profit is fulfilled in Houri+7. In other words, the SOC is 100% until Houri:z when
the SOC is 0%.

OPEX is how much electricity was bought or sold that hour. The OPEX is negative in Hour;
because the model buys electricity and becomes positive in Houri:7 because it discharges
and sells electricity. As implied in Equation 3, the sum of the OPEX column is always a
positive number. The battery will charge/discharge as soon as the condition of decision-
making in Equation 3 is fulfilled. The battery will not charge and discharge beyond its
capacity, according to the conditions in Equation 4. That is why the results in Buy/Sell
column can change without the Size or SOC changing.

Negative means charging,
which gives negative operational cost (cost).

y/Sell Size SOC  OPEX

Hour i (" -1 ) 10000| 10000, -9917,4
Houri+l| ~—T o 10000 0
Hour i+2 3 ol 10000 o
Hour i+3

Hour i+4 ! 0] 10000 0
Hour i+5 1 0| 10000 0
Hour i+6| —< 0] 10000 0
Hour i+7 ( 1 )—10000 0| 18175,779

~——

"\

Positive means discharging,
which gives positive operational cost (revenue).

Figure 1: Eight hours from the 3™ of June 2022 was selected as an example of what the model will calculate. The
OPEX is based on the electricity price of the hour when the battery was charged/discharged multiplied by Size
and the loss of electricity in the battery’s round-trip efficiency during discharge. The value of each cell is given as
the value at the end of each hour. The Size in each cell is given as the electricity charged/discharged that hour,
and the SOC is given as the capacity of the battery in [kWh] at the end of each hour. In this example, the C-rate
has been set to 1.

When optimising the battery size through Excel’s “Solver” function, it was found that a larger
battery size would always increase the revenue. This does not mean that a larger battery is
necessarily a better investment, as investment cost increases with the battery’s size.

How the model makes decisions on whether to sell or buy

The model continuously compares the change in price from now to the average price of the
upcoming two hours, which means that it is not dependent on the maximum or minimum
price that each day. The model can tell if the price curve has reached an electricity price high
or low enough to sell or buy by comparing the price “now” with the upcoming price, i.e. it
uses the change in the electricity price to decide whether to charge or discharge the battery.
12



This means that it finds, if not the hour that the price is highest and lowest, then the hour next
to it. What the model also does is that it finds smaller fluctuations in the price in that day too,
to buy and sell electricity at a profit. Additionally, there is a condition set to make sure that
the buy and sell cycle is never at a loss, because the lowest sold price is still above what the
conditional limit is for buying electricity. In Figure 2: The figure displays the times where
the model would charge and discharge. Comparing the total difference in price
between the two cycles and the extreme values shows that the model would have a
higher income when cycling the battery twice.Figure 2 and Figure 3, which could be
considered as a “normal” price cycle, the comparison between a model's decision making
model decision on price difference instead of maximum and minimum price is shown. In
Figure 2, the model would cycle the battery twice and therefore earn a total income higher
than just looking at Figure 3. The difference between them is that Figure 2 looks for a high
difference in price change, while Figure 3 only looks at the two extreme values in price that
day.

3rd of June 2022 Electricity prices

Sell 2

Sell 1
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=~ 1000 e
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(w8
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(0]
0 123456 7 8 91011121314151617 181920212223 24
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Figure 2: The figure displays the times where the model would charge and discharge. Comparing the total
difference in price between the two cycles and the extreme values shows that the model would have a higher
income when cycling the battery twice.
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3rd of June 2022 Electricity prices
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Figure 3: The figure displays the extreme values on the 3" of June 2022.

In Figure 4, the electricity price pattern is very unusual to the “regular” cycle, like the one in
Figure 2 and Figure 3. Figure 4 shows that the maximum price came before the minimum
price that day, which again shows why the model profits from finding local extremes by
continuously checking the price change, rather for the extreme values that day?. It is also
shown that by looking at how the price changes, the model will go through three
charge/discharge cycles, even if the electricity price pattern is unusual.

Electricity prices 4th of June 2022

1 b““l\ﬁlximum price
°

L ]
1400 A ® 0
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- 200 v Buy 1 Selll Buy?2 * hd
°
: OXIEO OXR

01 2 3 4 5 6 7 8 9101112131415 16 17 18 19 20 21 22 23 24
Minimum price Hour

Figure 4: The extreme values and the three charge and discharge cycles that the model chose are shown here for
comparison. This would be an “irregular” price pattern, but the model still charges and discharges at a profit. If the

2 To clarify, the model does not calculate the price changes for each day, but only the price change for

the upcoming two hours. In the figures, individual days are selected for easy comparison between
examples.
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model only looked for the maximum and minimum price that day, the maximum price would come before the
minimum, and therefore charge at a loss. Note, the price difference between Buy 1 and Sell 1 is large enough to
make a profit, but it is not clearly visible since the y-axis has a wide price-span in this example.

When looking at individual dates in the model, using the extreme values on a 24-hour basis
(i.e. charging and discharging once a day based on the lowest and highest electricity price)
could bring in a higher income than only looking at the price difference continuously. But from
a manual check (where over 20 days were sampled), this only occurred once. Additionally, if
the electricity prices have a daily pattern similar to the one illustrated in Figure 4, the income
would not benefit at all from only looking at the extreme price values. This is because in the
Figure 4 example, the maximum price comes before the minimum price.

How the model works for investment calculations, CAPEX

The investment costs of LFP batteries vary a lot depending on the source that you use.
Pacific Northwest National Laboratory (PNNL, 2023) had an average investment cost for a
10 MWh battery at 43 MSEK, while the International Energy Agency (IEA, 2023) claims that it
costs about 16 MSEK. Both of these price estimates are considered in the model. By using
the annuity method, the model will show whether or not the investment in profitable.
Furthermore, the cost of investing in an LFP battery is assumed to increase linearly with the
increasing size of the battery in the model. This might not be the case in reality though since
the investment cost also depend on other battery characteristics, like charge/discharge time
for example (PNNL, 2022).

The discount rate and lifetime of the battery system are easily changed in the model to study
the profitability of the system. The electricity price can also be changed between the years
2017-2022.

Regarding the taxes paid for produced electricity, the Swedish Energy Agency stated that a
battery system connected to a solar park does not have a specific tax, but that only the
produced electricity from the solar park does (Energimyndigheten, 2023). That is why no tax
is deducted from the revenue made by the battery but is already accounted for from the
production-side.

Other costs connected to the running of the battery, fixed costs for operation and
maintenance (O&M), were given as fixed numbers in $/kW and the values were taken from
PNNL (2023). As the price was given per year, and the lifetime was considered, it can be
assumed that the number is divided over all the years. The O&M costs might be higher in the
end of the battery’s life, but this still is accounted for as a fixed cost divided over all the years.

Currently, the residual value of the battery is assumed to be zero. This means that there
would be no second-hand value of the battery. The reason why this is assumed is because
the second-hand market of larger battery systems is still too small to properly estimate what
they will be worth once they have come to the end of its first life (Koh et al., 2021). If a
residual value of the battery would be given, the residual value would be accounted for and
divided yearly by the annuity method in the model (Engwall et al., 2020).
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3. Background

In order to answer the question on whether an LFP battery for energy shifting is profitable, a
wide literature review has been conducted. The subjects reviewed here are the electricity
market in Sweden, renewable energy as an electricity source, a little about what the
electricity storage market looks like today in Sweden, the LFP battery characteristics, and
lastly other electrochemical energy storage systems to compare the LFP batteries with.

3.1. The electricity market in Sweden

The electricity price in Sweden is set by the cost to produce the last kilowatt hour (kWh) each
hour of the day to meet the consumer’s demand. The electricity producer that can offer the
cheapest electricity price is selected before the more expensive producers. The electricity
price in Sweden is set by Nord Pool, “elbdrsen” or the electricity exchange market
(Energimarknadsinspektionen, 2021). In order for the electricity transmission system to work,
the amount of electricity consumed has to be produced at the same time. Analysts for the
Swedish transmission system operators (TSO), Svenska kraftnat, have found that the power
supply over the last few years is getting lower (Svenska kraftnat, 2022a).

The Swedish electricity system is divided into four areas, SE1 Luled, SE2 Sundsvall, SE3
Stockholm, and SE4 Malmo. In SE1 and SE2, there is a surplus of electricity production, and
in SE3 and SE4, there is a deficit. This creates a prices difference between the different
areas, and it can be beneficial to invest in electricity production sites in the south of Sweden
where higher income can often be earned per unit produced electricity. Sweden’s electricity
market is directly connected to Denmark, Finland, Norway, Germany, and Lithuania, and
indirectly connected to most of Europe. Because of the connected transmission lines, the
trade of electricity does not favour country boarders. Instead, electricity is transmitted and
traded over electricity areas to where it is needed. (Energimarknadsinspektionen, 2023)
(Nord Pool, 2020)

A short-term analysis of the electricity market in Sweden was published by Svenska kraftnat
in 2022, which covers the years 2022—2026. Since it was published right before the Russian
invasion of Ukraine in 2022, there is no mention of how this would affect the electricity supply
in Europe and Sweden. However, some conclusions from the report can still be relevant for
this study. Because of a planned major expansion of wind power in SE2, there will be a
higher transmission of electricity from SE2 to SE1 than before. This will also be affected by
the planned AC-connection between SE1 and Finland that will transmit electricity outside
Sweden. At the end of the analysis period, it is also expected that more import from Finland
to SE3 will happen. Overall, it was concluded that the risk for power shortage in Sweden will
be low, but a little higher in SE4 in 2025. But again, this was concluded before the war in
Ukraine. The amount of renewable electricity production is also expected to grow. The
expected amount of increased solar power in Sweden is projected by Svenska kraftnat
(2021) in their short-term analysis until 2024. It is based on extrapolated numbers from the
current solar power and is expected to grow from 2 TWh per year in 2022 to 4 TWh per year
in 2026. This may be compared to Germany where the annual solar power is expected to
grow from 63 to 82 TWh per year during the same period. Wind power is expected to grow
from 42 TWh to 50 TWh per year between 2022 and 2026. (Svenska kraftnat, 2022b).

The electricity exchange market is divided in five time-intervals. The interval where
renewables play a larger role are the day head, intraday and the regulating markets. Day
ahead and intraday are for planning the electricity use and production hours before it is used
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(36—1 hour before using) and the regulating market is acting during delivery of electricity. The
day ahead market is based on requests for electricity volumes and prices each hour of the
day. Based on these requests, a supply and demand curve will tell which power sort will be
used to meet the electricity need. The day ahead market is simplified in Figure 5:. The
energy types are arranged after price. The most expensive types are to the right, which
means that they are higher on the merit-order list, and the power supply with the lowest price
are to the left. If this was an illustration of today’s electricity market, energy types like wind
and hydro would be to the left, and energy types like nuclear would be more towards the right
or in the middle. Depending on the power demand, the price is then set in accordance with it,
and the type of energy bought will be selected by the graph. (Brolin et al., 2021)

Price Demand 1 Demand 2

Price 2

Price 1

A9

Volume
Volume 1 Volume 2

Figure 5: In this figure, an illustration of how the day ahead market decides what power supply type that will be
bought is displayed. More expensive energy types are more towards the right, and more inexpensive energy
types are towards the left. (Brolin et al., 2021) The variable costs of renewable electricity sources are lower for
hydro- and wind power, and higher for energy sources like coal and oil. Hydropower can have a higher variable
cost if water is stored for later in a magazine. (Energimarknadsinspektionen, 2023)

The intraday market opens nine hours before the day ahead market closes and can adjust
day ahead trading up until one hour before the electricity is taken from the grid. Today the
intraday market holds a smaller share of the electricity trading than day ahead trading. Its
main advantage is that the predicted day ahead electricity can be adjusted depending on
shifts in weather for example. This is especially important if the electricity system is heavily
dependent on wind or solar power. Between 2013 and 2020 the intraday market doubled
from 1.3 to 2.6 TWh per year in Sweden. This is probably due to the increased installed wind
power. Since the renewable electricity production is generally more volatile, it is harder to
plan exactly how much power these sources will produce. This means that adjustments in
the electricity trade market have to be made closer to the point in time where electricity is
used rather than the day before. In practice, the intraday market grows with the increasing
amount of renewables, as intraday trading is more responsive at shorter time periods. (Brolin
et al., 2021)

Manual frequency restoration reserve (MFRR) is regulating the market during the hour where
the electricity is delivered. This market finalises the price on the balancing market after
delivering electricity. mFRR restores the frequency when the electricity system is disrupted.
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These disruptions can be cause by a difference in supply and demand of electricity or if a
facility or wire is broken. (Brolin et al., 2021)

3.2. Current battery storage services in the Swedish electricity grid

Normal operation in the electrical power system is when the frequency is 50 Hz, and voltage
and power is upheld. When the frequency shift too much, it means that the system is still
functioning, but any additional disturbance will veer off normal operation. Svenska kraftnat
are looking to increase the types of ancillary services in Sweden provided by electricity
storage systems. Quick response times, within seconds, and quick recovery time after
discharge is important characteristics for these electrochemical energy storages. Svenska
kraftnat have especially focused on the ancillary services during normal frequency operation
(FCR-N) and during disturbances (FCR-D). (Svenska kraftnat, 2021b)

A pilot project is running in Sweden from 2020, where FCR-D bidding can be done during all
hours of the day even with a limited electricity storage, and the usual demand on recovery
time does not apply. The purpose is to try more technologies that could support the power
network in Sweden to increase knowledge and liquidity of the market by installing them.
Battery storages are the technologies used in this pilot project. The maximum installed power
will be 60 MW, and since the start of the project, 6 MW was used in the trial (Svenska
kraftnat, 2021b). Nevertheless, this reserve market is limited to a total of about 1 300 MW in
Sweden in 2023, and some of it is already used today. Only about 150 MW of these 1 300
MW are as of today reserved for energy storages, like batteries (Svenska kraftnat, 2023a).
The consequence of entering the ancillary service market is that there is a limit to the
capacity to be installed and in a competitive market this market can quickly be saturated.
This is another reason why it would be interesting to investigate the electricity shift market
instead.

3.3. Electricity price analysis

Over the past decade, the average electricity prices in Sweden have been relatively stable,
with the exception of the year 2022. The average electricity prices between the years 2017-
2022 for each month of the year can be studied in Figure 6.

Monthly average electricity prices in Sweden
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Figure 6: The average electricity price each month in Sweden between the years 2017—-2022 are presented. The
average price all over the country has been used, and no distinction between the different electricity price areas
(SE1, SE2, SE3, and SE4) has been made. (Nord Pool, 2023)
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Even if not the overall prices are easily predicted, by looking closer at the 24 hours of the
day, the price curves become more predictable according to Svenska kraftnat (2022). This is
advantageous because the electricity storage in this case will respond to prices during this
hourly electricity market. This will tell us what hours of the day it is more profitable to charge
and discharge the electricity in the energy storage system. Svenska kraftnat claim that the
electricity prices usually peak between 8:00 and 11:00 in the morning, and again between
16:00 and 19:00 in the evening. In Figure 7, the electricity price patterns in SE3 for a few
selected dates are displayed, to demonstrate the conclusion made by Svenska kraftnat
(2022). The general trend is that the electricity price is much lower during the night with two
price peaks, one in the morning and afternoon. This is natural given the regular Monday —
Friday pattern. This means that no matter the exact price, most money is likely to be earned
through electricity storage or production by selling it during peak hours to the grid and
restoring our energy storage during night.

SE3 Prices January 2023
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Figure 7: It can be observed from the different days, even if they vary in price, that the prices tend to peak
between 8:00-11:00 in the morning, and 16:00-19:00 in the evening. It can also be seen that the prices are lower
from 00:00-6:00 in the morning (Svenska kraftnat, 2022a).

What is important for this case is that the more volatile the electricity price is during the day,
the more money can more likely be earned when selling the electricity. This is shown in
Figure 8, where historical prices from two different years are compared. Here, the volatility in
year 2022 was much larger than in the 2018 example.
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15 May 2018 and 2022
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Figure 8: This figure illustrates the fluctuation in electricity price during the 15" of May in 2018 and 2022. What
can be observed is that the more volatile electricity price market may lead to more income for an electricity
storage system.

By comparing the two dates, the 2022 price volatility would mean that a larger income for an
electricity storage system could be made compared to the 2018 example. A higher volatility
in price is therefore desired when utilising energy storage systems.

3.4. Renewable energy as an electricity source

Some means for renewable electricity production, like wind and solar power, are not
“dispatchable” in the sense that they cannot be utilised when the need for electricity arises,
but rather when the weather allows for it. This means that the output of electricity from wind
and solar power production technologies vary a lot during the day and location, according to
Joskow (2011). Joskow (2011) further claims that the difference between the lowest and
highest electricity price of solar and wind power production can vary up to four orders of
magnitude, due to the large variation in demand for electricity throughout the year. Also, this
electricity is seldom stored in a financially viable way. To better approximate the economics
of these renewable power production technologies, compared to other means for power
production, they should be evaluated on these three parameters. First, the market value of
the electricity that wind and solar power produce. Second, the life cycle cost of the wind and
solar power production technology. Third, wind and solar power production’s expected
profitability. The idea is to use these parameters to properly estimate the competitiveness of
solar and wind power, to help procurement for these sources, and then hopefully give more
of an insight to the issues associated with these means for renewable power production, like
electricity storage (ibid.).

Solar and wind power have different electricity generation patters, as solar generates most
power around noon, when wind is at its lowest and during the rest of the day more randomly
distributed. (L6pez Prol et al., 2020)
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In Figure 9 and Figure 10, the highest production of wind power happens during the colder
and darker months of the year, while solar power operates the opposite way. This pattern of
electricity production could then be assumed to apply for other years, meaning that the wind
and solar electricity production could somewhat complement eachother over the year. The
largest consumption of electricity occurs during the colder months of the year, between
November and March (Nord Pool, 2023).

Solar supplied during 2022 in Sweden Wind supplied during 2022 in Sweden
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Figure 10: How many TWh of electricity supplied by solar  Figure 9: How many TWh of electricity supplied by wind
energy converters each month in 2022 (SCB, 2023). converters each month in Sweden in 2022 (SCB, 2023).

The electricity price will affect the possibility to capitalise on electricity storage systems when
more solar power has entered the market. In Figure 11 it can be observed that the output
electricity between 5:00-8:00 in the morning is high, but the electricity price is lower. For
example, using an electricity storage to sell electricity produced at 6:00, when the electricity
price is higher at 9:00 in the 2022 case, could mean that the revenue from the solar park
increases. This only applies if the later electricity price is high enough to account for the loss
of electricity after a round-trip through the battery and high enough to be sold at a profit
compared to the hour of production. The 2018 example has much less volatility in electricity
price, so a battery storage would be of less interest in this case.
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Figure 11: The solar park electricity output has been compared to the price of electricity during one day in 2018 and one in
2022.
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A storage system would be able to plan the delivery of electricity produced by intermittent
power production sources better. The main reasons why Lithium-ion batteries have become
favourable in the selection of energy storage systems is that the capital costs for these
batteries have decreased drastically over the past decade (Pellow et al., 2020), with the
exception of the price increase in 2022 (IEA, 2023b). Moreover, Wu et al. (2019) explains the
idea behind energy shifting, or peak shaving. It is to be used when power demand is high,
the energy storage can discharge together with the generation of electricity from wind and
solar power production to meet peak load requirements. When conditions are the opposite,
and a lot of electricity is generated but power load is low, the energy storage can then be
used for storing energy until power load is high again. Wu et al. (2019) further claims that
batteries are a very reactive electricity storage system that helps with supporting fluctuations
and keeping stable frequency. When it comes to larger storages that can be used over a
longer time, compressed air storage, and pumped storage can be used as they have higher
storage capacity and longer cycle lives. (Wu et al., 2019)

3.5. Cannibalisation effect

The “cannibalisation effect” is caused by the merit-order effect. The merit-order effect is how
the price of electricity is set by the supply and demand on the electricity market. The
cannibalisation effect is when renewable energy sources penetrate the electricity market and
lower the value of itself. The merit-order effect has been closely analysed in electricity
markets where a higher share of intermittent renewable power production technologies has
entered, in places such as Texas, Germany, Italy and Spain. The analyses show that an
increase of intermittent renewable power production will push the electricity prices down due
to the merit-order, and also decrease the unit revenues and value factors®. This is because
solar and wind power technologies are variable, have a zero marginal cost?, and are
considered non-flexible. Renewables, such as solar, could become more flexible if a suitable
energy storage was installed with it (or by using demand management or intercontinental
connections). This could in turn increase their value in the end and combat the
cannibalisation effect. (Lopez Prol et al., 2020)

It was found by Lépez Prol et al. (2020) that the cannibalisation effect is generally higher for
solar than for wind, because of the high concentration of solar during noon, while wind tends
to be more evenly distributed throughout the day. It was also found that if consumption of
electricity is higher, then cannibalisation effect is lower, and it is increased again when the
penetration levels of wind and solar on the market is higher. Cross-cannibalisation can occur
between renewable sources too, when for instance wind undermines the value of solar on a
shared electricity market, and solar will increase the value of wind when entering the market.
The issue with cannibalisation is that it can lower the value of the solar and wind power
production types, which will lower the interest in investment or create policies to promote
them on the market. In this article, it was also found that more research should go into
mitigating the cannibalisation effect, through storage for example, to not let solar and wind
power production types lose their value. (Lépez Prol et al., 2020)

By modelling and comparing with previous literature to compare their results, Antweiler and
Muesgens (Antweiler & Muesgens, 2021), found that the merit-order effect could to be zero

3 Prices per generated unit of electricity and revenue per unit electricity divided by the average cost of
electricity (ibid.).
4 One more unit of produced electricity does not increase the cost of production (ibid.).
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when the energy system has transitioned to a solar and wind power dependent energy
system. It is therefore suggested that once solar and wind power have the larger share on
the market there will no longer be the same issues related to their low income per unit of
energy (ibid.).

3.6. Current state of energy storage systems connected to the grid

In Sweden, there are not a lot of electricity storage projects that have been published or
carried out. Svenska kraftnét has a battery storage trial project that is still not finished by
2023, and they do not know if they will publish any results from this trial® (Svenska kraftnat,
2023b). One pre-study of battery electricity storages by Vattenfall was also found. Vattenfall
was ordered by the Swedish Energy Agency to do a pre-study on energy storage and grid
flexibility on Gotland in 2018. The results found that the installation of energy storage could
lower the risk of having to disconnect wind power due to risk of over frequency (because of
no transmission to the mainland due to bad cable). The solution was a hybrid energy storage
consisting of supercapacitors and batteries. In this project, the issue of power loss from the
mainland transmission cable was the issue to be addressed. To prevent power loss, an
energy storage was dimensioned to stabilise the frequency network. Vattenfall has used
historical data over three years to dimension the energy storage. They used how much
electricity was transferred to Gotland, the recorded solar and wind during that time, and
electricity consumption. (Lidstrom et al., 2018)

The research question for Vattenfall was to find a way to secure power delivery on Gotland
by expanding their wind power, and batteries were suggested as a way to combat the more
random delivery of wind-power. A number of conclusions could be drawn from this pre-study,
and some were selected that seemed relevant for this particular study. The first was that
energy storage used when a higher amount of solar and/or wind power productions enter the
market will mean that the grid will be more likely to handle frequency irregularities. The
second is that, in the future, the expansion of energy storages could be done by connecting
more storages in series, something that is easier when using batteries. This means that
technically, it is easy to expand battery storage systems if need should arise. (Lidstrém et al.,
2018)

Lindstrom et al. (2018) further recommend 50 MW in power input/output and 25 MWh in
stored electricity for an electricity grid that currently incorporates about 180 MW installed
wind power that in future may expand to 380 MW wind power with an additional 30 MW solar
power by 2035. To give context, this energy storage size is calculated to give support for 1
hour in the study by Vattenfall (2018). This storage size is not dependent on the electricity
production, but more dependent on what kind of support it should provide to the power grid.

3.7. Possible energy storage technologies

In order to provide the grid with storage services, a type of storage system needs to be
selected. Here, different storage systems are compared in three aspects. First, the different
materials and their availability. Second, the environmental and climate impact of the batteries
are considered. Third, price and price development of different batteries are studied. The
most common large-scale electrochemical storage configurations are Li-ion, lead-acid,
VRFB, or Sodium-sulphur batteries, together with a fast response technology, usually
flywheels, but also supercapacitors (Wu et al., 2019). However, given the three listed aspects

5 This is their official information regarding the project after e-mail correspondence with them.
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considered when choosing an appropriate storage system, the storage technologies
compared here are LFP batteries, Sodium-ion batteries, Aluminium-ion batteries, and second
life LiBs from EVs.

3.7.1. Lithium-ion battery trends
Lithium-ion batteries (LiBs) are one of the most commonly used battery types for
electrochemical storage systems. One reason for this is their great energy capacity. While
other technologies for grid support are still closer to pilot project-stage. (Lidstrom et al., 2018)

The International Energy Agency (IEA) released their latest report on the development in use
of electrical vehicles (EVs) in 2023. In the report, it was found that the global need for LiBs
increased about 65% between 2021 and 2022, from 330 to 550 GWh. This was mainly to do
with the increased demand of EVs. In 2022, the demand for batteries became so high that it
could not match the supply, despite a global increase of 180% in LiB production from 2017.
In 2022, the most common LiBs were lithium nickel manganese cobalt oxide (NMC) and
Lithium-ion phosphate (LFP) which cover 60% and 30% of the market respectively. The
popularity of LFP’s have grown despite the energy density per gravimetric unit often being
lower in them compared to NMC'’s (IEA, 2023b). This is however less of a problem for
stationary applications, as volume or weight is not a problem. That is one reason why LFP’s
are becoming the preference for stationary battery usage (NREL, 2022).

When the battery demand increases, the need for critical materials, like lithium and cobalt,
will also rise. In 2022, the lithium, cobalt, and nickel demand in EV’s stood for 60%, 30%, and
10% of the total share on the global market. In 2017, these numbers were 15%, 10%, and
2% respectively. Because of the increased demand of LiBs, finding materials to make the
batteries from will become more difficult. The two important factors that can affect the
material choice are firstly the availability and the secondly cost. If all batteries were the same,
there would be high need for the same material. For example, the increased use of LFP’s
could potentially be in competition with the phosphorus used for agriculture. The cost would
then be affected, as high demand creates higher cost (IEA, 2023a). In 2021, Pacific
Northwest National Laboratory, (PNNL, 2022), projected that the prices of LiBs would go
down to 2030. Since Bloomberg NEF (BloombergNEF) started tracking how the cost of LiBs
have developed these past ten years, the prices have gone down each year, until 2022.
Between the years 2021 and 2022, the LiB prices rose about 7%, to an average of

151 $/kWh. The reasons are mainly due to increasing material costs (BloombergNEF, 2022).
Even so, the LFP battery is the cheapest option on the battery market (Mongird et al., 2020).

3.7.2. Sodium-ion and aluminium-ion batteries
Due to the increased prices and possible material availability issues in the future, other
alternatives than the LFP batteries are considered and reviewed as potential future electricity
storage system solutions. However, only batteries are considered as this is still the main
energy storage system being investigated in this master thesis. Here, the up-and-coming
sodium-ion and aluminium-ion batteries are presented. (Mongird et al., 2020)

When the large increase in LiBs affects the supply of raw materials, it has become more
important to start looking for alternative materials to use in the batteries. Over the past few
years, one type of alternative battery to LiBs have become especially interesting, and that is
the sodium-ion battery (Na-ion) and the aluminium-ion batteries (Al-ion). The main reasons
for their gain in popularity are the advantages of both being made of up cheaper materials
and non-critical minerals. (IEA, 2023a) (Salgado Delgado et al., 2019)
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The Na-ion battery is developed by CATL (Contemporary Amperex Technology Co. Limited)
in China, and costs about 30% less than an LFP battery. The main downside to this battery is
that it has a lower energy density than the LiB (75-160 Wh/kg vs 120-260 Wh/kg). The Na-
ion battery is also behind when it comes to manufacturing. With current plans, manufacturing
is supposed to reach 100 GWh in China, while the current manufacturing capacity of LiBs are
about 1500 GWh yearly. (IEA, 2023b)

When reviewing different types of chemical energy storages, it was found that a lower energy
density (Wh/L) lead to a longer cycle life and a longer discharge time. For example, a flow
cell could have a cycle life of over 13 000 cycles, while a LiB has about 2 000 cycles in its
life. So even if the flow battery has a considerably lower cycle efficiency (60-85%) to LiBs
(75-97%), it will still serve the grid much longer. (Dongqi et al., 2022)

Because of the limited availability of lithium, the current LiB domination on the larger scale
battery market might be short lived. Other alternatives must be found in order to diversify the
electricity storage system industry. According to Hwang et al. (2017), sodium-ion batteries
are seen as the strongest competitor because of the huge availability of sodium and similarity
in electrical storage chemistry to the LiBs. One of the major downsides to the Na-ion battery
is the large size of the sodium atom compared to the lithium atom. A larger atom means
heavier batteries for instance, which leads to issues for Na-ion batteries when competing
with the energy density of the LiBs. This is not necessarily a bad thing when it comes to
stationary storage systems, however, since they will not have to be transported like they
would in an electric vehicle. (IEA, 2023b) (Hwang et al., 2017) The potential to use
aluminium instead of copper as current collectors in the Na-ion anode could both lower the
weight and cost of the Na-ion, and possibly compete with the LiBs energy density too. Again,
this is good for diversifying the materials in the battery industry, since for example common
LiBs like NMC are dependent on copper in the anode and Na-ion is not (Hwang et al., 2017).
The amount of cycles will affect the sustainability of the battery too as it is connected to
lifetime of the battery. The Na-ion will last about 2 000 cycles, while the LFP will last about 2
500 cycles. This means that the LFP in this regard has some advantage in sustainability over
Na-ion (Koh et al., 2021).

When comparing the environmental and climate impact of the lithium NMC and Al-ion battery
Salgado Delgado et al. (2019) found some interesting results. They found that when looking
at the overall production process for one battery, the Al-ion battery had a lower negative
environmental impact in terms of material and manufacturing and recycling of the battery.
But, because Al-ion batteries have lower energy density per Wh/kg than LiBs, more material
was in the end needed to deliver the same amount of electricity as the Li-ion battery. It was
also found that the production phase of the Al-ion battery resulted in the highest global
warming potential overall. This is mainly due to production phase being the most energy
intensive. Further, in the Salgado Delgado et al. (2019) study, it was assumed that
photovoltaic (PV)-panels were used during the use phase, which is why the use phase had
lower negative climate impact than in the Sathre et al. (2015) study. Salgado Delgado et al.
(2019) showed that when PV energy was used for manufacturing, their carbon footprint could
also be reduced 67% for Li-ion batteries and 64% for Al-ion batteries. Further, they found
that not many studies on stationary battery system had been made when writing their report,
and no research had been made into Al-ion batteries life cycle analysis (LCA). When
comparing one Al-ion cell with a LiBs, it was found that Al-ion batteries had two advantages
over them. The first was that Al-ion needs no copper and uses lower carbon-intensive
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material, and overall fewer materials in terms of weight. Second, that the Al-ion battery
electrodes are not coated, which reduces the energy required in the production process by a
lot compared to NMC. However, due to the much lower energy density in the Al-ion battery,
the total assessed environmental performance is lowered twelve times compared to NMC
according to the study, because in the end you would need more Al-ion batteries for the
same energy delivery as the NMC. On a cell basis, the Al-ion was estimated by the Salgado
Delgado et al. (2019) LCA to emit 0.7 kg of CO2 equivalents, while the NMC was estimated
to emit 1.3 kg CO: equivalents because of the materials they use (ibid.) (the higher estimate
is because the NMC contains cobalt and nickel, unlike the LFP (Pellow et al., 2020)). But on
a per Wh basis, the numbers are quite the opposite. NMC are estimated to emit 0.25 kg CO
equivalents, and the Al-ion battery is estimated to emit 2.6 kg CO, equivalents. Finally, the
Al-ion technology is still at a lower technical readiness level than the NMC. But, due to much
research and effort being put into the development of Al-ion batteries, they are expected
overtake the current LiB in technical performance per CO- equivalent (Salgado Delgado et
al., 2019).

3.7.3. Second life batteries
Recycling the battery is one option when it has come to the end of its life. This will save
energy, material and water compared to mining new material from batteries. However,
recycling is not always the best option financially. Koh et al. (2021) found that the best
energy storage system is a hybrid storage system that could help regulate different types of
instabilities in a grid. The different qualities, like response time and storage capacity can help
avoid oversized installation of storage systems. In their review, the hybrid storage system
consisted of first and second life batteries, meaning it consist of both new and old
repurposed batteries. These repurposed batteries would in this case be used EV batteries.
This would help lower the investment cost and the environmental impact of the storage
system compared to the baseline, which was a 100% new LFP-battery. It was found by Koh
et al. (2021) that the most financially viable battery was using a 100% LFP battery though
(Koh et al., 2021). This probably explains the homogeneous market electricity storage, and
the reason why most want to install LFP’s.

The number of battery electric vehicles is expected to raise to 44 million in 2030, which will
give room to a very large second-hand battery market, since the battery life in EV’s are
limited. The second-hand market might even be larger than the stationary energy storage
applications available in the future. The idea of using old batteries form electrical vehicles is
explored by Koh et al. (2021) in their review of battery storage systems for future grid
support. BEV-batteries charge up to 80% of their energy capacity at the end of their life
compared to when they are new. This means that they could be used for stationary
application that does not have the same space and weight limitations as in a vehicle. In the
study that Koh et al. (2021) made, they assumed that the second life batteries mainly come
from old BEV’s, and that they are LFP batteries. The second life LiBs might last for as long
as 30 years. (Koh et al., 2021) In their review, Koh et al. (2021) looked at the potential of
using a hybrid energy storage system (HESS) that could potentially be more economically
and environmentally more sustainable than using just one type of battery for the whole
system. They also found that the second life batteries had lower impact in their
environmental indicators. (Koh et al., 2021)
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3.8. LFP batteries as storage systems

After comparing different possible electrochemical storage systems, the one technology that
was deemed the most promising was the LFP battery. Mainly, because it is the cheapest, a
technologically available option for energy storage today, with relatively high energy density
and long cycle life (Severson et al., 2019) (Mongird et al., 2020). Here, a deeper look into the
technological characteristics of the LFP’s was made.

One of the most important aspects to consider for a battery before investing in it is the
lifetime of the battery. Kim et al. (2022) made a study where they compared the degradation
(capacity loss after use per unit of electricity charged and discharged) of LFP, NMC, NC and
NCA batteries when these were used as EV batteries, for peak shaving, and for frequency
regulation. They found that the LFP battery overall degraded the least for all applications.
The main contributors to the degradation are high operational temperatures and wide State
of charge (SOC) ranges. A wider SOC range means a larger share of the battery’s storage
capacity is used, and an SOC of 0—100% means that the battery is fully charged and
discharged. Interestingly though, in this test the LFP battery always had the same per energy
unit capacity loss of about 3% no matter the SOC over the 15 months. But the degradation of
a full battery life would be more relevant to this study. When the tests were run for peak
shaving application the capacity loss was generally higher, but this was again in a lower
extent for an LFP battery. It was also confirmed by Mishra et al. (2020) in a 10-year
simulation, with one charge cycle a day, that the LFP lasted longer than other nickel-based
LiBs. Kim et al. (2022) further describes that the reason why peak shaving leads to higher
capacity loss is that this type of battery usage patterns are generating higher temperatures,
which is one of the main contributors to degradation, and that more stress and higher
reactivity is inflicted on the material. This was also earlier confirmed by Severson et al.
(2019) that said that a higher C-rate could increase the battery’s temperature by 10 °C. The
LFP battery still has better capacity compared to other LiBs per battery cell unit after the test
period. But when Kim et al. (2022) compared on a per electricity discharged unit, the amount
of electricity discharged from an LFP is over the test period 25% lower than for the other
LiBs. The reason is the different performances and energy densities between the four
batteries tested. The degradation of LFP was also more linear, at least at the beginning of its
lifetime, than the batteries with nickel. When comparing capacity loss per discharged energy
for different battery use patterns, it turns out that peak shaving has the highest loss, EV
batteries have the second most lost, and frequency regulation is the application with the
lowest capacity loss (ibid.). Kim et al. (2022) and Mishra et al. (2020) also found that the
depth of discharge (DOD) has very little effect on the lifetime of the LFP, especially
compared to the two NMC’s. A DOD of 100% means the battery is fully discharged. Further,
Mishra et al. (2020) found that battery oversizing can help prolong the lifetime of the battery,
but that the investment cost of the battery will be higher.

Another main contributor to shortening a battery’s life is the number of charge and discharge
cycles it performs. Mishra et al. found in their battery simulations that peak shaving causes
the LFP to reach end of life (which is defined as 80% capacity per energy unit left) after 2.5
years. After 5 years the remaining capacity was 70% and after 10 years it was about 55%.
This is however much better than its nickel-based counterparts that reached their End-of-life
(EOL) in under a year. These conclusions are the same as in the Kim et al. (2022) article.
Finally, they sum up that peak shaving (PS) with full charge and discharge and high ambient
temperature is very harmful to the lifetime of batteries. They compared the degradation
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speed between three different climates in the US. In the warmest climate (desert), the battery
degraded a lot quicker than in the colder climate (average temperature of 6 °C) (Mishra et al.,
2020). Which in this case means having the battery in a colder climate like Sweden is not
necessarily bad. The LFP was affected by temperature the least, both in warmer and colder
climates, compared to the other LiBs tested. Contrary to this, Choi et al. (2021) describes
that lower temperatures will also lead to higher polarization, which will impede the use of the
battery’s full capacity in terms of electricity charged and discharged. They do not specify
whether this applies to LFPs, only that it affects LiBs overall, and they do not specify what
temperatures this statement applies to. (Choi et al., 2021)

After measuring the capacity of LFP batteries after hundreds of cycles and different SOC
ranges, Jiang et al. (2013) confirmed what Kim et al. (2022) and Mishra et al. (2020) found.
Operating in a medium SOC range (20-80% of battery energy capacity) is better than using
the full SOC range (0-100% of battery energy capacity). The batteries that are operated at
the ends of the battery experience a lot more capacity loss than the middle range operational
schedules, which will make the battery last longer. The increased capacity loss was found to
be due to the reactions between electrolyte and electrodes, and the structural change in the
electrode’s materials at the end of the SOC range. Unlike the previously mentioned studies,
Jiang et al. (2013) found that the SOC does have quite a large impact on the lifetime of the
batteries than what Kim et al. (2022) and Mishra et al. (2020) claimed. Jiang et al. further
concluded that a medium operating range of the LFP will prolong its life. (Jiang et al., 2013)
However, these studies were made almost 10 years apart, and this time span could have an
impact on the battery performance as the LFP industry has grown since the Jiang et al.
(2013) study.

Wang et al. (2022) also found that the degradation due to a wide SOC range was much
faster at elevated temperatures. The main difference that Wang et al. (2022) found compared
to Mishra et al. (2020) and Kim et al. (2022), was that operating in a mid SOC-range would
lead to a significantly lower degradation. According to Wang et al. (2022), cycling LFP’s at
90% DOD 200 times affect the lifetime more negatively than cycling the battery 2 000 times
at a 10% DOD. They also found that operating at 50% DOD and 1C could increase the
amount of life cycles to 4 000 (Wang et al., 2022).

Finally, the C-rate of the battery will also affect the lifetime of the battery. In general, a higher
C-rate would shorten the battery’s life, but exactly to what extend can be discussed.
According to Wang et al. (2022), the answer to this question is not that simple. The LFP’s
show in general that a higher C-rate shortens the lifetime of an LFP battery, but by how much
is not clear. From one study, they found that only using a DOD of 50% could make the
battery using 1C discharge rate would reach EOL at about the same number of cycles as
PNNL (2023) claims. Moreover, Wang et al. (2022) observed when the C-rate is low, around
and under 1C (charge/discharge in one hour), the degradation speed is linear in its relation to
the C-rate.

Overall, there are some contradictory results found when studying the most important
parameters that affect the lifetime of an LFP. But to summarise, a smaller SOC range, lower
temperatures, and lower C-rate leads to a longer battery life.
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4. Results

The results section attempts to answer the question of whether or not the chosen battery
system is profitable to use for peak shaving in the SE3 electrical grid area. The factors
affecting the battery model, and therefore the investment cost, when answering this question
are presented here. The investment calculation is based on current installation costs for LFP
batteries and electricity spot-prices from the past six years (2017-2022) in SE3. The hourly
historical spot prices for electricity in the model were provided by Solkompaniet (2023). More
in depth about the constraints and decision-making of the battery model can be found in
Chapter 2.2.

4.1. Electricity price

When electricity price peaks are high and frequent, the battery would provide a higher
income, and affect the investment cost. The investment cost is increased because more
fluctuating electricity price leads to buying and selling electricity more often than if the
electricity price fluctuated less. This will in turn mean that the battery will go through more
charge cycles in a shorter amount of time and would therefore have to be replaced faster.
The affect fluctuation has on income was described in depth in Chapter 3.3. This
phenomenon would explain why the different years has great differences in income, see
Figure 12. It can be observed that largest income was made in 2022, and the lowest in 2017.
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Figure 12: The total income from the battery model between the years 2017-2022 are presented. The income is based on a 10
MWh battery, a C-rate = 1, where it is assumed that no capacity has been lost in the first year of operation.

In Figure 13, it is shown how the model operates one day in 2017 and one day in 2022
based on how the electricity price changes. In the 2022 example, the fluctuation in price is
much larger and frequent than in the 2017 example. This phenomenon would explain why
the income is higher in 2022. In Figure 13, it is also shown that more than one price peak can
exist in one day. If it does, the model detects this, and will fully charge and discharge no
matter the time, but rather if the price is right. In this example, more income can be made in a
day with several high peaks and low points as in the example from 2022, both because more
electricity is charged and discharged in several cycles and because a higher price difference
will allow for more variable income per cycle. Further, this means that some days, the battery
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might charge and discharge two to three times in one day, and some days it will not charge
at all. However, this can in turn make the battery degrade faster (PNNL, 2022).
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Figure 13: In this example it is shown that the battery can be cycled multiple times in a day when the price is volatile, which can
contribute to higher income. 2022 was probably a year with many strong shifts in price and/or large difference between highest
and lowest price, as shown here

What the results from Figure 13 show is that a battery storage is more likely to be profitable if
the electricity prices need to be volatile with peak-prices being relatively common. These
types of electricity price-patterns are expected to be more common in the future due to the
increase of non-plannable electricity producers in the Swedish electrical grid (Sun et al.,
2023).

4.2. Battery investment cost

The price of the battery storage system installed can vary a lot, and this will greatly affect
whether or not the battery is a profitable investment. The investment cost is affected by four
parameters, all of which are closely interconnected and affect the cost and revenue
differently. These parameters are the degradation of battery, the SOC range used when
operating the battery, the number of battery charge and discharge cycles, operating
temperature, and battery size. A faster degradation of the battery’s ability to store electricity
will shorten its lifetime and lead to more batteries replaced per year then when the lifetime of
the battery is longer®. The best way to avoid fast degradation, according to (Kim et al., 2022),
(Mishra et al., 2020), and (Wang et al., 2022), is by lowering the SOC, C-rate, operating
temperature, and number of charge and discharge cycles of a battery. However, the results
from the battery model show that a high SOC, a high C-rate, and many life cycles is precisely
what will lead to a higher variable income. These parameters will all be broken down and
analysed separately.

6 The battery’s lifetime is by definition reached when 80% of electricity storage capacity is left. This
does not mean that the battery cannot be utilised beyond this point, for stationary storage for example.
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Notably, it was found that an increased battery size would lead to a higher annual income.
However, the increased investment cost that a larger battery would mean may not be linear
in relation to the size, which it currently is in the model. This means that there may be an
optimal size of the battery in relation to its investment cost, but this would have to be
investigated further since the price profile of the LFP’s vary very much (PNNL, 2022) (IEA,
2023a).

4.3. The state of charge

The revenue changes when the battery uses different State of charge (SOC) ranges. When a
lower SOC is used, for example a cycle with 20-80% charge of the total technical charging
capacity, it would extend the battery’s life compared to for example 0-100% SOC. But a
lower SOC would lead to less revenue each year. To compensate for the loss in revenue, a
larger battery could be installed. The downside to this is that a larger battery with a lower
SOC range might last longer but would instead increase the investment cost in the battery.
An SOC would have to be found where the batteries would make the highest income in
relation to it size. The comparison of the income made between a battery that uses an SOC
range between 0—-100% and one that uses 20—80% is made and shown in Figure 14. In the
diagram, it is assumed that each year has the same electricity price pattern (baseline is the
year 2022). The income loss is based on the percent in capacity per discharged electricity
unit lost from simulations done by Mishra et al. (2020) up to year 10 of an LFP battery. To
clarify, this does not mean that the LFP battery would necessarily last ten years, it is only a
way to illustrate how degradation would affect the revenue from the battery when using
different SOC ranges. This yearly capacity loss has been removed from the total income that
would have been made if every electrical price year was the same as in 2022 over the ten
years. This is to illustrate how degradation of the battery system due to different SOC ranges
would affect the income over the years.
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Figure 14: The data is based on the capacity loss for LFP’s when operating at the two SOC ranges compared in the Mishra et
al. (2020) report. The income is removed from the capacity loss projected in the first 10 years. All of the years have a baseline
of the year 2022 in electricity price.
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In Figure 14, it is observed that even if the lifetime is prolonged due to lower SOC range, it
still does not cover for the loss in income that a smaller SOC would result in. Operating at a
higher SOC for an LFP battery is therefore more financially viable in this case.

4.4. Lifetime of the battery

More battery cycles and longer lifetime mean a more profitable investment because the
annuity method accounts for the investment’s lifetime in its investment calculations. More
details about this can be found in Chapter 2.1. However, determining the lifetime of a battery
is difficult. Usually, it is said that a battery has reached its end of life when only 80% of its
electricity charge capacity remains. This is when an EV-battery would be changed for
example (Koh et al., 2021). For peak shaving this may not be an issue though, and the
battery could be utilised beyond 80% capacity loss, but at a lower income each year. The
reason why a battery storage system could potentially be used beyond the 80% capacity loss
is that they do not have the same high demands when it comes to range and high
performance as an EV battery would. EV’s would have to have a battery capacity range that
would take the passenger far, and therefore a low capacity would not be desired. The lifetime
of a battery can also be defined by the number of charge cycles. According to PNNL (2022),
an LFP battery will be able to reach 2 400 charge cycles before reaching a capacity of 80%.
The battery model can calculate how many cycles the battery would charge and discharge
for each year and then estimate the lifetime of the battery based on the number of cycles.
Since the investment costs are connected to the lifetime of the battery in the annuity method
calculations made in the model, this becomes interesting. It was found that the longer the
lifetime, the better the investment. The six electrical price years were compared based on
lifetime and the income made each year. The results can be seen in Table 1.

Table 1: The lifetime that each electrical price year would yield is shown, next to the income that would have been
made that same year according to the battery model. The income is based on the first year of the battery’s life, i.e.
the maximum income to be made by the battery system yearly. However, this would be lower each year in reality
due to electricity storage capacity loss. The lifetime is based on how many years it takes to reach 2 400 battery
cycles.

Year Lifetime [years] Income [MSEK], SOC 0-100%

2017 4.7 0.16
2018 5.0 0.24
2019 5.0 \ 0.21
2020 3.5 0.47
2021 3.6 \ 0.71
2022 3.0 3.69

The results in Table 1 shows that a longer lifetime generally means a lower income each
year, and the year with the highest income has the shortest lifetime. As a reminder, the
lifetimes in the model are estimated to have a remaining capacity of 80%, but this is not a
definitive stop to the battery’s life. The lifetime comparison has been made mainly to
compare how different electrical price years affect the lifetime of the battery. According to the
model, the battery would only be a sound investment for the year 2022 if the lifetime is five
years and the same income would be made each year, which is impossible in real life due to
the electrical charge capacity loss. At the same time, the number of cycles from PNNL (2020)
indicate that if the battery was this frequent in cycling it would only last three years. Hence,
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the number of cycles affect the income in the way that more cycles will mean more money
earned’, but at the same time shorten the battery’s life and increase the investment cost.
However, if the battery’s life is defined differently, for example if End-of-Life is reached when
electricity storage capacity is at 70%, the lifetime would be prolonged. According to Wang et
al. (2022), a battery running at 50% DOD and 1C would last at least 4 000 cycles in that
case. This would mean that the income in the later years would be lower than when capacity
would be 100%, but some income would still be made. Ideally, the optimal number of cycles
compared to how many years the battery would last would be found but this would need
further investigation.

For a battery that is used for peak shaving (PS) the amount of full charge and discharge
cycles are many, and in the report by Mishra et al. (2020) the battery for PS performs one full
cycle each day. The model does not follow this even distribution of cycles though. It charges
and discharges when the electricity price conditions of the model have been met, and
sometimes it does not charge or discharge one single time in one day, and some days it
performs up to four cycles in one day. However, the difference though is that the model in
this thesis can change the operational conditions, like the SOC or DOD. In the Mishra et al.
report, the battery is fully charged and discharged.

4.5. C-rate

The speed at which a battery will be charged and discharged can be changed. How this
affect the income in the battery model can be studied in Figure 15.
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Figure 15: The difference in income depending on the C-rate can be observed in this figure. It is based on the first year of use if
the baseline was electrical price year 2022 and no capacity was lost during this year of use.

It is observed in Figure 15 higher C-rate means larger income, according to the battery
model. This is probably due to how the electricity price peaks looks. A price peak does not
usually last more than four hours, but the absolute highest price is only reached one hour.

7 This is not the whole truth though since the difference in lowest and highest price during charge and
discharge also affect the revenue.
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This means that if the battery is discharged over a longer time, the price will have the time to
drop. If the C-rate instead is 1, where the battery is fully discharged during one hour, the
most income can be made during the hour with the highest price. The same goes for the
lower price range. The lowest price might be found in one hour, while continuing to charge
after this hour means charging at a higher price for a C-rate of 0.5 or 0.25.

Like the other parameters, number of battery cycles and SOC range, the C-rate will affect the
degradation and investment cost of the battery. A higher C-rate will degrade the battery
faster. It was found that the investment is more profitable if the battery’s life can be prolonged
as long as possible, according to the model investment calculations. But the more noticeable
degradation does not happen until the C-rate reaches about 2C according to Wang et al.
(Wang et al., 2022), which is good in this battery model case where the C-rate never
exceeds 1.
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5. Discussion

The purpose of this study was to determine whether an LFP battery storage system would be
a profitable investment when using it for energy shifting. As can be seen in the results,
Chapter 4, in short, they show that investing in an LFP battery today for a solar park in SE3
in Sweden would not be a profitable investment given the constraints and data used in the
battery model. The results were found both through modelling how the battery would operate
and comparing those results with the technical specification for LFP batteries found in the
literature study. But there is more to it than that. Here, the parameters affecting the
profitability will be discussed, and what should be further studied in order to perhaps make
the battery storage system profitable in the future.

Even though the LFP battery seems like the best option in many aspects, like its low price
compared to other batteries and relatively good retention of capacity, the electricity market
and its price pattern will ultimately decide whether it will be a good investment. The highest
income was made in 2022, when the price of electricity was high and volatile. The problem is
that the electricity prices cannot be predicted from year to year, so it will be very difficult to
know in advance when the price will be volatile. This contributes to large uncertainties in the
model result when it comes to analysing the battery systems profitability, since only historical
electricity prices can be used. However, it is said that when renewables like solar and wind
have a higher share on the market that the electricity prices will generally be more volatile
(Sun et al., 2023). So, the likelihood of more volatile prices may be increasing, and therefore
so will a chance for higher income from storage systems for energy shifting.

The most difficult aspects to consider when analysing the profitability of the battery electricity
storage system are the many battery characteristics that cause trade-offs in the battery’s
performance. The battery would be a profitable investment if the installation cost was low and
yearly income high. But the characteristics that increase the yearly income, like a high C-
rate, many charge and discharge cycles, and high SOC range, are all what increases the
investment cost because they all degrade the battery faster. While what lowers the
investment cost because it prolongs the battery’s life, like smaller battery size, small SOC
range, and few charge cycles, all decrease the yearly income.

A more planetary sustainable battery choice is difficult to make since it depends on what
environmental impacts you focus on, and sometimes there are trade-offs between the
different types of environmental impacts. For example, a Na-ion battery that uses less critical
minerals would be less environmentally harmful in the sense that it does not demand
materials in short supply. At the same time, Na-ion batteries have shorter lifetime and lower
energy density at its current technological level, which in the end means that more material
would be used to produce the same amount of stored energy compared to LFP’s. Therefore,
it is difficult to tell which battery is the less environmentally harmful, it depends on what
resource you want to save. The comparison between battery types is also a way to challenge
the idea that LFPs are the only way to go when it comes to battery storage systems, and to
discuss whether it is actually the best option to have such a homogeneous battery market
that we have today (IEA, 2023a). Even if this study has found that LFP’s are the best option
today, this could change if the LFP battery price keeps increasing, or if other battery types
that uses less critical minerals for example are improved technologically to challenge the
performance of LFPs (ibid.).

How the model can be improved
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There are still improvements that can be made in the model. As of now, the model will sell
and buy electricity as soon as the conditions are fulfilled. This means that in some cases, it
will be more favourable to hold off a full discharge of the battery for an hour or so, instead of
as soon as possible. In this way, an increase in income would have been achieved. This is
because the model only compares the average price of future prices, meaning that it will not
check for exactly which hour of charge/discharge that would actually lead to the highest
income. Precisely how much this would change the results is not determined at this time.
This improvement could probably be done through the “Solver” in Excel. However, that code
would require a considerable amount of time to program beyond what has been possible to
achieve during the work with this thesis.

Another improvement that can be made is to further analyse how a battery beyond the
defined EOL would operate and how much income it would gain. According to the results
from the model, together with conclusions drawn for PNNL (2023), Mishra et al. (2020) and
Kim et al. (2022), the lifetime of an LFP battery was somewhere between three and five
years for energy shifting. This end of life is reach after 20% capacity loss but could still be
utilised even if it is most often defined as spent by that point. However, this would mean that
at the end of its life that the battery will be charging less electricity as it has less capacity to
store the electricity.

The investment calculation is done by using the annuity method. At this time, the model does
not show that installing a battery storage system of this size is profitable. However, a case
when the electricity would be coming from the solar park, which the model would interpret as
“free” electricity, is not applied. For the battery-park connection, capacity constraints would
need to be considered, both for the battery, and for the park-to-grid electricity connection.
Optimising the battery size with how much electricity can be installed to the local grid could
give different results in terms of battery profitability. When capacity constraints on the park-
grid connection are not considered, this could also mean that the PV park would be
generating less money if it were to run together with the modelled battery electricity storage
system. What is important to highlight here too, is that the “free” electricity is either sold to
the grid at the moment of production or stored for later. So whatever the solar powered
electricity is worth “now” versus “later” is always a comparison that has to be considered, to
make sure it is sold at the highest revenue.

The electricity price in the battery model uses historical prices. In reality though, the exact
price would not be known beforehand. Despite this, the price on the electricity bidding market
is still set only hours before the time of use on the intraday market. This would be enough
time for this battery model to react to fast price changes, even up to two hours before time of
use. This means that the model is reactive, rather than dependent on actual price. This is to
the models’ advantage since fast changes in price will be more common when more
unplanned renewable energy comes to the market, and the intraday market is expected to
grow (Brolin et al., 2021). However, there is always another calculation after the use period in
case the need was not exactly as predicted, which means that even a close to use reactive
model would still have the price changed somewhat.

This battery model is based on the assumption that this electricity storage would not affect
the electricity price on the market, because it is one small battery compared to the total

amount of electricity being produced in Sweden. But if the share of intermittent renewable
electricity grows, so will probably the amount of energy storage systems. This means that
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enough installed batteries, or other types of energy storage could help shift the price of
electricity (Lépez Prol et al., 2020). This is similar to how hydropower is used as storages
today, where they save some of the water to be able to sell it at a more profitable price when
electricity production is lower (Energimarknadsinspektionen, 2023). When talking about solar
and wind power production, this energy shifting mechanism is probably one of the best ways
to combat the less favourable prices possibly caused by the cannibalisation effect when a
larger share of solar and wind power would enter the electricity market.

The model could be improved by incorporating the optimal charge and discharge cycles
compared to the number of years the battery would last.

The model does not consider how the C-rate affects the lifetime of the battery. However,
since the battery was found by Wang et al. (2022) not to degrade significantly more until the
C-rate reached around 2C, the degradation would not affect the results too much when
comparing a C-rate of 0.5 or 1 for example. Another factor that has not been discussed at all
is the temperature. Elevated temperatures are one of the main reasons why a battery
degrades. (Wang et al., 2022) However, since the battery would be installed in Sweden, this
is deemed as less of a problem here than in countries with a warmer climate for example.

Recommendations for Solkompaniet

Solkompaniet produces renewable electricity today from solar parks. By entering the energy
storage market, their renewable electricity could potentially be used for other times during the
day other than when the sun shines the most. One way of doing this could be through energy
shifting, where the battery system reacts to the market prices and stores energy for later in
the day when demand and price is higher. However, after studying the currently most
promising battery technology for this, the results in this master thesis conclude that installing
an LFP battery storage system for this purpose is not profitable.

Other options available, that would be interesting to look at when it comes to energy storage,
is long-term storage, where technologies like hydrogen or pumped water storages may be a
more viable alternative. These types of storages might be interesting as they can store
energy for a much longer time, to when the sun does not shine as much, and prices are high
for example. This might be more relevant when looking at an electricity system where the
share of intermittent renewables is higher than today too.

The other interesting storage option would be the type that is most commonly used today for
BESS, and that is the frequency response technology. As mentioned previously, this is a
market that may will soon be saturated, but in this early stage of energy storage development
and use, this might be the only viable investment option.

Short-term available options could be interesting as well. The main issues with old EV
batteries though are that they have still not yet reached the second life market, because their
first life market is still very young. As for the sodium-ion batteries, they are mainly
manufactured in China, and at a significantly lower scale than LiBs.

Looking ahead, battery prices have gone down over the past year (except for a smaller
increase in 2022) and technology development in this area is booming. Therefore, the
requirements that the model reveal in order for the battery storage system to be profitable for
energy shifting, like a longer lifetime and/or lower investment costs, may be met in future.
Unfortunately, according to this study, these requirements are not yet met.
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Modelling the FR income would mean a different programming for the battery model, but
looking at the lifetime and how that affects the investment cost, FR is probably the best
option for LFP batteries in larger scale for now. This is also based on the fact that Svenska
kraftnat are looking to utilise BESS for exactly this reason. Unfortunately, breaking into the
energy shift and peak shaving market will probably still take some time according to what
was found in this study.

Future outlook

Renewable energy sources are often seen at as the solution to a lot of our climate-related
problems. However, the leap that the energy system would have to take in order to get to a
level where climate change is limited in accordance with international goals are usually not
described in concrete terms. Energy storage systems are instead mentioned as a solution for
the future. Svenska kraftnat (2021) are suggesting in their larger system development plan
that Sweden will need to increase the flexibility in the grid through storages, where battery
systems could be an important part. However, after modelling how the most promising
battery system technology on the market would operate if installed today, this vision is hard
to fulfil through rational investments today. Therefore, it has been found that the outlook by
Svenska kraftnét (2021) on Sweden’s future electrical grid might be a little too optimistic
today. However, while the share of renewable energy sources is still growing, there will come
a time where there might be incentive enough to install more large-scale energy storages.
This is due to the cannibalisation effect when wind and solar power enters the electricity
production market and the loss of income that renewable electricity will have if the grid is not
adapted for these technologies. The incentive to install battery storage systems might also
increase if the renewable energy sources are valued for their life cycle costs and potential
income when the energy is stored for later, since some of the power production technologies
that utilise wind and solar power operate in a different way compared to more traditional
electricity production (Joskow, 2011). To help get a clearer idea of what type of storage
system to use for a more sustainable energy system, more studies like this, but for other
types of storages are needed.
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6. Conclusion

Indications from studies by IEA (2023) claim that LFP batteries as large electricity storages
are and will continue to be important for an energy system in transition into becoming more
planetary sustainable. One conclusion that can be drawn from the analysis carried out in this
thesis is that LFP’s do not seem to be ready to utilise for storage systems for energy shifting.
For these batteries to be so, they would need to become a more profitable investment by
technology development that could prolong their lifetimes, or by using cheaper materials and
production cost. Other cheaper alternatives, like second-hand batteries or sodium-ion
batteries, might be on the rise. Still, there is currently neither a large enough second life
market in Sweden to install old electrical vehicle batteries as battery storage systems, nor
enough large-scale manufacturing to provide Sweden with large amounts of sodium-ion
batteries. In addition to this, the sodium-ion batteries will not be of interest until they at least
can match the battery availability and energy density of LFP’s, which they cannot yet (IEA,
2023b). To conclude, it was found that there are still obstacles to overcome before the
battery energy storage systems in any larger scale will be used for hourly electricity shifting
on the Swedish electricity market.
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