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Global warming is increasing pressure on energy production to move towards renewable
energy sources. New, cheap, green energy is driving traditional production methods into a
highly competitive environment, which they may not survive. However, the development of
energy production methods poses problems for balancing production and consumption. Old
power plants can adjust their production when needed, while renewable energy depends on
production conditions. Increased energy production from renewable sources, therefore, needs
adjustability to support it, which could be provided by different energy storages.
The purpose of the thesis is to study the opening markets in the energy transition from the
perspective of industry. Industrial plants already use battery capacity and generators as
backup power. The thesis examines whether it would be possible to utilize this capacity also
in a market-oriented manner and what technical conditions they must meet. In addition, the
thesis examines market participation from a hardware perspective and explores future
investment opportunities.
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Ilmaston lämpeneminen aiheuttaa painetta siirtyä energiantuotannossa kohti uusiutuvia
energianlähteitä. Uusi halpa vihreä energia ajaa perinteiset tuotantometodit tiukkaan
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UNITS AND ABBREVIATIONS
°C

Degrees Celsius

°F

Degrees Fahrenheit

ΣR

All FCR-N activated capacity of balance responsible party multiplied by 10

∆ 1s

Capacity change within first second

∆ 5s

Capacity change at five second mark

∆ 30s

Capacity change at thirty second mark

△t

Change of time deviation during the hour in question

a

Year

A

Ampere

ABS

Excel function for creating absolute value of the number

AFC

Alkaline fuel cell

aFRR

Automatic Frequency restoration reserve

Ah

Ampere-hour

ALK

Alkaline electrolyser

bar

Atmospheric pressure unit

BESS

Battery energy storage system

Btu

British thermal unit

CAES

Compressed air electricity storage

CapFee

Initial capacity fee

CapFeeadj

Adjusted capacity fee

CapFeeh

Capacity fee of the hour

CAPEX

Capital expenditure

CET

Central European time

CFCR

Reserve unit’s FCR-D capacity

CFFR

Capacity to FRR markets

CFFR-GEN

Volume of reserve power

CHP

Combined heat and power

CO

Carbon monoxide

(t)CO2

(Tons of) Carbon dioxide

Ctest

Reserve volume verified by prequalification tests

9

dBA

Decibels (A-weighted)

DCFC

Direct carbon fuel cell

DMFC

Direct methanol fuel cell

DSR

Demand side response

DSO

District system operator

DOD

Depth of discharge

E/P ratio

Energy to Power ratio

Eb

Balancing energy

Edown

Total yearly energy acquired from down-regulation

Edown,h

Energy acquired from down-regulation that hour

eff

Efficiency of the equipment or system

Eh

Activated energy at hour h

ELCOM

Electrical Communication

EPA

The Environmental Protection Agency

EU

The European Union

Eup

Total yearly energy provided to up-regulation

Eup,h

Energy provided to up-regulation that hour

EV

Electric vehicle

FCR-D

Frequency containment reserve – disturbance

FCR-N

Frequency containment reserve – normal

FFR

Fast frequency response

FEC

Full equivalent cycle

FIN

Finland (Finnish version of the term or translation)

FLH

Full load hours

g

Gramm

H

Inertia constant (MWs/MVA)

h or hr

Hour

H2

Hydrogen

Hz

Hertz

HHV

Higher heating value

HVDC

High Voltage Direct Current

ICCP

Inter-Control Center Communications Protocol

10

IRENA

The International Renewable Energy Agency

k

Correction coefficient

LFP

Lithium iron phosphate

LHV

Lower heating value

LTO

Lithium titanate oxide

m3

Cubic meter

MAX

Excel function for highest value

MCFC

Molten carbonate fuel cell

mFRR

Manual Frequency restoration reserve

MIN

Excel formula for selecting lowest value

min

Minutes

MJJ

Additional processing plant of metals (FIN: Metallien jatkojalostus)

MMBtu

Million British thermal units

MTO

Metals recovery plant (FIN: Metallien talteenotto)

NaS

Sodium suphur

NASA

National Aeronautics and Space Administration

NMC

Lithium manganese cobalt

NOx

Nitrogen oxide compounds (Generally NO and NO2)

O&M

Operation and Maintenance

O2

Oxygen

OPEX

Operating expenditure

Pacc

Accepted capacity bid

PAFC

Phosphoric acid fuel cell

Pbid

Capacity bid, made before 11:00am on the previous day

pcof

Permanence coefficient

PEM(FC)

Proton exchange membrane (fuel cell), can also refer to electrolyser or joint
system

PHS

Pumped hydro storage

Ph

Activated power at hour h

Pmax

Reserve unit’s maximum active power

Pmax/min

Either the maximum or minimum power of the Reserve Unit (condition
explained when used)
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Pmin

Current minimum power of the Reserve Unit

Pred

Amount of the deleted or reduced part of the bid

PriceDA

Finnish day-ahead price for the hour

Pricedown,h

Energy price for for down-regulation that hour

PriceEup,h

Energy compensation from up-regulation

PriceEdown,h Energy cost from down-regulation
Priceup,h

Energy price for up-regulation that hour

Pset

Set value of the reserve unit’s active power

PtX

Power to X

PV

Photovoltaic (Solar panels)

r

Interest

RO ID

Regulating object identifier

rpm

Revolutions per minute

s or sec

Second

SOC

State of charge

SOFC

Solid oxide fuel cell

t

Time (year by default)

tm

Lifetime of the equipment in months

TOE

Tonne of oil equivalent

TSO

Transmission system operator

UK

United Kingdom

UPS

Uninterruptible Power Supply

USA

The United States of America

V

Volt

V2G

Vehicle to grid

VA

Volt-ampere

VRLA

Valve regulated lead acid

VRFB

Vanadium redox flow batteries

VTT

Governmental Technical Research center (FIN: Valtion Teknillinen
Tutkimuskeskus)

W

Watt

Wh

Watt-hour
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1 INTRODUCTION

In front of climate change caused by human produced greenhouse gases, nations step up to
tackle this challenge. This desire to limit greenhouse gas emissions to maintain global
temperature rise below 2°C from pre-industrial level has created a great demand for
renewable energy production, especially for wind and solar. With the same agenda old fossilbased sources are beginning to disappear, unable to compete against renewable sources with
price. This in turn causes pressure to create markets that can balance generation and
consumption. Welcome to the era of energy transition. (Ministry of Economic Affairs and
Employment, 2018)

1.1

Background

Energy transition is opening the markets for individual aggregators and energy collectives
so that the invisible hand of the free markets could better guide energy consumption and
production. (Ministry of Economic Affairs and Employment, 2018) Industrial operators have
been somewhat overlooked, since the largest changes will happen within distribution and
end customer side with forthcoming smart grid systems. Within the field of industry, battery
banks and reserve generators are already being used. The main function of this equipment is
to lie dormant until a critical situation arises. Additionally, because such systems must be
available as much as possible with superb reliability, this equipment must be heavily
maintained and renewed. With new markets and eased requirements, it could be possible to
use such equipment for market purposes without jeopardising their main function. This in
turn could reduce the cost of backup power systems. Since distribution network operators
hold a monopoly position, they are generally unable to participate within the marketplace
with batteries of their own, and participation in production and sales is restricted. (Ministry
of Economic Affairs and Employment, 2018) Industrial operators could help with equipment
they already own. Although the demand for flexibility is currently low (Pöyry, 2018), with
increased use of intermittent renewable energy production demanding ever more balancing
power and flexibility (Fingrid, 2016) together with old fossil options, better suited for such
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a task, being decommissioned, industrial operators could benefit from this situation, some
having already taken this opportunity.

Battery prices have been coming down for a while now and even though the speed of the
decline has slowed down, there is still no sign of it stopping. (STATISTA, 2020a) This
creates an interesting incentive to study how lithium technology would suit current markets.
Additionally, it is interesting to study what other options for industrial backup power systems
there might be and if these options could be used within energy transition markets.

“The traditional business model is challenged for several reasons:
•

First, the growth of distributed generation shift electricity feed-in from the
transmission grid to the distribution grid;

•

Second, most renewable energy generation cannot be regulated, thus increasing
the need for flexibility elsewhere in the system;

•

Third, digital technology enables unprecedented information access and control
and management systems down to end user levels;

•

Fourth, new consumption like EVs create both new demand for and access to
Flexibility” (Nordic Council of Ministers, 2017)

With the energy transition, system flexibility requirements will change through
decarbonisation of the electrical system. Biomass and hydropower can help, but also
electrical storages, demand side management and synergy with end use and renewable
generation can be utilised. (IRENA, 2017)
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1.2

Objectives of the thesis

The objective of this thesis is to determine what possibilities new technologies and opening
markets are providing for industrial operators. The focus will be on the market requirements,
and the equipment capabilities to respond to these requirements. The study will focus on the
Finnish industrial operators’ perspective. Therefore, the markets under review will mainly
be Fingrid controlled frequency markets. Only stationary electricity storages are considered.
The data and studies concerning electric vehicles (including V2G) are excluded from this
study. For a real-life case study, data from Terrafame mining corporation will be used.

Research questions
•

What requirements do the markets currently have and how can the current equipment
respond to those requirements?

•

What requirements and changes can be expected in the future, and how future
technologies could respond?

•

1.3

Could relying entirely on newer technologies be a cost-effective alternative?

Structure of the thesis

Chapter 1: Information about the thesis itself. Research questions and methods are
described.
Chapter 2: What kind of market opportunities are there in Finland and what requirements
there are to participate.
Chapter 3: What kind of technologies have been used for backup power use, and what
alternatives could there be in the future?
Chapter 4: Comparison of equipment and markets. How the selected equipment could be
used, and in what markets?
Chapter 5: How Terrafame backup systems could be utilised in the markets? How could
application of new technologies change the situation?
Chapter 6: Conclusions on potential of backup equipment use in markets and how the
change away from the traditional diesel generator change the situation.
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1.4

Methods used

Chapters 1-3 are literary reviews.
Chapter 4 analyses lifetime values of equipment in the markets, with 2020 and 2019 data.
Chapter 5 uses data from Terrafame to determine potential benefits of using current system
in the markets. Best technological solutions and markets are then selected from chapter 4
and these are then compared to the old system costs.
Chapter 6 Conclusions
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2 MARKETS

2.1

Opening markets

Smart Grid working group for the Finnish ministry of economic affairs and employment
(further on referred to as a working group) recommends that customers should have access
to markets, either themselves or through third party called aggregator. Aggregators combine
the consumptions and productions to create larger batches to be used in the market. The
working group also suggests that load control should be removed from distribution network
operators and should instead be replaced with dynamic markets during 2021. In the working
group’s opinion, flexibility services like electrical energy storage should be considered as
competitive business, as this would ensure development and efficiency of such services.
Because network operators have monopoly status, they should not be active in the markets.
Therefore, network operators should not own batteries since that could influence the
flexibility markets. For better management of the bottlenecks of the network, network
operators could still purchase flexibility from the markets for such needs. (Ministry of
Economic Affairs and Employment, 2018)

2.2

Nordic electricity markets

Nord Pool is the largest power exchange in Europe, measured by physical or financial
volume. Nord Pool’s area consists of Norway, Sweden, Finland, Denmark, and Estonia.
(Similä, 2011) Since 2011 to the end of 2020, the Nord Pool market area has expanded to
consist intraday or day ahead trade in Latvia, Lithuania, Poland, Germany, Netherlands,
Belgium, Luxembourg, Austria, France, and the United Kingdom. It is also expanding to
Ireland. Due to Brexit in the beginning of 2021, these services will no longer be provided in
the UK. (Nord Pool, 2020)
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Figure 1. Electricity production prices by source (Fingrid, 2016)

Increased investments and heavy subsidising have increased the production of renewable
energy sources. Since renewable energy production has nearly zero operating costs, it starts
to remove more expensive sources off the markets, as shown in figure 1. The problem with
this is the power balance. The fossil options can be adjusted, where renewables mostly
cannot. Now when the fossil options are being decommissioned, the controllable sources are
getting fewer. This could be a risk for power adequacy. Figure 2 shows the prediction of the
increase in renewable production. (Fingrid, 2016)
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Figure 2. Forecasted change of electricity production in the Nordic markets (Fingrid, 2016)

Nordic power system has lot of hydropower that works well for flexibility purposes.
Nevertheless, this seems insufficient for Finland. There have been events when all marketbased balancing power has been taken into use. After the markets have been exhausted,
Fingrid starts its own generation, which would otherwise be used only in fault situations.
Using more and more Fingrid’s own critical backup systems can increase the risk of
blackouts. The lack of inertia in renewable sources like wind power and PV further escalates
the problem. Now even motors are rotating on their independent frequency thanks to
frequency-controlled drives and as such cannot produce inertia. (Fingrid, Electricity market
needs fixing - What can we do? 2016)

Finland has a strategic reserve to ensure power adequacy. This reserve is a transitional
measure keeping in reserve some of the power plants that otherwise would be
decommissioned. This is not viewed as a long-term solution nor should it create new
generation, but rather give time for the markets to adjust. The price for the use of this reserve
is the highest commercial offer with 10 cents added. This is done in the day ahead market.
The problem with such reserve is that it makes it hard for peak power providers to stay in
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business with intraday markets. This basically distorts markets by creating artificial price
caps. (Fingrid, 2016)

Figure 3. Different markets available in Finland area (Fingrid, 2016)

The electricity markets can be divided to the following basic structure that can be found in
most of the European markets like Nordic countries, Germany, or France.

1.

Financial markets

2.

Day ahead market

3.

Intraday market

4.

Balancing market

5.

Imbalance settlement

(Similä, 2011)
In this thesis, the focus will be on physical markets, excluding the financial side. The markets
to focus on will include Nord pool day-ahead (Elpot) and intraday (Elbas) and Fingrid
operated markets.
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2.3

Day ahead markets (Elspot)

The day ahead market is the largest of the electrical markets in Nord Pool. This is where the
spot price for each hour of the following day will be determined. The price is determined by
the laws of supply and demand, similarly to how the traditional stock market works. Offers
can be placed until mid-day (CET 12:00) of the previous day. The area and system prices
are calculated based on these bids. The system price is a crossing point of demand and
supply. The area price may vary from the system price, and it is affected by transmission
capacity between the market areas. (Similä, 2011; Jarmo Elovaara, 2011)

2.4

Intraday market (Elbas)

Intraday market closes one hour before the activation of the bid and opens after the dayahead market. Other than that, it is continuously available. With intraday markets, the market
participant can adjust balance in case of unplanned outages or differing weather conditions,
for instance. (Similä, 2011; Jarmo Elovaara, 2011)

2.5

Frequency market

The responsibility for maintaining frequency in the system belongs to the transmission
system operator. In Finland, this operator is Fingrid. The production and consumption of
electricity must be kept constantly equal, or the imbalance will cause the frequency to deviate
from the nominal 50 Hz. Even with careful planning some deviation remains, which is then
corrected with frequency markets. (Fingrid Oyj, 2020d)
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These markets can be divided to the following sections:
1. Frequency containment reserves (FCR) are for correcting
frequency deviations. This market is divided to normal and
disturbance markets.
2. Frequency restoration reserves (FRR) is for returning frequency to
nominal. This also is divided to automated and manual sections.
3. Fast frequency reserve (FFR) was established in 2020 for
containing frequency in the Nordic area when there is lack of
inertia.
(Fingrid Oyj, 2020d)

Fingrid also owns a fast disturbance reserve that is used for up-regulation. These reserve
power plants are not available in the electricity markets. The power plants are either owned
by Fingrid or they are procured for this use with long-term contracts. Transmission system
operators (TSOs) can use each other’s reserves. (Fingrid, 2020a)

2.5.1

Fast Frequency response (FFR)

FFR is used when a fast response to a widely declining frequency is required. It is used to
compensate the lack of inertia in the grid. FFR works to complement disturbance frequency
containment reserve (FCR-D) in large deviations like tripping of large production units or
HVDC-links, but does not reduce the need for FCR-D. Such events can cause frequency
drops large enough to cause disconnections to load and production. This could result in a
cascading effect and a wide power outage. Synchronous generators have a kinetic energy,
inertia, to resist this frequency drop. There is no inertia in new renewable energy production.
The inertia of the grid is expected to decline and therefore FFR is introduced as a marketbased solution. FFR resource is bought by TSO from marketplace, based on inertia forecasts.
Estimations for the need of FFR are still widespread from 100 to 1000 hours a year, and they
are based on past years. The need for FFR depends strongly upon the situation of the water
reservoirs of hydro power plants. The maximum demand volume is estimated to be around
300 MW in the Nordic area, 60MW of which will be procured by Fingrid. Market
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participation requires a prequalification process that is described later in this thesis. (Fingrid,
2020a; Entsoe, 2019)

Figure 4. On the left frequency behaviour in low and high inertia situations with generator trip, on
the right market response to the event. (Entsoe, 2019)

The same unit can participate in both FFR and FCR-D, but the same capacity can only be in
one market at once. It should be noted that activated power should not at any point exceed
35 % over approved nominal power. The activation time is about a second, depending on
the chosen activation frequency. The minimum duration is generally five seconds. For the
minimum duration of the activated resource there are two options. Either the activated
resource remains active for 30 seconds after which it can be deactivated, or five seconds and
ramping down at the speed of 20 % of nominal power capacity per second. Either way the
deactivation is not dependent on the frequency. The option to remain active until the
frequency exceeds 49,8 Hz is provided. The service provider can decide the local measuring
point for the frequency, but the accuracy of the measurement should be at least 10 mHz with
0,1 second intervals. The reserve resource should be able to re-activate after 15 minutes. In
the time between the storage can recover or charge itself from the grid, the charge rate should
be limited to 25 % of the reserve capacity. Charging should start ten seconds after full
deactivation at the earliest. The service provider can select one of the three frequency slots
presented in table 1. This choice effects the time when resource must be fully activated and
at what frequency level. (Fingrid, The technical requirements and the prequalification
process of Fast Frequency Reserve (FFR), 2020)
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Table 1. FFR activation frequency and related activation time (Fingrid, The technical
requirements and the prequalification process of Fast Frequency Reserve (FFR), 2020)

The activated power of the energy storage is calculated with following equation:
=

(

−

−

,

)

(1)

Where
CFFR-GEN = Volume of reserve power
MIN = Excel formula for selecting lowest value
Pmax = Reserve unit’s maximum active power
Pset = Set value of the reserve unit’s active power
CFCR = Reserve unit’s FCR-D capacity
Ctest = Prequalified volume of the reserve unit
(Fingrid Oyj, 2020f)

2.5.2

Frequency containment reserve - Normal (FCR-N)

Frequency containment reserves are automatically activated reserves. The frequency
containment reserve (FCR) markets are divided to normal (-N) and disturbance (-D) markets.
These two are further divided to yearly and hourly markets. The function of FCR-N is to
hold the frequency within 49,9-50,1 Hz. In the yearly markets, the bidding competition is
arranged during autumn and these bids are supplemented from hourly markets during the
year. This is the only time to participate on the market for yearly markets. In turn, hourly
markets are open daily, but bids must be placed the day before. Fingrid purchases bids from
hourly markets as needed, and the price for all accepted bids is the highest price bid
purchased during that hour. A separate compensation is paid for reserved capacity and for
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provided electrical energy. FCR-N markets have up and down bids and the storage should
be controlled in linear fashion to both directions. Reserve resources participating within
FCR-N markets must pass prequalification tests, as explained later in this thesis, and they
must be in the Fingrid system responsibility area. (Fingrid, 2020a; Fingrid Oyj, 2020d)

FCR-N activates continuously and often to correct small frequency deviations. The
activation time is within three minutes of the event. FCR-N is controlled automatically based
on the local frequency measurement. The prices have been approximately 13 €/MW in the
yearly markets for power capacity. During 2021, the price is 12,5 €/MW. In the hourly
market, the price fluctuates and is approximately 22 €/MW on average. The minimum bid
size is 0,1 MW. (Fingrid, 2020a; Fingrid Oyj, 2020d)

In FCR-N, full power capacity must be activated if the frequency is 49,9 Hz or below.
Similarly, if the frequency reaches 50,1 Hz, full capacity for down adjustment is required.
These adjustments must be made fully within three minutes because of 0,1 Hz change in
frequency. Since 1.1.2020, the maximum allowed dead band is 50+/-0,01 Hz. The
adjustment should be executed in linear fashion as shown in figure 5. The dotted line at the
end refers to the possibility to continue with linear control beyond these targets. The same
pattern should be formed with relay connected devices, each step of the relays acting on each
0,1 Hz step of the frequency. (Fingrid Oyj, 2019b)
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Figure 5. Frequency control of FCR-N. (Fingrid Oyj, 2019b)

FCR-N volume can be calculated by the following equation:
=
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MIN = Excel function for lowest value
MAX = Excel function for highest value
Pmax = Current maximum power of the Reserve Unit
Pmin = Current minimum power of the Reserve Unit
Pset = Current power setting of the Reserve Unit, for instance the power of the Reserve Unit
excluding any activated reserve power
Ctest = Reserve volume verified by prequalification tests
(Fingrid Oyj, 2020c)
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Balancing energy is calculated with following equation:

!" =

#$ × △&×'()*
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(3)

Where:
Eb = Balancing energy
ΣR = All FCR-N activated capacity of balance responsible party multiplied by 10. Service
provider’s reserve capacity is verified by measurements and cannot exceed the total
combined volume of yearly and hourly market agreement.
△t = Change of time deviation during the hour in question
k = 0,7 correction coefficient

The energy for up and downward balancing is netted and calculated hourly. Fingrid pays upregulation price for the balance responsible party for the energy that was fed to the grid
during an under-frequency situation. In an over frequency-situation, the balance responsible
party pays the down-regulation price. These transactions are accounted in an imbalance
settlement. The up-regulation price equals the most expensive mFRR bid price ordered, but
it is at least the day-ahead price of the area. The down-regulation price is the price of the
cheapest mFRR bid ordered, but it never exceeds the day-ahead price. (Fingrid Oyj, 2020c)

2.5.3

Frequency containment reserve - Disturbance (FCR-D)

The frequency containment reserve disturbance (FCR-D) is for holding the frequency at 49,5
Hz minimum, after frequency deviation. Similarly to FCR-N yearly markets, the bidding
competition is arranged during autumn, supplemented by hourly markets during the year.
The price for all bids is the highest price bid purchased during that hour. Compensation is
paid only for reserved power capacity. FCR-D has only up bids to compensate falling
frequency and patch a deficiency of power in the system. Like FCR-N, FCR-D is also
controlled automatically based on the local frequency measurement. (Fingrid, 2020a)
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Figure 6. Frequency control of FCR-D. (Fingrid, 2020a)

FCR-D is activated when the grid experiences large frequency declines. It is activated within
5-30 seconds, with 50 % - 100 % power activated, respectively. The activation happens
automatically by local frequency measurement. FCR-D has only up-regulation bids, power
plants increase production or loads that decrease power consumption. The payment depends
on power capacity and availability and has been approximately 2 €/MW in the yearly market.
In the hourly market, the price varies greatly and can rise much higher than the yearly price.
The minimum bid size for FCR-D markets is 1 MW. Fingrid has an hourly purchase cap of
100 MW for FCR-D bids with relay connection. Prequalification is required to participate in
FCR-D markets. (Fingrid, 2020a; Fingrid Oyj, 2019b)

FCR-D is activated when the frequency falls to 49,9 Hz. The resource must be fully activated
when the frequency is 49,5 Hz or below. In between 49,5 Hz and 49,9 Hz, the power capacity
is adjusted linearly with frequency change, as shown in figure 7. The green curve shows the
alternative for the turbine governor if the blue curve cannot be executed. Reserve units must
be dimensioned in such a manner that they can function at least 30 minutes under full load
and should be available for re-activation in 15 minutes. For energy storages this re-activation
time has been eased, since attempts to fast charge large battery in frequency disturbance
event would only worsen the situation. After the charge phase has begun, the energy storage
should be available for re-activation in two hours. The charge phase should not be started
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before the frequency reaches back to 49,9 Hz or above. The charge must also be slowly
ramped up by the value of unit’s reserve power capacity per five minutes. Relay controlled
loads will be disconnected in steps following the curve, or alternatively the entire unit at
once. For this disconnection, table 2 shows available disconnection times that are dependent
on the frequency. These resources can be reconnected to the grid after frequency of 49,9 Hz
has been reached for three minutes. (Fingrid Oyj, 2019b)

Figure 7. FCR-D frequency control. (Fingrid Oyj, 2019b)

Table 2. Disconnection times with relevant frequencies for relay-connected reserves.
(Fingrid Oyj, 2019b)
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For FCR-D volume can be calculated by following equation:
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Where
MAX = Excel function for highest value
MIN = Excel function for lowest value
ABS = Excel function for creating absolute value of the number
Pmax/min is either the maximum or minimum power of the Reserve Unit (maximum
power is used with production and energy storage facilities, and minimum power is
used with consumption facilities).
Pset = Current power setting of the Reserve Unit (the power of the Reserve Unit excluding
any activated reserve power)
Ctest = Reserve volume verified by prequalification tests
(Fingrid Oyj, 2020c)

The same unit can participate to both FFR and FCR-D markets at once, but same capacity
only once for each market. The power capacity is then determined with the following
formulas
=∆
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where,
MIN= Excel formula for selecting smallest value
CFFR = capacity to FRR markets
∆

1s

= Capacity change within first second

∆

5s

= Capacity change at five second mark

∆

30s

= Capacity change at thirty second mark
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−

)

(6)
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Therefore only 8 MW can be offered to FCR-D markets and 2 MW to FFR markets, even
though the total power capacity is 12 MW. The graph below shows the capacity curve for a
single unit operating in both markets. (Fingrid Oyj, 2020b)

Figure 8. FFR (red) and FCR-D (blue) combined bid with one unit. (Fingrid Oyj, 2020b)

2.5.4

Automatic Frequency restoration reserve (aFRR)

Automatic frequency restoration reserve (aFRR) is an automated joint reserve in the Nordic
countries. It was established in 2013 with the function to restore 50 Hz frequency. It is
centrally controlled and is based on the frequency deviation in the Nordic synchronized area.
aFRR reserves attempt to counter predictable changes within the grid. Purchases for aFRR
are done in certain morning and evening hours, which are announced beforehand. aFRR
contains only hourly markets with separate up and down regulation bids. The price is
determined in the hourly markets by availability and energy separately. According to Fingrid
open datasets (Fingrid Oyj, 2020e), aFRR up-regulation prices for power capacity have been
on average approximately 25-30 €/MW and down-regulation prices approximately 20 €/MW
in past years. The price for power capacity is the price of the accepted offer. The energy
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provided is compensated based on the power specified by the order signal and the timeframe
of the order. The reserve provider is paid up-regulation price for all produced energy and
charged a down-regulation price for energy consumption. The bid size is five MW and
multiple bids are accepted. (Fingrid Oyj, 2019d; Fingrid, 2020a)

An activation signal is sent to the controllers of the reserve resources in 10 second intervals
in ELCOM or ICCP form. If a negative signal is received, the request is for down-regulation,
and if the signal is positive, the request is for up-regulation. The resource should be fully
activated within five minutes since signal was sent and begin to activate 30 seconds after
signal was sent at the latest. The power capacity should have the accuracy of 90-110% of
the requested power. FEN network is used to transfer real time data between the reserve
provider and Fingrid. The maximum cycle time for the data transfers is 10 seconds. aFRR
resource must be qualified beforehand to be accepted as valid reserve resource. (Fingrid Oyj,
2019c; Fingrid Oyj, 2019d)

2.5.5 Manual Frequency restoration reserve (mFRR)

The manual frequency restoration reserve (mFRR) is used for energy or capacity balancing
purposes and is a part of Nordic energy balancing markets. The capacity side of the market
was introduced in 2016 to ensure that enough capacity would be available even during
maintenance work of Fingrid controlled power plants. The minimum bid size is 10 MW, but
5 MW is acceptable if it can be electrically ordered. The maximum capacity of the bid is 50
MW. Fingrid arranges weekly tenders to procure extra capacity. By placing a winning bid
on this tender, the service provider promises to place the agreed bids in the balancing markets
for an agreed duration. Whether the bid is activated or not, the service provider is
compensated for the availability of the resource. The provided capacity is compensated
according to the placed bid on the tender. (Fingrid, 2020a; Fingrid Oyj, 2020g; Fingrid Oyj,
2020d)

Energy markets can accept a bid below 5 MW, if it can be electrically ordered. Only one bid
per hour is allowed from the same service provider. The resolution of the bid is 1 MW, and
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one hour of full operation is required. At the earliest, bids can be placed 31 days beforehand.
Changes and cancellations can be made until acceptance. The offers are accepted 45 minutes
before the hour of the activation, separately for up or down regulation. They are activated in
price order unless the technical conditions demand a different approach. The price is
determined by the highest price offer activated and can rise to hundreds or even thousands
of euros. The maximum up-regulation price for energy is capped at 5000 €/MWh. (Fingrid,
2020a; Fingrid Oyj, 2020g; Fingrid Oyj, 2020d)

The activation is ordered by Fingrid by a phone call or an electrical message. The resource
should be able to activate within 15 minutes of the order. The minimum required activation
time is one minute. In the balancing capacity market, three hours of full operating time is
required, and in the balancing energy market one hour of full operation is sufficient. In the
capacity markets, the resource should be able to re-activate after the rest period. The resource
is given a rest period that is between three and six hours, depending on the last operation.
Some restrictions apply for aggregators. The aggregated resources must be physically within
the same regulation area, and they must be under one balance responsible party. Finland is
divided to southern and northern regulation areas for this purpose, separated by latitude 64.
The use of reserve resources from a different balancing area is allowed as an exception in
case the minimum capacity of the bid could not be met otherwise. (Fingrid Oyj, 2020g)

When up-regulation is ordered, the price of energy will be the up-regulation price of the
hour, which is based on the highest bought price by Fingrid during that hour. This price will
always exceed the day-ahead price. If down-regulation is ordered, Fingrid charges the
service provider for the energy by the down-regulation price of the hour. The downregulation price will be the cheapest bid offered during that hour, but always less than the
day-ahead price. Possible special regulations orders are priced by the bid, but the price must
be at least the same as the down-regulation or the up-regulation price. The energy price is
considered a separate compensation from the capacity price. The balancing capacity price of
the mFRR market is determined by the highest price purchased during that hour. If the
capacity is purchased by a separate contractual agreement with Fingrid, the price is
determined by the contract. In that case the capacity is paid by the bid. The capacity fee can
be later adjusted by Fingrid based on sanctions and permanence. Permanence is determined
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for each bid and practically means the scale, in other words, how well service provider has
fulfilled the bid in question. Sanctions can be determined if the service provider removes or
reduces capacity of the bid after midday Thursday, week before delivery. The rest period of
the resource will not be sanctioned but it may affect permanence. (Fingrid Oyj, 2020g)

The capacity fee is calculated by following equation:
CapFee

<=

= CapFee × pcof – sanctions

(7)

Where,
CapFeeadj = Adjusted capacity fee
CapFee = Initial capacity fee
pcof = permanence coefficient

Fingrid can implement sanctions if the balancing service provider reduces or deletes a bid
after 11 am on the previous day of the execution of the bid. The amount of the sanction can
be calculated by the following equations, of which the larger result will be applied.
1FGHIJKG =

L <

1FGHIJKG =

× 10 × FNOPPQ
L <

× RJHP.S

(8)
(9)

Where,
Pred = Amount of the deleted or reduced part of the bid
CapFeeh = Capacity fee of the hour
PriceDA = Finnish day-ahead price for the hour
Permanence for permanence coefficient is calculated with the following equation. If the
service provider is unable to deliver the accepted bid, permanence coefficient is 0 %.
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NPRTFGPGHP =

UVWX
UYZZ

(10)

where,
Pbid = Capacity bid, made before 11:00am on the previous day
Pacc = Accepted capacity bid
This percentage is then compared to table 3 for permanence coefficient. (Fingrid Oyj, 2020g)

Table 3. Relation of permanence to permanence coefficient. (Fingrid Oyj, 2020g)
Permanence 100% 95% 90% 85% 80% 75% 70% 65% 60% 55% 50%
Permanence
1
0,9 0,8 0,7 0,6 0,5 0,4 0,3 0,2 0,1
0
coefficient

2.5.6 Fingrid prequalification process

Before participating in the markets, Fingrid requires successful completion of the
prequalification process. This prequalification must be renewed every five years or when
there are changes to the system. Each market has their own guides about the completion of
the test. Only the general process is explained in this thesis. The owner of the reserve
resource will be responsible for conducting the tests and delivering the information to
Fingrid. The expenses for these tests fall to the resource provider. Fingrid can send their own
personnel to monitor the tests. This does not result in extra costs for the resource provider.
Documentation about the prequalification test must be delivered before one year has passed
of the test date. For storage equipment, documentation of power, energy capacity, upper and
lower charge limits and general function of the control system should be provided.
Additionally, for an aggregated unit, description of the control system, including the
exchange of data and how the aggregation has been implemented should be included. If new
similar units are added to aggregated service later, there is no need for prequalification. In
this case type approval is sufficient. This is only possible if the power capacity of the single
resource does not exceed 0,1 MW. (Fingrid Oyj, 2020b; Fingrid Oyj, 2019b)
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The measuring resolution in these tests should be 0,01 MW with 0,5 % of the unit’s rated
power accuracy. As for frequency measures, the signal fed into the unit should be at 1 mHz
resolution and the measuring accuracy 10mHz or better. Interval of the measures should not
exceed 0,2 seconds. (Fingrid Oyj, 2020b; Fingrid Oyj, 2019b)

Figure 9. Fingrid prequalification process. (Fingrid Oyj, 2020b)
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The documentation of the prequalification test should include the measurement date, the
reserve unit name and the activation frequency of the unit. The results should be presented
as a graph showing the frequencies used and active power over time. The supplementary
tests should be presented separately. The documentation that is required in the
prequalification also depends on the reserve unit type. (Fingrid Oyj, 2020b)

“Power plants:
•

maximum power (MW)

•

nominal apparent power (MVA)

•

inertia constant H (MWs/MVA)

•

technical description of the functioning of the control system.

Consumption:
•

type of load such as industrial process (what kind of process?), lighting, heating

•

maximum power (MW)

•

technical description of the functioning of the control system.

Energy storage facilities:
•

rated power (MW)

•

energy capacity (MWh)

•

upper and lower limit of charge level (MWh or %)

•

technical description of the functioning of the control system.”

(Fingrid Oyj, 2020b)
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Figure 10. mFRR prequalification process. (Fingrid Oyj, 2019e)

The mFRR qualification process, as shown in figure 10, is a bit simpler than the
prequalification process of other markets. To participate within the mFRR markets, the
reserve resource does not need prequalification tests. The resource must still fulfil the
technical requirements set by Fingrid. The following documentation must also be provided
for Fingrid:

•

Name of the resource

•

Name of the facility

•

Regulation area (North/South)

•

Balance (Generation/Consumption)

•

RO ID

•

Real-time data transfer ID

(Fingrid Oyj, 2019e; Fingrid Oyj, 2020g)
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2.6

Implicit flexibility / Demand side response (DSR)

Demand side response (DSR) is a way to increase flexibility in the network. This is
accomplished by controlling the energy use of the end customer, generally within a
timeframe of hours. DSR will be especially useful when used with heating, cooling, and
charging systems. The main savings that DSR brings are for the district network operator by
deferring investments to increase maximum capacity in the grid. The savings are estimated
to be around 5-7 % of overall network costs. Especially load shifting can be very useful in
reducing peak loads. With a 1-2 % move in a month’s energy, winter household heating peak
could be reduced by 20 %. Additionally, technical costs have been shown to decrease
between 0,6 to 13,4 %. In Finland electrical heating comprises 25 % of all heating sources
used. In comparison, in Norway electrical heating comprises 75 % of all heating sources. In
this perspective, the effectiveness of the use of DSR in heating has less impact on flexibility
in Finland. The district system operator (DSO) would benefit most from the network
batteries, but that would rise questions about the DSOs role within the flexibility markets.
(Nordic Council of Ministers, 2017)

DSR flexibility can be categorized in two subcategories. Explicit flexibility means the
decision is made and controlled by the network operator. Implicit flexibility means the
customer makes the choices to reduce consumption based on the electricity price. Explicit
flexibility is mainly used in industry and traded within the transmission operator’s
marketplaces. (Nordic Council of Ministers, 2017) Since explicit flexibility depends heavily
on the industry process and case specific operations, the focus of this thesis will be on
implicit flexibility.
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Figure 11. Different types to use DSR. (Nordic Council of Ministers, 2017)

1.

Conversion and energy efficiency substitutes electricity with

alternate form of energy source or replacing old equipment with more
efficient ones.
2.

Load shifting moves the consumption to different time without

actually reducing the load.
3.

Peak clipping cuts the peak, but unlike load shifting,

consumption is simply reduced instead of moved.
4.

Valley filling attempts to move consumption to off-peak hours

where possible.
5.

Flexible load shape attempts to create dynamic consumption for

optimal reliability conditions.
6.

Electrification creates artificial demand for electricity.

(Nordic Council of Ministers, 2017)

Implicit flexibility can result in reduced electricity costs. As a side effect the grid becomes
more stable. Industrial processes can act as interruptible loads. (Ausfelder, 2017)
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2.7

Tax

There has been some discussion about fixed and proportional taxation of electricity within
the working group. Fixed tax has stable value per consumed energy unit. This does not create
incentive for the consumer to reduce consumption during high price time. Proportional tax
would make tax higher during high consumption or high price hours. This could make
consumers to direct their electrical consumption towards low price hours. On one hand, this
could bring benefits for those consumers who can afford batteries to be installed and
therefore have some flexibility, but on the other hand it would also penalise those who could
not. There is also an increased price risk and cost all around, which could be detrimental for
flexibility overall. Therefore, proportional tax is not recommended by the working group.
(Ministry of Economic Affairs and Employment, 2018)

The taxation of electrical storages changed in Finland at the end of 2019. Before this, all
electricity was taxed when stored and taxed again when used. (Ministry of Economic Affairs
and Employment, 2018) After a reform in 2019, permission can be applied for tax free
electrical storage. Tax is applied for the part that is charged in the storage. The new law does
not apply on power to gas or pump power stations, because in the point of view of taxation
these are still considered consumption and not electrical storages. In addition to that, the new
law defines that to be a tax-free storage, the storage must be directly connected to
consumption. This excludes storages connected to power plants or distribution, or
transmission networks. These are viewed as part of the original structure. (Verohallinto,
2019)

This law may provide an advantage to industrial operators since they might be able to fulfil
the previously mentioned criteria. It seems likely that tax free storages of industrial operators
might be under consideration in the future.

41

3 EQUIPMENT

Electricity storages are at the very centre of the ongoing energy transition. A desire to
decarbonise energy systems to avoid risks of catastrophic climate change has enabled a swift
growth of renewable industry and in return a significant decrease of costs. The International
Renewable Energy Agency (IRENA) has estimated that by 2050 80 % of the world’s
electricity will be from renewable sources. This growth has led to a need for greater
flexibility that can be achieved with electrical storages. Decarbonisation is also aided by
electricity storage through transportation electrification, home-systems and minigrids. For
instance, EV battery costs fell 73 % between 2010 and 2016. IRENA estimates that total
electrical storage capacity will triple globally by 2030, if the renewable share is doubled.
Electrical storage has important role to play in the energy transition. Especially enabling
more of renewable electricity and decarbonising the transport sector. (IRENA, 2017)

Different electrical storages are commonly used for slightly different purposes. For example,
pumped hydro storage globally is mostly used for shifting electrical energy use. Batteries
are bit more variably used. They are useful at frequency control, shifting energy use and in
reserving energy. Generators and similar equipment tend to be used as on-site power
production, black start devices, or to increase supply capacity. Thermal storages are mainly
used to balance renewable capacity and to shift energy production. For now, pumped hydro
storage has the largest energy storage capacity, but with battery systems improving and costs
falling it seems likely that batteries will become the main system in the future. IRENA
estimates that non-pumped electricity systems will increase from 162 GWh capacity to
between 5800-8400 GWh from 2017 to 2030. (IRENA, 2017)

When discussing about batteries, Lithium-ion (Li-ion) batteries tend to be the first vision for
the future. This can be very true for EV markets, but not necessarily with stationary
applications. Electricity storages have varying characteristics and can provide very different
range of services. It seems logical that these differences are better employed within different
market areas. (IRENA, 2017)
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3.1

Main properties of electrical storages

This chapter briefly explains the basic concepts that are required for a better understanding
of electrical storages.

Capacity
Capacity is used to tell how much a storage can store energy. This is expressed as units of
energy such as Wh, Joules or TOE. Capacity is heavily defined by its application and it
relates to the energy density of the storage. The energy density in chemical storages is high,
whereas storages using gases tend to require compression to achieve acceptable volumetric
densities. (Ausfelder, 2017) Sometimes capacity is confusingly used to refer to the power
output of the storage system. This is often the case with Fingrid.

Power
Power is used to refer to how much energy storage can release or absorb energy within a
timeframe. The power unit for electrical storages is commonly Watt(W). Charge and
discharge can have different values depending on the type and application of the storage. For
example, seasonal heat storages or pumped storages are charged relatively fast and used with
extended time period. (Ausfelder, 2017)

Full-load cycles
Full-load cycle is used to describe how often a storage is charged full and discharged entirely
within a time unit. It is expressed as 1/h. Other time frames can be selected if they are better
suited for the occasion. If a storage is only partially charged or discharged, these amounts
are added up. For the best possible economic use, full-load cycles should be as high as
possible, but it depends on what the storage is designed for. For example, a seasonal storage
might have a cycle time of one per year, whereas a storage meant for the compensation of
fluctuations could have numerous cycles, but with very small capacity. (Ausfelder, 2017)

Response time
Response time refers to how fast a storage can respond to demand. If the storage process has
multiple steps, the slowest one determines the response time. (Ausfelder, 2017)
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Efficiency
Efficiency is expressed as a percentage. It is a ratio of energy output per input. Efficiency
tells how much of the stored input energy can be used later. This should not be confused
with theoretical efficiency that is always greater than real life efficiency, because additional
losses inevitably occur. Total efficiency should be viewed as a sum of all efficiencies in the
conversion process chain in the energy storage process. (Ausfelder, 2017)
C-rating
C-rates refer to the charge and discharge rates of the battery. For example, a battery with 1
Ah and 1C rating could provide 1 A for an hour. 2C rated could produce 2 A for a half an
hour if the battery size remains the same. Similarly, 0,5C would produce 0,5 A for two hours.
Additionally, using the same method, 1C 1 kWh could provide 1 kW power for an hour. The
higher the C rating, the higher the power output or input. The C rating depends only on the
battery cell properties. (Battery University, 2020)

Depth of Discharge (DOD)
The Depth of Discharge (DOD) represents how much battery has been discharged in relation
to the total capacity of the battery. (Tinkler, 2015)

State of Charge (SOC)
The State of Charge (SOC) represents the battery capacity that can be discharged in relation
to total capacity of the battery. (Tinkler, 2015)

Full equivalent cycles (FEC)
Full equivalent cycles can be calculated by dividing the total of a year’s positive energy by
storage capacity. The number reflects how many full cycles that energy amount would have
used. (Kucevic, 2020) It should be noted that FEC is, by definition, directly unable to
represent the technical lifetime of the li-ion or lead-acid battery since it depends heavily
upon the depth of discharge (DOD) and the state of charge (SOC).
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3.2

Ultracapacitors (Supercapacitors)

In an ultracapacitor, the energy is stored in a dielectric layer between electrodes by
electrostatic charge. Since no chemical reaction is involved, no degradation will occur. They
show a very fast charge and discharge rate and have a high tolerance to deep discharges
(DOD >75 %). On the negative side though, they have limited capacity, low energy density
and high self-discharge rate of about 25 % in the first 48 hours. After the initial selfdischarge, the rate will slow down, and it is estimated to be around 5 to 40 % per day. The
cycle efficiency for ultracapacitors is around 90 to 94 %. They have a cycle life of over a
million cycles, and their calendar lifetime can exceed 15 years. Even a lifetime of 40 years
has been reported. (Mongird K., 2019; Sánchez Muñoz A., 2016)

According to Sánchez, ultracapacitors would cost around 10-20 €/kW and 10 000 – 20 000
€/kWh. Mongird estimates total project costs as approximately 930 $/kW and 74 480 $/kWh
(2018). Estimates for 2025 are 835 $/kW and 66 640 $/kWh. The costs for ultracapacitors
themselves would be 401$/kW or 32 365 $/kWh. These are based on vendor offers 240 $/kW
and 401 $/kW price for 1 MW / 7,43 kWh and 1 MW / 12,39 kWh systems, respectively.
According to Battery University estimates, the cost is approximately 100-500$/kW and 10
000 $/kWh. Fixed O&M is estimated to be around 1$/kW per year. Ultracapacitors work
well for pulse power, actuations, or as supporting UPS devices. Ultracapacitors are not
competitive against batteries as energy storages. E/P ratio of capacitors is estimated to be
0,0124. (Mongird K., 2019; Sánchez Muñoz A., 2016; Battery University, 2020)

3.3

Flywheels

A flywheel works by storing kinetic energy in a rotating mass around a fixed axis. Flywheels
can produce high power and cycle life with high efficiency, but low energy capacity.
Basically, a flywheel acts as an electrical motor when charged and as a generator when
discharged. Stored energy depends on the weight and the speed of the rotating mass.
Flywheels can be roughly divided in two categories, low-speed flywheels that can achieve
10 000 revolutions per minute, and high-speed ones that can reach 100 000 revolutions per
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minute. The casing of the flywheel is designed to withstand any operational problems. Air
is removed from the casing so it will not cause extra drag. Lower speed flywheels use mainly
traditional bearings, but high-speed models tend to rely on magnetic bearings. The very best
of the flywheel systems apply superconductive magnetic bearings, that provides the system
with a long lifespan with excellent stability, but with the cost of keeping the system
cryogenically cooled for superconducting to work. Flywheels have a high self-discharge rate,
meaning they do not work for long term storage. Such discharge can be up to 15 % per hour.
Small energy storage capacity or self-discharge is not as big of a problem with frequency
control. Flywheel costs are expected to fall by 35 %, to 1000 – 3900 $/kWh, by 2030.
(IRENA, 2017; Ausfelder, 2017)
Advantages
• Fast charge
• Long life cycle
• No capacity degradation
• High power density
• Low maintenance Predictable charge levels
(IRENA, 2017)

Disadvantages
• Low energy density
• Very high losses
• Fragile for shocks

Figure 12. Components of flywheel storage (IRENA, 2017)
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The flywheel storage system costs 100-360 €/kW or 1000 €/kWh. The flywheel can perform
a million cycles and have a calendar life of 20 years. (Ausfelder, 2017) Fixed O&M costs
are estimated as 5,56-5,8 $/kW per year. (Mongird K., 2019) IRENA estimates flywheel
costs to be approximately 1500 – 6000 $/kWh. (IRENA, 2017)

Flywheels have a very fast response time of 250ms. The flywheel’s cycle life is impressive,
>200 000 cycles, and it is not affected by DOD. Efficiency estimates range from 70-90 %.
The flywheel’s calendar life would be around 20 years and technical lifetime estimates vary
greatly from 100 000 to several million cycles. Flywheels provide energy only for a few
minutes at a time. They are not usually used with utility applications. Flywheels are good
for balancing quick power fluctuations in industry, when balancing renewable energy, or
even as UPS-systems. (Mongird K., 2019)

Table 4. Costs for different flywheel systems. (Mongird K., 2019)

3.4

Batteries

Batteries form a group with a lot of variety and therefore it is necessary to identify more
precisely what type of battery is meant. For a normal consumer, a battery can be simply a
battery, but there is a lot of different technologies applied under this single term. Batteries
can be internal or external storages, high or low temperature. (Sánchez Muñoz A., 2016)
What unites these technologies is the electrochemical reaction to store electricity. In this
thesis, some of the leading main technologies are observed more closely.
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3.4.1

Li-ion

Rechargeable li-ion batteries were first introduced in the early 1990s by Sony and have since
become one of the vital parts in consumer electronics. Today lithium batteries are the leading
technology for mobile and stationary battery applications. Some advantages for li-ion
batteries are their high energy and power density, discharge capacity, long life-span and
excellent efficiency. Li-ion stationary batteries require more complex charging and
discharging management and therefore better management systems and hardware.
Therefore, li-ion batteries have a higher cost compared to lead-acid batteries. This is due to
the reactiveness of this battery type. Li-ions require integral thermal management and
monitoring. It is possible that li-ion battery might leak, smoke, or even catch fire due to
environmental conditions or by neglectful charging or discharging. It should be noted that
li-ion batteries are very sensitive to temperatures. An increase of 10°C in temperature can
reduce 50% of the battery lifetime. The optimal temperature for lithium base batteries is
commonly 20-30°C. Additionally, below zero temperatures can lead to severe power loss.
IRENA estimates stationary li-ion battery prices to fall, depending on the chemistry used,
another 54-61 % by the year 2030. The prices have already fallen 67 % between 2010-2017
(BloombergNEF, 2020). This is due to the EV battery production that is experiencing the
economies of scale effect. Approximately half of the estimated fall is technological
improvement cost, and the other half are outside costs, like labour, overhead and so forth.
(IRENA, 2017; Ausfelder, 2017)
On many occasions li-ion batteries are lumped to a single group, but there are a wide range
of subcategories to discern with different materials used. Batteries with different chemistries
can vary greatly in their characteristics. With these material selections li-ion batteries can be
adjusted to fit specific tasks. Additionally, it should be noted that EV battery systems are not
directly comparable with stationary battery systems, especially if stationary battery system
may fluctuate between charge and discharge, battery lifetime management becomes more
challenging. Typically, stationary battery systems have higher costs than EV battery systems
despite equal battery cell costs. (IRENA, 2017)
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All sources agree about lithium battery prices quite evenly. According to IRENA prices for
LTO are 473 – 1260 $/kWh and other li-ion technologies 200 – 840 $/kWh. (IRENA, 2017)
According to Ausfelder, lithium battery system would cost around 1000-1500 €/kWh,
including 300-500 €/kWh of the battery price. (Ausfelder, 2017) Mongird estimates the
system price for NMC to be around 340-450 $/kWh. LFP system price is estimated to be
approximately 340-590 $/kWh and LTO system price is estimated to be approximately 500850 $/kWh. O&M cost is estimated as 6-14 $/kW. (Mongird K., 2019) Sánchez estimates
costs for lithium storage to be 300-800 €/kWh. (Sánchez Muñoz A., 2016)

Lithium batteries have a round-trip efficiency of 83-98 %. Their cycle life is around 10005000 full cycles and lifetime around 5-20 years. Self-discharge is around 5 % / month, which
would be 46 % per year from the original charge. With technological improvements li-ion
battery lifetime could be extended by 50 %, and 90 % more cycles could be achieved. The
efficiency of li-ion battery can be expected to increase slightly to around 88 – 98 %. The
cost of the li-ion battery system would fall between 145-480 $/kWh by 2030. (IRENA, 2017;
Sánchez Muñoz A., 2016)

Lithium nickel manganese cobalt (NMC)

Lithium nickel manganese cobalt (NMC) cells are commonly used among EV manufacturers
but also in stationary applications. These cells have been evolved from Lithium cobalt
aluminium cells and have better thermal stability. NMC cells offer good energy, power and
lifetime. For stationary applications lithium manganese oxide is often combined with lithium
nickel manganese cobalt to reduce costs. NMC cells have been one of the most successful
technologies so far. It is versatile, as it can operate as both energy and as a power cell. The
weak point of the cell is the mechanical stability as the anode changes size when charging
or discharging. This type of cell is good on all fields. (IRENA, 2017; Battery University,
2020)
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Lithium iron phosphate (LFP)

LFP cells have far better thermal stability in comparison to other li-ion cells and are
considered inherently safe. The advantages of LFP technology include high power, low
discharge rate, non-toxic cathode material, lifetime, and capability to handle misuse. This
inherent safety comes with the cost of small drop of cell voltage and energy density. It is still
very competitive with its high cycle life. (IRENA, 2017; Battery University, 2020)

Lithium titanate (LTO)

Lithium titanate (LTO) cells replace graphite as anode to lithium titanate. This improves
thermal stability, but drops the cell voltage, resulting in decreased energy density. Since LTO
anode has higher voltage in comparison to other li-ion cells, it fares better in terms of aging
issues, like capacity fading. With a promise of 20 000 cycles, LTO is so far the most durable
of the lithium battery family. Despite the advantages, cell prices remain high due to low
production volumes. LTO can fast charge and can deliver high discharges. It is also capable
of performing in cold atmospheres and retains 80 % of its capacity in -30 °C. It has a very
high cycle life but low energy density in comparison to other lithium technologies. (IRENA,
2017; Battery University, 2020)

3.4.2

Lead-acid batteries

Lead-acid batteries are the oldest of the battery technologies. The first ones were developed
over 150 years ago. As they are the most mature battery technology, lead-acid batteries are
also the most used. Even though these batteries have a low energy density, they still provide
good cost effectiveness. One of the main benefits of lead-acid batteries is that they are
economically recyclable. These batteries have achieved a 99 % recycling rate in Europe.
These types of batteries use liquid sulphuric acid as an electrolyte, anode made of lead
dioxide and a lead cathode. Lead-acid batteries are common as starter batteries in cars or in
uninterrupted power supply systems. Lead-acid batteries have not been used much for grid
services due to their poor cycle life and their low efficiency. (IRENA, 2017)
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Figure 13. Basic components of lead-acid battery. (IRENA, 2017)

Lead-acid batteries can be divided to two categories: vented and sealed. Sealed batteries
(VRLA) have been developed to prevent loss of electrolyte. Sealed batteries release formed
gas only when the cell reaches maximum pressure. The benefit of this is a low need for
maintenance, no need to add water, and they can be used in places without special
ventilation. Sealed lead-acid batteries can operate over ten years without maintenance. The
downsides of the sealed batteries are the increased costs, reduced lifetime compared to
flooded lead-acid batteries, and an increased sensitivity to temperatures. (IRENA, 2017)

According to IRENA, a lead-acid battery storage would cost approximately 105-475 $/kWh.
(IRENA, 2017) Ausfelder estimates the lead-acid storage system costs approximately 300600 €/kWh, including battery price of 100 €/kWh. Gel or glass fibre fleece versions, which
are more commonly used with stationary applications, would cost around 200-300 €/kWh.
(Ausfelder, 2017) Mongird estimates the cost for lead acid system to be approximately 200500 $/kWh. VRLA should basically be maintenance free resulting to no O&M costs.
(Mongird K., 2019) Sánchez estimates the costs for lead-acid system to be 100-250€/kWh.
(Sánchez Muñoz A., 2016)

Lead acid batteries have a lifetime of 300-2000 cycles and a lifetime around 5-15 years. The
round-trip efficiency is around 75-90 %. Lead-acid batteries have low self-discharge, swift
response, and low initial costs. Their self-discharge rate is around 0,1-0,4 % per day. Lead
acid batteries begin to lose capacity after 100 cycles and have a short lifetime. Therefore,
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cheap starter batteries, like the ones used in cars, are not suitable for stationary use.
(Ausfelder, 2017; Sánchez Muñoz A., 2016)

3.4.3

Flow batteries

Flow batteries, or regenerative fuel cells, are bit different since their electroactive materials
are not stored in the electrode. Instead, this material is dissolved within electrolyte solutions.
These solutions are stored within tanks that act as anode and cathode. These liquids are then
pumped into a regenerative cell stack. These types of batteries have a lower energy density
than li-ion batteries, for instance. Flow batteries could experience a significant price drop of
two thirds by 2030. The main benefits for batteries using this technology are the capability
to work in ambient temperatures and independently scalable power and energy storage
characteristics. Flow batteries have better scalability than regular batteries, since SOC will
be the same on each series or parallel unit. Conventional large series can result in different
units having different SOCs. This can be modified by a design of cell stacks and tanks.
Instant recharging is possible by replacing the electrolyte. Additionally, materials needed for
a flow battery are inexpensive. (IRENA, 2017; Sánchez Muñoz A., 2016)

According to IRENA, 2017, flow battery installation costs were around 315 – 1680 $ / kWh
and the price is expected to fall approximately 108 – 576 $/kWh by 2030. (IRENA, 2017)
Sánchez states that flow batteries cost around 1000-1500 €/kW or 300-500 €/kWh. (Sánchez
Muñoz A., 2016) According to Ausfelder, redox flow system will cost approximately 500650 €/kWh. (Ausfelder, 2017) According to Mongird, vanadium redox flow batteries have a
cost range of 357-584 $/kWh. O&M costs are estimated to be approximately 7-16$/kW.
(Mongird K., 2019)

Round trip efficiency is expected to rise from 60-85% (2016) to 67 – 95 % by 2030. Flow
batteries are a quite expensive investment initially, but they can achieve over 10 000 cycles,
without DOD effecting their lifetime. The calendar life for flow batteries is around 10-15
years. They have a low self-discharge rate, 0,1-0,4 % per day, resulting in 30-77 % per year.
(Sánchez Muñoz A., 2016) The response time is a few seconds. The stability of the
electrolyte remains questionable, and the complexity of the system can increase maintenance
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costs, since the flow must be monitored carefully. Even though a flow battery does not need
complex control or fault-protection systems, temperature control is required. The downside
of the flow battery is a low energy density, which causes the system to take up a lot of space.
(IRENA, 2017; Sánchez Muñoz A., 2016)

Vanadium redox flow batteries (VRFB)
Vanadium redox flow batteries (VRFB) operates on redox reactions. The cell is fed with
ionic vanadium that creates electron transference in the circuit, as presented in figure 14.
Liquids are separated by an ion-selective membrane that allows only hydrogen ions to pass.
In this type of battery, cross-contamination between tanks, resulting in efficiency loss, can
only be prevented by using the different oxidation states of same element in active materials.
VRFB has a limited operating temperature to 10-40 °C due to the properties of vanadium.
VRFB has a quick response time, under a second, and a long technical lifetime of 10 000 16 000 cycles. The efficiency is around 85 %. On the negative side, VRFB has high operating
costs. Such batteries have already been tested at MW scale operation. From existing plants
E/P ratio tends to be around 2-10. (IRENA, 2017; Sánchez Muñoz A., 2016)

Figure 14. Basic components of vanadium redox flow battery. (IRENA, 2017)
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3.4.4

High temperature batteries

High temperature batteries use liquid materials and ceramic electrolyte as a separator of the
electrodes. This technology uses molten sodium as a cathode, but a sodium nickel chloride
version also exists. A high temperature is needed to maintain the liquid state of the
electrolyte, typically around 250 – 350 °C. High temperature batteries have been in use in
Japan as load levelling purposes since the 1990s and they are spreading to wider use. These
types of batteries have a high energy density, nearly equal to that of li-ions, and the materials
needed are non-toxic. The problem with these kinds of batteries are the heating costs that
can be as high as 40-80 $/kW annually. High temperature batteries tend to experience
extensive corrosion issues as well. The installation of such battery would cost around 263 –
735 $/kWh. High temperature batteries are expected to experience a price drop of 56 - 60 %,
to around 120 – 200 $/kWh by 2030. Experimental versions are known to work at 95°C,
with good performance. Almost all high temperature batteries are made by a single
manufacturer. This can influence the prices. (IRENA, 2017)

Sodium sulphur (NaS)

Sodium sulphur (NaS) batteries were developed during the early 1980s. They need
temperatures of 300-350 °C to operate. NaS has a relatively high energy density and a low
self-discharge rate, around 0,05-1% per day, which results to 17 – 97 % per year. In
comparison, the energy density of NaS reaches almost the low end of lithium batteries. NaS
batteries work well for long discharge times and high-power applications. NaS systems can
expect 2500-5000 cycles, although even 10 000 cycles can be reached. DOD has an effect
on technical lifetime in NaS batteries. NaS can have a calendar life of 15 years. The
efficiency is around 80-85 %. The materials needed for the battery are recyclable and nontoxic. They are only suitable for large scale stationary applications. Based on the existing
locations E/P ratio would seem to be around 6-7. (IRENA, 2017; Ausfelder, 2017)
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Figure 15. Inner components of NaS cell. (Sánchez Muñoz A., 2016)

Average sodium sulphur system would cost around 400-1000 $/kWh. The price is expected
to fall to 815 $/kW by 2025. They have very high operating costs, 80€/kW per year. (Sánchez
Muñoz A., 2016)

3.5

Diesel generator

While generators have several primary fuel options available, diesel as a primary fuel covers
approximately 85 % of all backup generators currently used in commercial applications.
Usually, residential systems tend to be spark-ignition engines while industry and commerce
relies on diesel engines. Other common fuels are natural gas and propane. Diesel fuel has
around a one-year calendar life. Therefore, it is beneficial to run generators occasionally.
Generators are used as emergency and standby power systems in hospitals, data centres,
ships and so forth. The advantages for diesel engines are the low initial investment, on-site
fuel storage and a fast start-up. Diesel generators have relatively high emissions and
therefore might be restricted by permit from performing other services. Electrical efficiency
is around 27-41% and tends to be better with larger units. Additionally, with loads of 50 %
to 100 % of the nominal power, the efficiency curves for diesel engines are almost flat.
Power can range from kilowatts to several megawatts. High speed engines are available, and
they have a power range of 2-84 MW, medium speed of 0,5-18 MW and a high speed of
0,01-3,5 MW. This technology is very mature and therefore reliable and economic. Diesel
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engines are comparably cheap to purchase but these machines require a lot of maintenance.
(EPA, 2017; Ericson, 2019)

Table 5. Speed classes of diesel generators. (EPA, 2017)
Speed class
High
Medium
Low

rpm
1000-3600
275-1000
58-275

power (MW)
0,01-3,5
0,5-18
2-84

Diesel engine power output is proportional with the speed of the engine. High-speed engines
have the highest power density and the lowest production costs, but in comparison, lower
efficiency. High speed also results to faster wearing, which does not become a problem with
standby use. While medium and high-speed engines are the main choices of stationary
applications, low speed engines are used mostly with marine propulsion. (EPA, 2017)

Diesel engines have been a dominant choice throughout history in both large and small
power generation. In the USA and the EU diesel engines are used mainly for standby or
emergency use due to concerns with emissions and increasing fuel prices. EU regulations
state that diesel generators within 1-5 MW power range can be exempted from the emission
limits if they operate for less than 500 h/year. (European Parliament, 2015) Diesel engines
can produce 5-20 times of NOx compared to lean burn natural gas engine. Newer diesel
engines produce around 300 g/MWh of NOx. Diesel oil CO2 production is around 72,6
kg/MWh. Other emissions produced include heavy hydrocarbons and particulates. (EPA,
2017)

The installation of a diesel generator would cost around 800$/kW and yearly O&M 35$/kW.
The installation costs include planning, permitting and other related costs. (Ericson, 2019)
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3.6

Fuel cells / Electrolysers

An electrolyser is a device that uses electricity to split water into hydrogen and oxygen
components. Hydrogen from this process can be used as an energy carrier. Electrolysers with
renewable sources could offer possibilities for storage and a flexible load. This storage could
then be used as grid balancing service. (IRENA, 2017)
95% of hydrogen produced in the industrial sector is currently produced from fossil fuels.
About half of this is created by the means of steam-methane reforming and half by coal and
oil gasification. During 2017, only around 4 % of hydrogen produced was produced by
electrolysers. The highest demand for hydrogen is in the chemical industry producing
ammonia, polymers, and resins. To decarbonise the production of hydrogen, electrolyser
could be implemented and supplied with renewable energy. Other means to produce
hydrogen are presented in the figure 16. (IRENA, 2018)

Figure 16. Different way for hydrogen production and their levels of maturity. (IRENA, 2018)
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A fuel cell is a device that transforms chemical energy into electrical without producing
carbon emissions. In the traditional way of electrical production fuel is burned to generate
heat, which is then used to transform water into steam. The steam is then used to run the
turbine. The turbine and generator together create electricity from steam. Electricity is
created directly from fuel with a fuel cell, and therefore classical Carnot efficiency,
maximum efficiency for any thermodynamic engine, does not apply. The basic difference to
batteries is that fuel cells require a constant feed of fuel and oxidant and can operate if this
feed is sustained. A traditional fuel cell contains anode and cathode separated by a polymer
electrolyte and a catalyst. Fuel cell systems have been invented in the 1830s but have gone
under development just recently in the past 40 years. (Inamuddin, 2017; IRENA, 2018; EPA,
2017)

To use hydrogen as an electrical storage and fuel cell to transform hydrogen back to
electricity becomes problematic due to a low roundtrip efficiency and a higher initial
investment compared to batteries. This is due to expensive custom production methods and
a lack of production volume. Fuel cells have been used successfully in stationary backup
power applications, but in comparison to batteries, fuel cells are better at self-discharge,
thermal tolerance, and lifetime. Batteries tend to have a better round-trip efficiency and
cheaper price. It is possible that fuel cells could replace diesel generators in the future,
especially in remote areas. Fuel cells do not require as much maintenance as diesel generator,
and they produce no noise, odours, or carbon emissions. Because of the cleanliness and silent
operation, fuel cells can be operated outdoors and indoors, even in proximity of sensitive
wildlife or environments. Fuel cells require fuel to be processed, without any impurities.
Fuel cells’ electrical efficiency is around 30-63%, and with CHP application the total
efficiency of 80 % can be reached. With CHP use, costs would be approximately 5000-6500
$/kW. (IRENA, 2018; EPA, 2017)

Fuel cells can utilise various fuels like hydrogen, methane, or alcohols. If a natural gas is
used, fuel must first be processed with a reformer, which adds fuel flexibility, but also
increases costs and complexity. Moreover, if natural gas is used, CO2 emissions rise from
negligible to 15,4 kg/MWh. Fuel cells can be divided to several subcategories depending on
their operating temperature, or the electrolyte used. Low temperature fuel cells are proton
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exchange membrane (PEMFC), alkaline fuel cells (AFC) and phosphoric acid (PAFC) fuel
cells. These types require operating temperatures of 25-100°C. High temperature ones,
molten carbonate (MCFC), solid oxide (SOFC) and direct carbon (DCFC) fuel cell operate
at temperatures of 650-1000°C. Theoretical maximum cell efficiency with H2/O2 cell in
atmospheric pressure would be around 83%. (Inamuddin, 2017; EPA, 2017)

High temperature fuel cells are not very well suited for mere backup power use due to their
demand for constant upkeep of temperature. Therefore, in this thesis the focus will be on
currently most promising low temperature fuel cell and electrolyser type, PEM. Tables 7 and
8 show the attributes of the main fuel cell types.

PEM electrolyser

PEM advantages over alkaline electrolyser are more flexible and faster operation. PEM units
can be overloaded temporarily even up to 200-300 % of nominal capacity. Interestingly,
PEM electrolysers work with higher efficiency when operation is below the nominal load.
PEM electrolyser has an electrical efficiency of 60%. Hydrogen is produced at around 30
bar pressure. PEM uses expensive metals as catalyst, like platinum and iridium. EPA
suggests PEM electrolyser to cost around 1200 $/kW. OPEX costs are generally suggested
to be approximately 2-4% of CAPEX. (IRENA, 2018; Ausfelder, 2017; EPA, 2017;
Christensen, 2020)

59

Table 6. Characteristics of ALK and PEM electrolysers. (IRENA, 2018)

PEM fuel cell

Proton exchange membrane (PEM) is a more recent technology, and it is one of the most
advanced fuel cell technologies. PEM fuel cell was developed by NASA in the 1960s for the
first manned spacecraft. This type of fuel cell is modular, it has a high-power density and it
is simple to produce. They are sensitive to CO poisoning. (Ausfelder, 2017; EPA, 2017)
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Figure 17. Basic components of PEM fuel cell. (Inamuddin, 2017)

Fuel cells might compete well against batteries in backup use since the lifetime of the fuel
cell depends on the hours of use rather than its calendar life. Batteries need to be replaced
either when reaching the end of their technical or their calendar lifetime. System costs for
PEM fuel cell are estimated to be 2000-3200 $/kW. This price includes the equipment for
heat dissipation. Suddenly disappearing loads are not a problem for fuel cells, because the
increased terminal voltage simply ceases hydrogen conversion. Sudden increases of load are
more problematic because that can lead to cell voltage reversal and damage the fuel cell.
(Battelle Memorial Institute, 2016)
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Table 7. Uses and characteristics of different fuel cell technologies. (EPA, 2017)
Application

Alkaline (AFC)

Direct Methanol
(DMFC)
Phosphoric Acid
(PAFC)

Proton Exchange
Membrane
(PEMFC)

•Military
•Space
• Backup power
• Portable power
• Military
• Auxiliary power
• Electric utility
• Distributed
generation
• Backup power
• Portable power
• Distributed
generation
• Transportation
• Specialty vehicles

Molten Carbonate
(MCFC)

• Auxiliary power
• Electric utility
• Distributed
generation

Solid Oxide (SOFC)

• Auxiliary power
• Electric utility
• Distributed
generation

Advantages
Disadvantages
• Cathode reaction faster
• Sensitive to CO2 in fuel
in alkaline electrolyte,
and air
leads to high
• Electrolyte
performance
management
• Low cost components
• Expensive catalysts
• No need for reformer
• Low temperature waste
• Low temperature
heat
• Higher temperature
• Platinum catalyst
enables CHP
• Startup time
• Increased tolerance to
• Low current and power
fuel impurities
• Solid electrolyte
• Expensive catalysts
reduces corrosion &
• Sensitive to fuel
electrolyte management
impurities
problems
• Low temperature waste
• Low temperature
heat
• Quick startup
• High efficiency
• High temperature
• Fuel flexibility
corrosion and
• Can use a variety of
breakdown
catalysts
• Long startup time
• Suitable for CHP
• Low power density
• High efficiency
• Fuel flexibility
• High temperature
• Can use a variety of
corrosion and breakdown
catalysts
of cell components
• Solid electrolyte
• High temperature
• Suitable for CHP &
operation requires long
Combined heat,
startup time and limits
hydrogen, and
powerHybrid/GT cycle

Table 8. Technical characteristics of most common fuel cell technologies. (EPA, 2017)
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Fuel cell system requires a storage for hydrogen. Cost estimations vary greatly but Van
Leeuwen (Van Leeuwen C., 2018) presents a one low pressure 30 bar storage cost of 38
€/m3 from 2007 and decrease to 25 €/m3 estimation by 2020. The original report uses 100
€/m3 as a base value for high pressure tanks. Operating and maintenance costs are estimated
to be 1,5 % of the initial investment. Tank calendar life is 20 to 30 years. (Van Leeuwen C.,
2018)

3.7

Pumped storage

Pumped hydro storage is a large-scale energy storage option. The technology reaches as far
back as the 1890s. Reservoir stores energy as potential energy of water. The storage is
charged by pumping the water to an upper reservoir and discharged by letting it run through
the pump/turbine to the lower reservoir. Energy is directly related to the volume of the stored
water and the height difference between the reservoirs. Since these reservoirs are very large,
this type of storage is heavily tied to certain geographical locations. Pumped hydro storages
are usually used to provide energy supply during high demand. This again is balanced by
recharging the storage during low demand or lower prices. In contrast to battery storages,
pumped hydro storage has a very low self-discharge rate. This means that it is better suited
for long-term storage. (Ausfelder, 2017; IRENA, 2017)

Figure 18. Basic principle of pumped hydro storage. (IRENA, 2017)
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Pumped hydro storage is a mature technology where the costs are related to the construction
of the chosen site rather than the technology itself. This leaves little to be improved and little
potential for cost decreases. The technology itself is quite cumbersome in comparison to
other more modular electrical storages. Since pumped hydro storages generally generate or
use energy, swift change of direction is not feasible. This makes this kind of storage poorly
equipped for frequency control. Pumped hydro plants can be divided in to three categories:
fixed, variable and ternary. Fixed refers to fixed speed of the pump. Variable means the
system gains adjustability through frequency control, and ternary includes separate turbine
and pump on a single shaft with the generator. Pumped hydro storage response time to full
power is around 2-10 minutes. Switching from generation to load depends lot on the plant
type. For a fixed plant it takes 500 seconds, and a ternary plant about 25-45 seconds. From
load to generation, it takes 220 seconds for a fixed plant and 25-60 seconds for a ternary
plant. Adjustable speed operation times are close to the fixed plant times. (IRENA, 2017;
Mongird K., 2019)

According to Ausfelder, pumped storage system costs 500-1000 €/kW or 5-20 €/kWh.
(Ausfelder, 2017) Mongird estimates system costs of 1500-5100 $/kW. National
hydropower association (NHA) suggests 2000-3500$/kW. Fixed O&M costs are estimated
to be around 15,9 $/kW per year. Estimating pumped hydro storage costs the energy is not a
good correlation of the price since the storage location has a heavy effect on the energy
capacity of the plant and to the cost per kWh. (Mongird K., 2019)

Pumped hydro storages work well for long-term storage. Round trip efficiency is around 70
– 84 % and the expected lifetime is around 40 to 60 years, although even a lifetime of 100
years has been recorded. Self-discharge of the pumped hydro plants is low, around 2 % per
day. Traditionally the storage is pumped up during the night or other low-price time and
discharged during morning or evening peak hours. Since solar PVs, especially ones with
batteries, can flatten daytime peaks, pumped hydro storage is losing its traditional operation
market. Additionally, areas suited for pumped hydro storages are very limited and without
natural reservoir, construction costs would increase. (IRENA, 2017)

64

Advantages

Disadvantages

•

Mature technology

•

Geographic restrictions

•

Low self-discharge

•

Low energy density

•

Large volumes possible

•

High initial investment

•

Long storage periods

•

Long construction period

•

Relatively low installation costs

•

Environmental concerns

•

Long life and cost

(IRENA, 2017)
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3.8

Compressed air energy storage (CAES)

Compressed air energy system (CAES) is a system where energy is stored as compressed air in
large volume air reservoirs. Suitable air reservoirs are, for example, old salt deposits, caverns,
and depleted gas fields. Using a naturally formed reservoir is mandatory for the use to be
economical. Apart from the air reservoir, CAES system works like a conventional gas turbine.
The system is charged by feeding the excess electrical energy to compressors to store
pressurized air in a reservoir. The reaction is exothermic, meaning that the air is heated while
it gets compressed. This heat can then be collected or released to the atmosphere. When the
storage is discharged, air is released from the reservoir. Since this is an endothermic reaction,
the air must be reheated. This is done by adding fuel to the air and pushing the mix through a
turbine or by using previously collected heat from compression. Heat exchangers can be used
to improve system efficiency to collect heat from the exhaust. A disadvantage to the pressurised
air system is especially poor efficiency and with traditional model, production of CO2. There is
a lack of CAES projects under development and investors seem keener to invest to other storage
technologies. Complex energy conversion process renders pressurized air storage poorly suited
for frequency control applications. CAES response time to full power would be around 2-10
minutes. (IRENA, 2017; Mongird K., 2019)

Figure 19. Basic principle of diabatic (left) and adiabatic (right) storages. (IRENA, 2017)

At 2017 two diabatic CAES systems were in use, Huntorf, Germany since 1978 and MacIntosh,
USA, since 1991. Huntorf has power of 321 MW and is capable for two hours of operation.
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MacIntosh plant power is 110 MW and it is capable of 26 hours of operation under full load.
Hontorf has an electrical efficiency of 42 % and MacIntosh 54 %. Adiabatic CAES systems are
not currently applied on an industrial scale. (Ausfelder, 2017)

Cost estimation is challenging and depends on a lot of local environment. In general system
costs around 50 $/kWh. In 2002 plant cost was estimated to be 350 – 650 $/kW. (IRENA, 2017)
Ausfelder suggests CAES storage system costs of 1000 €/kW or >40-80 €/kWh. (Ausfelder,
2017) Like PHS, environment has a lot to do with the costs of the plant. Without storage cavern
cost for 300-500 MW diabatic system would be around 1600-2300 $/kW. The efficiency of the
CAES is around 52 %. Mongird estimates fixed O&M costs around 15-19 $/kW per year for
diabatic or adiabatic and variable costs without fuel are about 1,96-2,3 $/MWh. CAES can have
a lifetime of 25-30 years and a technical lifetime of 10 000 cycles. (Mongird K., 2019)

Table 9. Cost estimations for CAES based on E/P ratio. (Mongird K., 2019)
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4 MARKET AND EQUIPMENT COMPARISON

In this chapter, the market requirements and equipment possibilities are observed from the view
of an industrial operator. All the sources for prices are from the same time frame, but a lot of
variance is still detectable. The assumed values for this thesis are presented in attachment 1.
CAES and PHS are so reliant to their location that it would not be feasible to try and create
generalised results. They are therefore omitted from further analysis. Additionally, such
technologies are rarely in use as industrial backup power. Also, equipment requiring high
temperatures is discarded, since by the nature of the backup power systems, constant heating of
standby equipment would only increase costs needlessly.

C-rates and E/P ratios have been paid special attention to in this thesis. Many theses group the
characteristics of different lithium technologies together and use an arbitrary battery pack as an
example, thus creating a battery that has no relevance in real life. If 4 MW and 1 MWh battery
pack is desired this could mean four packs of 1MW NMC battery packs with 1C rating or single
1 MW LTO pack with minimum of 4C discharge rating. This has a great impact on the initial
investment. A use of higher C-rate usually has a negative effect to battery life, but as Kucevic
(Kucevic, 2020) shows in his study, using 2C charge or discharge can be beneficial for the
battery.

4.1

Calculation methods

This chapter presents the method used and variations in calculation between each market. All
information used in the calculations is collected in the attachment 1. The technical lifetime or
cycle time of a battery will be determined based on the DOD of the use. With flywheels or
ultracapacitors, cycle amounts remain solid, because DOD has no effect. Additionally, lithium
batteries are not grouped to a single unit but separated to a few examples better resembling their
characteristics.

All yearly profits and expenses are netted within a year and then calculated as net present value
with 4 % interest rate. The costs are storage charging costs, fuel cost, maintenance and operating
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costs, and self-discharge costs. The efficiency of the storage is considered only in the charging
phase. The yearly profits are the estimated income from the markets. Open data from Fingrid
from the years 2019 and 2020 is used for determining the expected yearly income. For energy
costs, the price 0,1 €/kWh is used. Batteries are over dimensioned by 25 % to cover the 20 %
capacity degradation during lifetime, if the market is dependent on energy capacity of the
storage. No sanctions or permanence reductions are assumed. For PEM fuel cell systems storage
is refilled after use and storage price is included in the initial investment. Due to the nature of
battery storages, hourly markets are calculated with 50 % availability to allow battery charge
time after discharge. Even though VRLA and ultracapacitors are basically maintenance free, a
minimal operation and maintenance cost of 1 €/kWh is issued. Carbon price is not included for
diesel generators unless separately mentioned, and only PEM electrolyser is considered as a
hydrogen production method.

4.1.1

FFR calculation

Yearly adjusted profits are determined from Fingrid open data. (Fingrid Oyj, 2020e) Total
lifetime costs or profits are calculated with equation 11. All under 5 MW purchases are ignored
because of the unlikely probability of an accepted bid. Maximum yearly profit is then calculated
from the remaining purchases for the 1 MW. This is adjusted by the probability of the accepted
bid, presented in equation 12. With ultracapacitors, flywheels and batteries in FFR use,
technical cycle time becomes useless, due to negligible DOD involved. With each selected
technology, the calendar lifetime is considered as time of operation. For the ultracapacitors and
flywheels, cost per power values are used to determine the initial investment. Equipment is
sized by power only and lifetime degradation is ignored.

Lifetime value for the investment is determined with net present value method by following
equation
[J\PIJTP IKIF] = ∑

where
t = year

i5
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− GJIJF] JGjPkITPGI (11)
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r = intrest 4 %
lmnkIPl oPFR]o NRK\JI = Capacity compensation per hour per MW ×
KwPR K\ IℎP yJl × NnRHℎFkPl ℎKnRk × jPRFzP NRKyFyJ]JIo K\ IℎP FHHPNIPl yJl
(12)
{PFR]o HKkIk = !GPRzo ]KkkPk (kP]\ lJkHℎFRzP) + }&
€ ad < gQ L• L

!GPRzo ]KkkPk = FNFHJIo K\ kIKRFzP × •

. `

HKkIk

(13)

€

‚ × 0,1 „…Q × 365
(14)

For batteries
GJIJF] JGjPkITPGI = FNFHJIo × FNFHJIo HKkI

L•`

(15)

For ultracapacitors and flywheels
GJIJF] JGjPkITPGI = FNFHJIo × FNFHJIo HKkIbc‰
4.1.2

L

(16)

FCR-N calculation

FCR-N yearly market compensates capacity and energy. Energy compensation is calculated by
equation 3 presented in chapter 2.5.2. Yearly capacity compensation is calculated by
determining SOC of the 1 MWh storage based on 2020 frequency. Three-minute values are
used, and control is adjusted with three-minute intervals. Energy requirement is calculated from
these blocks and storage adjusted accordingly. All the hours the storage is either full or empty
are counted to determine yearly availability. Dead band area does not have effect on capacity
compensation, if the battery is still available. Batteries are over dimensioned by 25 % to
compensate lifetime capacity degradation. Equation 19 is used to determine equipment
investment costs for batteries. For other equipment equation 15 is applied.
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Capacity compensation for FCR-N yearly markets is calculated with equation 18. In the case
of hourly markets, the capacity compensation is determined by the hourly price and calculated
for each hour separately. Every other hour is left for charge balancing and therefore the
equipment is available only 50 % of the time.
{PFR]o HFNFHJIo NRK\JI = Hours`

L

× ‹KnR]o HFNFHJIo HKTNPGkFIJKG × FNFHJIo
(17)

lmnkIPl oPFR]o NRK\JI = Yearly HFNFHJIo HKTNPGkFIJKG × jFJ]FyJ]JIo
(18)
GJIJF] JGjPkITPGI = FNFHJIo × FNFHJIo HKkI

× 1,25

(19)

HKkIk + !GPRzo HKTNPGkFIJKG

(20)

L•`

For FCR-N yearly costs, energy compensation is added.
{PFR]o HKkIk = !GPRzo ]KkkPk + }&
FEC is determined by the following equation
O! =

Žc

a

L•` < gQ L• <

b g ` cd Q

cL •

(21)

FEC is then used to determine the lifetime of the storage by reducing FEC from available cycles
each year. If available cycles end before the calendar lifetime, it is used as total lifetime of the
storage. Profits and costs are adjusted accordingly. If storage lifetime ends midway of the year,
this part of the year is included in the calculations.

Hourly markets are calculated same way, only hourly data is used. 50 % and 100 % availability
scenarios are presented.
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4.1.3

FCR-D calculation

The FCR-D is compensated for capacity availability. Because the electrical energy involved is
small, it is omitted. High cycles are used because of low DOD. Lifetime totals are based on
calendar lifetime. For lifetime total, equation 22 is used. Equation 13 is used for yearly costs.
Unlike FFR, batteries are over dimensioned by 25 % to compensate lifetime degradation,
because 30 minutes of operation is required throughout whole lifetime by Fingrid. This is
presented in equation 19.
[J\PIJTP IKIF] = ∑
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e)

− GJIJF] JGjPkITPGI
(22)

4.1.4

FCR-D + FRR calculation

FCR-D and FFR combination lifetime costs are calculated with equation 22. Minimum bid and
share between markets are determined from equation 6 presented in the chapter 2.5.3. Batteries
are over dimensioned as presented in equation 19.

4.1.5

aFRR calculation

In aFRR market, compensation is paid for capacity according to the bid. The highest value for
profit is determined from data with bid intervals of five euros per megawatt. This value is then
used as capacity compensation. All under 10 MW purchases per hour are ignored. Lifetime total
is calculated using equation 23 for all equipment. Yearly capacity profits are calculated by
equation 24. Only up-regulation is considered. If down-regulation is included, it is separately
mentioned.

Investment costs for batteries are determined with equation 19 and yearly costs with equation
27. In case of ultracapacitors and flywheels equations 15 and 27 are used.

For batteries, flywheels and ultracapacitors, the lifetime total is calculated with equation 23.
Yearly costs include O&M, self-discharge, and energy balancing costs.
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[J\PIJTP IKIF] =
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Where,
PriceEup,t = Energy compensation from up-regulation
PriceEdown,t = Energy cost from down-regulation
Yearly capacity compensation is calculated with the following equation. It is calculated only
for the exact hour when price of the bid is lower than the capacity price of the hour.
{PFR]o HFNFHJIo NRK\JI = ∑( FNFHJIo NRJHPQ × FNFHJIo" < )

(24)

Energy compensation is calculated for aFRR with the following equation
RJHP!_b.Q = !_b,Q ∗
RJHP!<c‰

,Q

= !<c‰

,Q

∗

RJHP_b,Q
RJHP<c‰

(25)
,Q

(26)

h = Hour in question
Eup,h = Energy provided to up-regulation that hour
Edown,h = Energy acquired from down-regulation that hour
Priceup,h = Energy price for up-regulation that hour
Pricedown,h = Energy price for for down-regulation that hour
Energies are determined from Fingrid data based on the accepted bids. The energy amount is
the power of the bid times one hour. Energy balancing costs include the recharging costs of
storage presented in equation 28.
{PFR]o HKkIk = }&

HKkIk + !GPRzo ]KkkPk + !GPRzo yF]FHJGz HKkI

(27)
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!GPRzo yF]FHJGz HKkI = •

••

dd

− !<c‰ ‚ × 0,1 €˜–—ℎ

(28)

Where,
Eup = Total yearly energy provided to up-regulation
Edown = Total yearly energy acquired from down-regulation
The lifetime total for a diesel generator is calculated with the equation 23. The yearly costs for
a diesel generator are presented in the equations 29, 30 and 31. Diesel fuel costs of the diesel
generators are based on the estimation chart of Diesel service & supply (Diesel service &
supply, 2020). The main size of the generator is 2 MW or 1 MW. The fuel consumption of
monthly tests is included in the fuel costs. The monthly tests consist of 30 minutes of half load
operation. Like maximum cycle lifetime with batteries, the generator’s operating hours are
compared to calendar lifetime and the shorter is selected as the equipment lifetime. Yearly hours
are determined from Fingrid open data (Fingrid Oyj, 2020e) by the total of full load hours based
on average energy activated per MW during that hour multiplied by the bid power.
{PFR]o HKkIk = }&

HKkIk + !GPRzo yF]FHJGz HKkI + {PFR]o \nP] HKkIk.

(29)
{PFR]o \nP] HKkIk.

€

= 1,4 a × ((O[‹ × OnP] nkP.

12 –N] × 0,5 ℎKnRk))

&

) + (OnP] nkP

×
(30)

O[‹ = ∑ • Uš ‚)
š

(31)

where,
Eh = Activated energy at hour h
Ph = Procured power at hour h
The lifetime total for PEM fuel cell is calculated with equation 23. PEM yearly costs include
the use of the storage, electrolyser, as well as O&M costs. The hydrogen storage is assumed to
be full at the beginning and all the energy that is used, is returned to the storage, using relevant
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efficiencies. Hydrogen storage is sized for eight hours of full operation, with high pressure
values used. Hydrogen is considered to provide 33,6 kWh / kg with 100 % efficiency and has
32,968 kg/m3 density in storage. Using efficiencies provided in attachment 1, eight-hour
operation of 5 MW would require a hydrogen tank sized approximately 100m3. Auxiliary
equipment is not included in the costs. Full load hours are determined with equation 30 similarly
to diesel generators.
GJIJF] JGjPkITPGIU

= / FNFHJIo × FNFHJIo HKkIU

›
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For fuel cells, used to both up and down-regulation markets simultaneously, the lifetime total
is calculated with equation 36. Yearly costs are determined with equations 34 and 35.
[J\PIJTP IKIF] = ∑
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4.1.6
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mFRR calculation

Capacity compensation for mFRR is calculated with equation 7, presented in chapter 2.5.5. This
is not added to the lifetime total since it depends upon the bid. The lifetime totals for all
equipment are calculated with equation 37. Only up-regulation is considered unless otherwise
mentioned.
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Energy price is calculated for mFRR at 15-minute intervals at hourly price applied
{PFR]o nN RPzn]FIJKG PGPRzo NRK\JI = ∑( FNFHJIo" < × !_b,Q ×
{PFR]o lKwG RPzn]FIJKG PGPRzo HKkI = ∑( FNFHJIo" < × !<c‰
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(38)
(39)

h = Hour in question

Investment costs for batteries are determined with equation 19. Every other hour is left for
charge balancing. Yearly costs for batteries are calculated with equation 27 and the costs for
charge balancing with equation 28.

4.1.7

Implicit flexibility calculation

The use of implicit flexibility depends heavily on the load profile and the process of the site.
Therefore, in this thesis, the limits for profitable use are calculated. Both high and low DOD
situations are considered with respectful lifetimes. The required profits are calculated per cycle
or per the hour of use. Different yearly cycle and use times are provided.

Initially, the lifetime costs are calculated as net present value with equation 40.
[J\PIJTP HKkI = ∑
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Yearly annuity is then determined
(5hL)•ž ×L

{PFR]o FGGnJIo = ((5hL)•ž
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× [J\PIJTP HKkI

(42)

Profit requirements can then be determined with equation 43.
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Future development of electricity storages and markets

Determining battery price levels is hard because prices keep falling at a drastic pace. At the
time of this study, early 2021, lithium cell price averages at 137 $/kWh, while in 2017 the
average price was 221 $/kWh. That would mean a lithium cell price drop of 36 % between
2017-2020. For the first time LFP is the most cost-effective cell option at 80 $/kWh. It should
be noted that only the cell price is not directly usable for calculating storages, but to get the
latest reference to other sources that are written around 2017, this cell price is used to estimate
the reference price of the storage. (BloombergNEF, 2020)

It is understandable why LFP type lithium batteries are taking the lead against NMC, the most
versatile of leading lithium technologies. A few accidents like the Arizona fire or string of grid
connected battery fire incidents in South Korea (ESJ, 2020), that has been suspected to have
started from a thermal runaway of a single cell, has shown that safety has value as well. LFP
can stand high voltages and it also has better thermal characteristics. LFP batteries are far more
stable than NMC type batteries and they can be expected to become the leading cell type.
(Soltaro, 2020) LTO is technically the best cell type, and it shows promise in the future, if mass
production decreases the price. Currently, LTO prices are high, but a high cycle count and the
capability to produce high current discharges could be of interest to industrial operators.
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One reason for underestimating the fall of the battery prices could be explained by the rising
prices of essential metals. According to Bloomberg, NEF, nickel, cobalt, aluminium, or lithium
eventually has very little effect on the whole price of the battery. For example, if lithium price
would rise 50 %, it would increase the price of a battery pack less than 4 %. If cobalt price
would double, it would result in a 3 % price increase of the battery. Manufacturers’ margins
have a heavier impact on the price, but heavy competition in the field should drive prices even
lower. According to an IRENA report, material costs for the lithium batteries vary between
studies, but would be around 55 to 63 % of total storage costs. IRENA predicts that storage
prices will drop around 50-60 % by 2030, half of the price drop from materials and half from
the project costs. (IRENA, 2017; BloombergNEF, 2019)

Figure 20. Estimated development of the lithium cell prices
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Figure 21. Estimated development of the lithium storage average prices

Figure 20 presents how lithium battery cell prices could develop between 2020 and 2030. Cell
costs are falling at an average rate of 8,2%. In 2020-2021 the rate was 12,74%. BloombergNEF
(BloombergNEF, 2020) would expect to see prices around 60 € / kWh at the end of this decade.
Even with the cell prices falling almost an additional 60 %, the total storage price might
experience only a 14 % of decrease if other project costs remain as they are. This can be
explained by increased wages, price of materials and suppliers’ margins. Even if there would
be heavy competition between equipment producers, it does not reflect to contractors. Figure
21 presents a solid project cost situation and potential -5% additional yearly project cost decline.
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Figure 22. Price development of TSO markets

Figure 22 shows how capacity price in Fingrid markets has been developing in a past few years.
Most of the markets show a steady, slow decline but aFRR down-regulation price shows
potential for growth.

4.2.1

Fuel cells or diesel generator

IRENA predicts that fuel cells could replace the generator entirely. The technology would be
superior if the potential of the technology and energy transition are considered. Fuel cells lack
the development and production scale to bring down prices. In table 11 different scenarios are
presented to gain a view of what should happen to fuel cells for them to be able to challenge
traditional diesel generators.
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Table 11: PEM fuel cell and Diesel generator cost comparison
1 MW
Diesel generator
Diesel generator
Diesel generator
Diesel generator

Lifetime
20,0
20,0
3,0
1,5

Lifetime total Yearly costs Efficiency Hours of use Price €/kWh
-1 090 300 €
-30 200 €
0,4
6
664
-3 650 700 €
-218 600 €
0,4
500
664
-4 933 700 € -1 537 400 €
0,4
4000
664
-5 000 600 € -3 044 600 €
0,4
8000
664

Fuel cell (PEM) normal
Fuel cell (PEM) normal
Fuel cell (PEM) normal
Fuel cell (PEM) normal
Fuel cell (PEM) Price drop(-50%)
Fuel cell (PEM) efficiency(60%) + price(-50%)
Fuel cell (PEM) efficiency(60%) + price(-50%)
Fuel cell (PEM) efficiency(60%) + price(-50%)
Fuel cell (PEM) efficiency(60%) + price(-50%)

20,0
20,0
10,0
5,0
20,0
20,0
20,0
10,0
5,0

-2 817 600 €
-12 030 €
-4 705 100 €
-150 900 €
-11 763 800 € -1 123 100 €
-12 600 600 € -2 234 300 €
-1 489 600 €
-12 030 €
-1 489 600 €
-12 030 €
-2 622 100 €
-95 400 €
-6 830 900 €
-678 700 €
-7 315 400 € -1 345 400 €

0,36
0,36
0,36
0,36
0,36
0,6
0,6
0,6
0,6

0
500
4000
8000
0
0
500
4000
8000

2656
2656
2656
2656
1328
1328
1328
1328
1328

Fuel cell (PEM) Price drop
Fuel cell (PEM) efficiency + price

20,0
20,0

-1 090 300 €
-3 650 700 €

0,36
0,6

0
500

929
2357

-12 030 €
-95 370 €

From table 11, it can be seen, that PEM electrolyser and fuel cell are unable to beat the diesel
generator, currently at least. The PEM total system price should fall to 1034 €/kWh for fuel
cells to become a competitive option in backup use. As the operating hours increase, double
conversion starts to cost heavily on the profitability of the fuel cells. Two last lines show the
price level PEM system should achieve in order to match the costs of the diesel generator. All
calculations here for PEM system use the electricity price of 0,1 €/kWh. This is one of the major
factors to determining costs with increased operating hours. Also, carbon price is not included
to diesel generator, a factor that could equalise the situation in the future. Fuel cell may replace
diesel generators eventually with backup systems, but it depends upon the development paths
chosen for the competing technologies.

4.3

Elspot/elbas

Nord Pool day-ahead (spot) markets are not well suited for small capacity storages like
industrial backup energy storages. This is a wholesale market, and it is best suited for large
generation. Profitability with backup equipment would require a high fluctuation of the price
of electricity, preferably daily.
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Figure 23. Hourly elspot prices of Finland in 2020. (Nord Pool, 2020)

The storage within the spot market should be able to benefit from the price difference, but for
a 1 MWh battery, a single cycle should have a price difference of 200 €/cycle with 100%DoD
for it to be profitable. From the graph we can see four instances during the year when price
exceeds 200 €/MWh. The price should be around 0 €/MWh between each high price. Batteries
would run out of calendar lifetime with such poor volume. The same would apply with
flywheels and capacitors. These storages have much higher calendar and technical lifetimes,
but also a much larger initial investment. The yearly maximum profit is approximately 40005000€. These peaks could be utilised using a diesel generator but with the hourly consumption
being around 270 l/h (1MW full load) (Diesel service & supply, 2020) at diesel price of 1,4 €/l
(GlobalPetrolPrices.com, 2021) hourly fuel expenses would be approximately 377 €/h.
Considering the generator investment cost and the O&M costs, the generator covers the costs
when the price exceeds 435 €/MWh. Such prices are very rare and for profit, lifetime of the
generator is not sufficient to compensate the initial investment.
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4.4

FFR

FFR is clearly best for high power, instant and low energy production like capacitors, flywheels,
or batteries. The requirement for a near instantaneous start for delivery is perhaps the most
limiting factor. Since DOD and energies involved remain low, this market would work very
well for backup batteries and especially those with higher C-ratings. Nevertheless, the hours
FFR is needed during the year renders it a quite small market. On one hand, throughout the year
only 15 % of the yearly bids have been accepted, but on the other hand when FFR bids are
acquired, 75 % of the bids on average are used. In 2020 Fingrid open data (Fingrid Oyj, 2020e)
shows reserve being purchased during 2020 only from spring to summer, around 900 hours per
year. The price level has been very good with a 80 €/MW average in comparison to other
markets. As more renewable energy is implemented, the scale of FFR can be expected to grow,
as the inertia in the grid decreases. The price level might not stay this high, however. According
to Fingrid open data (Fingrid Oyj, 2020e) for FFR markets, the yearly income with 1 MW 50
€/MW offer produces approximately 69 000 € with 800 purchases made. Only the provided
power and availability is compensated, not energy.

Table 12. Lifetime totals with FFR markets on suitable equipment (75% probability for bid)
1 MW
Lifetime
IRR
Ultracapacitor*
15
6,0%
Flywheel*
15
3,8%
NCM
12
6,1%
LFP
12
1,0%
LFP (2C)
12
16,2%
LTO
15
-2,6%
LTO (2C)
15
8,0%
LTO (5C)
15
30,1%
VRLA
10
5,7%
* For ultracapacitor and flywheel €/kW value is used

Lifetime total
73 600 €
-7 400 €
46 100 €
-83 900 €
205 400 €
-337 000 €
124 500 €
401 300 €
28 900 €
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In table 12, the scale of the price difference of C and 2C discharge rates can be seen. LTO
battery of 5C discharge, even though it is the most profitable, raises questions whether an LTO
battery can last 15 years with more demanding discharge rate, even if the DOD is low.

4.5

FCR-N

The FCR-N market has the lowest minimum bid power and a decent activation time of three
minutes. The control is straightforward by locally measured frequency deviation. This market
works for any production system that has the capability to provide controllable up or down
regulation with fast pace. FCR-N could therefore work best for flywheels and batteries. For a 1
MW bid, the energy must be 1 MWh, since half an hour of full operation is required. The initial
assumption is that SOC is 50 % at the beginning and the battery is capable of half an hour of
operation of up or down-regulation. Flywheels and ultracapacitors have been adjusted
accordingly. The minimum duration of 30 minutes of constant operation can become an
obstacle for flywheels and ultracapacitors.

From Fingrid open data (Fingrid Oyj, 2020e) frequency of the year 2020 is presented in figure
24. FCR-N is controlled by the local measurement and for determining the cycle times and
DOD, and the use of 1C rating is assumed for lithium batteries.
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Figure 24. Frequency in Finland during 2020 (Fingrid Oyj, 2020e)

By applying the Fingrid frequency control to the frequency data, around 600 FEC can be
calculated. For the DOD true cycles were determined and energy per cycle was calculated
resulting to 10-20% average DOD in a year. Therefore, the highest cycle amounts can be used.
Figure 25 presents 1 MW 1C battery SOC with 2020 frequency data, without other control than
frequency. A lot of the time the battery is either full or empty. In the 2020 scenario, without
other control than frequency, the battery is at its limits 39 % of the time. Fingrid does not
sanction this but also does not compensate it.

Figure 25. SoC of 1MWh storage 2020 With 1C

The yearly compensation for 1 MW power capacity can simply be calculated by multiplying
the yearly hours with the yearly price. For 2020, full capacity compensation would be around
115 600 € using equation 17. Using equation 18, the availability is taken into account, resulting
in yearly profits of 70 500 € per provided MW.
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Table 13. Lifetime total for FCR-N markets (61% availability)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
6,7
12,0
15,0
3,3

Price €/kWh
20000
4480
370
500
830
330

IRR
-25,44%
-10,08%
-5,18%
1,10%
-2,55%
-24,31%

Lifetime total
-19 299 500 €
-3 647 200 €
-139 800 €
-100 400 €
-416 000 €
-213 600 €

Table 14. Lifetime total for FCR-N markets (Full capacity compensation)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
4,1
10,2
15,0
2,0

Price €/kWh
20000
4480
370
500
830
330

IRR
-22,02%
-6,24%
-4,18%
10,10%
5,15%
-10,10%

Lifetime total
-18 798 100 €
-3 034 300 €
-87 600 €
207 200 €
85 400 €
-105 300 €

Flywheel and ultracapacitors become very expensive with the increased energy demand. LFP
batteries seem to be the most profitable, requiring a bit over 70 % availability or over 6000
capacity compensated hours per year.

In hourly markets the 1 MW 12 €/MW bid was simulated with 50 % availability. Every other
hour is left for charge balancing. The expected income from capacity is around 70 000 € per
year, and 150 000 € if the charge balancing hours are not needed. Such a bid would of course
be technically impossible.
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Table 15. Lifetime total for FCR-N hourly markets (50% bids 1MW 12 €/MW)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
12,0
12,0
15,0
10,0

Price €/kWh
20000
4480
370
500
830
330

IRR
-24,35%
-9,02%
9,60%
4,38%
-0,20%
10,45%

Lifetime total
-19 163 900 €
-3 503 800 €
161 000 €
14 000 €
-280 500 €
145 100 €

Table 16. Lifetime total for FCR-N hourly markets (100% bids 1MW 12 €/MW)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
12,0
12,0
15,0
10,0

Price €/kWh
20000
4480
370
500
830
330

IRR
-20,06%
-4,06%
27,72%
19,38%
10,15%
29,43%

Lifetime total
-18 391 500 €
-2 566 000 €
797 100 €
666 000 €
491 900 €
659 500 €

Table 16 shows very promising profits in the hourly markets, but these are merely the optimal
maximum profits based on the year 2020. The reason for high profits with lower hours of use,
2700 and 5200 h, is the payment method of sharing the highest accepted bid amongst all bidders.
This raises the potential profit of capacity. These profits are calculated in the yearly market
price bid, but if this were common practice, the profits would also be far smaller. Based on the
2020 data, any 30 €/MW or below bid with 50 % availability would result in approximately 50
000 € expected income.

4.5.1

C-rating control

Fingrid does not allow other control mechanisms apart from the frequency for sold capacity.
VTT (Divshali & Evens, 2020) found in their study that the only way to increase profitability
is to charge the storage in a dead band area. This was, however, considered against Fingrid
rules. If every battery in the FCR service used the same charging mechanism, the resulting
simultaneous current spike would affect the frequency. The other mechanisms that were studied
increased profits 4 % at best. Market or charging optimisation is not the focus in this thesis but
it seems that the technical solution was not considered in the VTT study.
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The batteries’ SOC rises and declines along with the frequency adjustments. Generally, the
SOC should remain near the mid-range since deviations average out. If a battery ends up fully
charged, it is unable to provide further service for down-regulation and vice versa. In the Fingrid
regulations this affects availability but is not sanctioned. Therefore, such a situation decreases
the potential income. This situation could be avoided by increasing the charge or discharge
current to a 2C-rating if the battery becomes too full or empty. If we use 1C in a SOC area of
40-60 % and 2C discharge rate in 60-100 % SoC and 2C charge rate in 0-40 % SOC, the battery
might not reach its limits so easily. Based on the 2020 data with 1 MW/MWh, the battery
availability rises from 61 % to approximately 70 %. More energy is transferred and the FEC
rise.

Figure 26. SoC of 1MWh storage 2020 With 2C
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Table 17. Lifetime total for yearly FCR-N markets, Comparison to yearly 1C markets

1 MW
NCM (2C)
LFP (2C)
LTO (2C)

Lifetime
4,4
11,1
15,0

IRR
-15,31%
2,50%
-1,07%

Lifetime total
-212 700 €
-52 200 €
-332 500 €

1C vs 2C
-44 300 €
77 300 €
83 500 €

Table 17 shows that applying the 2C control can have a positive effect on profitability,
especially for the batteries with higher technical lifetimes. Profit still cannot be produced. By
using 2C strategy, energy consumption increases, and batteries might wear out faster. With the
use of larger batteries, this effect would be increased. 2C rate was selected because studies
(Kucevic, 2020) suggest it having very little effect on the technical cycle life. This technique
does not work for all types of cells, because they are unable to reach 2C charge and discharge
rates. This technique would not have as heavy of an impact on the frequency, because different
batteries participating in FCR-N would have different sizes and therefore they would reach the
limits at different times. By using several different SOC limits, the effect of charging could be
reduced even further.

4.6

FCR-D

FCR-D market is activated more rarely than FCR-N, but it is simpler in the sense that it has
only up-regulation bids. The price level is low, and the trend of the price is declining.
Additionally, minimum power requirement is already at 1 MW, which is high for UPS systems.
Since FCR-D is activated rarely requiring low energies, a full technical lifetime can be
expected. 30 minutes of full operation is required with FCR-D, as with FCR-N.
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Table 18. Lifetime totals for yearly FCR-D (100% availability)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
12,0
12,0
15,0
10,0

IRR
< -30%
< -30%
-18,24%
-20,97%
-19,38%
-14,76%

Lifetime total
-19 927 500 €
-4 805 200 €
-384 900 €
-547 400 €
-945 600 €
-287 100 €

As table 18 shows FCR-D price is too low to become profitable and the power requirements
are too high for the UPS systems to participate.

In hourly markets, a 2 €/MW bid throughout the year would result in 50 000 € with 4000 h
purchased capacity. A 20 €/MW bid would result around 40 000 € yearly income and less than
1000 h purchased capacity per year. The price fluctuates heavily so income can be good even
with higher bids and low purchase hours. Tables 19 and 20 show the effects of different bids
based on the 2020 data. Even with increased profits, FCR-D does not seem to reach the
profitability limit. This market could work for VRLA due to its low energy demand. The
simultaneous use as a reliable backup power for ten years is nevertheless very questionable.

Table 19. Lifetime totals for hourly FCR-D (20€/MW 800h)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
12,0
12,0
15,0
10,0

IRR
<-30%
<-30%
-3,87%
-7,80%
-9,13%
-1,20%

Lifetime total
-19 667 800 €
-4 487 700 €
-185 200 €
-347 700 €
-709 000 €
-99 700 €

Table 20. Lifetime totals for hourly FCR-D (2€/MW 4350h)
1 MW
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Lifetime
15,0
20,0
12,0
12,0
15,0
10,0

IRR
< -30%
-19,14%
1,56%
-2,98%
-5,54%
4,28%

Lifetime total
-19 523 300 €
-4 311 100 €
-63 200 €
-225 700 €
-564 400 €
5 800 €
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4.7

FFR + FCR-D

The combination of FFR and FCR-D bid storage must fulfil both market requirements. Initially
the FFR capacity is calculated from power change from the beginning of the activation to the
one second marker. The FCR-D demands 50 % capacity within five seconds, and it should
increase to 100 % in 30 seconds. Therefore, 3 MW is suggested as the minimum for offers. This
is very high for backup batteries. 3 MW storage would be divided to FFR and FCR-D parts,
each consisting of 1 MW if calculated with equation 6. By testing different variations, the
equation always results to some loss of total power capacity and therefore loss of profit. For
example, NCM 3 MW system to FCR-D should only provide double of the profits. Due to this
loss of capacity by calculation, the combination market becomes the weakest option.

Table 21. Combination bid to FRR and FCR-D with minimum power bid
3 MW FFR + FCR-D
Ultracapacitor*
Flywheel*
NCM
LFP
LFP (2C)
LTO
LTO (2C)
VRLA

4.8

Lifetime
15
20
12
12
12
15
15
10

IRR
< -30 %
-17,36%
-12,28%
-15,44%
-4,50%
-15,01%
-6,66%
-10,00%

Lifetime total
-59 261 400 €
-12 723 900 €
-968 500 €
-1 456 000 €
-400 600 €
-2 616 200 €
-920 200 €
-700 300 €

aFRR

The minimum power requirement of 5 MW for aFRR makes it better suited for generators and
fuel cell systems, since this requires a large system. The price is set by the service provider. By
analysing the Fingrid open data (Fingrid Oyj, 2020e) of aFRR, 5 MW and 15 €/MW the yearly
bid, the capacity income would be approximately 337 875 € for up-regulation and around 300
675 € for down-regulation. Bidding slightly over 15 €/MW would seem to produce the optimal
incomes. Up-regulation seems to produce about 10 % better profits on capacity. Based on the
2020 data, up-regulation is activated about 500 hours more than down-regulation, but with
down-regulation almost 1500 MWh more energy is transferred. To gain full potential from the
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aFFR up-regulation market, the storage should be able to provide ten hours of energy
continuously. This works for backup power systems like generators since they are commonly
sized to operate for at least eight hours. Continuously activated up-regulation times vary
between 1-12 hours and average on 6,07 hours of operation throughout the year. aFRR would
be especially demanding for battery storages. Since high energies are required, the DOD would
be around 35 % and approximately 600 FEC would be achieved per year.
If 5 MW 1C battery was on the market every other hour, charging the first hour, then refilled at
the next hour, the expected income would be around 167 925 € from capacity and 126 263 €
from energy. The charging price of energy here is assumed to be 0,1 €/kWh and the efficiency
of 94 % for lithium batteries and 0,8 % for VRLA during charging is considered. Energy
requirements can vary a lot depending on activation and the situation. Because of this, the yearly
average of activated energy per power unit was calculated and this average was assumed to be
activated energy with each activation. Battery full non-stop operation is not possible without
over dimensioning, because it should be able to provide full power for the entire hour if
required.

Table 22. Lifetime total of aFRR with 5 MW 15 €/MW up-regulation bid.
5 MW
Diesel generator
Fuel cell (PEM)
NCM
LFP
LTO
VRLA

Lifetime
10,9
20,0
6,7
12,0
15,0
3,3

Price €/kWh Lifetime total
664
-17 090 800 €
2656
-29 111 200 €
370
-2 776 000 €
500
-3 849 700 €
830
-6 046 100 €
330
-2 381 800 €

If fuel cells and electrolysers are both simultaneously used in the aFRR market, the situation is
slightly better. The storage size is not considered to be a limiting factor. The electrolyser is
using energy mainly from the down-regulation and the required difference, in comparison to
up-regulation energy, is then bought normally. This energy difference is corrected according to
the energy efficiency of the used equipment.
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Table 23: Electrolyser and fuel cell in aFRR up and down-regulation market (15 €/MWh)
5 MW + 5 MW
Fuel cell (PEM)

Lifetime Yearly costs Yearly profits Lifetime total
20
-1 041 200 € 670 100 €
-18 323 400 €

The participation to both, up and down-regulation, improves the situation, but does not create
profits. This would require the PEM system efficiency to rise to 65 % and system price to fall
approximately to 1000 €/kWh. If this method was combined with the use of excess renewable
energy, it could create profits and medium to long term balancing storage. The size of such
equipment suggests that it is too large to be used as an industrial backup energy system.

The aFRR market requires too much power and energy for traditional industrial backup
batteries and cannot really be integrated with the backup operation. A diesel generator would
fare best in this market since it is the only one that is able to match yearly costs and profits but
is unable to provide much compensation for the initial investment. Fuel cells’ investment costs
are too high and their efficiency too low for it to become profitable.

4.9

mFRR

The mFRR balancing capacity market is for heavier machines with its 10 MW or even 5 MW
minimum power and three-hour of continuous operation requirement. Requirements have been
eased, but it still would require large investments to participate. A testing practice, that was
used during 2020, provided service providers a chance to offer single 1 MW bid to the balancing
energy market, has now been continued during 2021. This is likely to be a future trend and it
can create incentives for larger industrial operators. For smaller industries participation in this
market is still possible as a part of aggregated resource or, depending on the process, by utilising
up-regulation bids by shutting off some less urgent or critical loads. Generators and fuel cells
could be utilised in the mFRR markets. 10MW is, however, already a very large reserve
capacity and would require a large industrial operator or several aggregated resources. The
service provider should be very careful with bids on this market since 50 % permanence results
to zero profit and sanctions can be the size of the original offer multiplied by ten. The resting
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period makes it technically possible for batteries to participate in this market, but it results in
zero permanence for the duration.

Table 24. Potential yearly mFRR capacity compensation
1 MW
100% 6 000 €
39% 2 300 €

5 MW
10 MW
30 400 € 60 800 €
11 700 € 23 500 €

In table 24 mFRR capacity compensation is calculated for 1, 5 and 10 MW offers. 100 % in
table 24 represents potential maximum income throughout the year and 39 % value is corrected
by the probability of the bid being accepted based on the data of 2020. The bid is accepted by
the price of the bid only. On yearly average, the capacity could produce 217 €/MW per week.

Table 25. mFRR 5 MW 15€/MW up regulation bid yearly totals
5 MW
Diesel generator
Fuel cell (PEM)
NCM
LFP
LTO
VRLA

Lifetime
6,0
20,0
0,3
1,0
2,5
0,6

Price €/kWh
664
2656
370
500
830
330

Lifetime total Cycles / Hours
-23 088 600 €
12000 h
-52 229 800 €
40000 h
-2 617 900 €
500
-4 143 000 €
2000
-7 655 100 €
5000
-2 756 000 €
1200

Table 26. mFRR 5 MW 100€/MW up regulation bid yearly totals
5 MW
Diesel generator
Fuel cell (PEM)
NCM
LFP
LTO
VRLA

Lifetime Price €/kWh
20,0
664
20,0
2656
2,3
370
9,3
500
15,0
830
5,6
330

Lifetime total
-10 230 500 €
-19 823 400 €
-2 505 000 €
-3 807 900 €
-6 181 500 €
-2 331 200 €

Cycles / Hours
12000 h
40000 h
500
2000
5000
1200

2019 data is used here due to the unavailability of the whole 2020 data from Fingrid. The profits
cannot exceed yearly costs. In the case of batteries, this is due to high DOD that causes the poor
calendar life. In tables 25 and 26, batteries are operated only half the time to allow charging.
The price of fuel and maintenance becomes too high for a generator. PEM fuel cells have too
high of an initial investment cost and low efficiency. Higher bids and lower operating hours do
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somewhat improve the situation but not sufficiently. This goes to show that the mFRR market
is not for electrical storages, but rather for equipment with large volume generation.

4.10 Implicit flexibility

To use backup reserves to help reduce the operation costs is very much possible. Industrial
plants could use temporary energy storages for clipping small peaks or react on the price level.
To become beneficial, the price difference should be large enough to compensate for the use of
the storage.

The industrial grid connection is usually priced based on the peak power. If the consumption
is very high and temporary, the industrial plant is paying for network capacity that could be
compensated with electrical storage. The best equipment for this would be capacitors,
flywheels, or batteries, since levelling such spikes requires more power than energy.

Another way to apply storages and backup reserves would be to compensate price levels.
Batteries or other low energy systems are not an optimal choice. The backup generator could
be utilised for this purpose instead.

Table 27. Profit requirement per event (1 MWh, 25% DOD)
Events
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

Profit limit 1MW € / h or FEC cycle
100
500
1000
2000
4000
30 €
30 €
30 €
30 €
30 €
10 €
10 €
10 €
10 €
10 €
180 €
160 €
140 €
130 €
120 €
90 €
90 €
90 €
70 €
70 €
80 €
80 €
80 €
70 €
60 €
260 €
230 €
220 €
210 €
210 €
Lifetime (a) Lifetime (a) Lifetime (a) Lifetime (a) Lifetime (a)
15,0
15,0
15,00
15,00
15,00
20,0
20,0
20,00
20,00
20,00
12,0
8,0
4,00
2,00
1,00
12,0
12,0
10,00
5,00
2,50
15,0
15,0
15,00
10,00
5,00
10,0
4,0
2,00
1,00
0,50

6000
8000
30 €
30 €
10 €
10 €
120 €
120 €
70 €
70 €
60 €
60 €
210 €
210 €
Lifetime (a) Lifetime (a)
15,00
15,00
20,00
20,00
0,67
0,50
1,67
1,25
3,33
2,50
0,33
0,25
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Table 28. Profit requirement per event (1 MWh, 100% DOD)
Profit limit 1 MW € / h or FEC cycle
100
500
1000
2000
190 €
440 €
480 €
450 €
110 €
170 €
240 €
380 €
30 €
30 €
30 €
30 €
40 €
40 €
50 €
60 €
1 130 €
970 €
950 €
940 €
460 €
360 €
340 €
320 €
310 €
270 €
240 €
220 €
430 €
360 €
350 €
350 €
Lifetime (a) Lifetime (a) Lifetime (a) Lifetime (a)
Diesel generator
20,00
20,00
12,00
6,00
Fuel cell (PEM)
20,00
20,00
20,00
20,00
Ultracapacitor
15,00
15,00
15,00
15,00
Flywheel
20,00
20,00
20,00
20,00
NCM
5,00
1,00
0,50
0,25
LFP
12,00
4,00
2,00
1,00
LTO
15,00
10,00
5,00
2,50
VRLA
10,00
2,40
1,20
0,60

Events
Diesel generator
Fuel cell (PEM)
Ultracapacitor
Flywheel
NCM
LFP
LTO
VRLA

4000
8000
440 €
440 €
360 €
350 €
30 €
40 €
80 €
130 €
930 €
930 €
320 €
320 €
220 €
210 €
350 €
350 €
Lifetime (a) Lifetime (a)
3,00
1,50
10,00
5,00
15,00
15,00
20,00
20,00
0,13
0,06
0,50
0,25
1,25
0,63
0,30
0,15

To simplify, tables 27 and 28 show the required saving for high and low DOD situations per
event. The tables themselves are not entirely comparable with each other since different DODs
dictate different energy amounts in the same number of events. The price is calculated in
relation to FEC. In table 26, 100 % DOD resembles energy shift situation, and it uses low cycle
lifetimes. This table resembles a profit that should be gained with one hour or cycle of full
operation to compensate the costs. In table 25, 25 % DOD resembles a compensation that should
be acquired with single event or spike. The Kajave network pricelist (Kajave, 2021) shows that
connections for medium and small industries with 20kV connection would cost around 5,72
€/kW, month and 0,3 €/kW, month depending on the connection type. If a 1 MW battery would
cut a maximum spike it would result to 68640 € savings per year. If such spikes would appear
a 100 times per year that would mean 686,4 € of savings per spike. As can be seen from table
28, most equipment can reach such price range. In this thesis, €/kWh is used but if the only
objective is to level spikes, flywheels and capacitors can be smaller depending on the energy
demand, therefore increasing profitability. The price of the event is calculated throughout the
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lifetime of the storage, and the lifetime is adjusted if the technical lifetime ends before the
calendar life.

4.11 Analysis

From the data, it is clear that most existing traditional UPS systems cannot participate to any
market due to minimum power requirements. The only exception would be FCR-N, but due to
the nature of the market, the battery would provide better backup power service if FCR-N
battery would be a separate unit. Since the backup battery is mainly idle and FCR-N use is used
much and it can deplete the battery entirely, degradation in these uses is very different.
Therefore, all market participations should be viewed as new investments. Table 29 presents
the market requirements and table 30 equipment suitability and profitability in those markets,
based on previous lifetime analysis.

Table 29. Summary of the requirements for the Fingrid markets

FFR
FCR-N

Minimum bid
power
1 MW
0,1 MW

Maximum bid
power
10 MW
5 MW

Resolution
of bid
0,1 MW
0,1 MW

FCR-D

1 MW

10 MW

0,1 MW

5 s (50%) / 30 s (100%)

aFRR

5 MW

5 MW

-

5 min (starting in 30 s)

mFRR

10/5/1 MW

50 MW

1 MW

15 min

Activation time (max)

Re-activation

0,7 s / 1,0 s / 1,3 s
3 min

15 min
Constant
15min /
Storages: 2 h
3-6h (rest
period)
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Table 30. Equipment suitability and profitability at the TSO markets

Simultaneus backup use

Profitability

Technical capability

Simultaneus backup use

Profitability

Technical capability

Simultaneus backup use

Profitability

Technical capability

Simultaneus backup use

Profitability

Technical capability

Simultaneus backup use

Profitability

Technical capability

Simultaneus backup use

VRLA

Technical capability

LTO

Profitability

LFP

Simultaneus backup use

NCM

Technical capability

Flywheel

Profitability

-

+
+
+
+

PEM Fuel cell Ultra- capacitor

Simultaneus backup use

Technical capability

FFR
FCR-N (yearly)
FCR-N (hourly)
FCR-D (yearly)
FCR-D (hourly)
FFR + FCR-D
aFRR (up)
aFRR (down)
mFRR (up)
mFRR (down)

Profitability

Diesel
generator

+
+
+
+

-

+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+

+
-

+
+
+
+
+
+
+
+

+
+
+
+
-

-

+
+
+
+
+
+
+
+
+
+

+
+
+
-

+
+
-

+
+
+
+
+
+
+
+
+
+

+
+
+
+
-

+
-

+
+
+
+
+
+
+
+
+
+

+
+
+
+
-

-

+
+
+
+
+
+
+
+
+
+

+
+
+
+
-

+
+
-

+
+
+
+
+
+
+
+
+
+

+
+
+
+
-

All markets are suitable for lithium batteries depending mainly on the speed of the controlling
system. VRLA, traditionally used in UPS systems, would experience problems with the low
charge rates and would be better suited to power markets like FFR and FCR-D rather than more
energy demanding applications. The problem with the use of a diesel generator is the increasing
price of fuel and the decreasing trend of the markets. The best options would seem to be FFR
and FCR-N markets with capacitors, NCM, LFP and VRLA batteries. In the FFR market normal
backup use could be sustained. FCR-N would require additional over dimensioning of the
battery. FFR is chosen for more specific analysis from capacitors and batteries, FCR-N from
batteries and aFRR from diesel generator and fuel cell systems.

4.11.1 FFR analysis

Table 30 shows that the best equipment for an FFR market are ultracapacitors, NCM and
VRLA. The following figures show the sensitivity analysis for this equipment at the FFR
market. The values used are the same as in the basic lifetime profit estimation in the previous
chapters. Ultracapacitors are sized based on price per power unit, which results in them having
less energy. Batteries are sized by their energy and 1C rating.
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Figure 27. Effect of different components on lifetime total, NCM at FFR market

Figure 28. Effect of different components on lifetime total, ultracapacitor at FFR market
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Figure 29. Effect of different components on lifetime total, VRLA at FFR market

From figures 27, 28 and 29 it can be seen that the market price is one of the most volatile
components along with initial investment costs. The least sensitive equipment would seem to
be the VRLA.

Yearly profits for the FFR market are likely to decline when competition increases with time.
The FFR market is similar to FCR-D so it is natural to assume that the price levels would also
become similar. FFR has better chances to uphold the price levels since the increase of
renewable production increases the demand for inertia in the grid. The ifetime of the equipment
is likely to increase with technological development and the cost of equipment is likely to
decrease. Based on the previous figures FFR market seems it would be an uncertain investment.

To determine the future development of the equipment on the FFR market, the following
assumptions are implemented. Ultracapacitors’ and VRLA batteries’ price falls 1 % per year
and NCM and LFP batteries’ price 2 % per year. This is equal to a previously presented scenario
of the cell price declining without the project price falling. Yearly profits from the markets are
adjusted by -2% and -5% per year. The calendar lifetimes are increased by IRENA estimates.
The used values are presented in table 31.
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Table 31. Equipment investment costs and calendar lifetimes depending on investment year
1 MW system
Ultracapacitors
Investment year Investment
Calendar lifetime
2020
-500 000,00 €
15 years
2021
-490 000,00 €
16 years
2022
-480 200,00 €
16 years
2023
-470 596,00 €
17 years
2024
-461 184,08 €
17 years
2025
-451 960,40 €
18 years

NCM
Investment Calendar lifetime
-370 000,00 €
12 years
-362 600,00 €
13 years
-355 348,00 €
13 years
-348 241,04 €
14 years
-341 276,22 €
14 years
-334 450,69 €
15 years

VRLA
Investment Calendar lifetime
-330 000,00 €
10 years
-326 700,00 €
10 years
-323 433,00 €
11 years
-320 198,67 €
11 years
-316 996,68 €
11 years
-313 826,72 €
12 years

Figure 30. Lifetime totals at FFR market depending on the investment year

From figure 30 it can be seen that 5 % yearly decrease would take away the potential profits.
This is a heavy price drop, but it is not impossible for a new market. In 10 years, profits would
be cut in almost half. VRLA sustains price drops the best. If market price sustains its current
price level or does not fall more than 2 % per year, approximately 20 % of total profit in ten
years, all selected equipment is capable of profit. The effect of lifetime increase is clearly
visible.
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Since FFR is a power-based market, 2C rating can be applied. Figures 31 to 34 show how
sensitivity of the cost components changes if LFP and LTO batteries are used and 2C discharge
rate applied. By applying 2C discharge and halving the size of the battery, all effects are become
less volatile and investment remains clearly profitable.

Figure 31. Effect of different components on lifetime total, LFP at FFR market

Figure 32. Effect of different components on lifetime total, LFP (2C) at FFR market
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Figure 33. Effect of different components on lifetime total, LTO at FFR market

Figure 34. Effect of different components on lifetime total, LTO (2C) at FFR market
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Table 32. Equipment investment costs and calendar lifetimes depending on investment year
1 MW (0,5 MW)
Investment year
2020
2021
2022
2023
2024
2025

Investment
-500 000,00 €
-490 000,00 €
-480 200,00 €
-470 596,00 €
-461 184,08 €
-451 960,40 €

LFP
Investment (2C)
-250 000,00 €
-163 350,00 €
-161 716,50 €
-160 099,34 €
-158 498,34 €
-156 913,36 €

Calendar lifetime
12 years
13 years
13 years
14 years
14 years
15 years

Investment
-830 000,00 €
-813 400,00 €
-797 132,00 €
-781 189,36 €
-765 565,57 €
-750 254,26 €

LTO
Investment (2C) Calendar lifetime
-415 000,00 €
15 years
-406 700,00 €
16 years
-398 566,00 €
17 years
-390 594,68 €
17 years
-382 782,79 €
18 years
-375 127,13 €
19 years

Figure 35. Lifetime totals at FFR market depending on the investment year using LTO or LFP with 2C
discharge

From figure 35 it can be seen that with normal 1C configuration LFP or LTO is unable to
generate profits, but with 2C discharge applied it becomes clearly profitable. Only 2C scenario
on the negative side would be LTO with -10 % yearly profit adjustment. In the case of LTO
batteries, this means 15 years and results to an 80 % total drop of profits during lifetime. In this
light, LFP is very profitable as it is able to sustain profitability even in this scenario.
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4.11.2 FCR-D analysis

FCR-D does not appear profitable in the initial model for other equipment than VRLA. In
figures 36-38 sensitivity of the market is more closely analysed. The equipment included are
three best performing battery types NCM, LFP and VRLA.

Figure 36. Sensitivity of the NCM components at the FCR-D market
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Figure 37. Sensitivity of the LFP components at the FCR-D market

Figure 38. Sensitivity of the VRLA components at the FCR-D market

The sensitivity analysis reveals the small margin for profit in this market. Although VRLA
seems to generate profits with most scenarios, the profit margin remains small. Even a 10 %
increase of costs or reduction to profits turns lifetime total to clearly negative.

106

Figure 39. Effect of different components on lifetime total, VRLA at FCR-D market

Table 33. Equipment investment costs and calendar lifetimes depending on investment year
1 MW system
LFP
Investment year Investment
Calendar lifetime
2020
-500 000,00 €
12 years
2021
-490 000,00 €
13 years
2022
-480 200,00 €
13 years
2023
-470 596,00 €
14 years
2024
-461 184,08 €
14 years
2025
-451 960,40 €
15 years

NCM
Investment Calendar lifetime
-370 000,00 €
12 years
-362 600,00 €
13 years
-355 348,00 €
13 years
-348 241,04 €
14 years
-341 276,22 €
14 years
-334 450,69 €
15 years

VRLA
Investment Calendar lifetime
-330 000,00 €
10 years
-326 700,00 €
10 years
-323 433,00 €
11 years
-320 198,67 €
11 years
-316 996,68 €
11 years
-313 826,72 €
12 years

VRLA can create profit with two years reduced lifetime and 3 % yearly reduction of income.
Lifetime improvements are clearly visible in figure 39. If profits are reduced every year by 5 %
even VRLA becomes soon unprofitable.

4.11.3 FCR-N analysis

FCR-N market seems the most profitable in the initial analysis. NCM, LFP and VRLA are
selected for more precise analysis. Based on sensitivity analysis in figures 40, 41 and 42 NCM
and VRLA provides the least risky profits. The effect of lifetime is increased with VRLA
batteries.
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Figure 40. Sensitivity of the NCM components at the FCR-N market

Figure 41. Sensitivity of the LFP components at the FCR-N market
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Figure 42. Sensitivity of the VRLA components at the FCR-N market

Figure 43. Lifetime income of FCR-N based on the year

As figure 43 shows, all the selected technologies can sustain profits despite a 3 % yearly
reduction to profits. In 10 years, this would total to a 25 % decrease of profits.
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4.11.4 aFRR analysis

For diesel generators and fuel cells mFRR and aFRR markets seem the most suitable. In figures
44 and 45 sensitivity analysis is presented for PEM fuel cells and diesel generator. Either one
shows no potential for profits even with very high deviations. The greatest effect on profitability
for PEMFC are investment costs and the cost for hydrogen production. Hydrogen production
in this case is very dependent on the electricity price. Components most effecting costs and
profits of diesel generator are fuel cost and initial investment. Both can be expected to increase
in the future. The lifetime of the components can be slightly distorted in either case due to
calendar life limitations.

aFRR is selected for more specific inspection to determine investment scenarios for the next
five years. Carbon price is added to increase accuracy. Up-regulation capacity compensation
has remained steady for the last years, so only a small adjustment of +1 % and -1 % to capacity
compensation is made. Down-regulation capacity compensation has increased steadily.
Therefore, down-regulation capacity compensation is adjusted +7 %, +3 %, -1 % and -3 % per
year. Diesel generators will participate to up-regulation only, while PEMFC will be used for
both up and down regulation. Initial investments for diesel generators remain unchanged, since
the declining demand and production by 2030 will increase the price and compensate any
possible technical solutions for the price reduction. PEM fuel cell price will be adjusted by -0,5
% per year. Diesel fuel price is increased by +0,056 €/l per year based on the average increase
between 2016 and 2020. (STATISTA, 2020b) Carbon price will be added to diesel generators
based on 72,6 kgCO2/MWh mentioned in chapter 3.5. The carbon price will initially be 42,21
€/tCO2 and it increases by 3,3 €/tCO2 per year based on Ember statistics from 2016-2020.
(EMBER, 2021) Efficiencies have been adjusted for diesel generators by 0,4 % per year and
for PEMFC 5,25 % per year by 2030 and 0,4 % after. This is to simulate achieving 60 % system
efficiency by 2030. The energies, fuel costs and carbon price are adjusted with the efficiency
change.
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Figure 44. PEM fuel cell component sensitivity in aFRR market

Figure 45. Diesel generators component sensitivity in aFRR market
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Figure 46. Lifetime totals of aFRR based on the year

Table 34. Equipment investment costs and calendar lifetimes depending on investment year
5 MW system
Investment year
2020
2021
2022
2023
2024
2025

DG
Investment Calendar lifetime
-3 320 000,00 €
11 years
-3 320 000,00 €
11 years
-3 320 000,00 €
11 years
-3 320 000,00 €
11 years
-3 320 000,00 €
11 years
-3 320 000,00 €
12 years

Investment
-13 280 000 €
-13 213 600 €
-13 147 532 €
-13 081 794 €
-13 016 385 €
-12 951 303 €

FC
Calendar lifetime
20 years
20 years
20 years
20 years
20 years
20 years
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Figure 47. Lifetime totals of aFRR based on the year 2025 forward

As figure 47 shows, only the highest profit scenarios with fuel cells become profitable. Most
likely scenarios would be small increase or decrease of up-regulation price and increase in down
regulation price. Neither can the break profitability limit within the time limits of these
scenarios. Fuel cell would seem to pass diesel generator one of these years if market operation,
carbon price and diesel price increase is applied. In this scenario the 500-hour operating limit
for diesel generators was ignored. In figures 46 and 47, the PEM fuel cell investment would
seem to be optimal around 2030. This is very much dependent on electricity price, capacity
prices and development path.

Ballard suggests a price reduction of 60 % to fuel cells between 2020 and 2030. (BALLARD,
2020) For future reference, figures 48 and 49 present scenarios for PEM fuel cell investment
totals for years 2020 to 2030 according to Ballard’s estimation.
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Figure 48. Lifetime totals of aFRR based on the year 2020-2025 with Ballard price reduction

Figure 49. Lifetime totals of aFRR based on the year 2025 forward with Ballard price reduction
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From figures 48 and 49 the effect of investment price becomes clear. Profitability increases
slightly and good investment moment moves three years earlier around 2027. From the data it
becomes clear that PEMFC should be used relatively more at down-regulation than upregulation, especially if electrolyser is used.

4.12 Summary

The best market for battery energy storages seems to be FFR if 2C discharge rate is used. FFR
suits best if application of newer technology is desired. LFP and LTO would suit well as
industrial backup systems and combined with FFR market, could provide good profits without
investment consisting high risks. Ultracapacitors and NCM seem also profitable with current
price levels, but with the expectation that the prices will go down, both carry substantial risk.
VRLA seems the most profitable, as it can sustain decent price level drops. The best timing to
invest on FFR market would be right now when the price levels are still high. Since the market
has operated only one year so far, it is very uncertain how yearly price level and hours will
develop. In the industrial operator’s perspective, this would be the optimal chance to invest in
better and more reliable new backup power technology with low risk.

FCR-D has low price levels and is very risky. Only VRLA batteries seem suitable with high
risk level. Storage is not much activated so for compensating the expenses without causing
much wear on the equipment it would work but as a tool profit making it does not. If the market
accepted lower power levels and could pass 30-minute dimensioning, it would be much more
alluring for industrial backup systems.

FCR-N provides good profit as well with batteries and is also at the power range for industrial
backup equipment. Market, by its nature, would cause battery equipment lifetime to wear down
faster. Flywheels and ultracapacitors would be in disadvantage with the 30-minute operating
requirements. VRLA and NCM batteries would seem to provide the best results on the market,
without high risks. LFP is also slightly on the profitable side, but it is a far more risky
investment.
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aFRR and mFRR are not suitable for batteries, flywheels or ultracapacitors. Diesel generators
and PEM fuel cells are also unable to provide profits with high or low bids. The change from
diesel generator to fuel cell with aFRR market would become profitable around 2030. Cost
reductions could be acquired even earlier, especially if Ballard’s scenario realises. Without the
market effect fuel cell seems unable to beat diesel generator as backup equipment, at least until
2030. Uncertainty is high with such a long period of prediction. This also depends heavily on
the development of competing technologies like PtX.

5 CASE STUDY

This chapter will show how markets could benefit industrial operators in real life context. Best
scenarios from chapter 4 will be applied with data acquired from the Terrafame mine. Unlike
chapter 4, which had mere market focus, here the backup operation will be considered more in
detail. Two best markets for batteries are selected and compared with Terrafame context.

FFR market was determined in chapter four to be one the best markets with 2C discharge rate,
so it is selected for inspection. This scales the battery size as 500 kW power to fulfil the market
minimum requirement. Using the battery in FFR market does not create additional risks or wear
on the battery, so the same unit will be used in markets and backup use. There is also no need
to over dimension the batteries, because the lifetime capacity degradation has no effect on
backup use or markets. LFP batteries were determined to provide the best profits. Two factors
remain to increase risk with FFR investment: can the LFP technology really handle the
increased discharge rate in long term and the future price level of the FFR markets.
Another selected market for batteries will be FCR-N, since it showed good potential for profit
in chapter 4. Market accepts bids as low as 100 kW, which means that additional large
investments are not necessary. Use of the backup equipment in FCR-N market is basically
impossible without risking the backup operation. Therefore FCR-N battery and backup battery
are considered different units. Backup unit is the same 130kW VRLA as mentioned with
baseline cost estimation. FCR-N market battery will be dimensioned as 100kW size as per
minimum market requirements. 500kW and 1000kW battery sizes are also included for
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comparison. The battery is over-dimensioned by 25 % to compensate lifetime capacity
degradation. NCM was determined to provide the best result for this market in chapter four.

There is no profit to be made with diesel generators and with the size of 8MW hourly income
should exceed 1800 € to compensate the mere diesel cost. For example, in mFRR markets such
price levels are achieved possibly in one or two hours a year. Therefore, diesel generators
remain outside the markets and the focus will be on replacing the generator with fuel cell
technology. Fuel cells are then used within aFRR markets since the market prices show
promising growth.

In chapter 5.2 baseline for current system costs is determined. In chapter 5.3 FFR and FCR-N
scenarios are compared to determine the one market that suits better suited for backup systems.
Also, cost and price development will be compared between diesel generator costs and fuel cell
costs and market profits. Best time to change diesel generator to fuel cell is, when yearly total
costs of fuel cell are less than yearly costs of diesel generator. Market and equipment are then
used for long term plan that is subjected to sensitivity changes. This enables to see future
viability of the chosen equipment in the market and make long term comparison with the
baseline costs.

5.1

Terrafame background

Terrafame is a mining company in Sotkamo, Finland. The company originated in 2008 as
Talvivaara but due to financial problems it went bankrupt and was moved under new
management. The new company was named Terrafame. The main products from the process
are nickel, zinc, cobalt, and copper. These metals can later be used in the production of steel
and batteries. (Terrafame Oy, 2020; Kauppinen, 2020)

The process can be divided into five sections. First, the ore is mined, crushed, and moved to
large primary piles for bioleaching. This is the part where the bacteria are used to separate
metals from the ore to acidic liquid. This liquid is then delivered to metals recovery process.
When a pile has been adequately leached, it is then moved to a secondary pile that is further

117

leached for three years. The secondary pile is then landscaped. In the leaching process 70-90 %
of valuable metals can be separated from the ore. The last and latest part is MJJ where metals
are further processed to work better for battery manufacturing. (Kauppinen, 2020)

Terrafame is considered to have two centralised plants, MTO and MJJ, with vast decentralised
areas including mining, pumping, bioleaching, and infrastructure. In this study, the focus will
mainly be on the MTO plant. Since this plant resembles a chemical processing plant, its results
are better generalised. This also helps with managing the amount of data. Although the MJJ
plant would be a good focus, at the time of this study it is still under construction and therefore
unable to provide adequate data.

Currently Terrafame has four backup generators in the MTO area. Each has power of 2 MW.
The MTO plant has been divided to sections with codes and buildings that resemble parts of
the process. While the backup generators area centralised system with their own area code, UPS
systems are divided within the buildings. The main UPS unit supplying control room and the
main electrical room is larger and bit different from the others. Since it has critical duties to
supply, it is left out of the scope. The UPS systems within the MTO plant have been
standardised, although some older equipment can still be found. In this study, all units are
considered as the standardised versions since this transition to new equipment is already in
progress. The main size of the UPS unit is 8kVA (7,2kW) and there are 18 UPS units in the
area. The type is Eaton 9155 and it is using VRLA batteries. The total power of the decentralised
UPS devises in the MTO area is 130 kW. (Terrafame, ALMA, 2020)

5.2

Baseline costs estimation

To present comparable results, the baseline costs for the current system must be determined.
This is presented in table 35. The costs include investment, maintenance, self-discharge, carbon
cost and monthly testing. Values used are the same as the ones used earlier in this work. These
values are used as yearly costs without any market participation. The price of the investment is
converted to yearly costs by annuity method, instead of the earlier used net present value
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method, since it works better with observing future cost development. VRLA batteries lifetime
is shortened to eight years to ensure reliable operation as backup use.

Table 35: Costs of current system. Baseline without markets
Lifetime
Diesel generator 8 MW
20,0
VRLA 130 kW
8
TOTAL

Yearly costs
-632 500 €
-7 400 €
-639 900 €

2007 is considered to be the original investment year for both diesel generator and VRLA UPS
systems. That would make generator at the end of its calendar life at 2027 and renewal of UPS
batteries in 2023. O&M costs remain at the same price level throughout investment. Electricity
price will be constant at 0,1 €/kWh. Calendar lifetimes are kept solid for analysis. Diesel price
will be increasing by 0,056 €/l yearly. Carbon cost will increase by 3,298 €/tCO2 yearly.
Through mandatory testing procedure, the increase of carbon and diesel price costs also increase
yearly costs for diesel generator. The baseline without these cost increases would result to mere
1 % difference in the end total costs by 2050. The cost of equipment is divided within lifetime
of the equipment at 4 % interest. This growth is presented in figure 50 as baseline yearly costs.
The orange line presents cumulative total costs for the current system in the future, without
market influence. This will be used as a comparison to new investments with market
opportunities.
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Figure 50. Estimated costs of Terrafame backup systems

5.3

Case analysis

Next, chosen markets will be compared to the previously determined baseline costs. Chosen
markets for initial analysis are FFR with LFP and FCR-N with NCM. Figure 51 presents how
this equipment would fare on the market if the investment would be done right away.

Baseline VRLA UPS represents the costs of the current system and consists only current UPS
battery costs. Timeline ending in 2050 is enough since predicting development beyond 2030 is
quite uncertain. Selecting timeline a bit beyond this point could present trends better. For FCRN markets, different market battery sizes are selected to see if size does matter. Also, both
markets, FCR-N and FFR are presented with two scenarios. One without yearly capacity profit
change and another with -2 % yearly decrease to capacity profits. In both scenarios battery
investment price remains unchanged.
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Figure 51. Cumulative totals of LFP battery in FFR market compared to cumulative totals of different
sizes of NCM batteries in FCR-N market.

All FCR-N scenarios with -2 % yearly profit reduction land to almost same level with baseline,
even if they are initially on the profitable side. FCR-N scenarios have added cost from
additional VRLA UPS unit that is needed for reliable backup use. 100kW FCR-N battery is too
small to really compensate the total costs. 500 kW battery can produce some profits but is
sensitive to profit declining.

FFR provides best profits at the end of the timeline and more importantly in the first years of
inspection. Also, LFP with FFR investment is clearly less sensitive to price drops. Investment
in new UPS is best made earlier, while the price level of the FFR is still high. LFP price at 500
kW scale would decrease about 5000 € per year, but it would come with the cost of lost
opportunity to gain 22000 € per year. Compared to current VRLA costs, FFR price level could
drop 40 % and an additional 2 % every year to match the costs with VRLA without markets.
This would equal a 6 % price drop every year or a total of 85 % price drop. Profit generation
would stop at 35 % of total reduction of yearly profits from current value. FFR is a sensible
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choice for an industrial operator since there is no need to invest in a separate UPS battery. Also,
the investment itself does not grow too high, even being five times more expensive than the
original battery. Table 36 presents the minimum limits for critical values that are needed to
surpass the baseline costs with FFR market scenario. 2050 and 2030 timelines are presented
separately. Changing one of the values below presented creates a worse situation compared to
the baseline.
Table 36: Lower limits of FFR critical values compared to baseline
FFR (LFP) 2050
Lifetime Intrest
5 years
19%

Price
Yearly profits
O&M
1033 € / kWh -6% / year 65 € / kWh

FFR (LFP) 2030
Lifetime Intrest
6 years
17%

Price
Yearly profits
O&M
952 € / kWh -9,5 % / year 57 € / kWh

A diesel generator is not able to provide profits and its running costs keep increasing so
eventually a change to fuel cells or other similar technology becomes a better choice. The
generator remains a cheaper investment without market or actual use. PEM fuel cells become a
better option when markets are applied and usage increases. This transition is supported by the
development of aFRR down-regulation price that is experiencing a steady increase in the past
years. This can compensate the double conversion losses. Figure 52 presents the yearly costs
and profits for a baseline diesel generator and PEM fuel cell system. Diesel generator cost is
considered as a baseline and it will not participate in the markets. For PEMFC two price drop
scenarios is presented, -1,5 % and -2,5 % price drop per year. PEMFC is then used at aFRR
markets where up-regulation price is considered to remain steady and down-regulation price is
increased by +20 % or +5 % per year. PEMFC baseline costs are also presented without any
market influence.
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Figure 52. Development of PEMFC with aFRR and diesel generator cost comparison 2021-2030

As the figure 52 presents, the PEMFC costs with more realistic scenarios can become less
expensive than a diesel generator after 2025 with market influence. Realistically, the
profitability limit seems unlikely to be broken before 2030. The most optimistic scenarios base
on the 20 % growth of the aFRR down-regulation market price and even though this has been
the case for the last four years, is seems unlikely that the price would continue to increase at
such a rate.
Next let’s see how 500kW LFP UPS and PEMFC, based on the previous analysis, could be
practically applied in the long run. PEMFC should be used to replace the diesel generator as
soon as its yearly costs bypass the costs of the diesel generator. Initially in 2021 UPS system
should be changed to 500kW LFP UPS system and offered to FFR markets. The lifetime of the
LFP batteries would last until 2033, when a new investment is made. Terrafame diesel
generators start to be at the end of their calendar lifetime around 2027, around the time when
change to fuel cell technology will surpass the yearly price of the generator. Figure 52 suggests
that PEM fuel cell costs are lower during 2026 than diesel generator, so diesel will be replaced
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in that year. Battery and fuel cell systems are then renewed with the investment price of that
year at the end of the calendar lifetime. Fuel cell is used at aFRR markets and LFP UPS system
at FFR markets. Base assumptions are -1,5 % decrease of equipment price on PEM fuel cell per
year and -2 % per year for LFP batteries. aFRR down-regulation market profit increases +5 %
per year while up-regulation remains steady. O&M costs and interest of all equipment remain
steady.
Figure 53 presents the costs of baseline system and the previously described scenarios for the
future if LFP and PEMFC is used with FFR and aFRR markets. The basic scenario is then
altered to see the sensitivity of the scenario. These alterations move the proper timing to change
from diesel generator to PEM fuel cells. Investment in PEM fuel cell system is analysed
separately for all scenarios and an investment is made when fuel cell system becomes less
expensive than the diesel generator. Baseline consists of a diesel generator and VRLA UPS
without market use since market use would only increase the costs. Figure 53 also includes
scenarios to determine the sensitivity of the results. In these scenarios, the equipment price is
increased +30 %, yearly profits decreased -30 % and one where all yearly profits remain
unchanged.

The scenarios are
(1)

Cumulative baseline costs of current system without markets

(2)

Immediate LPF UPS investment with yearly equipment price drop of -2 % and FFR
market use with -2 % of yearly profit reduction. PEMFC investment in 2026 with 1,5 % yearly equipment price reduction. Yearly capacity price increase of aFRR
down-regulation +5 %.

(3)

Immediate LPF UPS investment with yearly equipment price drop of -2 % and FFR
market use with -2 % of yearly profit reduction. PEMFC investment in the year
2033 with -1,5 % yearly equipment price reduction. Yearly capacity price increase
of aFRR down-regulation +5 %. LFP and PEMFC equipment prices are increased
by +30 %.

(4)

Immediate LPF UPS investment with yearly equipment price drop of -2 % and FFR
market use with -2 % of yearly profit reduction. PEMFC investment in 2031 with 1,5 % yearly equipment price reduction. Yearly capacity price increase of aFRR
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down-regulation +5 %. FFR and aFRR yearly capacity profits are reduced by -30
%.
(5)

Immediate LPF UPS investment with yearly equipment price drop of -2 % and FFR
market use without price change. PEMFC investment in year 2048 with -1,5 %
yearly equipment price reduction. Capacity prices remain unchanged.

(6)

Immediate LPF UPS investment with yearly equipment price drop of -2 % and FFR
market use without of yearly profit reduction. Diesel generator is not replaced by
PEMFC.

(7)

Immediate LPF UPS investment with yearly equipment price drop of -2 % and FFR
market use with -2 % of yearly profit reduction. Diesel generator is not replaced by
PEMFC.

Figure 53. Cumulative totals of LFP and PEMFC equipment with markets in comparison to baseline

In the scenario of -30 % capacity profits, fuel cell investment could be delayed further to
improve profitability. For these sensitivity scenarios the demand for renewal of the generator
in 2027 is ignored. Figure 53 shows that all the scenarios provide a better compensation than
baseline with costs only, but the component that has the most effect is market development. If
prices remain steady or decline, it will provide the highest impact. Also, UPS change is
negligible if compared to the change from the generator to the fuel cells.
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5.4

Case results

Based on the analysis in the previous chapter it can be concluded that there is no profit to be
made without a very optimistically adjusted scenario. Still, if compared to the baseline situation,
almost all previously analysed scenarios provided cost reductions compared to the original
baseline.
It would be recommended for Terrafame to change UPS units to lithium-based ones and use
them in the FFR markets. Profit gained by this would be relatively low, 20-30 k€, but it would
also provide technical improvements for the UPS system. At least with 2020 data, market profits
from FFR would have exceeded the amount of yearly price drop in battery prices, making early
investment in lithium technology justified. Perhaps the best option would be to hold the UPS
investment for a year and see how FFR market develops in price and purchase hours.

For now, it is hard to recommend the change from diesel generator to PEM fuel cells, since the
dual conversion and initial price makes this system far too expensive. This will come around
though, as it is expected that price of the cells will come down, partially aided by mobile
applications. Especially the decarbonization of the society could be driving force that creates
enough pressure to remove diesel generators from the markets. This of course does not mean
that PEM fuel cells would be the only potential technology for replacement, but they certainly
have a good position to do that and the technical capability for it. PEMFC performs especially
well with current trend of rising aFRR down-regulation price. As can be seen from the figure
53 in the previous analysis, it is the change to fuel cells and applying them in the markets that
really starts to cut the costs. The best scenario would suggest savings of approximately 19
million euros by 2050. Due to the high price however, this transition is still too far to be
accurately predicted, however, an estimation to around 2030 can be made.

There is no quick profit to be made with technology change and market use with backup
equipment. UPS system reduces costs and improves technical performance, but a true prize is
still a long way away.
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6 CONCLUSIONS

The initial goal of this thesis was to find a way to reduce the costs of the industrial backup
equipment costs by utilising them in the markets. The price and technical data was acquired
from various studies and market data from Fingrid open database. After studying different
scenarios, however, it seems that there is no profit to be made with these units as such. Price
reductions are very much possible, but not without additional investments.

The effect of UPS systems in the market is small compared to costs, at least with the current
price range. Most UPS systems used today are simply too small to participate properly to these
markets and would therefore require new investments and large capacities. Investment to new
equipment could nevertheless develop profits without compromising backup operation. FFR
market was determined to be the best option for the industrial backup batteries. This market at
this point has operated only for a year and more data would be required to draw more secure
conclusions on market development. Based on its first year, it is a very competitive market
option and even with expectations of price dropping, the increased demand for inertia caused
by increased share of renewable energy sources could compensate this expectation. FCR-D and
FFR are the only markets capable of combining the market and backup use without additional
risks. The most likely technology to be used in UPS systems in the near future seems to be LFP.
It is a good midrange option, costing more than some alternatives, but it also provides increased
safety.

Another potentially profitable market was determined to be FCR-N. Even if this market shows
potential for profits, it is unable to co-operate with backup use. Since batteries can become
entirely empty with use and wear out much faster, it works better as an individual business
model.

The real game changer could be replacement for the diesel generator, that could provide more
power to the markets and possibly more profits. In this thesis the equipment selected for this
replacement was PEM fuel cell units, but equipment replacing diesel generator could be any
other non-carbon fuelled generator. It seems likely, based on the general opinions of the
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companies today, that the equipment eventually selected for this task will be entirely carbon
free.

Current diesel generators are unable to utilise the growth of aFRR. This is logical, since large
oil power plants cannot to compete in the current environment, how could smaller generation
without the aid of economies of scale compete. Also, the growth of the aFRR market is on the
down regulation side, unavailable to current generation. This increase could be utilised with
large scale chargeable production units or storages in the future. PEM fuel cells would work for
this, but their price should fall approximately to 1/3 of the current for them to become a serious
option.

Even if there are currently no profitable markets for industrial backup equipment, markets could
be utilised to purchase technically better backup equipment at lower overall price. New
technologies are more secure and can fit better in the industrial environment. For now, the only
problem with these technologies is the still high price. Luckily the price is declining fast,
especially with lithium batteries. Lithium batteries are already used almost everywhere and the
transition from lead to lithium is fast underway. Similarly, 2030 can bring transition away from
diesel generators and towards a market-oriented approach.

128

REFERENCES
(Ausfelder, 2017)

F. Ausfelder, 2017, Energy Storage as Part of a Secure Energy
Supply, ChemBioEng Reviews Vol.4 Issue 3, p.158-160 [e-book].
[Referred

30.12.2020].

https://onlinelibrary.wiley.com/doi/full/10.1002/cben.201700004

(BALLARD, 2020)

N. Pocard, 2020, Ballard, Fuel Cell Price to Drop 70-80% as
Production Volume Scales, [Web-page]. [Referred

22.3.2021].

https://blog.ballard.com/fuel-cell-price-drop

(Battelle Memorial Institute, 2016) Battelle Memorial Institute, 2016, Manufacturing Cost
Analysis of PEM Fuel Cell Systems for 5- and 10-kW Backup Power
Applications, Prepared for U.S. Department of Energy, [Online
document].

[Referred

2.2.2021].

https://www.energy.gov/sites/prod/files/2016/12/f34/fcto_cost_anal
ysis_pem_fc_5-10kw_backup_power_0.pdf

(Battery University, 2020) Battery University, 2020, Buchmann I., Learn About Batteries: BU205: Types of Lithium-ion, [Web Page]. [Referred 4.1.2021].
https://batteryuniversity.com/learn/

(BloombergNEF, 2019)

BloombergNEF , 2019, A Behind the Scenes Take on Lithium-ion
Battery

Prices,

[Web

Page].

[Referred

27.8.2020].

https://about.bnef.com/blog/behind-scenes-take-lithium-ionbattery-prices/

(BloombergNEF, 2020)

BloombergNEF , 2020, Battery Pack Prices Cited Below $100/kWh
for the First Time in 2020, While Market Average Sits at $137/kWh,
[Web

Page].

[Referred

4.1.2021].

https://about.bnef.com/blog/battery-pack-prices-cited-below-100kwh-for-the-first-time-in-2020-while-market-average-sits-at-137kwh/

129

(Christensen, 2020)

Christensen, A., 2020, Assessment of Hydrogen Production Costs
from Electrolysis: United States and Europe, [Online document].
[Referred

2.2.2021]

https://theicct.org/publications/assessment-

hydrogen-production-costs-electrolysis-united-states-and-europe

(Diesel service & supply, 2020) Approximate Fuel Consumption Chart, 2020, Diesel service
& supply, [Online document].

[Referred

4.2.2021].

https://www.generatorsource.com/Diesel_Fuel_Consumption.aspx

(Divshali & Evens, 2020) Divshali H., Evens C., 2020, VTT, Optimum Operation of Battery
Storage System in Frequency Containment, [Online document].
[Referred

4.2.2021].

https://cris.vtt.fi/en/publications/optimum-

operation-of-battery-storage-system-in-frequency-containm

(EMBER, 2021)

Ember, 2021, Daily EU ETS carbon market price, [Web-page].
[Referred 16.03.2021].

https://ember-climate.org/data/carbon-

price-viewer/

(Entsoe, 2019)

Entsoe, 2019, Fast Frequency Reserve – Solution to the Nordic
inertia challenge, [Online document].

[Referred

13.1.2021].

https://www.fingrid.fi/globalassets/dokumentit/fi/sahkomarkkinat/r
eservit/fast-frequency-reserve-solution-to-the-nordic-inertiachallenge.pdf

(EPA, 2017)

U.S. Environmental Protection Agency Combined Heat and Power
Partnership, 2017, Catalog of CHP Technologies, [e-book].
[Referred 31.12.2020].

https://www.epa.gov/chp/catalog-chp-

technologies

(Ericson, 2019)

Ericson S., 2019, A Comparison of Fuel Choice for Backup
Generators, The Joint Institute for Strategic Energy Analysis. [e-

130

book].

[Referred

30.12.2020].

https://www.nrel.gov/docs/fy19osti/72509.pdf

(ESJ, 2020)

Energy Storage Journal, 2020, LG Chem rejects report that blames
Arizona battery explosion on thermal runaway, [Web Page].
[Referred

4.1.2021].

https://www.energystoragejournal.com/lg-

chem-rejects-report-that-blames-arizona-battery-explosion-onthermal-runaway/?wplinkindex=3&utm_campaign=Energy_Storage_Journal_Bulletin_N
o_77&utm_content=energystoragejournalmagazine.com&utm_medium=email&utm_source=Batteries_Intern
ational

(European Parliament, 2015) European Parliament, 2015, Directive (EU) 2015/2193, [Online
document].

[Referred 14.1.2021].

https://eur-lex.europa.eu/legalcontent/EN/TXT/?uri=CELEX%3A32015L2193

(Fingrid, 2016)

Fingrid, 2016, Electricity market needs fixing - What can we do?.
[Online

document].

[Referred

25.8.2020].

p.6-10,

13-21.

https://www.fingrid.fi/globalassets/dokumentit/en/electricitymarket/reserves/reserve-products-and-reserve-market-places.pdf

(Fingrid, 2020a)

Fingrid, 2020, Reserve products and reserve market places, [Online
document].

[Referred

11.9.2020].

https://www.fingrid.fi/en/electricitymarket/reserves_and_balancing/

(Fingrid Oyj, 2020b)

Fingrid Oyj, 2020, The technical requirements and

the

prequalification process of Fast Frequency Reserve (FFR),
[Online document]. [Referred 17.12.2020].

131

https://www.fingrid.fi/globalassets/dokumentit/en/news/thetechnical-requirements-and-the-prequalification-process-of-fastfrequency-reserve-ffr.pdf

(Fingrid Oyj, 2019a)

Fingrid Oyj, 2019, Manuaalisen taajuuden palautusreservin (mFRR)
teknisten vaatimusten todentaminen ja hyväksyttämisprosessi,
[Online document].

[Referred

14.1.2021].

https://www.fingrid.fi/globalassets/dokumentit/fi/sahkomarkkinat/s
aatosahko/liite-2-manuaalisen-taajuuden-palautusreservinteknisten-vaatimusten-todentaminen-ja-hyvaksyttamisprosessi.pdf

(Fingrid Oyj, 2019b)

Fingrid Oyj, 2019, The technical requirements and

the

prequalification process of Frequency Containment Reserves
(FCR), [Online document]. [Referred 18.12.2020].
https://www.fingrid.fi/globalassets/dokumentit/en/electricitymarket/reserves/fcr-liite2---teknisten-vaatimusten-todentaminen-jahyvaksyttamisprosessi_en.pdf

(Fingrid Oyj, 2019c)

Fingrid Oyj, 2019, Automaattisen

taajuudenhallintareservin

(aFRR) teknisten vaatimusten

todentaminen

hyväksyttämisprosessi,

[Online document].

ja

[Referred

21.12.2020].
https://www.fingrid.fi/globalassets/dokumentit/fi/sahkomarkkinat/r
eservit/automaattisen-taajuudenhallintareservin-afrr-teknistenvaatimusten-todentaminen-ja-hyvaksyttamisprosessi.pdf

(Fingrid Oyj, 2019d)

Fingrid

Oyj,

2019,

Automaattisen

sovellusohje, [Online document].

taajuudenhallintareservin
[Referred

14.1.2021].

https://www.fingrid.fi/globalassets/dokumentit/fi/sahkomarkkinat/r
eservit/automaattisen-taajuudenhallintareservin-afrr-teknistenvaatimusten-todentaminen-ja-hyvaksyttamisprosessi.pdf

132

(Fingrid Oyj, 2019e)

Fingrid Oyj, 2019, Technical requirements and prequalification
process for the Manual Frequency Restoration Reserve (mFRR),
[Online document].

[Referred

23.12.2020].

https://www.fingrid.fi/globalassets/dokumentit/en/electricitymarket/reserves/liite-2-manuaalisen-taajuudenpalautusreservin_en-id-237928.pdf
(Fingrid Oyj, 2020c)

Fingrid Oyj, 2020, Terms and conditions for providers of Frequency
Containment Reserves (FCR), [Online document].

[Referred

13.1.2021].
https://www.fingrid.fi/globalassets/dokumentit/en/electricitymarket/reserves/fcr-liite1---ehdot-ja-edellytykset_en.pdf

(Fingrid Oyj, 2020d)

Fingrid Oyj, 2020, Company home page, [Web Page]. [Referred
21.12.2020] www.fingrid.com

(Fingrid Oyj, 2020e)

Fingrid Oyj, 2020, Fingrid Open data, [Datasets]. [Referred
21.12.2020]. https://data.fingrid.fi/en/dataset

(Fingrid Oyj, 2020f)

Fingrid Oyj, 2020, Terms and conditions for providers of Fast
Frequency Reserves (FFR),
[Referred

[Online

document].
17.12.2020].

https://www.fingrid.fi/globalassets/dokumentit/fi/sahkomarkkinat/r
eservit/liite1---ehdot-ja-edellytykset-nopean-taajuusreservin-ffrtoimittajalle.pdf

(Fingrid Oyj, 2020g)

Fingrid Oyj, 2020, Terms and conditions for providers of Manual
Frequency Restoration reserves (mFRR),

[Online

document].

23.12.2020].

[Referred

https://www.fingrid.fi/globalassets/dokumentit/en/electricitymarket/reserves/reservitoimittajien-mfrr-ehdot-ja-edellytykset_enid-237930.pdf

133

(Fingrid, 2018)

Fingrid, 2018, Voimalaitosten järjestelmätekniset vaatimukset
VJV2018,

[Online

document].

[Referred

18.8.2020].

https://www.fingrid.fi/kantaverkko/liityntakantaverkkoon/voimalaitosten-jarjestelmatekniset-vaatimukset/

(Ministry of Economic Affairs and Employment, 2018)

Ministry

of

Economic

Affairs and Employment, 2018, Flexible and customer-centred
electricity system: Final report of the Smart Grid Working Group.
[Online document]. [Referred 24.8.2020]. ISBN 978-952-327-3528, http://urn.fi/URN:ISBN:978-952-327-352-8

(GlobalPetrolPrices.com, 2021) GlobalPetrolPrices.com, 2021, Suomi Dieselin hinnat, [Online
document].

[Referred

4.2.2021].

https://fi.globalpetrolprices.com/Finland/diesel_prices/

(Goldie-Scot, A Behind the Scenes Take on Lithium-ion Battery Prices, 2019)

Goldie-Scot,

L., 2019, A Behind the Scenes Take on Lithium-ion Battery Prices,
BloombergNEF.

[Online

document].

[Referred

27.8.2020].

https://about.bnef.com/blog/behind-scenes-take-lithium-ionbattery-prices/

(IEA, 2020)

IEA, 2020, Evolution of Li-ion battery price, 1995-2019, [Web
Page].

[Referred

12.1.2021].

https://www.iea.org/data-and-

statistics/charts/evolution-of-li-ion-battery-price-1995-2019

(Inamuddin, 2017)

Inamuddin, A. M., Abdullah M. A., 2017, Organic–Inorganic
Composite

Polymer

Electrolyte

Membranes:

Preparation,

Properties, and Fuel Cell Applications, Springer, ISBN 978-3-31952738-3, ISBN 978-3-319-52739-0, Ch.8 p.193-212, [e-book].
[Referred 29.12.2020]

134

(IRENA, 2017)

IRENA, 2017, Electricity Storage and Renewables: Costs and
Markets to 2030, International Renewable Energy Agency. [Online
document]. [Referred 25.8.2020]. p 4, 10-28, 46-67, 74-77, 82-102
https://www.irena.org/publications/2017/Oct/Electricity-storageand-renewables-costs-and-markets

(IRENA, 2018)

IRENA, 2018, Hydrogen from renewable power: Technology
outlook for the energy transition, ISBN 978-92-9260-077-8, [Online
document].

[Referred

29.12.2020]

https://www.irena.org/publications/2018/Sep/Hydrogen-fromrenewable-power

(Jarmo Elovaara, 2011)

Elovaara J., Harla L., 2011, Sähköverkot 1: Järjestelmätekniikka ja
sähköverkon laskenta, 2.edition, ISBN 978-951-672-360-3, p.390395, [Book]. [Referred 14.1.2021].

(Kajave, 2021)

Kajave, 2021, Siirtohinnasto, [Online document].

[Referred

30.1.2021].
https://www.kajave.fi/asiakkaille/sahkoliittyma/sahkoverkonhinnastot

(Kauppinen, 2020)

Kauppinen, J., 2020,

APU puheenaiheet, Talvivaara: Pilatut

järvivedet nostivat ympäristönsuojelun koko kansan puheenaiheeksi
– Näin kaikki tapahtui, [Verkkodokumentti]. [Referred 15.11.2020]
https://www.apu.fi/artikkelit/talvivaara-pilatut-jarvivedet-nostivatymparistonsuojelun-koko-kansan-puheenaiheeksi-nain-kaikkitapahtui

(Kucevic, 2020)

Kucevic D., 2020, Standard battery energy storage system profiles:
Analysis of various applications for stationary energy storage
systems using a holistic simulation framework, Journal of energy

135

storage, Vol.28, [Online document].

[Referred

19.1.2021].

https://www.sciencedirect.com/science/article/pii/S2352152X1930
9016?via%3Dihub

(Nordic Council of Ministers, 2017)

Nordic Council of Ministers, 2017, Demand side

flexibility in the Nordic electricity market: From a Distribution
System Operator Perspective. [Online document]. [Referred
24.8.2020].

ISBN

978-92-893-5239-0

(PDF),

http://dx.doi.org/10.6027/TN2017-564,

(Mongird K., 2019)

Mongird K., 2019, Energy Storage Technology and Cost
Characterization Report, [Online document].

[Referred

19.1.2021]. https://www.energy.gov/eere/water/downloads/energystorage-technology-and-cost-characterization-report

(Nord Pool, 2020)

Nord

Pool,

2020,

[Web

page]

[Viitattu

14.12.2020]

https://www.nordpoolgroup.com/

(Pöyry, 2018)

Pöyry Management Consulting, 2018, Demand and Supply of
flexibility.

[Online

document].

[Referred

24.8.2020].

https://www.fingrid.fi

(Sánchez Muñoz A., 2016) Sánchez Muñoz A., 2016, Sensible – Deliverable: Overview of
storage technologies, [Online document].
20.1.2021].

[Referred

https://www.projectsensible.eu/documents/overview-

of-storage-technologies.pdf

(Similä, 2011)

Ruska, M. & Similä, L., 2011, Electricity markets in Europe:
Business environment for Smart Grids. VTT. [Online document].
[Referred

25.8.2020].

https://www.vtt.fi/inf/pdf/tiedotteet/2011/T2590.pdf

p.47-51.

136

(Soltaro, 2020)

Soltaro, 2020, NMC vs LFP – Let’s talk about it., [Web Page].
[Referred

4.1.2021].

https://soltaro.com/soltaro-batteries-news-

archives/nmc-vs-lfp-advantages-disadvantages

(STATISTA, 2020a)

Statista, 2020, Lithium-ion battery pack costs worldwide between
2011

and

2020.

[Web-page].

[Referred

24.8.2020].

https://www.statista.com/statistics/883118/global-lithium-ionbattery-pack-costs/
(STATISTA, 2020b)

Statista, E. Niinimäki, 2020, Average prices of diesel fuel in Finland
from

2000

to

2020,

[Web-page].

[Referred

16.3.2021].

www.statista.com/statistics/603705/diesel-fuel-prices-finland/

(Statnett, 2017)

Svenska Kraftnät & Statnett, 2017, The Nordic Balancing Concept.
[Electric

document].

[Referred

25.8.2020].

https://www.statnett.no/contentassets/2803eba809e34657b3c44142
6e2e9b52/the-nordic-balancing-concept.pdf

(Terrafame, ALMA, 2020) ALMA kunnossapitojärjestelmä, Terrafame, 2020. [System data].
[Referred 01.12.2020-31.1.2021]

(Terrafame, MAXIMO, 2020) MAXIMO kunnossapitojärjestelmä, Terrafame, 2020. [System
data]. [Referred 01.12.2020-31.1.2021]

(Terrafame Oy, 2020)

Terrafame

Oy,

2020,

www-sivut,

https://www.terrafame.fi/terrafame-oy.html. [Web Page]. [Referred
15.11.2020]

(Tinkler, 2015)

Tinkler M., 2015, The energy storage forum:Energy storage 101,
Presentation, [Online document].

[Referred

31.1.2021]

137

https://ces-ltd.com/ces-senior-consultant-mark-tinklerspresentation-is-one-of-the-highlights-at-the-energy-storage-forum/

(Van Leeuwen C., 2018) Van Leeuwen C., Zauner A. 2018, Innovative large-scale energy
storage technologies and Power-to-Gas concepts after optimization,
[Online document].

[Referred

2.2.2021].

https://www.storeandgo.info/publications/deliverables/

(Verohallinto, 2019)

Verohallinto, 2019, Energiaverotus. [Web Page]. [Referred
25.8.2020].

https://www.vero.fi/syventavat-vero-ohjeet/ohje-

hakusivu/56206/energiaverotus/

98%

-

-

Fuel cell PEM

Electrolyzer PEM

100

Cost (€/m3)

0,85

0,85

0,40%

1%

NaS

Self-discharge
Cycle
rate per day efficiency

20-30

1C(3C)

0,6

15

15

Lifetime
(years)

1,5

O&M costs
(€/m3)

-

0,6

0,36

-

0,4

Vanadium Redox Flow

H2 Storage

Lifetime
(years)

-

Diesel generator

Charge
(C-rate)

~80C

(40C)

0,87

Charge
(C-rate)

C/4 (1C)

Charge
(C-rate)

0,94

Cycle
Self-discharge
rate per day efficiency

25%

Flywheel

Fuel cell system

0,8

Cycle
Self-discharge
rate per day efficiency

0,40%

1C (25C)

Diesel price

20

20

20

Lifetime
(years)

20

15

Lifetime
(years)

10

Lifetime
(years)

20000

10000

4000

2500

10000
10000

10000

0,24

0,37

1,15

0,06

0,07

0,14

2000

1000000

1000000

0,25

0,029

0,021
0,006

0,021

LCOS
LCOS
(€/kWh) min (€/kWh) max

0,42

1,4

€/l

40000

40000

12000

0,056

Price increase
€/l per year

40000

40000

20000

0,623

0,075

0,156

0,075

581

500

Cost
(€/kWh)

0,136

0,053

0,083

2,440

66,4

12,45

O&M costs
(€/kWh)

Carbon price

0,136

0,053

0,083

1,464

Usage hours Usage hours
LCOS
LCOS
(h)
(h)
(€/kWh) min (€/kWh) max

200000

1000000

Cycle life low Cycle life high

1200

Cycle life
Cycle life
LCOS
LCOS
(60% DoD) (<50% DoD) (€/kWh) min (€/kWh) max

5000

2000

500

Cycle life
Cycle life
LCOS
LCOS
(100% DoD) (<80% DoD) (€/kWh) min (€/kWh) max

Cycle life Cycle life
LCOS
LCOS
(100% DoD) (<80% DoD) (€/kWh) min (€/kWh) max

-

1C(3C)

1C

Discharge
(C-rate)

40C

~80C

Discharge
(C-rate)

1C (10C)

Discharge
(C-rate)

15

12

12

Lifetime
(years)

0,232

0,050

Price / low cycle (€)

42,21

€ / tCO2

2656,000

996

1660

664

Cost (€/kW)

530

500

Cost (€/kW)

330

Cost (€/kWh)

830

500

370

Cost (€/kWh)

0,275

Price / low cycle (€)

0,166

0,250

0,740

Price / low cycle (€)

0,058

0,050

Price / high cycle
(€)

3,298

Price increase
€/tCO2 per year

44,820

19,92

24,9

29,05

O&M costs (€/kW)

4,8

1

72,6

CO2 Production
kg/MWh (Diesel)

0,066

0,025

0,042

0,055

Price / hour (€)

0,0027

0,0005

O&M costs (€/kW) Price / low cycle (€)

1

O&M costs
(€/kWh)

8,3

8,3

8,3

O&M costs
(€/kWh)

0,066

0,025

0,042

0,033

Price / hour
(€)

0,00053

0,00050

4480

20000

Price / high Cost
cycle (€) (€/kWh)

0,165

Price / high
cycle (€)

0,042

0,050

0,093

Price / high
cycle (€)

ATTACHMENT 1

Ultracapacitor

Lead acid VRLA

0,94

0,17%

Lithium ion (LTO)

Cycle
Self-discharge
rate per day efficiency

1C

0,94

0,17%

Lithium ion (LFP)

1C (2C)

Discharge
(C-rate)

1C (max 5C) 10C(30C)

1C

0,94

0,17%

Charge
(C-rate)

Lithium ion (NMC)

Self-discharge
Cycle
rate per day efficiency

Compiled technical and cost data from various sources used in this thesis

138

