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The energy market is facing a switch-over where future energy systems will rely on
more renewable energy sources. These intermittent energy sources will increase
the demand for new regulation methods to maintain the power balance in the grid.
The purpose of this report is to investigate the ability of data centers to balance the
power supply and demand in the Swedish transmission system by using data
centers’ UPS-systems. UPS (Uninterruptable Power Supply) systems are intended to
ensure stable and reliable power at all times. The data centers are evaluated by
calculating the capacity of the UPS-systems. Furthermore, the report examines the
challenges and opportunities that concerned actors will come across if this new
regulation method is implemented. The incentives regarding future financial revenues
for data centers' and business opportunities for manufacturers are also examined.
Linear regression is chosen as the method of determining the capacity. The results
show that the total aggregated capacity is 82.46 MW. The revenue that data centers
would earn by operating as regulators is 143 000 SEK/MW per year if they regulate
a quarter per hour. Furthermore, the results inspire to a discussion whether
frequency regulation is suitable for data centers. To use UPS-systems for something
other than their main purpose of ensuring stable power should be well motivated
and be completely risk-free. The results show that it is uncertain whether the UPSsystems are able to provide the required power without risking complete discharge,
which could lead to a financial disaster if a power failure occurs.
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List of Terms
Aggregated capacity - Summarized capacity from several smaller capacity sources.
Alternating Current (AC) - Flow of charge that changes direction periodically. This implies
that the voltage level varies along with the current.
Balance market - The market where electricity trading regarding regulation is taking place.
Bidding area - The electricity market constitutes of bidding areas depending on the area’s
resources of energy production.
Balance settlement - According to the Electricity Act, the electricity supplier must deliver as
much electricity as its customers consume. The electricity supplier must pay a balance
settlement that is the cost of re-establishing the balance in the transmission system if they
cannot meet their customer’s need.
Direct Current (DC) - Flow of charge that provides a constant voltage and current.
Power - Energy per time unit [W]
FCR-D - FCR-D is a frequency regulated power reserve that is being used at larger
disturbances in the transmission system.
Intermittent energy sources - Energy sources that are not deterministic. The production
fluctuates due to external factors such as weather conditions. Sun and wind power are
intermittent energy sources.
Load - The power that the components connected to the grid consume. The components
consume different amounts of power depending on how they are being used.
Svenska kraftnät, Svk - Svk is the Swedish transmission system operator. It is Svk’s
responsibility to maintain the balance between electricity production and consumption in the
transmission system.
Transmission system - The infrastructure that transports energy via the electricity grid.
Uninterruptible Power Supply, UPS - System with battery banks to ensure stable and
reliable power supply during power failure.

1. Introduction
The world’s energy demand is increasing and with that the need for alternative energy sources
is growing in order to reach climate goals. The energy market is facing a switch-over where
future energy systems will rely on more renewable energy sources. Renewable energy
sources, such as wind and solar energy, are not as predictable and stable as traditional power
sources like fossil and nuclear power. A larger proportion of renewable energy sources will
challenge the stability of today’s transmission system and will put pressure on the electricity
grid. (Sunér Fleming, 2014)
These intermittent energy sources challenge the balance in the grid since electricity
consumption and production must be equal at all times. The Swedish grid is stable when it has
a frequency of 50 Hz. Differences between electric power consumption and production
generate fluctuations in the grid’s frequency. The frequency must be regulated to maintain an
optimal grid function. The authority responsible for maintaining the balance in the Swedish
transmission system is Svenska kraftnät (Svk). To be able to guarantee a stable grid in the
future, Svk is seeking new possible ways to regulate the frequency.
The Swedish transmission system is divided into four bidding areas, from SE1 in the north to
SE4 in the south. The Swedish grid is currently balanced by hydropower, with 90% of the
hydropower placed in SE1 and SE2. However, the main part of the electricity consumption is
in SE3 and SE4. It is therefore of interest to place power reserves in the south of Sweden for a
more resilient transmission system. (Svenska kraftnät, 2017b). When the grid frequency drops
below 49.9 Hz, a regulation called Frequency Containment Reserve – Disturbance (FCR-D) is
used as a fast-response primary regulation. This is followed by support from secondary and
tertiary regulations with slower response times to ensure the desired frequency and thereby
balance the system. (Svenska kraftnät, 2016b)
There is a fast-growing market for data canters in Sweden. Data centers possess a
considerable amount of society’s information. It requires a great deal of energy to be able to
store all the information safely with cooling systems and backup systems and, consequently,
costs for powering the data centers with these systems will be high. (Sunér Fleming, 2014)
In data centers, it is common to use Uninterruptible Power Supply (UPS) systems to ensure
stable and reliable power supply during power failures (Aamir et al., 2016). Since UPSsystems have fast response times, Svk intends to investigate the feasibility of using UPSsystems for frequency control of the power system. The data centers will be compensated for
the regulation they can offer, which would lead to lower electricity costs. The idea is that data
centers will be disconnected from the transmission system during the required regulation and
be self-supported by their own UPS-system. This decreases the electricity demand in the
electricity grid and stabilizes it. This report will examine whether data centers can operate as
FCR-D regulators.
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1.1 Aim of the Report
The aim of this project is to investigate the ability of data centers to balance the power supply
and demand in the Swedish transmission system as FCR-D regulators. The total capacity of
existing UPS-systems in data centers in bidding area SE3, which is the region of Svealand and
the northern part of Götaland, will be examined. SE3 is chosen as the object of this study due
to its high concentration of data centers. Furthermore, this study investigates incentives for
the data centers and the manufacturers of UPS-systems and the challenges that Svk
encounters. This will involve financial aspects for the data centers regarding the revenue they
can earn by operating as frequency regulators. Additionally, challenges that the data centers
are exposed to concerning the safety of their information will be discussed.
The report will investigate and discuss the following research questions:
What is the aggregate capacity that UPS-systems in data centers in bidding area SE3 are
capable to deliver as FCR-D regulation to the transmission system?
What risks do data centers perceive by operating as FCR-D regulators?
How big revenues can data centers make by offering their UPS-systems as FCR-D
regulators?

1.2 Limitations
The use of UPS-systems to regulate the frequency in the grid is a new method. The study will
therefore be limited by the lack of earlier research in the area. Another limitation is that data
centers often possess classified critical information that restricts the information that data
centers can make public. The mapping of the data centers will have a general character since
data centers are critical infrastructure. The report only includes data centers that have been
available to our study by their willingness to share information. Data centers that have public
information about them on the Internet are also taken into account. UPS-systems linked to
hospitals, the legal system and other high security domains will therefore not be included.
Data centers’ main focus is to store data from other companies. Therefore, data centers can
experience that their competitiveness would be damaged if information about their UPSsystems were released. Some assumptions are made to make up for lack of information. These
are put in context with credible sources to make the outcomes trustworthy. This report
assumes that all UPS-systems are similar regarding technical specifications and
manufacturers. The UPS-systems are only viewed as instruments that regulates disturbances
in the transmission system and not disturbances from within the data center. The life length of
the UPS-systems batteries is not taking into account, nor is the deterioration of the batteries
during their lifetime.
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1.3 Disposition
This report begins with a background section describing the Swedish transmission system,
data centers, UPS-systems, the energy market and lastly frequency regulation. These are
important areas that give an understanding of the feasibility of balancing the grid by using
UPS-systems in data centers. A methodology section describing the models and methods used
in this report will follow before data and calculations. A sensitivity analysis, results and
analysis will be presented. Lastly, there is a conclusion to summarize the results.

2. Background
2.1 Data Centers
In Geng (2015, p. 4), data centers are defined as:
§

Primarily electronic equipment used for data processing (servers), data storage
(storage equipment), and communications (network equipment). Collectively, this
equipment processes, stores, and transmits digital information.

§

Specialized power conversion and backup equipment to maintain reliable, high-quality
power as well as environmental control equipment to maintain the proper temperature
and humidity for the ICT (Information and Communication Technology, our addition)
equipment.

A data center’s purpose is to process information. Health care, education, transportation and
food, all aspects of our everyday life need to process information, and this is done in a data
center. (Geng 2015, p. 4)
Data centers contains of racks stored in rows throughout the room, see Figure 1. A rack is a
steel and electronic framework that is designed to house servers and other essential equipment
(Techopedia, 2018). There are systems above the racks with cooling systems to keep the
servers cold. Many of data centers are hosting other companies’ and authorities’ data, socalled colocation. The client rents the whole or a part of a rack and the data center takes care
of the client’s servers. (Bahnhof, 2018)
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Figure 1. A data center with a row of racks. Photo: Authors

2.1.1 The Growing Data Center Market
Sweden is currently in the spotlight on the data center market. Svenskt Näringsliv estimates
that about 4-5 big data centers will be built in Sweden until year 2030 (Sunér Fleming, 2014).
These data centers require a lot of energy to be able to store all information safely and are
expected to increase Sweden’s energy demand with 4-5 TWh per year. (Sunér Fleming,
2014). The American company Amazon is currently building three data centers around
Stockholm (NyTeknik, 2017) and Google has bought land in the region of Dalarna to be able
to ensure future, eventual needs of land for a data center (Arstad Djurberg, 2017).
Sweden is an attractive location for data centers mainly because of three reasons. The first
reasons is Sweden’s low electricity price combined with low electricity taxes for data centers
(Skatteverket, 2018). The second reason is that companies are looking for electricity
generated by renewable energy sources and Sweden fulfils that requirement (NyTeknik,
2017). Lastly, is the cold Swedish climate an important factor, data centers’ servers need to be
cool down and less energy is required in a cold climate than in a warm climate (Bradbury,
2016).

2.1.2 Consequences of Power Failure
It takes time for IT-systems to recover after a power failure. Geng (2015, p. 495-496) presents
the result from a survey done by Price Waterhouse regarding the time aspect of problems after
power outages in Data Center Handbook.
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§
§
§
§

More than 33% of data centers take more than a day to recover.
10% of data centers take more than a week to fully recover.
It can take up to 48 h to reconfigure a network.
It can take days or weeks to reenter lost data.

A power outage large enough to affect the data centers in the SE3 area occurs once every
third years. In 2017, the majority of the municipalities in the SE3 area had no power outage
that lasted for longer than three minutes. This is rather low compared to the US and other
countries in Europe. A reason for the low amount of power outages is Sweden’s relatively
stable weather with low risk of flooding and damages caused by high wind speeds.
(Energimarknadsinspektionen, 2017)
2.1.3 Uninterruptible Power Supply
UPS-systems ensure stable and reliable power supply during power failures for infrastructures
where load protection is essential. Critical loads such as data centers, aviation computers and
medical support system in hospitals are using UPS-systems for constant stable power supply
(Aamir et al., 2016). The deploying of UPS-system when power is needed can be done in two
ways. The UPS-system can either provide the load with electricity long enough for critical
equipment to be shut down gracefully to avoid loss of data. The second way provides
electricity to the load with power from the UPS-system until another electrical generating
source can supply the load with electricity (Geng, 2015, p. 495). Important elements for UPSsystems are a unity power factor, a low transient’s response time between the online mode and
battery power mode. It is also significant that the UPS-system guarantee high reliability and
high efficiency. Generally, it is essential that regardless of changes in either input voltages or
the load connected to the system, the output of the UPS-system should deliver alternative
current (AC) voltage with low total harmonic distortion (Aamir et al., 2016).
The most popular classification of UPS-system in the IT-industry is the static one, shown in
Figure 2. The static UPS stores energy, typically in batteries, and uses electronic switching
components to relief stored energy. All static UPS-systems include an inverter that converts
the direct current (DC) from the batteries to AC at correct voltages used by the load. Other
general components of the static UPS-system are the switch and the battery charger. The
switch changes the electricity to the load from the grid to the battery if the incoming voltage
is not sufficient. The battery charger recharges its batteries after a power outage. (Geng, 2015,
p. 495, 498)
The charging time of a UPS-system’s batteries from 0-100% of its capacity depends on the
charging technology the battery uses. Some batteries can be charged in approximately three
hours if there is an advanced charging technology. Other types of batteries charge to full
capacity in 15 or more hours. (Eaton, 2013)
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Figure 2. Static UPS

2.1.4 Redundancy
It is common for data centers to have more than one UPS-system in order to get higher levels
of redundancy. If a data center has a primary and a standby UPS-system, it has N+1
protection. Additionally, data center can secure their access of power by having diesel
generators as backup to their UPS-system. Diesel generators take up to 30 seconds to start.
(Geng, 2015, p. 516)

2.2 The Swedish Transmission System and Svenska kraftnät
The distribution and transmission of electricity in Sweden consists of three different types of
electricity grids depending on the transportation distance: national grid, regional grid and
local grid. The main difference between the grid types, except the distance, is the voltage
level. The national grid, which is used for long transportation distances of electricity, consists
of transmission lines with power of 400 and 220 kV together with transformers, switchgears
and connections to other countries. The regional grid operates at voltage levels of 40-130 kV
and transports the electricity from the national grid to the local grid. The local grid distributes
electricity to households and smaller industries. The feeders in the local grid have voltage
levels of primarily 10-20 kV and in some cases 0.4 kV. (Svenska kraftnät, 2014)
Svenska kraftnät (Svk) is the responsible authority that administers the Swedish national
transmission grid. It is Svk’s responsibility to monitor that the production equals the
consumption of electricity (Svenska kraftnät, 2016a). There is a risk of interference in the grid
if the system is in imbalance, which can have as consequence that loads are being
disconnected (Svenska kraftnät, 2016a). Svk is the single buyer on the balance market and
responsible for developing the balance market (Energinet et al.).
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The electricity market constitutes of bidding areas where the areas’ electricity prices are
determined by the demand and supply of electricity. Sweden is divided into four bidding areas
from north to south, SE1 (Luleå), SE2 (Sundsvall), SE3 (Stockholm), SE4 (Malmö)
(Energimarknadsinspektionen, 2014), shown in Figure 3. Generally, the north of Sweden has
lower electricity prices than the south due to that the production is higher than the
consumption in the northern parts. Electricity is transported to the southern parts where most
of the population is concentrated. (Svenska kraftnät, 2017c)

Figure 3. The four bidding areas in Sweden. (Lantmäteriet, Svenska kraftnät, 2010)

2.3 Frequency Regulation
A balance of electric power production and consumption is fulfilled when the frequency is 50
Hz. Deviations in the frequency activate automatic power reserves that start to stabilize the
system in a few seconds up to a few minutes. There are primary, secondary and tertiary power
reserves. The regulatory resource evaluated in this report, FCR-D, is part of the primary
regulation. (Svenska kraftnät, 2016b)
Svk is not accountable if the production does not meet the consumption and has therefore no
own resources to stabilize the electricity grid if a frequency deviation occurs. The electricity
suppliers have balance responsibility: the electricity supplier must, according to the Electricity
Act, deliver as much as its customers consume. (Svenska kraftnät, 2016c)

2.4 Primary Control
The primary control constitutes the basis for Svk’s ability to ensure the balance in the grid and
thereby guarantee that the frequency stays at 50 Hz. The primary control is provided by power
plants connected to control units that every second measure the frequency in the grid and
activate the power plants when needed. This means that when the frequency drops below 50
7

Hz power plants are automatically activated to compensate the imbalance between generation
and consumption in order to stabilize the electricity grid. (Svenska kraftnät, 2016b)
The primary control consists of:
§

FCR-N (Frequency Containment Reserve – Normal) – Stabilizes the frequency when
there are small changes in production and consumption, within ±0.1 Hz.

§

FCR-D (Frequency Containment Reserve – Disturbance) – Stabilizes the frequency
when there are larger disturbances that lead to frequency deviations passing the
allowed range (49.9-50.1 Hz).

The requirements for UPS-systems to operate as FCR-D regulators are that they must be able
to provide at least 0.1 MW for 15 minutes. The UPS-systems are only contemplated to
regulate frequencies below 49.9 Hz and are automatically activated gradually. The regulation
has to be activated with at least 50% of the UPS-system’s capacity within the first five
seconds and reach 100% of the capacity in less than 30 seconds. (Svenska Kraftnät, 2018a)
Disturbances in the transmission lines imply that larger production plants or larger individual
electricity users suddenly have changed their input or output of electricity, for example,
changing of winds that cause disruptions in wind farms. (Svenska kraftnät, 2017b)

2.5 Power Consumption Flexibility
There is a switch-over in the transmission system due to a higher proportion of weatherdependent energy production and new European policy. From 2006 to 2016 there was a
doubling of the amount of frequency regulation in Sweden and the need for regulation will
increase further. Therefore, Svk is developing the expansion of the balance market. In
addition to power sources, electric loads can also be used for frequency regulation. Power
consumption flexibility involves different power reserves that, depending on some external
signal, change their use of electricity over time. For example, facilities such as industries can
either reduce or increase their electricity consumption and thus work as frequency regulators
(Svenska kraftnät 2016a). Regulation in the form of power consumption flexibility can either
be separated or aggregated. In the future it is expected that power consumption flexibility will
play a significant role in the balance market. (Svenska kraftnät, 2017b)
2.5.1 Svenska kraftnät’s Incentives with Power Consumption Flexibility
Svk has two primarily incentives for establishing power consumption flexibility in the balance
market. The first reason is that Svk wants to create increased competition in the balance
market with different forms of regulations. The automatic regulation consists of hydropower
where 90% of it lies in bidding areas SE1 and SE2. The balance market is not designed for
power consumption flexibility. Svk has the responsibility of that the balance market should be
technologically neutral as well as it should not be discriminating any type of regulation. The
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second reason is that the hydropower’s capacity will be released and that the total ability to
regulate will increase. (Svenska kraftnät, 2017b)

2.6 Financial Compensation
Svk restores the balance in the grid, if there is an imbalance, by selling or buying electricity.
Svk has an FCR- D volume requirement of 400 MW to negotiate (Svenska kraftnät, 2016a).
The electricity supplier who caused the imbalance has to pay Svk a so-called balance
settlement that is the cost of re-establishing the balance in the grid (Svenska kraftnät, 2016c).
The balance settlement is the compensation that another electricity supplier can earn for
regulating the frequency and imbalance. The electricity supplier can contract a third party for
regulation.
For FCR-D, the compensation depends on the power that the producer is able to provide per
hour. The price for the accepted bids is given according to pay- as- bid and is calculated
according to the balance settlement, the electricity price, and dependent on a variation of
parameters described in the rule document Regler för budpris för FCR (Svenska kraftnät,
2015). The capacity for regulation is traded one or two days before the assigned delivery
hour. This means that when the deal is set the producer will be paid even though the
regulation is not activated during the negotiated hour. (Svenska Kraftnät, 2015)
The demand of electricity has a significant impact on the electricity price. When there is less
water in the hydropower plants than normal or if the nuclear power plants are closed for
repair, prices rise, as the available production is smaller than usual. Consequently, if the
weather is milder than normal, the demand decreases, and the prices decline. (Svenska
Kraftnät, 2017a)
Svk controls the balance market on hourly basis, which means that the balance settlement
period is one hour. An electricity supplier can choose which hours of the day they want to act
on the balance market. The balance settlement period will until year 2020 be shortened to 15
minutes. The reason for shortening the period is to broaden the balance market, some
incentives for doing that are mentioned in section 2.4.1. The new regulation technique will
have lower persistence compared to hydropower. Another reason is to better fit the real-time
value of the balancing energy. Also, a shorter balance settlement period will give clearer price
signals for the participants on the balance market. (Svenska kraftnät, 2017b).

3. Methodology
The data on which this report is based on is primarily from a survey answered by data center
companies. The survey conducted information about data centers’ UPS-systems. The data
centers reported information about their UPS-system’s capacity, dimension of the data center,
their willingness to participate in frequency regulation and what risks they experience this
would involve, see appendix for the survey questions. The data centers are anonymous in the
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report and will be referred to as data center 1, data center 2 and so on. The decision of
anonymity is chosen due to that the majority of the data centers involved wanted to be
anonymous. Information has, complimentary to the survey, been collected through literature,
interviews and a field trip to one of Bahnhof’s data centers.

3.1 Model description
3.1.1 Use of FCR-D regulation
An analysis of how often FCR-D regulation is used is done in order to calculate how much
need there is for this type of regulation. How long FCR-D regulations tends to last is
estimated from data received from Svk showing the frequency in the grid during March 2018
with the sampling time of five seconds. By using Matlab, the time length of the frequency
drops below 49.9 is plotted for March 2018, as well as the time length of frequency periods
over or equal to 49.9 Hz. Finally, the mean and median value is calculated. The use of FCR-D
regulation is presented in section 3.2 Data.
3.1.2 Capacity of UPS-systems
The interest from data center companies to participate in this investigation is low due to
reasons mentioned in section 1.2 Limitations. Five data centers answered the survey and are
in this report referred to as data center 1 to data center 5. The information that data center
companies commonly have on their website is the dimension of their data center. A relation
between the data centers’ dimension and battery capacity is made from the survey and as a
result a regression analysis is performed in Excel. By using this relationship, the capacity of
UPS-systems in data centers where only dimension is given could be estimated. This resulted
in a broader mapping of the total capacity. Since data centers consists of rows of racks a linear
regression is suitable because it is reasonable that the number of servers correlates with the
UPS-system’s capacity. The results concerning energy calculations are presented in Wh and
calculations containing load are, if not stated, supposed to be 100% of its capacity. The results
of the capacity of UPS-systems are presented in section 4.1 Capacity of UPS-systems.
The linear equation given from the regression,
𝐶 = 𝑘𝑥 + 𝑚

(1)

𝐶 – capacity of UPS-system [W]
𝑥 - dimension of the data center [m2]
The total energy of the batteries in the UPS-systems [Wh] is calculated according to
𝐸!"!#$ =

𝑡!"#$!!"#$,!"## !"#$ ∗ 𝐶
3600

𝐸!"!#$ - total energy [Wh]
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(2)

𝑡!"#$!!"#$,!"## !"#$ - discharging time at full load
𝐶 – capacity of UPS-system [W]
The following equation is used in order to calculate the consumed energy from the batteries
for a frequency regulation at mean time length of frequency drops
𝐸!"#$%&'(,!"#$ =

𝑡!"#$ ∗ 𝐶
3600

(3)

𝐸!"#$%&'(,!"#$ – mean required energy from battery [Wh]
𝑡!"#$ - mean time length of a frequency deviation [s]
𝐶 – capacity of UPS-system [W]
Similarly, the maximum energy consumed is calculated with the maximum value of
frequency drops as
𝐸!"#$%&'(,!"#$!%! =

𝑡!"#$!%! ∗ 𝐶
3600

(4)

𝐸!"#$%&'(,!"#$!%! – maximum required energy from battery [Wh]
𝑡!"#$!%! - maximum time length of a frequency deviation [s]
𝐶 – capacity of UPS-system [W]
3.1.3 Alternative Scenario
A more realistic scenario will be examined for one data center. Data center 1 is chosen as the
study object for the alternative scenario due to that they were the only data center that
answered that they were willing to operate as frequency regulator. Data centers’ primary
concern is their safety. Therefore, it is not plausible that data centers have maximum load
connected, as they never jeopardize to overload their batteries. Consequently, it is not
probable that they are willing to operate as frequency regulators with their UPS-system’s full
capacity. An assumption is made that the UPS-system is only available for regulation if it is
fully charged due to the data center’s safety regulations. The corresponding recharging times
of the energy being consumed in a mean and maximum regulation period is calculated.
Determination of the recharging times entails an investigation whether the UPS-system
recharges the batteries within the periods between two frequency deviations below 49.9 Hz.
The results of the more realistic scenario are presented in section 4.2 Alternative Scenario.
The discharging time is assumed to be linearly dependent on the load.
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𝑡!"#!!"#$,!"#$%&!#'($ =

𝑡!"#$!!"#$,!"## !"#$
𝐿

(5)

𝑡!"#!!"#$,!"#$%&!#'($ - discharging time at actual load [s]
𝑡!"#$!!"#$,!"## !"#$ - discharging time at full load [s]
𝐿 - actual load in percent of full load [unitless]
The charging time of the battery system is estimated assuming that the batteries charges
linearly, which means that the battery charges a fixed amount of watt hours per second.
Additionally, an assumption is made about the total charging time from 0-100% of the
battery’s capacity.
𝑉!!!"#$ =

𝐸!"!"#
𝑡!!!"#$

(6)

𝑉!!!"#$ - charging density, amount of watt hours that the battery charges per seconds [Wh/s]
𝐸!"!"# - battery’s total energy [Wh], calculated in equation (2)
𝑡!!!"#$ – total charging time [s]
The total energy of the UPS-system’s batteries adjusted to the alternative scenario where the
discharging time is dependent on the size of load is calculated as

𝐸!"!#$,!"#$%&!#'($ =

𝐶 ∗ 𝑡!"#$!!"#$,!"#$%&!#'($
3600

(7)

𝐸!"!#$,!"#$%&!#'($ – battery’s total energy in a the alternative scenario [Wh]
𝐶 – capacity of UPS-system [W]
𝑡!"#!!"#$,!"#$%&!#'($ - discharging time at actual load [s], calculated in equation (5)
The consumed energy at a mean time length of a frequency deviation adjusted to their
willingness to regulate is calculated according to

𝐸!"#$%&'(,!"#$%&!#'($,!"#$ =
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𝑝 ∗ 𝐶 ∗ 𝑡!"#$
3600

(8)

𝐸!"#$%&'(,!"#$%&!#'($,!"#$ – mean consumed energy from the battery at the alternative
scenario [Wh]
𝑝 - percentage of the UPS-system’s capacity that the data center is hypothetically willing to
offer for regulation [unit less]
𝐶 – capacity of UPS-system [W]
𝑡!"#$ - mean time length of a frequency deviation [s]
Similarly, the consumed energy at a maximum time length of a frequency deviation adjusted
to their willingness to regulate is calculated according to
𝐸!"#$%&'(,!"#$%&!#'($,!"#$!%! =

𝑝 ∗ 𝐶 ∗ 𝑡!"#$!%!
3600

(9)

𝐸!"#$%&'(,!"#$%&!#'($,!"#$!%! - maximum consumed energy from the battery at the
alternative scenario [Wh]
𝑝 - percentage of the UPS-system’s capacity that the data center is hypothetically willing to
offer for regulation [unit less]
𝐶 – capacity of UPS-system [W]
𝑡!"#$!%! - maximum time length of a frequency deviation [s]
The charging time for restoring the energy being consumed in the alternative scenario at a
mean time length of a frequency deviation is calculated according to
𝑡!!!"#$%#,!"#$ =

𝐸!"#!"#$%,!"#$%&!#'($,!"#$
𝑉!!!"#$

(10)

𝑡!!!"#$%#,!"#$ - charging time for restoring the energy being consumed at a mean time length
of a frequency deviation [s]
𝐸!"#$%&'(,!"#$%&!#'($,!!"# – mean consumed energy from the battery at the alternative
scenario [Wh], calculated in equation (8)
𝑉!!!"#$ - charging density, amount of watt hours that the battery charges per seconds [Wh/s],
calculated in equation (6)
Lastly, the charging time for restoring the energy being consumed in the alternative scenario
at a maximum time length of a frequency deviation is calculated similar to equation (10)
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𝑡!!!"#$%#,!"#$!%! =

𝐸!"#$%&'(,!"#$%&!#'($,!"#!"#"
𝑉!!!"#$

(11)

𝑡!!!"#$%#,!"#$!%! - charging time for restoring the energy being consumed at a maximum
time length of a frequency deviation [s]
𝐸!"#$%&'(,!"#$%&!#'($,!"#$ – maximum consumed energy from the battery at the alternative
scenario [Wh], calculated in equation (9)
𝑉!!!"#$ - charging density, amount of watt hours that the battery charges per seconds [Wh/s],
calculated in equation (6)
3.1.4

Revenue Analysis

The revenue analysis is made by using statistics from Svk on the FCR-D balance settlement
price. The price is divided by four because the balance settlement price is currently given on
an hour basis of available MW. Moreover, the balance market will be compensated per
quarter in the future to better represent the market. The results of the revenues data centers
can earn are presented in 4.3 Revenue Analysis.
𝑅 = 𝐶 ∗

𝑃
4

(12)

𝑅 – revenue [SEK]
𝐶 – capacity of UPS-system [MW]
𝑃 - compensation per available MW [SEK/MW]
3.1.5 Incentives, Challenges and Risk Assessment
The risk assessment is based on the above-mentioned survey to get an understanding of what
challenges data centers experience with frequency regulation. Email exchange has been made
with a manufacturer of UPS-systems to be able to get a broader risk assessment, along with
Svk’s incentives with the expansion of the power consumption flexibility. The results of the
risks, challenges and incentives will be presented together with an analysis about them in
section 4.4 Incentives, Challenges and Risk Assessment.

3.2 Data
The lasting time for frequency deviations below 49.9 Hz in March 2018 can be seen in Figure
4. This is the data that are used in all calculations regarding time length of frequency drops.
The bars respond to when FCR-D regulation is needed. This is the time, if UPS-systems were
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used as frequency regulators, when the batteries would discharge. The mean time, 33 seconds,
is shown in orange and the median, 20 seconds, in pink. There are some extreme values that
lasted for more than 400 seconds, but the absolute majority was less than 100 seconds.

Figure 4. Lasting time for frequency deviations below 49.9 Hz in March 2018, ordered
chronologically. (Svenska kraftnät)

The lasting time for frequency periods over or equal to 49.9 Hz in March 2018 is shown in
Figure 5. The figure represents the time when FCR-D regulation is not activated. Here, the
UPS-system’s batteries would be able to charge. The mean time for a period over or equal to
49.9 Hz is 3311 seconds, 55 minutes, and is represented by the pink line. The orange line
represents the median value that was 95 seconds, 1.5 minutes.

Figure 5. Lasting time for frequency periods over or equal to 49.9 Hz in March 2018, ordered
chronologically. (Svenska kraftnät)

The mean compensation for FCR-D regulation for 2016 can be seen in Figure 6 for every
month with its standard deviation. In 2016, the price was highest in May with an average
compensation price of 129.12 SEK/MW.
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Figure 6. Mean compensation per available megawatt and hour with standard deviation for year
2016. (Svenska kraftnät)

The mean compensation for FCR-D regulation for 2017 can be seen in Figure 7 for every
month with its standard deviation. In 2017, June was the month with the highest mean
compensation with 180.25 SEK/MW.

Figure 7. Mean compensation per available megawatt and hour with standard deviation for year
2017. (Svenska kraftnät)
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Values of Data center 1 mean load and the capacity they are willing to regulate with is shown
in table 1.
Table 1: Data center 1’s mean load and the capacity they are willing regulation to regulate with.
Mean load [%] UPS-capacity willing to regulate with [%]
Data Center 1

80

25

4. Results and Analysis
4.1 Capacity of UPS-systems
Collected information about data centers dimensions and corresponding capacity of UPSsystems is shown in Table 2. These are the data centers that answered the study survey.
Predictably, the table shows that large dimension results in high capacity.
Table 2: Dimensions and capacities given from data centers

Data center 1

Dimension [m2]
300

Capacity [MW]
0.3

Data center 2

600

0.6

Data center 3

84

0.04

Data center 4

13 000

20

Data center 5

1654

4.21

Table 3 shows the UPS-systems’ discharging times given from the data centers that answered
the survey. The total energy is calculated from equation (2).
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Table 3: Discharging time and total energy.
Discharging time [s]

Total energy [kWh]

Data center 1

600

50

Data center 2

600

100

Data center 3

2 580

28.67

Data center 4

480

2 667

Data center 5

600

701.7

From the values in table 3 is a relation between dimension and capacity of UPS-systems
decided by linear regression. The linear regression is shown in Figure 8.
From the regression the following equation is found:
𝐶 = 0.0015𝑥 + 0.2414,

(13)

where C represents the capacity in MW and x the dimension in m2.

Figure 8. Linear regression between dimension and capacity.

The participating data centers are located near the two largest cities in Sweden: Stockholm
and Gothenburg. The mapping in Table 4 shows that there is a total capacity of 82 MW in the
Stockholm area and a total capacity of 1 MW in the Gothenburg area, calculated according to
equations (3) and (4). The capacity in SE3 covers 21% of Svk’s volume requirement of FCRD regulation. On the one hand, data centers do not seem to be willing to regulate the
frequency with their total capacity, which means that the capacity could be lower than
presented. On the other hand, UPS-systems are found in more areas of the society than in data
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centers, leading to that the total capacity could be bigger than 21% of the volume
requirement.

Table 4: Mapping of dimensions, estimated capacities and estimated required energy for mean and
maximum frequency drops.
Dimension
[m2]

Capacity [MW]

Mean Energy
[kWh]

Maximum Energy
[kWh]

Data center 2

600

0.6

5.52

112.5

Data center 4

13 000

20

187.5

3750

Data center 5

1654

4.21

39.47

789.4

Data center 7

440

0.915

8.579

171.6

Data center 8

6 000

9.428

88.39

1768

Data center 9

20 000

30.86

289.4

5786

Data center 10

10 000

15.55

145.8

2916

Data center 1

300

0.3

2.813

56.25

Data center 3

84

0.04

0.375

7.5

Data center 6

200

0.548

5.134

102.7

Stockholm

Gothenburg

The percentage of the total energy being consumed are, from Table 3 and 4, between 1-7% at
a mean time length of a frequency deviation. At a maximum time length, the percentage is
between 26 - 140%. Remarkably, the mean time length will consume a small volume of the
battery’s total energy while the battery’s energy is not enough for the maximum time length
of a frequency drop. UPS-systems cannot contribute to regulation of longer frequency
deviations below 49.9 Hz.

4.2

Alternative Scenario

From equations (5) – (11) the more realistic scenario is estimated for Data center 1 with a
more probable size of the load connected to the UPS-system along with the percentage of the
capacity that the data center were willing to regulate by, found in Table 1. The charging time
of the battery from 0 - 100% is 3 h, 10800 s. This assumes that the battery has an advanced
charging technology. In the future it is likely that most of the UPS-systems will have a
technology that reduces today’s charging time. The recharging time varies along with the
regulation time length as seen in Table 5.
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Table 5: Alternative scenario for Data center 1.
Total
energy
[kWh]

Data center 1

Consumed energy
at mean regulation
[kWh]

62.5

Consumed energy
at maximum
regulation [kWh]

0.70

14.01

Mean
charging time
[s]

121.5

Maximum
charging time
[s]

2430

If the UPS-system is used for the maximum time length of a regulation period of 675 seconds
the recharging for the UPS- system will take 40.5 minutes. The recharging time is within the
mean time length between two frequency periods below 49.9 Hz that is 55 minutes. However,
the maximum length of frequency regulation does not allow the batteries to be recharged if
concern is taken to the median time length between two frequency periods below 49.9 Hz that
is 95 seconds.
There is, as seen in equations (7) and (5), a relationship between load and total energy in the
UPS-system. A smaller load generates a larger amount of energy. Therefore, it is more
presumable that both the total energy values in Table 3 and the consumed energy values in
Table 4 are larger in reality due to the fact that data centers will endanger their safety if they
run a load near 100%. Data centers risk being overloaded if something unexpected happens
and the load is near the maximum.

4.3 Revenue Analysis
The revenue analysis is based on the assumption that the data centers are willing to regulate
the frequency 15 minutes every hour. There is enough time to recharge to full capacity if the
data center’s capacity is used for regulation within the 15 minutes, assuming a mean time
length of the frequency deviation and 45 minutes to the next regulation period. The
calculations are based on equation (12) and the results are shown in Table 6. As seen in
equation (12), the compensation is linear which makes a large capacity result in a large
possible revenue.
The bigger data centers with ability to provide the grid with large capacity can earn large
revenues of operating as frequency compensators. For example, Data center 9 can earn 4.8
million SEK each year. In contrast, the revenues are significantly less for the smaller data
centers, such as Data center 3, which will earn 6 277 SEK per year. The mean revenue that
data centers can earn, based on compensations from 2016 and 2017, is 143 000 SEK/MW and
year if they choose to regulate a quarter every hour.
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Table 6: Revenue analysis for the data centers.
Capacity [MW]

Revenue (SEK), total 2017

Revenue (SEK), total 2016

Data center 2

0.6

94 160

77 357

Data center 4

20

3 138 700

2 578 600

Data center 5

4.21

660 690

542 790

Data center 7

0.915

143 590

117 970

Data center 8

9.428

1 479 600

1 215 500

Data center 9

30.86

4 842 900

3 978 700

Data center 10

15.55

2 440 300

2 004 800

Data center 1

0.3

47 080

38 678

Data center 3

0.04

6 277

5157

Data center 6

0.548

85 999

70 652

Stockholm

Gothenburg

As Figure 6 and figure 7 shows, the mean compensation on FCR-D is higher during the
summer months. The data centers can therefore receive a higher revenue by choosing to
operate as frequency regulators during the summer months instead of the winter months.
Also, as seen in Table 6, the revenue differentiates between the years due to that the balance
settlement price is dependent on the weather.
The total profit earned by the different data centers might not be as large as the revenue
calculations show. The tables presented in the report only present the incomes that data
centers receive by acting as frequency regulators. Nevertheless, larger data centers also have
higher energy bills than smaller data centers. This is not taken into account in this report, but
energy bills compared to frequency earnings would be interesting to look at in further studies.

4.4 Incentives, Challenges and Risk Assessment
Data centers have an interest in developing a more sustainable profile. The majority of the
data centers have marked their environmental actions on their websites to strengthen their
business. Several data centers contribute to district heating with the emitted heat being
produced by the servers in the data centers. Manufactures of UPS-systems consider UPSsystems as frequency regulators as a business opportunity and are in the process to develop
solutions that are more convenient for frequency regulation.
The manufacturers of UPS-systems do not see any challenges with the equipment as long as
the batteries are sized and selected correctly to their purpose. A concern that the
manufacturers experience is the power supply when the UPS-system is used for regulation.
Different manufacturers have approached this issue with various solutions. Some
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manufacturers have chosen to have a circuit breaker that disconnects the UPS-system from
the grid when it is supposed to regulate the frequency, others allow the UPS-system to stay
connected to the grid. The concern is whether the UPS-system can ensure uninterruptible
power supply when the system is disconnected from the grid.
The main concern data centers experience is whether the grid can deliver a voltage level
within accepted interval for the data center to operate safely after the UPS-system has been
used for regulation. Several companies worry about a power outage while the UPS-systems
are activated for frequency regulation. This implies that the already discharged batteries might
not have the persistence to maintain the servers with electricity during a power failure.
Power stored in the UPS-systems is in average only needed once every third year due to
power outages in the grid. The risk of a power outage occurring when the batteries are fully
discharged after a long frequency drop is therefore low. Although, recovering after a power
outage is difficult. Consequences such as reconfigure lost data and dysfunctional network lead
to extremely high costs for the data centers. Data center are responsible for having power at
all occasions. Assume a scenario where the data center has as business colocation and their
client is working with momentarily transactions. If the client is disconnected to their data due
to power failure the consequences could be costs for the client of millions of Swedish crowns.
All the data centers that answered the survey had diesel generators and several of the data
centers considered the UPS-system as a short-lived power reserve. The diesel generators are
the primarily reserve when a power failure occurs. However, there is a time period of up to 30
seconds before the diesel generators get activated. This is a critical time when the batteries
cannot be fully discharged. Also, power outages in the grid entail a risk for overvoltage in the
data centers’ power systems leading to that data centers consume more electricity than the
diesel generator produces. This results in an altering load on the generator that starts to run as
fast as possible to compensate for the power loss. This implies high risks of damage of the
generator and finally power failure for the data centers.
Data centers’ concerns for operating as frequency regulators are partly legitimate. Depending
on how the manufacturer has designed the UPS-systems’ ability to regulate the frequency
there can be risks concerning the load. The results show that the required time for FCR-D
regulation is often short. In mean, the need for regulation is 30 seconds. As the results show,
there are relatively small amounts of energy required from the batteries. However, the
frequency drops occur unevenly distributed. The mean time for a period over or equal to 49.9
Hz is over 55 minutes, but the median value is significant less with 1,5 minutes. It is not for
certain that the batteries are able to recharge during the quarter that they should be able to
operate as a FCR-D regulator. Though, there is a chance that data centers would, if the
batteries’ recharging time would be improved, be more suitable to operate as frequency
regulators. The UPS-systems would be more prepared in case of a power outage occurs after
the regulation period if the recharging time is shorter. At the moment with today’s
technology, the battery will not have enough energy to regulate the full time length of an
extreme frequency deviation occurs. In conclusion, the perseverance of the battery is not
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always adequate to be able to regulate the frequency for 15 minutes, which is Svk’s
requirement.
The growing market for data centers also gives the idea that this type of frequency regulation
would be more feasible in the near future. Large data centers such as Google and Amazon
could be able to provide large capacities as regulators, even if they choose to regulate with a
fourth of their total capacity. It is also more likely that large data centers would be more
willing, comparing with the smaller data centers, to operate as regulators in the future since
they can earn more revenues. However, the revenues earned from operating as regulator can
differ significantly from year to year, creating a big uncertainty regarding future revenue
streams. This uncertainty could be a potential negative factor affecting the willingness of the
data centers to act as regulators.
One of the main challenges that Svk will have to deal with in order to be able to use data
centers for frequency regulation is to explain how the technology of the regulation actually
will work. Basically, all the data centers involved in the study have difficulties to understand
how this will be possible without jeopardizing the safety of the data centers. This is even
though they are well informed and possesses a lot of knowledge in UPS-systems and power
systems. Consequently, data centers are in general unwilling and pessimistic about the idea.
However, a few data centers have been welcoming to this study and the idea of one day be
able to take advantage of their high electricity demand and reduce their costs of electricity.

5. Sensitivity Analysis
Data center 4 had significantly larger dimension and capacity than the other data centers. It is
therefore reasonable to believe that Data center 4’s values have a significant impact on the
outcome of the regression analysis. Hence, it is interesting to do a sensitivity analysis and
study the results of the regression analysis when Data center 4 is removed.
In Figure 9 the regression between dimension and capacity without the most striking value,
Data center 4, is shown. The linear regression in Figure 9 is set to start in origo, otherwise,
would data centers with a dimension lower than 195 m2 have a negative capacity, which is
impossible. The new equation for the capacity, 𝐶, in MW is
𝐶 = 0.0023𝑥
where 𝑥 is the dimension in m2.

23

(14)

Figure 9. Linear regression between dimension and capacity without Data center 4, the most striking
value.

In Table 7 are the values resulting from the regression analysis shown, with the affected
values in boldfaced text. The results show that the difference has biggest impact on the bigger
data centers. Data center 9, which is the biggest data center regarding dimension and
capacity, increases its capacity by 49 % in the sensitivity analysis, and the required energies
also increase with the same factor according to equation (3)-(4). The new capacity of Data
center 9 is 46.00 MW compared to the earlier 30.86 MW. Data center 6, the smallest data
center regarding dimension and capacity, is decreasing its capacity and required energies in
the sensitivity analysis by 19 %. The relative effect on the total capacity is significant. The
total capacity has increased by 36 %, from 82.46 MW to 109.4 MW. It is reasonable that there
are large differences in the results of the regressions due to that they are based on a limited
amount of data, which contribute to large variations in the results. The adjusted total capacity
is in Stockholm 108.6 MW and in Gothenburg the total capacity is summarized to 0.8 MW.
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Table 7 Adjusted mapping of dimensions, estimated capacities and estimated required energy for
mean frequency drop.
Dimension
[m2]

Capacity [MW]

Energy
(average)
[kWh]

Energy
(maximum) [kWh]

Data center 2

600

0.6

5.52

112.5

Data center 4

13 000

20

187.5

3 750

Data center 5

1654

4.21

39.47

789.4

Data center 7

440

1.012

9.488

189.5

Data center 8

6 000

13.80

129.4

2 587

Data center 9

20 000

46.00

431.3

8 625

Data center 10

10 000

23.00

215.6

4 313

Data center 1

300

0.3

2.813

56.25

Data center 3

84

0.04

0.375

7.5

Data center 6

200

0.46

4.313

86.25

Stockholm

Gothenburg

Table 8 shows the revenue analysis when Data center 4 is excluded from the regression
analysis, the affected values are in boldfaced text. As follows from Table 7, where the bigger
data centers are more sensitive to changes in the data set, the revenues big data centers can
earn reflect the same large difference. The compensation for operating as frequency regulators
are for the bigger data centers much greater when Data center 4 is excluded from the
regression. Data center 9 would, in 2017, earn almost 2.4 million SEK more. However the
small data centers such as Data center 6 and Data center 7 are not as sensitive to whether
Data center 4 is included or not.
Table 8 Adjusted revenue analysis for the data centers.
Capacity [MW]

Revenue (SEK), total
2017

Revenue (SEK), total
2016

Data center 2

0.6

94 160

77 357

Data center 4

20

3 138 700

2 578 600

Data center 5

4.21

660 690

542 790

Data center 7

1.012

158 820

130 470

Data center 8

13.80

2 165 700

1 779 200

Data center 9

46.00

7 218 900

5 930 700

Data center 10

23.00

3 609 500

2 965 300

Data center 1

0.3

47 080

38 678

Data center 3

0.04

6 277

5157

Data center 6

0.46

72 189

59 307

Stockholm

Gothenburg
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The sensitivity analysis shows that the results differ depending on which base the regression
analysis is built up on. Data centers with larger dimension have sensitive parameter, their
capacity and the revenue they can earn differs. As earlier mentioned are big variations in the
result expected when doing a linear regression from a small data set, as well as the data set is
consisting of a large interval.

6. Conclusion
Data centers in the bidding area SE3 are estimated to have a total aggregated capacity of
82.46 MW. Most of the data centers included in the report are located in the Stockholm area,
but also around Gothenburg. The capacity in SE3 covers 21% of Svk’s volume requirement of
FCR-D regulation. However, the results show that it is not certain if the UPS-systems have
adequate storage capacity to be able to provide the required power without risking complete
discharge.
The revenue that data centers can earn by operating as FCR-D regulators is 143 000
SEK/MW per year if they choose to regulate a quarter every hour. The large data centers with
the ability to provide the grid with high capacity can make bigger revenues compared to the
small data centers.
The main risk that data centers run by operating as FCR-D regulators is whether their servers
can operate safely if a power failure occurs. UPS-systems are installed in data centers to
protect their servers and ensure stable power supply. Insufficient electricity supply can cause
major economical losses for the data centers as a consequence of the damage it causes. When
clients to the data centers lose access to their data due to power failure, the consequences can
be extra costs for the client of millions of Swedish crowns.
In the future, if Svk intends to use UPS-systems for frequency regulation, they should
communicate, which technology is being used. Today, the data centers have concerns
regarding how UPS-systems can, safely, operate as FCR-D regulators despite the data centers’
competence in the hardware and the power system. The data centers have made big
investments in the UPS-systems to guarantee that the data centers’ power supply is never
jeopardized. To use the UPS-systems for something other than their main purpose should be
well motivated by Svk and be completely risk free.
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8. Appendix
Survey Questions
1. How big area has your data center?
2. How big UPS-systems do you have to that area, in kVA/kW?
3. What discharge time has the batteries at maximum load?
4. How often do you test the batteries?
5. Which load, in percentage of maximum load, would you say that you, in average, have
connected to the UPS-system?
6. How big part, in percentage or effect (kVA), of the UPS-system are you, hypothetically,
willing to regulate the transmission system with without feeling you are risking your own
safety?
7. Have you any diesel generators or any other kind of reserve power in addition to UPSsystem?
8. What risks do you see with operating as a frequency regulator?
9. Is there any time of the year that you would be more inclined to act as regulator?
10. Do you wish to be anonymous in the report?
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