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Abstract

Inclusion Of Wind Turbines Into Frequency Support
Services

Oskar Andersson

There is a trend in Sweden towards increasing the electricity 
production from renewable energy sources in the electric grid. The 
increased share of renewables could be seen as essential for Sweden to 
be able to meet the obligated climate goals. Integration of renewables 
will enable Sweden to be a progressive part in reducing greenhouse 
gases and decreasing the global warming. However, one issue with 
renewable energy sources is the inverter governed production. This, 
together with the decommission of larger synchronous generators, 
results in decreasing the inertia and increasing the instability in 
the grid. 

This thesis is dedicated to elaborating on frequency stability issues 
and investigating how Variable Speed Wind Turbines (VSWT) could 
contribute towards stabilized operation when included in frequency 
support services.

The study is generated through an extensive research process where 
focus areas are identified. Questions are purposed and then discussed 
through interviews with experienced people in the field. Estimated 
power production series from a wind turbine park (WTP) are applied in 
a constructed model to study the possibilities appearing when 
including VSWTs in frequency support services. The income generated 
from including VSWTs in different regulation power market services is 
with the model compared against solely procuring the production 
capacity on the day ahead market. The studied frequency support 
services are then compared altogether to generate favorable solutions. 
The study examines both economic as well as technical features of the 
inclusion of VSWTs in frequency support services.

Results found in the study were that inclusion of wind turbines for 
power regulation purposes could be seen as increasingly manageable and 
needed in the electric grid. The maturity of technical solutions along 
with a transition in the regulation power market could be observed as 
leading factors. The diversification of regulation abilities and the 
increasing economic incentives in the regulation power market was also 
found to be important reasons for including wind turbines in the 
regulation power market. In the study, it was also found that 
aggregating the power production from several VSWT could increase the 
ability to deliver the studied services.

It was concluded that inclusion of VSWT in the frequency containment 
reserve during disturbed operation for down-regulation purposes as 
well as the fast frequency reserve was the most promising frequency 
support products for the inclusion of wind turbines. When including 
battery energy storages and to a larger part managing the durability 
demands for the services then the frequency contain reserve for normal 
operation and the frequency containment reserve for disturbed 
operation for upregulation purposes could be observed as preferable 
alternatives. Regulation abilities were concluded as achievable with 
the use of pitch and torque regulation techniques available in the 
variable speed wind turbine. 

Index Terms: Frequency Containment Reserve, Frequency Restoration 
Reserve, Fast Frequency Restoration. Synthetic Inertia.
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Popular Scientific Summary in Swedish 
En ökande andel förnybara energikällor är en trend som tydligt kan observeras i Sverige 
tillika på kontinenten. Det görs i en gemensam ansatts för att minska utsläppet av 
växthusgaser och främja ett framtida hållbart elsystem. Vindkraft är den energikälla som ökar 
mest i Sverige [1] vilket ökar möjligheten att nå de högt uppsatta målen om inkludering av 
förnybara energikällor i elnätet. I takt med att en större andel förnybara energikällor etableras 
så sker ett gemensamt krafttag styrt av Affärsnätverket Svenska Kraftnät för att anpassa 
elnätet till att möjliggöra för dessa framtida produktionsanläggningar. Det kan möjliggöras 
genom förändringar i det befintliga elsystemet men även genom anpassning av stödtjänster 
där diverse aktörer kan medverka.    
 
En balans mellan produktion och konsumtion måste alltid föreligga i en elmarknad för att ett 
stabilt system ska föreligga. Rotation av stora synkrongeneratorer leder till en tröghet mot 
förändring av produktion vilket leder till en högre balans i systemet då svängmassa appliceras 
till systemet. Det kan liknas med att en cykel inte stannar direkt utan måste motverka det 
pådrivande momentet från massan som verkar på cykelhjulet. I dagens konventionella 
generatorer så finns det stora svängmassor vilket möjliggör stabilitet i systemet, det gäller för 
el generering från vattenkraft, kärnkraft men även från vindkraft.  
 
I dagens vindkraftgeneratorer så har dock väldigt stor energi lagts på att styra vindkraftverken 
mot en maximal verkningsgrad. Det är naturligt och mycket positivt utifrån ståndpunkten att 
det är positivt med optimering av de resurser som finns att tillgå. Stor vikt har lagts på att öka 
andelen kraftelektronik vilket leder till en bättre styrning på verken. Variabelt varvtal av 
generatorer har då kunnat möjliggöras vilket ökar möjligheten att nyttja vindens energi på ett 
optimerat sätt.  
 
Den stora andelen kraftelektronik har dock negativa följder där en lägre svängmassa i 
systemet är en sådan. Det är fallet då verket till en högre grad isoleras från nätets åverkan och 
vice versa. I denna studie undersöks möjligheten att använda den möjliggjorda styrningen till 
att tvärtemot verka för applicerad svängmassa och frekvensstabilitet i elnätet.  
 
Vattenkraften är ryggraden i svenska produktionsregleringar. Det görs speciellt med 
utgångspunkt utifrån ett säsongsperspektiv men även under kortare perioder. Ett ökat behov 
av alternativa reglerings källor behövs dock för att täcka det utökade behovet men även för 
att diversifiera möjligheterna att reglera systemet. Vindkraftsproduktion förefaller som ett 
intressant alternativ och undersöks vidare genom denna studie. 
 
I denna studie så undersöks om Vindkraftverk kan bidra till frekvensregleringen i nätet, 
vilken nätnytta det kan ge och vilka ekonomiska förutsättningar som finns för en sådan 
etablering.  
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List of Acronyms 
 
Aggregation: In this thesis the compound power production from several production units or 
the compound information that are yielded from different sources.  
 
TSO: Transmission system operator. The operator that inherent the responsibility for the 
power system. 
 
aFRR: Automatic Frequency Restoration Reserve 
 
AGC: Active Generator Control 
 
BRP: Balance Responsible Part 
 
BSP: Balance Supplier Part 
 
D-1: Day Ahead Market 
 
D: Intraday Market 
 
DFIG: Double Feed Induction Generator 
 
ENTSO-E: European Network of Transmission System Operators for Electricity 
 
FCR-D: Frequency Containment reserve- Larger disturbances 
 
FCR-N: Frequency Containment reserve- Normal operation  
 
FFR: Fast Frequency Reserve 
 
FSC: Full Scale Converter 
 
HVDC: High Voltage Direct Current 
 
MPP: Maximum Power Point 
 
mFRR: manual Frequency Restoration Reserve 
 
N-1: The highest capacity loss in the Nordic Power System 



 

 
 
 PWM: Pulse Width Modulation 
 
RPM: Regulation Power Market 
 
RoCoF: Rate of change of frequency 
 
LFC: Load Frequency Control 
 
SVK: Svenska Kraftnät 
 
VSWT: Variable Speed Wind Turbine 
 
WT: Wind Turbine 
 
WTP: Wind Turbine Park
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1. Introduction 
1.1. Background and Motivation 
The Intergovernmental Panel on Climate Change (IPCC) has concluded that: The earth 
doesn’t stop warming, and the humanity is the main cause for that. In the urgent need for 
limiting the global warming and avoiding human suffering and biological stress the 1,5 
degrees goal have been induced by the IPCC. The countries in the adopted Paris Agreement 
have agreed to contribute towards this goal. In the current rate of global warming with an 
average increase of 0,2 degrees per decade the limit of 1,5 degrees will be reached before 
2030. This clarifies the urgent need of high ambitions and fast actions to deaccelerate the 
global warming and hopefully steer the trend towards less windy areas [2].  
 
It is a national concern to secure the energy production within a state. The dependency and 
pressure from foreign states are declining if domestic production is plausible. In Sweden 
nuclear power turbines are on the decommission road because of clear political paths towards 
a nuclear free future has been chosen. The combination of decommission of nuclear-powered 
units and an increasing power consumption generates an urgent need for more power 
production to meet the imbalances in the system. The increasing power demand is generated 
from a transition towards an electrically powered vehicle fleet and a steel production industry 
aiming at minimizing the emissions of greenhouse gases by using electricity [3]. Higher 
international integration with DC links in between countries could act towards a partial relief 
when increasing the plausibility of importing generated power from other states when 
demanding situations arises. The act of placing Sweden in the backseat and rely on other 
states to integrate greenhouse gases minimized electricity production are naive and ethical 
doubtful, which also could lead to devastating results. 
 
The responsibilities of being the Swedish Transmission System Operator (TSO) is assigned 
to Svenska Kraftnät (SVK). SVK had made some future scenarios where common trends 
could be observed between the scenarios. SVK prognosticates that the Nuclear-powered 
production units by 2050 either to a large portion or fully are decommissioned and that wind 
turbines could reach 50 TWh until 2050 compared to 17 TWh in 2020. It is expected to 
compensate for the lapse of nuclear-powered production to a large degree. The reliance on 
wind turbines in future electricity production is anchored in several cooperative parameters 
such as the increasing maturity of the technique and the suitable geographical and 
metrological characteristics in Sweden [1]. 
 
The use of renewables to partwise tackle the worlds need of energy in a way where the 
exploitation of the earth is minimized could be seen as a nagging and something to strive 
towards. The increased share of electricity production from renewables and the decreased use 
of baseloads are though decreasing the frequency stability and increasing imbalances in the 
grid. The implementation of power electronics interfaced power sources are done in parallel 
with a higher usage of power electronics interfaced High Voltage Direct Current (HVDC) 
applications which could further decrease the inertia during specific conditions [4]. The 
integration of the products is needed to be executed in parallel to changes and optimization in 
the acting grid to keep a high-quality system in operation.  
 
In Sweden the hydropower is acting as the backbone for the stability in the grid especially in 
terms of the daily regulation need to meet the changing power usage. It is also used in terms 
of seasonal equalization and short-term frequency regulation purposes. At the same time, the 
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hydropower is in a partwise decommission due to higher EU demands [3]. Partwise 
decommission in combination with low water reservoirs during dry years or disadvantageous 
seasons are increasing the need of other resources to contribute for regulation purposes [3]. 
Because of this, this study investigates the ability of wind power to contribute to short-term 
regulations of the electric grid. 
 
1.2. Method and Scope 
The study has examined the integration of VSWT in frequency support services. The broad 
spectrum of integration has been investigated. This includes the effect that the support will 
have on the Nordic grid to the preferabilities with specific frequency support products.  
 
This study aims to connect previous written academic literature and evaluate the abilities of 
including wind turbines in frequency regulation services. This study seeks to contribute to 
increase the literature regarding the subject but also quantitively find favorable frequency 
regulation services on behalf of the actors in the wind industry.  
 
The investigated frequency support services are the primary reserve, secondary reserve and 
the tertiary reserve. The research questions investigated in the study are the following. 

 
• Technical feasibility of integrating wind powered production units for inclusion in the 

Regulation Power Market (RPM).  
 

• Economical evaluation of procurement at the RPM. 
 

• Inclusion of the services in the Nordic Power System. 
 

• The aggregation of resources. 
 

• Which product is favorable when compared altogether?  
 
 
To answer the research questions a model has been constructed. The model has been 
constructed to achieve insights about the operation and the economical outcomes of 
integrating VSWT in frequency support services. In order to gain insights of the 
preferabilities of the individual services, the outcomes from the services have been compared 
in-between and with a default operation base case to generate insights and differences from 
inclusion in the specific services. The results from the model have been evaluated in relation 
to the found operation plausibility insights yielded from an extensive literature review and 
interviews with knowledgeable individuals on the subject. 
 
1.3. Limitations 
The conducted study uses certain delimitations to enable a deeper focus on chosen areas. The 
study has been executed in the later part of 2020 and is based upon and limited by knowledge 
and technologies that are present during the specific time elapse of the thesis.  
 
The study also investigates a limited time period, 2018-2019. This is important to be aware of 
since it means that the results might only be applicable for this specific period of time. 
Another aspect of this is that the results should not be used for predictions of future electrical 
production since historical data is used.  
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A single WTP is also only investigated in the study. Because of this, the results should only 
be applied on that specific WTP configuration. From the study tendencies could though be 
extracted. 
 
The perspective which the study should be seen in is in a hindsight perspective. In reality 
perfect forecasting of the production from the WTP is not manageable because of the 
intermittency of the resource. This is wider elaborated on in later sections of the thesis. 
 
1.4. Assumptions 
The model is attached with assumptions to be able to study the inclusion with a limited 
complexity. An assumption that should be emphasized is that this study does not include the 
electrical certificates available for renewables in the computations. Inclusion of the electrical 
certificates in the model would limit the preferabilities with curtailment of the power 
production. The act of not including the certificates is assumed to be more accurate. Irregular 
transaction prices could lead to distorted results and decreasing the capability to reflect the 
main operation. The buyers of the certificate are consumers. The consumers need to purchase 
the certificates depending on a certain quota that is issued by the regulatory powers. The 
prices are then related to time and not strictly comparable for each hour which could lead to 
misleading results. It is also highly trending towards lower prices, decreasing the importance 
of the certificates. The irregular characteristics and the decreasing importance of the 
certificate prices can be observed in figure 1 [5]. The electrical certificate market is also only 
open for new renewable production units until 2022 [6]. 
 

 
Figure 1: In the figure the electrical certificate prices during the 2018 until 2020 can be observed [5]. 
 
Various losses are not included in the calculations. The choice of not including particular 
losses is based on the fact that certain losses also is affecting the operation on the spot market 
and therefore not changing the results of the investigation. The lower power production 
caused by the icing of the blades or maintains stop is therefore among others not included in 
the calculations.  
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2. Theoretical Background 
2.1. The Power System 
The topology of the Swedish electrical grid is in the most basic description divided into three 
transmission levels depending on the voltage level and the function in the grid. The backbone 
of the electric grid that carries the highest voltages and is directly connected to the largest 
production units is the transmission grid. The transmission grid within Sweden is normally 
transferring electricity from the electricity production units in the north to the consumers in 
the south of Sweden. From the transmission grid the electricity is transferred into the 
distribution network containing power lines with lower voltages that distributes the electricity 
to the energy consumers in Sweden.  
 
The electric grid in Sweden is divided into 4 different zones that are defined through 
geographical parameters. The division into different electrical price zones yields tools for 
treating bottlenecks in the system and yielding economic incentives for disturbing the 
electricity around the country [7]. 
 
2.2. Transmission System Operator (TSO) 
SVK is appointed to be system operator and the utmost responsible for the function of the 
electric grid in Sweden. The responsibilities of the authority consist of several interconnected 
functions. SVK are among other responsibilities mandated to make sure that in the short term 
there is balance between production and consumption of electricity in the electric grid. In the 
regulation description that is issued by the government, it is stated that SVK should act 
towards securing that the transmission of electricity in the grid is executed in a way where 
high stability and high availability is enabled. SVK is also appointed to secure that relevant 
measures are made to maintain the power supply and minimize the risk of power shortage 
[3]. 
 
SVK is the responsible part for analyzing the power usage and establish sufficient contracts 
with the balancing responsible parts. So that the balancing responsible parts acts in 
accordance with the power usage in the grid. The contracted power suppliers that are 
procured on the regulation power market are then required to fulfill their commitments [8]. 
SVK should contain an objective and none discriminating approach in the procurement 
process. To further establish and contain the none discriminating approach a collective firm 
in between the Nordic TSO are established to treat the billing after commitment fulfillment 
[8].  
 
In the regulation assignments letter from 2015 SVK were officially assigned to construct 
solutions that enables the electric grid to manage a large amount of variable and non-
plannable electricity production from renewables [3].  
 
2.3. European Network Codes  
The states in Europe are increasingly interconnected. Cables are added between the states and 
collective grid codes are brought forward in close relation between the TSOs in Europe. The 
collective progression towards a common inner electricity market is executed in the 
organization European Network of Transmission System Operators of Electricity ENTSO-E. 
In Europe higher penetration of renewables can be seen as a common trend among the 
member states. The impact of the increased share of renewables in the electric grid are 
affecting the states differently depending on various factors. The difference is weighted, and 
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common network codes are brought forward. It is done in a collective manner to establish an 
inner European electricity market to work in symbiose [9]. 
 
ENTSO-E (2017/2195) Network code on electricity balancing is yielding information about 
common guidelines between the TSOs regarding the integration of common balancing 
markets and tools. In the regulation, a better integration, coordination and harmonizing of the 
RPM is the aim of the network code. A more open international RPM market could according 
to ENTSO-E lead to a more effective RPM market and related to lower costs for the involved 
states [9]. In ENTSO-E (2017/2195) the grid codes related to a common balance market can 
be observed. From the code then the common platforms for exchange of balance power had 
been constructed. MARI is the common platform for mFFR and PICASSO for the aFFR 
product [10].  The platforms are not fully integrated in the Nordic system. The platforms will 
according to present plans presented by SVK be integrated during 2024 [11]. 
 
ENTSO-E has designed requirements for all grid connected generators, Requirements for 
Generators (RFG) ENTSO-E (2016/631). The requirements could be seen as a common 
framework and are investigated further in the study [9]. 
 
2.4. Nord Pool 
The Swedish electricity market is mainly based upon the Nord Pool that are owned by the 
Nordic TSOs. At Nordpool the Elspot market are procured. Elspot prices are negotiated the 
day ahead (D-1) the actual production hour. The procured volume on the Elspot market could 
be described as the base of the Nordic electrical system. In the market the largest production 
volumes are usually procured. The price is defined from several interconnected parameters 
such as available production, demand and electrical price zones. 
At Nordpool there are also the intraday market (D). In this market changes related to the 
procured elspot market can be dynamically adjusted with bilateral trading until an hour 
before the settlement period [3]. 
 
The Elspot prices in Sweden are trending towards becoming cheaper. The higher integration 
of non-plannable renewable energy sources with low operation expenses are increasing its 
share on the Elspot market [3].   
 
2.5. Regulation Power Market (RPM) 
Besides the procured production volumes on Nordpool there are also the regulation power 
market (RPM). In the market the TSO fulfills their mandated assignment of keeping the grid 
balanced. The TSOs are then procuring reserves for when adjustments of the frequency are 
needed. In the market there are procurement of volumes that reflects both production 
increases and production curtailments. The TSO are procuring volumes with the balance 
responsible parts (BRP). The BRP is a new balance role especially important for when 
aggregated bids from different Balance Supplier Parts (BSP) are compounded and procured 
collectively [12]. The division between a BSP role and BRP are newly deployed. It is a step 
towards enabling aggregated bids in the RPM but also inclusion in a common European 
procurement methodology (ENTSO-E (2017/2195). An illustration of the role division can be 
observed in figure 2. 
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Figure 2: Illustration of activities related to the Balance Responsible Part, Balance Supplier Part and the 
Transmission System Operator roles [12]. 
 
2.6. Frequency Stability in Power Systems 
In the power system there are three major groups of stability issues that are needed to be 
addressed to yield stability in the grid. In this study the frequency stability is mainly focused 
upon. In figure 3 an illustration of common power stability issues can be observed. 
 

 
Figure 3: Illustrating overall power system stability requirements [13]. 
 
Frequency stability is yielded if the frequency is kept close to a certain predetermined 
frequency level resistant against disturbing events that occur during operation.  
 
The frequency stability could be under pressure when a lager disturbance occurs. An example 
of a larger disturbance is a disconnection of a larger power production unit. The mechanical 
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power that is delivered to the electric power system is reduced relative to the production from 
the generator and a deaccelerating of all the synchronous generators in the grid is appearing. 
It is lowered to a certain level until counteracting reserves are increasing their production or 
the consumption is decreased to restore the power equilibrium in the system. The pace of the 
lowered frequency is dependent on how much the total production is lowered and how much 
inertia the production units that are left in production is inherent. The lowest frequency level 
that is apparent is called the frequency Nadir which could be observed in figure 4, see point 
three were the lowest frequency level is reached. The speed of the frequency change from 1 
to 3 in figure 4 from the equilibrium until the frequency Nadir is called Rate Of Change Of 
Frequency (ROCOF) [14].   
 

 
Figure 4: An illustration of the change in frequency and power production when a larger disturbance occurs 
[14]. 
 
The illustration in figure 3 starts before the loss of production unit at equilibrium (1). The 
loss of production unit is then happening. The inertia in the system is although counteracting 
fast frequency deviations. It is leading to stable frequency levels early in the power loss 
process (2). In position (3) in figure 3 the production and consumption are met, see the power 
versus time chart. The inertia and time delays are however leading to an overcompensation, 
causing the frequency to increase above the new equalized frequency level (4). In stage (5) a 
new equilibrium is reached at a lower frequency level [14].  
 
To counteract the frequency decrease, reserves are activated that corresponds to the capacity 
of the disconnected unit are activated. Counteractive activities could also besides activation 
of reserves be to adjust the power output from operating units with active generator control 
(AGC) or with load Frequency Control (LFC) to decrease the loads in the system. After the 
counteracting activities are preformed and the frequency is increased to the equilibrium state 
of 50 Hz then the system is ready for the next disturbance [14]. 
 
2.7. Inertia 
The conventional electricity production in Sweden is mainly consisting of larger synchronous 
production units. The generators are synchronously rotating in correlation with the frequency 
in the grid. The generators are rotating with a large mass. The rotating masses is related to a 
quantity of stored kinetic energy. The large rotating forces are generating inertia in the 
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system which are reflected in smoothing the frequency changed. It could also be seen in the 
context that the driving torque from the turbines and the braking torque from the electrical 
load are enabled to smoothly change [15]. 
 
The inertia in the electric power system is in a decreasing trend. Large rotating synchronous 
generators are trending to be replaced by smaller generators with flexible rotation speed 
which are reducing the inertia in the system. The inertia is also reduced when importing 
electricity with HVDC cables [4]. It yields a frequency stability that is increasingly more 
vulnerable for fast power changes.   
 
2.8. Frequency Regulation Services 
There are occasions when imbalances occur in short term perspectives in the electric grid. 
There are then counteracting reserves that could be activated. It is the primary, secondary and 
the tertiary. In table 1 the reserves are specified. 
 
Table 1: Terminology for specific frequency support services. 
NERC ENTSO-E Nordic Terminology 
Primary Reserve Frequency containment 

reserve (FCR) 
Frequency Containment 
Reserve for Normal 
Operation (FCR-N) 
 
Frequency Containment 
Reserve for Disturb 
Operation (FCR-D) 

Secondary Reserve  Frequency Restoration 
Reserve (FRR) 

Automatic Restoration 
Reserve (afrr) 
Fast Frequency Reserve 
(FFR) 

Tertiary Reserve Replacement Reserve (RR) Manual Frequency 
Restoration Reserve (mfrr) 

 
The reserves have different characteristics and roles in supporting the frequency in the grid. 
The reserves could be characterized depending on activation time, durability of the service 
and volume that is activated. In figure 5 a schematic description of the role of the frequency 
support services during a larger disturbance can be observed. 
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Figure 5: The duration for when each reserve is activated [16]. 
 
The RPM products are procured with different timespans relative to the actual production 
hour. In figure 6 an illustration of the process can be observed. 
 

 
Figure 6: The occasion for procurement for specific frequency support services [17]. 
 
 
 
 
 
 
 
 
 
 

FCR-N/ FCR-N

mFRR

FFR

Veckovis                                  D-2                                D-1                              D

aFFR
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A quantification of specific requirements for the RPM products can be observed in table 2 
and the characteristics of the services are further quantified in table 3. 
 
Table 2: Characteristics of the Regulation Power Market services. 
Frequenc
y support 
Service 

Production 
volume in 
Sweden/ hour 

Production 
volume in the 
Nordics/ hour 

Highest 
Production volume 
per unit 

Regulation 

FCR-N 237 MW 
(2020) 

600 MW [18] 30 MW Symmetrical 

FCR-D 573 MW 
(2020) 

1450 MW [18] 72,5MW Asymmetrical, Up. 

aFRR 150 MW 300MW 30 MW Asymmetrical, 
Up/Down 

mFRR Upon request Upon request Upon request Asymmetrical, 
Up/Down 

FFR 72MW 200-300MW 72 MW Asymmetrical ,Up 
 
 
Table 3: The activation and durability requirements for the products procured in the Regulation Power Market. 
Frequency support Service Activation Time Endurance time 
FCR-N 63% in 60 s, 100% in 3 min 1 hour [19] 
FCR-D 50 % in 5s, 100% in 30s 20 min [19] 
aFRR 100% 120s 1 hour [20] 
mFRR 100% 15 min - 
FFR 100% in 1s -> 46,6 Hz 

100% in 0,7 s ->49,5 Hz 
Short-> 5 s 
Long->30s 

 
 
2.9. Frequency Containment Reserve under Normal Operation (FCR-N) 
The frequency containment reserve that operates under normal condition is operating to 
counteract frequency deviations in the interval between 49,9- 50,1 Hz. In a situation when 
deviations have been detected and the frequency is needed to be stabilized then the reserve is 
automatically deployed. The resources that are procured to deliver the specific frequency 
containment reserve are symmetrical. A symmetrical resource should be enabled to add and 
reduce the equal amount of power. The purpose is to fine adjust the frequency when adding 
or reducing the power that is produced of the unit that is involved in the FCR-N regulation. 
The reserve is required to be activated to 63% of the procured generation within 60 seconds 
and to 100% within 3 minutes. The reserve is procured intraday and are in Sweden mainly 
consisting of hydro powered generators. The lowest procurement size is 0,1 MW and the 
amount of procured volume are 573 MW in Sweden. FCR-N could be described as tuning the 
frequency and increasing the small signal stability of the system [17]. 
 
The compensation that is provided to the deliverer of the FCR-N is based on two partwise 
compensation systems. The procurement of the capacity for the specific resources is based 
upon pay as bid. There is also an independent system where the supplier yields energy 
compensation for whenever the procured capacity is activated. The FCR-N procurement is 
executed two days ahead (D-2) and is further procured in the open day ahead (D-1) [21].  
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2.10. Frequency Containment Reserve under Disturbed Operation (FCR-D) 
In the case when larger disturbances occur and the frequency sinks in between 49,5-49,9 Hz 
then the FCR-D is activated. The activation could among other situations be triggered by a 
loss in production or fast demand increase. The resource is required to be activated to 50% 
within 5 seconds and 100% within 30 seconds. The resource is increasing the stability in the 
system when decreasing the impact from transients[17]. 
 
The capacity of the FCR-D is dependent on the largest generation unit available, if the unit is 
deactivated or decoupled from the system then the FCR-D should be able to cover and 
counteract the production loss and keep the frequency at predetermined levels. The N-1 
criterium could be described as carrying the information of the size of the specific frequency 
containment resource. The N-1 criterium withholds power production information regarding 
the largest production unit or High Voltage Direct Current (HVDC) link that could be 
disconnected during operation.  
  
The frequency containment resources are procured at the market both one (D-1) and two (D-
2) days before the actual operation hour. The procurement of the capacity is based upon pay 
as bid [17]. 
 
2.11. Automatic Frequency Restoration Reserve (aFRR) 
The automatic frequency restoration reserve is a reserve that is characterized as a smaller 
restoration reserve that is automatically activated in occasions when the apparent frequency is 
deviating to a large portion and a support is needed. The aFRR resources are required to be 
activated within 30 seconds and generate the full procured volumes within 120 seconds. The 
aFFR support could be described as counteracting transients when they appear[17]. 
 
The balance product aFRR is procured in the same way as FCR-N. Compensated for the 
capacity but also the energy for when the bid is activated. The aFFR market is enabling 
procurement of both up and downregulation. The bids are activated automatically whenever 
the reserve is needed. The aFFR procurement is executed a week before the specific 
settlement period [21].  
 
2.12. Manual Frequency Restoration Reserve (mFRR) 
The mFRR is a frequency support product that is procured for both up and downregulation. 
The TSO is manually demanding prequalified resources to contribute towards equalizing the 
frequency deviations and obtaining stable frequency levels. The resource could be seen as a 
complement to the automatically activated aFFR for when higher capacity is needed to reset  
the frequency after a disturbed events [17]. 
 
The earnings from the service are solely based upon energy compensation for when the 
reserve is activated. The mFRR balance product is procured in D-1 and further precise in the 
intraday market [21]. 
 
2.13. Fast Frequency Reserve (FFR) 
The Fast Frequency Reserve (FFR) is aiming at ensuring the transient frequency stability in 
the Nordic grid. The FFR is a fast frequency support service that was newly deployed in the 
Nordic grid. The procured resources are the fastest restoration reserves for counteracting 
frequency deviations. It is activated at high ROCOF and is collaborating with FCR-D to 
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restore the frequency early in the process when a transient event occurs. Procurement of the 
resources are executed two times a week, the aim is to enable D-1 bids [22]. 
 
FFR is based on a seasonal procurement process. The pricing is then performed in the 
seasonal procurement procedure. If the resource is available at the procuring date for a 
specific settlement period, then the BRP announces that the reserve is available. There is no 
required availability for the procured seasonal volumes. Although when the resource had 
been offered to contribute as a regulating source near to the settlement period then full 
availability is required [22]. 
 
The FFR market is newly deployed in the Nordic grid. Different contributors had shown 
interest for being included in the service. The size of the FFR products that are procured are 
based upon the N-1 criteria in collaboration with FCR-D. The FFR levels that each country in 
the Nordics are mandated to procure are treated collectively in between the Nordic TSOs 
[23]. In table 4 the division of the FFR volumes can be observed.  
 
Table 4: The volume that are procured in the Nordics and the partition in between [24]. 
Svenska kraftnät (SE) Fingrid (FI) Statnett (NO) Energinet (DK) 
24% 20% 42% 14% 
72 MW 60MW 126 MW 42 MW 

 
The maximum activation time and corresponding frequency deviation level are chosen out of 
three alternatives for the FFR service. The combination of activation time and corresponding 
frequency deviation level are needs to be specified beforehand. The three alternatives are the 
following [24]: 

• 0,7 seconds and 49,5 Hz 
• 1 seconds and 49,6 Hz 
• 1.3 seconds and 49,7 Hz  

 
 

 
Figure 7: The power contribution of the Fast Frequency Reserve service versus time [24]. 
 
In the figure 7 above the highest acceptable overshot can be observed. It is corresponding to 
35 % higher than the rated FFR capacity. The speed of the deactivation is highly important to 
achieve a positive supporting function to the grid. The speed of deactivation is limited to 20% 
of the FFR capacity per second [24].  
 
The recovery time is highly important for acknowledging when an invoked FFR resource is 
restored and able to be activated for further usage. In figure 8 the whole cycle, from when the 
entity is activated until the resource is recovered is visualized. The upper limit of the 
recovery time is 15 minutes. The recovery time is limited to follow the FFR cycle. It means 



 13 

that the FFR resource can’t start the recovery time until 10 seconds of buffer time [24]. In the 
recovery period the turbine is accelerated until pre disturbance speed of the turbine is 
reached.  
 

 
Figure 8: The cycle of a Fast Frequency Reserve activation [24]. 
 
The extra power that could be extracted from a turbine during a FFR activation is 5 % - 10 % 
of the actual production [25]. The same portion is lost during the recovery period [24].  
 
2.14. Balance Settlement 
All electricity suppliers are under the Electricity Act obligated to supply an amount of 
electricity equal to what the consumer consumes. It is though preferable to outsource the 
responsibility to special facilities that could accomplish the power production adjustments in 
a satisfying way. It is outsourced to liability committed BRPs [26]. 
 
All parts that want to be included in the RPM are required to sign a contract with the TSO, 
SVK. In the contract the liability on the supplier is brought forward. In the imbalance 
settlement then the BRP are declared economically responsible for when the BRP are not 
able to deliver the procured balance product volumes. The BRPs carry an extra important role 
in the system and are therefore demanded to contribute to the stability in the grid during the 
imbalance settlement period (the procured operation period) or else economic measures will 
be generated. The charge that the BRPs needs to pay when entering the financial mechanism 
if imbalances are appear is related to the actual production deviation. SVK are namely 
intervening when the imbalances occur and the costs that are related to the imbalances are put 
on the BRP. The control of fulfillment of the contract is carried out by eSett Oy on behalf of 
the Nordic TSOs. eSett calculates the imbalance cost per imbalance price area.  
 
In table 5 the compounded cost that the imbalances generate can be observed. For production 
imbalances there is a dual imbalance pricing. If there are imbalances generated by the BRP 
then the imbalances could namely have a positive or negative outcome. In a negative scenario 
when an imbalance and deficit of the production occurs, and the resource are counteracting 
the regulation need then the BRP needs to pay the upregulation balancing energy market 
price. If imbalances instead occur and an insufficient power production are occurring which 
helps the system as a whole (downregulation needed) then the BRP needs to pay the day 
ahead spot price for the deviating production. For a production unit that is imbalanced but 
helps the system towards stability with excess power yields instead a compensation equal to 
the day ahead spot price. If the resource is imbalanced and generating excess power to the 
grid but are influencing the system in a negative way, then the downregulation balancing 
energy prices is earned. It is normally less than the spot market price. SVK are also able to 
cancel the agreement if the BRP consciously and systematically generates imbalances in the 
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system. The imbalance pricing that is based upon dual pricing principles are then increasing 
the incentives for the BRP to keep the production schedule to the predetermined one which 
leads to a more predictable operation of the system [27].  
 
The dual pricing system increases the incentives for the BRP to keep the production schedule 
to the predetermined one. It leads to a more predictable operation of the system. One price 
system is the ordinary pricing system in Europe. In the future a one price imbalance pricing 
will be implemented in Sweden. It will follow with the implementation of the common 
European trade platforms such as the PICASSO and MARI platforms. The lower attention on 
keeping the predetermined production volumes could be favorable for WT when the system 
is increasingly suited towards European standards.  
 
Common trade mechanisms are forthcoming in between the European states to enable a 
common inner balance market. It is done accordingly with ENTSO-E (2017/2195). 
In a near future a one price imbalance pricing will therefore be implemented. An increasing 
focus on bidding on the right side of the imbalances will then occur and less attention will be 
given to resources that sticks to their balancing product plan [27]. 
 
The pricing of the RPM products is either based upon pay as bid or marginal pricing. In pay 
as bid then the BRPs on the market are making offers for the available production capacity. 
The lowest bids available are then invoked up to a certain capacity needed, and different 
compensations are generated from the procurement depending on the price that was offered. 
In marginal pricing which is also used in the procuring process, especially in spot prices. The 
price which all involved resources will yield is the highest price for a single entity that has 
been invoked during the specific settlement period.  
 
Table 5: The dual pricing system for imbalances achieved by the Balance Responsible Part [27]. 
Affecting system imbalance 
 

BRP imbalance 
Aggravating System 
imbalance [€/MWh]  

RP imbalance Support 
System imbalance [€/MWh]  

Dual pricing for production imbalances 
System imbalance negative  Balancing energy market 

price (upregulation)  
Reference price (day-ahead 
market price)  

System imbalance positive  Balancing energy market 
price (downregulation)  

Reference price (day-ahead 
market price)  

Single pricing for consumption imbalances 
System imbalance negative Balancing energy market 

(upregulation)  
Balancing energy market 
price (upregulation)  

 
2.15. Prequalification   
A prequalification process is needed before being able to provide RPM services.   
The prequalification is also required to be executed for units that have been prequalified 
before. The reperforming of the prequalification needs to be done at least every fifth year or 
when the technical demands, endurance demands or equipment at the production unit are 
changed [28].   
 
Several tests are needed to be performed in the prequalification process to confirm the ability 
of the entity to perform the specific frequency regulation services. Before the test SVK needs 
to be informed so that possibilities to participate at the test occasion is given [28].  
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In the prequalifying process the providing entities are tested. The requirements in the 
qualifying process are different in between different RPM products. Large similarities in 
between could though be observed. Described shortly the tests are based upon ensuring that 
the entities have the ability to deliver the specific frequency support service. External or 
internal frequency signals could be applied to the controller and the activation time, level and 
volume should be generated towards examination [24].  
 
A formal application, along with the test report, needs to be sent to SVK for examination 
after the tests [24]. In the formal application there are some general demands regarding BSP 
declaration of the entity. The type of the support and a description of the object is needed to 
be declared in the formal application [24]. 
 
Realtime measurement could be seen as a mandatory requirement for nearly all the RPM 
products. It is required for the FCR-N, FCR-D, FFR and for aFRR provider but also often for 
the mFRR provider. Real-time measurement is namely needed for unities which inherent an 
activation time less than 15 minutes. The information regarding the services is needed to be 
mediated electronically to meet the requirements from SVK. The real time measurement on 
the supplier entities of the balance services are needed to be performed every 36 second and 
the deviation from the measured to actual values are required to be less than 5 % [29]. In the 
formal application the specifications of the technical measures that are performed to satisfy 
the demands need to be quantified. In table 6 the technical requirements could be observed. 
In figure 9 a broad illustration of the prequalification process can be observed. 
 
Table 6: Requirements for the Regulation Power Market products [29]. 
 Data 

logging 
Real time measurement Electronically 

mediated 
FCR-N X X X 
FCR-D X X X 
aFFR X X X 
mFRR X X (for operations longer than 15 min) X 
FFR X X X 
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Figure 9: The qualification process for becoming a frequency support entity [28]. 
 
2.16. Variable Speed Wind Turbines  
There are many types of wind turbines that are in function in the electric grid. The earliest 
and most simple turbines are the type 1 fixed speed turbines [30]. The asynchronous 
generators are directly connected to the grid without torque control abilities. The fixed speed 
configuration is operating with fully grid influence which could positively contribute to 
inertia in the system. Quality problematics generated from the turbine are however more 
directly spread and low effectiveness is achieved with the configuration. 
 
The main generator types that enable variable speed operation (VSWT) to increase the 
efficiency of the turbines are the double feed Induction Generator (DFIG) and the Full-Scale 
Converter (FSC) generator. These generator types are often mentioned as type 3 (DFIG) and 
type 4 (FSC) turbines. The VSWT are superior in comparison with fixed speed turbines and 
the most common to be implemented in new installations. The DFIG generator is a relatively 
popular VSWT technique. The technique enables to partially steer the production with power 
electronics which results in high efficiency while at the same time reducing the strain on the 
power electronics in the converter, 30 % of the generated electricity is in this construction 
controlled by a converter. Positive aspect of the DFIG generator is that torque control is 
accomplished with a cheaper converter compared with FSC. In the converter the sinusoidal 
voltage from the turbine is rectified and then inverted again for optimal adjustment. 
Inbetween the rectifier and inverter there is a DC bus capacitor to minimize the ripples and 
smothen the DC voltage. In figure 10 a schematic drawing of the DFIG generator can be 
observed [13]. 
 

5.Further tests, required realtimetime measurement and data logging during the operation. 

4.Examination of the technical requirements. SVK is likely requiring further detailes.

3.Formel Application, containing Application document and Test Report.

2.Execute practical test that are explained in SVKs "Test program Template" .

1.Inform SVK about prequalification tests.
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Figure 10: Illustrating a Double Feed Induction Generator turbine [9]. 
 
Power electronics such as semiconductors are becoming more affordable and durable. Full-
scale converters (FSC) that to its fully are generating from the broadest and optimal rotation 
speed through control schemes are then becoming increasingly more preferable. The 
generated electricity from the turbine is then to its fullest manipulated with the FSC. The FSC 
can be observed in figure 11 [13].  
 
 

 
Figure 11: Illustrating a Full-Scale Converter generator [9]. 
 
At the inverter side of the converter the active and reactive power can be controlled. 
Controlling the rotation speed relative to the power curve towards Maximum Power Point 
(MPP) could namely maximize the active power output [13]. 
 
2.17. Regulation Of Wind Turbines 
There are different ways to control the active power generated from the WT during operation. 
The turbine could be steered through blade pitching. Steering how the blades will face the 
wind controls the efficiency of the turbine. With the use of blade pitching a large portion of 
production could be curtailed. Using the pitch control to steer the power production is 
relatively slow in relation to steering the converter to accomplish the same purpose [31].  
 
Inertia control could possibly be yielded with blade pitch control when the turbine is acting at 
the rated capacity. The blade pitch control is else highly important in Active Power Control 
(APC) which could be deployed to be able to steer the active power that are yielded from the 
turbine during operation [26].  
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There is also the fast and efficient torque control that is enabled through steering the 
converter. Inside the converter there are semiconductors that are acting as switches. The 
transistors could then be controlled with Pulse Width Modulation (PWM) signals for an 
accurate and steerable operation. The width of the pulses contains information regarding the 
steering of the transistors. The field currents that surpasses in the stator could then be 
controlled leading to adjustments in the magnetization of the rotor which will affect the 
rotation speed of the rotor [32]. 
 
Increasing the power output momentarily requires that the turbine operates in dispatch from 
the MPP for both the regulation strategies. Alternatively, the WT could in default operation 
operate at a lower efficiency point and momentarily return to the highest efficiency point 
when more power is needed. 
 
2.18. Synthetic Inertia in Wind Turbines 
When combining the knowledge from section 2.7 about the inertia in the system and section 
2.13 about the newly deployed FFR service and combining it with regulation abilities in 
section 2.16 then the ability for wind turbines to be included in FFR services appears.  
The torque control that can be deployed fast can yield an ability to include wind turbines for 
FFR services through steering of the converter in the VSWT. 
 
Synthetic inertia (SI) is often mentioned in the relation to FFR services. SI mimics the inertia 
response from synchronous generators. The SI could be used in the WT to contribute towards 
FFR services. In the steady state the WT normally operates at the MPP if it is plausible to 
optimize the efficiency of the turbine. When a disturbance occur then the torque control is 
activated, steering the production away from the MPP for a short while and yielding Pextra to 
counteract the paste of ROCOF and decreasing effect on the frequency from the disturbance 
[33]. The turbine can then temporarily extract kinetic energy that is obtained from the rotor 
and drive train through slowing down the generator and boost the power output. Synchronous 
generators are normally operating in a specific rotation speed relative to the frequency in the 
grid, although the rotation speed could be adjusted for a VSWT. The DFIG could operate 
down to a rotation speed of 0,7 p.u and the FPC are able to fully change the rotation speed 
between 0 to 1 p.u. It is enabled because of the fully controllable VSWT implication [34].  
 
When the turbine is fully operating at rated power then the WT is pitching the blades to avoid 
faults and limit the wear on the turbine. It is plausible to minimize the recovery period when 
pitching towards a higher electricity production in correlation with steering the torque control 
[35].  
 
The inertia constant is not negligible and could be used advantageous for increasing the 
inertia in the system. The ratio of kinetic energy versus rated power is called the inertia 
constant. The inertia constant for a WT are 2-6 seconds (MWs/MW). For hydro powered 
units the inertia constant is 2-9 seconds, resulting in a more durable FFR usage. The inertia 
constant is a result of the installed power and the inertia of the unit [36]. 
 
In figure 12 a broad illustration of the synthetic inertia control in cooperation with the 
ordinary torque control is illustrated. In steady state operation the MPP control is cooperating 
with the speed control to generate signals to steer the VSWT towards an optimal rotation 
speed 𝜔!"#. Variables that are incorporated in the steering process are the Pm reflecting the 
mechanical power, the power coefficient Cp that is turbine specific and the Swing equation 
that mathematically describes the change of the inertia in the system. In the case when a 
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disturbance occurs, such as a larger production loss in the system, the synthetic inertia 
controller could be used. The controller could then observe the deviation and generate the 
signal Tiner to increase the power output reference Pref  and deaccelerate the rotor. Detecting of 
large ROCOF will lead to a responding signal from the SI controller, affecting the converter 
and increasing the power output for a short while [34]. 
 

 
Figure 12: In the figure a synthetic inertia application can be observed [34]. 
 
The SI is enabled with a software implementation. A concise example is a SI module 
developed by General Electric (WindINERTIA). This can be observed in figure 13. 
 

 

 
Figure 13: Wind Inertia from the firm General Electric is illustrated [37]. 
 
There are different SI configurations that enables inertia to be applied to the system when so 
are needed. The specific control that is developed by GE yields then a power boost with SI in 
underfrequency events. Dbwi that could be observed in figure 13 is reflecting the deadband. 
The deadband is reducing the probability of the SI to be activated in a disadvantageous 
occasion, avoiding overactivation which could lead to an unstable system. Kwi is reflecting 
the speed of the injected extra power and the time constants reflect how fast the recovery will 
be performed and how fast the SI will be activated [37]. 
 
The recovery from the lower rotation speed and the increased power boost is then needed to 
be performed. It could be performed on behalf of a lower production for a certain amount of 
time. The rotation is then increased according to requirements. The converter is steered with 
torque control and the speed of the rotor is slowly increased until equilibrium [14].  
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Hydro Qubec was the first utility company that required FFR from WTP entities. WTP with 
the capacity above 10 MW is then required to contribute with a 6 % power boost for a short 
while. The WTP must be capable to perform FFR support when the operation level of the 
turbine is above 25 % of the rated power [38]. 
 
2.19. International Connection Requirements  
In situations when fast frequency deviation occurs then safety systems in production units 
could be obligated to be triggered to disconnect and protect the turbine. This is relevant for 
all production units operating in the electric system. If a turbine is not able to withstand the 
pace of the ROCOF and the safety system is being tripped, then the resulting ROCOF from 
the disturbance could be increased even further. It could finally lead to a blackout in the 
system [39]. 
 
The TSO in different countries have been issuing ROCOF requirements for wind turbines to 
specify demands on how large ROCOF the turbines should be able to handle. These 
requirements differ between countries. The state of Denmark and Ireland are both examples 
of countries with high integration of wind power in the electric grid and thus need to handle 
the ROCOF requirements. 
 
In Denmark the turbines should be able to handle 2,5 Hz/s. Danish WTP that are connected to 
nodes in the grid at voltages above 100kV is required to include frequency-controlled power 
generation. The Danish turbines should also be equipped with a system that automatically 
detects over frequencies and reduces the generated power by 1-10 % [38].  
 
Ireland has a relatively low required ROCOF demand on operating turbines in the grid in 
comparison with Denmark. It is resulting in that that the safety systems in the turbines in 
Ireland are triggered and disconnected from the grid in an earlier stage then the turbines in 
Denmark. The lower required tolerance of 0,5 Hz/s should be seen relative to the fact that the 
renewable penetration in Eirgrid, the Irish electric grid, is limited to 65 % of the energy mix 
in the state. Increasing the demand of the ROCOF that the turbines are needed to handle to 1 
Hz/s are though soon to be implemented in the Eirgrid. It will increase the penetration ability 
of renewables in the electric grid to 75 % [40].   
 
There are no direct demands acting today towards including WTP for frequency regulation 
purposes in Sweden. Although in other European states there are different requirements 
implemented. In some states automatically deployed frequency regulation systems could 
either be seen as necessary or being compensated for with economic incentives issued by the 
TSO. The Frequency Sensitivity Mode (FSM) requirement is embedded in the RFG code 
(RFG Article 15.2.d). It relates to generators needing to automatically deploy frequency 
supporting actions (Up and Down) depended on the frequency in the grid. The FSM are 
issued by ENTSO-E and are related to the operation in FCR. The service is not demanded to 
be performed for entities that are not included for FCR services [41]. 
 
In ENTSO-E as well as in the Swedish legislation there is a classification of different WTP to 
define different strict laws in between. It is sorted based on power production and voltage 
level at the connection node. WTPs in the larger sizes are yielding higher RFG demands than 
smaller parks. As the trend towards larger parks is apparent, higher demand on the WTP to 
applying strict RFG demands will likely follow. Stricter demands on following the 
constructed common European RFG demands would likely to an increasingly portion be 
integrated in SvKFs. Swedish legislation related to some RFG demands could be seen in 
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SvKFs 2005:2. The WTP is accordingly to SvKFs 2005:2 not allowed to curtail or ramp up 
the produced power in a faster paste than 30 MW/Min. Another requirement that regards 
WTP according to SvKFs 2005:2 is that WT should be able to downregulate the production 
to 20% of the rated power within 5 seconds [42].  
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3. Method 
3.1. Design of Study 
The start of the study included an information retrieval process and after this, the method was 
formed. Branch meetings, mail conversations, interviews and article readings were activities 
that yielded insights regarding the structure of the method. 
 
The first branch meeting was executed on the 29th September 2020. It was arranged by SVK 
and were contained information regarding the inclusion of wind turbines for frequency 
support services. The main emphasis was on inclusion in the FCR market.  
 
The second branch meeting took place on the 20th of October. It was arranged by SVK and 
contained information regarding the newly deployed FFR market. 
 
The conference Wind Power Research in Focus took place on the 13th of October. The 
conference contained information regarding ongoing studies related to the wind turbine 
development. It was arranged by Energimyndigheten. 
 
Other insights were gained from email conversations and interviews with the following 
individuals and organizations, see table 7. 
 
Table 7: Individuals and organizations that have been interviewed and the subjects that were discussed. 
Respondent Subject Name Firm 
Respondent 1 Characteristic of the 

aFFR market. 
Mikael Winai  

SVK, aFFR. 
Respondent 2 Specific technology 

investigation. 
Pelle Bergschoeld Nordex 

Respondent 3 Investigation of FFR 
technology 

Juan de Santiago Uppsala University 

Respondent 4 Electricity trades Paul Thomas 
Orstevik 

Kinect 

Respondent 5 Characteristic of the 
FCR market. 

Lisa Pettersson SVK, FCR. 

 
Based on the retrieved information, a quantitative model was constructed to compare 
different RPM products.  
 
3.2. Model Configurations 
3.2.1. Data 
Wind measurements from a nonpublic wind mast are used in the production estimations. The 
information is retrieved in collaboration with WPD Scandinavia and is related to operation of 
a WTP in the electricity price area SE1.The production estimations are related to the 
production characteristics of a Siemens Gamesa SG 6,2 MW turbine. The production 
computation was performed in WindPro. Interconnected parameters that are used as input in 
the production estimations is the reduced wind speed, wind direction, temperature, pressure, 
air density, and the power curve for the specific turbine. The output is estimated power 
production series in relation to time. The compounded production from several WT in a WTP 
is then estimated based on the information. The production series is containing information 
that are inputted to the constructed model. The investigated periods are chosen with 
consideration. The studied periods that were chosen are 2018-2019. The specific years is 
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chosen with consideration. It was considered preferable to study the data for two years since 
this enables the model to capture relatively broad relationships and tendencies.  
 
Other input information that are used in the model is information regarding traded volumes 
and prices. From Mimer.SVK.se historical capacity prices on procured FCR-N and FCR-D 
volumes were publicly available. The historical size of the activated volumes is brought from 
Nordpoolgroup.com along with the energy compensation, frequency and the inertia in the 
Nordic grid. Through Email conversation with Respondent 1 procured volumes and prices on 
the aFRR product were given. Information regarding the newly deployed FFR product was 
publicly available at SVKs webpage and methods regarding FFR procurement were obtained 
at the branch meeting on the 20th of October.  
 
3.2.2. Model Description 
The model is constructed in Microsoft Excel. The inclusion in RPM products is studied with 
regards to specific conceived operation modes. The operation modes respond to constructed 
operations schemes which reflects estimated actual usage of the WTP during inclusion in 
RPM products. 
 
There are requirements that are needed to be met before inclusion in specific RPM products. 
Requirements are treating if there are sufficient production capacity and if the inclusion is 
profitable in comparison with procuring the capacity solely on the spot market. Requirements 
are also related to TSO demands such as the minimum and maximal size of the RPM entity. 
The requirements are further elaborated in the sections below where the configuration of the 
model related to different RPM products can be observed.  
 
Another requirement related to validating the ability for including WT in RPM products is 
the minimum average production capacity. During an hour the power production needs to be 
above 20% out of the rated power production for a specific WT to be able to operate in the 
RPM. The assumption is based upon a statement from SVK related to uncertainties involved 
in weather forecasts. The statement was expressed during a branch meeting where SVK and 
the wind industry were participants (Branch meeting 29th of September).  
 
If the various requirements aren’t met, then inclusion in the specific RPM product is seen as 
unpreferable and the production capacity is instead procured at the spot price market 
provided by Nord Pool. The combined RPM and spot suggestion are then compared against 
simply procuring the capacity on the spot market.  
 
3.2.3. Frequency Containment Reserve -Normal Operation 
Capacity Compensation 
Symmetrical regulation is required for an entity to be able to operate in the FCR-N market.  
The problematic upregulation is assumed to be valid in the model by constantly operating at a 
curtailed power production when deviating from the MPP. The generated power is then 
enabled to increase if required. The containing part of the available capacity after the 20% 
reduction (see section 3.3.1) is divided into two in the model to enable symmetrical 
regulation.  
 
The durability demand that the service requires is not fully included in the model. The reason 
for this is discussed in a later section of the thesis. The choice between procuring the 
production capacity with the ordinary spot agreement on Nord Pool or the FCR-N on the 
RPM is in the model based upon the highest earnings possible in D-1.  
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If the generated power then is above 20 % and the FCR-N capacity price divided in two 
(Symmetrical) is higher than the price on the spot market, then computation with the 
following equation is performed.  
 
𝐸!"#$% = (𝐶𝑝&'( ∗ 𝑃#)*+, ∗ 𝑃𝑟𝑖𝑐𝑒!"#$%	) 	+	(𝐶𝑝-. ∗ 𝑃#)*+, ∗ 𝑃𝑟𝑖𝑐𝑒/01*)  (1) 

 
𝐸!"#$% are the earnings generated from the RPM product which together with earnings on the 
spot market for hours that relates to unpreferable inclusion in the RPM, generates the 
earnings for the combined RPM spot product. Cpsym is a factor that is based upon the 
symmetrical requirements that relates to the level of capacity procurement that are plausible 
to procure on the RPM. The factor Cpsym is further described below. PRated  is the capacity that 
the turbine or collective wind turbine park can generate and 𝑃𝑟𝑖𝑐𝑒!"#$%		is the price for the 
specific RPM product. Cp20 specifies that 20 % of the rated power is directly placed on the 
spot market for when the FCR-N product is chosen. 𝑃𝑟𝑖𝑐𝑒/01*	is the spot market price.  
 
If the terms regarding the price and minimum production level aren’t met, then the 
production capacity is assumed to be procured at the spot market. The combined RPM and 
spot product and added energy compensation for when the entity is activated is compared 
against solely procuring the capacity at the spot market. 
 
The factor Cpsym is for example obtained in the following way: 

• 18 % of the rated power is prognosticated available towards production =>  
No capability to be included in the procurement of the frequency support service. 

• 60 % of the rated power is available, see figure 14.  
(1) 20 % of the rated power is directly compensated for at the spot market.  
(2) 20 % of the rated power is available for production increase for enabling the 
frequency support service FCR-N.  
(3) 20 % of the rated power is procured at the spot market and available for power 
production curtailment.  

• 100 % of the rated power is available, see figure 15.  
(1) 20 % of the rated power is directly compensated for at the spot market.  
(2) 40 % of the rated power is available for production increase to enable the 
frequency support service FCR-N.  
(3) 40 % of the rated power is available for power production curtailment. The 
production is compensated for at the spot market. 
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    Figure 14: Partition 60 % rated power.                            Figure 15: Partition 100 % rated power. 
 
Energy Compensation 
There are some indicative terms that needs to be fulfilled for the procured capacity to be 
activated. Energy compensation from the RPM is then yielded. 

• The volume in the regulation power market is required to be above 5 MW.  
• The capacity factor is required to be above 20 %. 
• The capacity is needed to be procured to be enabled to be activated. 

 
If the requirements are met and the activation of the resource is preformed, then the 
activation time is set with a certain factor. In default operation, 25 % of the procured capacity 
is assumed to be activated. The activation will namely not prolong for the whole settlement 
period. It is also only the absolute value of the volume during the settlement period that is 
compensated. The activated entity is namely either overweighted activated for production 
increase or production curtailment during a settlement period.  
 
The computation of the capacity and energy compensation are generated separately, summed 
up and related to the earnings on the spot-price market. 
 
3.2.4. Frequency Containment Reserve -Disturbed Operation 
The frequency support service is analyzed upon up-regulation purposes. The economic 
condition of the integration is analyzed with the following methodology. In the calculation 20 
% of the rated power is applied directly on the spot market to ensure the capability to perform 
the FCR-D service. The containing capacity is enabled to be procured on the capacity market.  
 
If the produced power is above 20 % and the FCR-D capacity price is higher than the spot 
market price, then the computation with equation 1 is performed. The factor CpFCR-N is only 
replaced with CpFCR-D.  If upregulation is needed during disturbed operation, then the power 
production is increased in relation to the factor CpFCR-D. 
 
The factor CpFCR-D is correlated to the share of rated power that is enabled to be applied in the 
FCR-D market. The factor is based on that 20 % of rated power being directly procured on 
the spot market. The remaining share of capacity are during preferable conditions procured as 
FCR-D capacity. 
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The CpFCR-D factor is for example calculated in the following way: 
• 18 % of the rated power is available. There is then no capability to be included 

towards procurement of the specific frequency support service. All the generated 
power is compensated for at the spot-price market. 

• 60 % of the rated power is available. See figure 16.  
(1) 20 % of the available production is compensated for at the spot-price market.  
(2) 40 % is available for inclusion in the frequency support service FCR-D. 

• 60% of the rated power is available. See figure 17. 
(1) 20 % of the available production is compensated for at the spot-price market.  
(2) 80 % is available for inclusion in the frequency support service FCR-D. 

  

 
        Figure 16: Partition 60 % rated power.                       Figure 17: Partition 100 % rated power.                                   
 
If requirements aren’t meet, then all the volume is compensated for in the ordinary spot 
market. The earnings that are generated from the combination between FCR-D and spot 
operation is then compared with solely procuring the capacity on the spot-price market. 
 
3.2.5. Automatic Frequency Restoration Reserve 
Upregulation 
The aFFR frequency support service is partwise compensated through procured capacity.  
The weekly procurement is related to a long duration in between procurement and settlement 
period. This is affecting the plausibility to match accurate wind prognoses and capacity 
procurement negatively. A low inclusion factor for the aFFR service is then included to 
capture the time dynamics. If there are preferable conditions such as a higher aFRR capacity 
price compared to the spot price a week before operation, then 25% of the available 
production capacity after the 20 % reduction is enabled to be procured at the aFRR 
upregulation market. The spot prices are procured nearer the settlement period and could 
therefore be suited to the aFFR contract if capacity is procured on the aFRR market. 
Computations using equation 1 are preformed but where the factor CpaFFR instead is 
implemented reflecting the weight of the aFRR inclusion. 
 
CpaFFR equals 25% of the remaining capacity after the 20 % rated power reduction. If 
requirements are not met, then all the production volume is compensated for with prices 
related to the ordinary spot market. For the aFRR product energy compensation for when the 
reserve is activated is also generated. The activation of the resources is rare bit is reflected in 
the model likewise to FCR-N energy compensation computation. 
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The CpaFRR_Up factor for capacity compensation is calculated in the following way: 

• 18 % of the rated power is available. Then there is no capability to be included 
towards procurement of the specific frequency support service. All the generated 
power is compensated for at the Spot-price market. 

• 60 % of the rated power is available. See figure 18.  
(1) 20 % of the available production is compensated for at the spot-price market.  
(2) 10 % is available for inclusion in the frequency support service aFRR.  
(3) 30 % extra spot on the spot market because of low visibility. 

• 100% of the rated power is available. See figure 19. 
(1) 20 % of the available production are compensated for at the spot-price market.  
(2) 20 % are available for inclusion in the frequency support service aFRR.  
(3) 60 % extra spot on the spot market because of low visibility. 

 
 

  
          Figure 18: Partition 60 % rated power.                               Figure 19: Partition 100 % rated power.                                   
 
Downregulation 
aFFR down is procured independently of the aFFR up regulation. The procurement process is 
however the same. The same methodology is used were 20 % of the rated production is 
applied directly on the spot market and if there are excess production then it could be used for 
downregulation purposes. The same share of inclusion is used for aFFR down as aFFR Up 
because of the low visibility a week before the settlement period.  
 
In CpX the 20 % and the additional 75 % of the remaining volume after the 20 % reduction is 
directly procured at the spot market at Nord Pool. If requirements are not met, then all the 
production is compensated for at the spot Market. The CpaFRR_Down factor is sorted out as 
following, see figure 19 and 20. The factor is merged with equation 1 for computation of the 
earnings related to the operation mode.  
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           Figure 20: Partition 60 % rated power.                       Figure 21: Partition 100 % rated power.                                   
 
3.2.6. Manual Frequency Restoration Reserve 
Upregulation 
The mFRR products is procured intraday. The manual restoration reserve is divided into an 
upregulation service and a down regulation service. The loss of insight of the mFRR prices 
when the day ahead prices is procured is however reflected in the model. For the upregulation 
purposes the WTP are namely needed to operate below MPP. The power production from the 
WTP could then be increased when profitable and suitable occasions occurs. To acquire the 
ability to bid on this specific service the production is constantly is lowered by 5 %. The 5 % 
are yielded after the earlier identified 20 % of rated power production limit. The 5 % is then 
constantly reduced when procuring the power production capacity in the spot market at Nord 
Pool. The mFRR price is also required to be higher than the spot price and the production 
volume for a specific settlement period is required to be above 5 MW. If the requirements are 
meet, then computation with equation 1 is performed, using the CpmFRR_UP factor. 
The CpmFRR_UP factor is calculated as following: 

• 18 % of the rated power are available. Then there is no capability to be included 
towards procurement of the specific frequency support service. All the generated 
power is compensated for at the spot-price market. 

• 60 % of the rated power are available, see figure 21.  
(1) 20 % of the available production is directly compensated for at the spot-price 
market.  
(2) 95 % of the remaining capacity is also procured at the spot market. 
(3) 5 % of the remaining capacity is available for inclusion in the frequency support 
service mFRR. 

• 100% of the rated power are available. See figure 22.  
(1) 20 % of the available production is compensated for at the spot-price market.  
(2) 20 % is available for inclusion in the frequency support service mFRR.  
(3) 60 % extra spot on the spot market because of low visibility. 
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              Figure 22: Partition 60 % rated power.                      Figure 23: Partition 100 % rated power.                                  
 
Downregulation 
In mFFR down then all the production after the 20% reduction is enabled to be deactivated if 
preferable conditions appear. In the case of the prices for mFRR down regulation being 
higher than the spot price on Nord Pool, then the power production from the available 
production units is curtailed.  
 
The CpmFRR_Down factor is calculated as following: 

• 18 % of the rated power are available. Then there is no capability to be included 
towards procurement of the specific frequency support service. All the generated 
power is compensated for at the spot-price market. 

• 60 % of the rated power are available, see figure 24.  
(1) 20 % of the available production is directly compensated for at the spot-price 
market.  
(2) 40% of the remaining capacity is available for inclusion in the frequency support 
service mFRR for down regulation purposes. 

• 100% of the rated power are available. See figure 25.  
(1) 20 % of the available production is compensated for at the spot-price market.  
(2) 80 % is available for inclusion in the frequency support service mFRR for Down-
regulation purposes.  

 

 
   Figure 24: Partition 60 % rated power.                      Figure 25: Partition 100 % rated power 
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3.2.6. Fast Frequency Reserve 
The fast frequency reserve is a frequency support service enabling fast frequency support 
during short durations. The FFR configuration that is investigated in the study is generated 
from achieving a margin of capacity when under speeding the generator and deviating from 
MPP operating condition. Emulation of synchronous generators is achieved and inertia 
response is enabled, which counteracts the deviating frequency [14]. 
 
To technically ensure that the FFR service can be delivered the 20% of the rated requirement 
is also applied for the product. FFR could then be applied to the remaining capacity. FFR 
resources are assumed to be procured when the inertia in the Nordic grid falls below 160 
GWs. It is an assumption related to the N-1 criteria. The N-1 criteria is reflecting the power 
production capacity from the largest power production loss in the Nordic grid at the moment.  
 
The available capacity is then required to be above 20 % of the rated capacity and the price 
on the FFR support service is required to be higher than the spot price. If requirements are 
met, then 10 % of the remaining capacity after the 20 % is enabled as excess FFR power 
production [35]. 10% of the production during the settlement period is also estimated to be 
lost during the recovery period.  
 
If requirements are not met, then all the volume is compensated for in the ordinary spot 
market. Examples of the CpFFR can be observed in figure 26 and 27. 
 

   
                Figure 26: Partition 60 % rated power.                      Figure 27: Partition 100 % rated power.                                   
 
The prices that are yielded for accomplishing the FFR service is generated from interpolation 
of the inertia in the system in relation to prices. It is done during the first year of product 
deployment (2020). The prices are extracted from Nord Pool [43] and the inertia in the 
Nordic grid are generated from Fingrid [44]. The interpolation is done with a potency 
function. It should be known that trends are only investigated for one year due to the short 
time the service had been available. The trendline that yields a function can be observed in 
figure 28. 
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Figure 28: The inertia is put relative to Fast Frequency Reserve prices. The investigated year are 2020. 
 
Figure 29 shows an illustration of when SVK are procuring the specific FFR service. For the 
specific case if Oskarshamns nuclear powered generator is the largest production loss (N-1) 
then the FFR reserve is wanted if the inertia in the system are prognosticated to be below 160 
GWs. If Oskarshamn is not operating then the largest HVDC link transporting 1200 MW is 
the largest loss in the Nordic grid. It could be observed as the orange graph in figure 29. The 
need of the FFR can be found from the N-1 requirement. The process for prognosticating the 
need of the FFR reserve can be observed in figure 30. 
 
 
 

 
Figure 29: The capacity that are procured relative to the Inertia in the system [22]. 
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Figure 30: The inherent parameters in the Fast Frequency Reserve forecasting process [22]. 
 
3.3. Sensitivity Assessment  
In the sensitivity assessment the duration of the activated reserve is studied. It is studied 
through changing a parameter that is reflecting the duration of the activated reserve during 
the settlement periods. In some RPM products that are investigated the earnings are namely 
generated both from capacity procurement but also from energy compensation for when the 
reserve is activated. Without including the factor then the entity is assumed to be activated 
for the whole period when prices and needed reserve volumes are high. However, the 
procured capacity is normally not activated during the whole hour which is affecting the 
earnings yielded from the energy compensation. In the sensitivity assessment the duration of 
activated reserve is studied when changing a correlating parameter. The procured capacity is 
namely activated when the need of the resource arises. In FCR-N operation then 25% of the 
procured capacity is approximated in default mode to be activated when the requirements 
regarding the volume and price on the market are reached. In the sensitivity study the 
duration of the activated volume during the settlement period is changed between 10-100 % 
to reflect the sensitivity of the assumption. 
  
3.4. Battery Energy Storage  
The durability demands that relate to RPM products are naturally limiting the ability for WTP 
to become a BSP. The act of including a battery energy storage (BES) in the operation could 
be an option for enabling the demanding durability demands to be fullfilled. Integrating a 
sufficient large BES will also enable inclusion of the BSP on more occasions during the year.  
 
In the first section of the BES study a relatively defensive approach regarding surplus yields 
when including BES is provided. The lowest acceptable operating point of 20% of the rated 
power is in the first study of the BES integration overlooked. It is still though required that a 
minor production is available. The minor required production is set to 5 MW. It is quantified 
as the minor requirement in relation to that the 10 turbines are rated to 6,2 MW each, 
reaching 62 MW altogether at maximal power production. 
 
The configuration is based upon several factors. When the turbine is not operating during 
long periods then the battery would discharge. If there are some production from the turbine 
during the studied hour, then the production from the WTP is assumed to be sufficient in the 
surrounding hours which will boost the confidence of delivering the contracted RPM product 
when using the BES. 

Production 
forecast

Inertia 
forecast

Forecast FFR 
caapacity

Largest fault, 
N-1 forecast 
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The first BES approach could in many perspectives though be seen as defensive. The size of 
the storage that is included could be made sufficiently large and the battery could, as long as 
the production is available, maintain charge the battery at high levels so that inability of 
deliverance during low production hours is low. The procured capacity is also not normally 
fully activated. In downregulation situations the production from the turbine could also be 
saved in the battery for later usage instead of simply curtailing the production and decreasing 
the power output. In the second BES modulation then inclusion in the RPM is therefore 
assumed valid in all cases when the prices on the capacity procurement are higher than the 
spot prices. Other requirements that regard the operation of the turbine is then absent in the 
computations. 
 
3.5. Aggregated Resources 
Aggregating entities are studied based upon the production series from the WTP (see section 
3.2.7). The standard deviation is in the assessment compared against the production operation 
from single WT in the WTP. The production is also plotted for the WT separately but also 
aggregated in the WTP to enable a wider understanding regarding the aggregation. 
 
The formula which the standard deviation calculation relies upon is the following 

𝑆𝐷 = %∑|&'(|
2

)
      (2) 

 
The excel formula STDEV is used to accomplish the computation. In equation 2 the mean 
value 𝜇 is used along with the specific data point 𝑥. The sum of the deviation between the 
data point and the mean value are squared ∑|𝑥 − 𝜇|* and divided with the number of data 
points N. The square root of the expression is executed, leading to a standard deviation value. 
The standard deviation calculation is performed for the WT and the WTP in regard to 
different time durations. 
 
3.6. Low Inertia Situations 
In the Nordic grid assessment, a broader view of low inertia situations can be observed. The 
inertia in the Nordic grid is sorted into groups and the average power production during an 
hour is computed. The number of hours that correlates with low inertia operation is also 
sorted out to gather insights regarding to periods expiring larger deviations. The sorted-out 
hours are related to the D-1 requirement.  
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4. Results 
4.1. Operation Outcome 
The procured capacity and the activated share of the procured capacity can be observed in 
figure 31. The requirements regarding preferable inclusions can be observed in the method 
descriptions in above. 
    

 
Figure 31: The Procured and activated volumes when included in different Regulation Power Market services.  
 
In figure 32 the curtailed production that is yielded when including the WTP in the specific 
RPM services can be observed. The portion of production volumes can be observed for the 
Swedish electric price zones SE1 during 2019. 
 

 
Figure 32: The lower production volumes during a year when included in the different Regulation Power 
Market products. 
 
In the following section, results regarding preferable partition of the available power 
production during the 1st of January in 2019 is illustrated. The specific sample is chosen at 
random. A duration of a day is chosen to enable in a simple way to visualize the operation of 
the WTP when included various RPM services. The results are outputted from the 
constructed model. In figure 33 the preferable FCR-N partition during the day is illustrated 
and in figure 34 the FCR-D operation during the day can be observed.  
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Figure 33: Operation output, partition of production volume for FCR-N operation. 
 

  
Figure 34: Operation output, partition of production volume for FCR-D operation 
 
In figure 35 the mFRR up partition outputted from the model can be observed and in figure 
36 the mFFR down is visualized. The service mFRR down is not required during the specific 
investigated sample of time. 
 

    
Figure 35: Operation output, partition of production volume for mFRR Up operation.                 
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 Figure 
36: Operation output, partition of production volume for mFRR down operation. 
 
In figure 37 the FFR partition outputted from the model can be observed. In figure 38 the 
aFRR Up and in figure 39 the aFRR down is visualized.  
 

     
Figure 37: Operation output, partition of production volume for FFR operation.            
 

 
 Figure 38: Operation output, partition of production volume for aFRR up regulation. 
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Figure 39: Operation output, partition of production volume for aFRR down regulation. 
 
4.2. Economical Outcome 
The additional share of earnings related to inclusion in the FCR-N and FCR-D products can 
be observed in figure 40 and 41. The increased earnings from the combination of spot and 
RPM operation are compared against dedicating all the production to the ordinary spot 
market. Delimited years and electrical price zones are illustrated for simplicity. 
 

 
Figure 40: Increased earnings with FCR-N relative to the spot market.   
 

 
 Figure 41: Increased earnings FCR-D relative to Spot. 
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The distribution of the increased earnings over the year for the aFFR Up service can be 
observed in figure 42. The respective distributed yearly income from the down regulation 
product can be observed in figure 43. The electricity price zones that are illustrated during 
2018-2019 are SE1 and SE3.  
 

 
Figure 42: Increased earnings with aFFR-Up relative to the spot market 
 

  
  Figure 43: Increased earnings aFFR-Down relative to Spot. 
 
The increased earnings that are yielded from the combination of mFRR Up and spot 
procurement relative to solely procuring the production on the spot market can be observed in 
figure 44. The increased earnings that are yielded from the combination of FFR service and 
spot operation relative to solely procuring the capacity on the spot can be observed in figure 
45. 
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Figure 44: Increased earnings for inclusion in the mFRR-Up product.     
      

  
Figure 45: Increased earnings for inclusion in the FFR product. 
 
The increased earnings from the studied RPM products relative to spot can be observed 
altogether in figure 46. The earnings relative to the price zones SE1 and SE3 during 2018 
until 2019 is illustrated. 

 
   Figure 46: The resulting increased earnings for the specific RPM products relative to spot.  
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4.3. Sensitivity study  
In the sensitivity study the relative earnings related to the duration of activation during a 
settlement period has been studied. It is studied in perspective to the capacity and energy 
compensated product FCR-N. The activation of the energy compensation is achieved when 
declared requirements are meet, the resource is although normally not activated for the whole 
settlement period which is explained in section 3.3.3. In figure 47 the difference in earnings 
related to the duration of activated reserve can be identified. The difference in income can be 
observed in relation to adjusting the duration factor were 100% reflects that the reserve is 
activated for the whole settlement period.  
 

   
Figure 47: Additional earnings for different portion of activation of entity. 
 
4.4. Battery energy storage  
In figure 48 the increased earnings from the FCR-N inclusion in different BES configurations 
can be observed. In figure 49 the share of occasions during 2019 where the FCR-N inclusion 
are preferable can be observed. 
 

 
 Figure 48: Increased earnings with FCR-N inclusion with BES configuration.  
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  Figure 49: Portion of the year FCR-N inclusion with BES. 
 
In figure 50 the difference in earnings for different RPM and spot combinations relative to 
solely procuring the production capacity on the spot market when including BES can be 
observed. The deviating earnings are studied in regards to the electricity price area SE1 
during 2019. 

 
Figure 50: Earnings, comparing different BES configurations and RPM products. 

 
4.5. Aggregating resources 
The power production from all the wind turbines separately during a day (1st January 2019) 
can be observed in figure 51 and the aggregated power production during the day for the 
whole WTP can be observed in figure 52. 

 
Figure 51: Power production from WTs in a WTP during a day.              Figure 52: The power production in a WTP during a day. 
 
The power production from the turbines during a month (January 2019) can be observed in 
figure 53 and the aggregated power production during the month for the whole WTP can be 
observed in figure 54. 
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Figure 53: Power production from WTs in a WTP during a month.              Figure 54: The power production from a WTP during a month. 
 
The power production from the turbines during the year (2019) can be observed in figure 55. 
The aggregated power production during the year for the whole WTP can be observed in 
figure 56. 
 

   
Figure 55: Power production from WTs in a WTP during a year.              Figure 56: The power production for a WTP during a year. 
 
In figure 57 the standard deviation for the WT and WTP during a day can be observed. The 
production volumes that is refered as the studied data points correalates with the WT 
operation in figure 51 and the WTP operation in figure 52. In figure 58 the standard deviation 
for the WT and WTP can be observed. It correalates with the WT operation in figure 53 and 
the WTP operation in figure 54. 
 
 
 

   
Figure 57: Standard deviation for WTs and WTP during a day.            Figure 58: Standard deviation for WTs and WTP during a month.   
 
In figure 59 the standard deviation for the WTs and WTP during a day can be observed. The 
production volumes that is refered to as the studied data points corresponds to the WT 
operation in figure 55 and the WTP operation in figure 56.    



 43 

   
Figure 59: Standard deviation for WTs and WTP during a year. 
 
4.6. Nordic Grid Integration 
Inertia in the Nordic system can be observed in figure 60. The inertia is sorted into 24-hour 
groupings relative to the months in a year.  
 

  
Figure 60: The inertia in the Nordic power system during, monthly under 2019. 
 
As figure 60 implies the inertia in the Nordic grid is low during the summer. The share of 
hours that are below a vulnerable inertia level are specified in figure 61. The limit that is 
referred to as low inertia level is referred to when SVK are procuring FFR volumes. The size 
of the reserve that is procured can be observed in table 4. 
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Figure 61: The share of hours during 2019 that are related to low inertia in the system. 
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5. Discussion 
5.1. Operation of Wind Turbines 
One important aspect involved in the evaluation of RPM product inclusion is how the WT 
will operate to fulfill the committed procedures. In this section sensitivity assessments, 
aggregation of entities as well as control strategies are discussed. 
 
Specific periods during the year that includes a higher preferable inclusion could be observed 
in figure 40-45. Being aware of periods during the year when preferable prices and turbine 
production are likely to coincide could be used to limit the effort and window of 
opportunities to sort out durations with the largest interest. Limiting the window of 
opportunities could reduce the economic losses related to miscalculated weather forecasts.  
 
Factors that include insufficient forecasting leads to deviation between the estimated 
production and the production outcome and can be concluded as a main issue. If the 
contracted production volume is deviating from the actual production, then economic 
measures will follow. Pricing of the economic measures according to the dual pricing system 
is then the case, see section 2.14. Besides the losses and economic measures related to 
deviating production from the contracted the TSO could end the contract. It is especially true 
when the BRP consciously is deviating from operation plan. It could then be concluded that it 
is hard to fully manage to match the production with the contracted and related economic 
measures will follow. Different strategies could though be used to minimize the inability of 
deliverance such as the implementation of a sufficient large BES see figure 48 or limiting the 
window of opportunities according to information found in the figure 40-45. However, it is 
important to acknowledge the various operation and suit the strategies accordingly to the 
different services, see figure 33-39. 
 
The increased earnings from the combined FCR-N and spot product were also studied when 
adjusting a factor that reflects the energy compensation for the RPM product. The energy 
compensation is in default operation limited to 25 %. The default factor is an assumption 
based upon several facts which can be observed in section 3.3. Studying the sensitivity of the 
assumption when adjusting the factor of inclusion between 10-100 % could be observed in 
the results, leading to the insight of sensitivity of the assumption. A major income difference 
could namely be observed when studying the assumption. In earlier section 3.3. the 
difficulties related to the factor was reflected on. The default factor of 25% could be 
concluded as unsecure but the assumption is relying on several facts. One factor is that the 
absolute value of the symmetrical value is compensated for and another is that the support 
service should support the grid during short duration. This leads to a minor energy 
compensation in relation to the capacity compensation. An energy compensation 
corresponding to the 25 % factor therefore appears reasonable. 
 
In section 2.17, solutions towards steering of the WT were declared. For the FCR-N and 
FCR-D service a combination of the pitch and torque controls could be suggested to be used. 
The services need to be fast deployed but regulating relatively large production volumes. 
Adjusting the steering of pitch control could then resolve the production adjustments that are 
needed. The mFRR curtailment and upregulation could also be performed with the use of the 
pitch control. The FFR service could be achieved when using the torque control in VSWTs. 
The needed steering procedures needed to function accordingly to the RPM services could 
therefore be concluded as available.  
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In EU legislation ENTSO-E (2017/1485) it was stated that an entity that is delivering FCR-D 
or FCR-N services is not allowed to generate more than 5% of the collective frequency 
support capacity in the Nordic Grid [45]. In the model constructed in this study, the whole 
park was assumed to be the studied entity. The aggregation of the WT in the WTP could be 
observed to lead to a more stable production and anticipated outcome. In figure 58, 59 and 60 
the standard deviation for the power production regarding different time durations can be 
observed to clarify the conclusion. From these results it could be stated that aggregated 
resources yield a more stable outcome. It is especially true when observing longer production 
series with more included data points. A BRP could also combine different BRS and include 
different WTP on different geographical positions to further increase the capability of 
deliverance in accordance with contract. 
 
5.2. Weather Forecast and Price Visibility 
The wind forecast is an important issue when evaluating the attractiveness of the combined 
RPM and spot operation in relation to simply procuring the capacity on the spot market. It 
was highly emphasized by Respondent 4. The spot price visibility under the procurement is 
also a highly important issue when studying the attraction of the specific RPM product. In the 
model then different weighting of the RPM inclusion has been given depending on the 
visibility of production and spot price on the procurement occasion. The time for 
procurement for the RPM products is namely related to difference in duration between 
procurement and settlement period. 
 
For the FFR services the procurement occasion or when the BRP could announce the 
preferable inclusion was in 2020 performed twice a week. This relates to low visibility of the 
forecasted weather and the spot prices that is procured D-1. A D-1 procurement is however 
emphasized to be the case looking forward. In respect to D-1 the visibility has been studied 
and a sufficient weather forecast is assumed valid in D-1. In relation to the other RPM 
products then the choice between entering the spot market or the RPM product is also absent. 
The selection is absent because the FFR service could be added in the operation when 
turbines already are operating at MPP to deliver power production for the spot market.  
 
The FCR-N and FCR-D products are procured in the D-1 and D-2 market. For these products 
then the choice between entering the spot market or the specific RPM product is highly 
important in the assessment. Relating the fact that the products are procured at the specific 
occasions (D-1) leads to the assumption that perfect choice in between entering the RPM or 
spot operation is assumed as valid. 
 
The choice between entering the spot market or inclusion in the RPM is also applicable for 
the RPM products aFRR and mFRR. The procurement period before the settlement period is 
however different in between which is affecting the visibility in the forecasts and the insights 
regarding the spot prices. This is weighted in the model. The weighting is related to larger 
insecurities and should be seen as a hypothetical model construction to be able to capture the 
dynamics and the issues related to weather and spot price forecasting in relation to a specific 
settlement period. 
 
For the aFRR service that is procured once a week low visibility is incumbered in the 
process. Low confidence in the forecasts and low visibility in the spot prices that are 
procured D-1 leads to a lower accepted inclusion for the services being accepted in the 
model. The weighting results are that 25 % of the capacity after the 20 % reduction (see 
section 3.3) is available for inclusion. For the aFRR down service then 50 % of the capacity 
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after the 20 % reduction is weighted enabled towards downregulation. The dispatch in 
between up and downregulation is because lower corrections are needed in the production for 
downregulation purposes, the forecast insecurity is still though comparable for both products.  
 
For mFRR Up regulation the procurement of the product is preformed intraday (D). It is then 
performed after the spot market D-1. For the mFRR upregulation a certain portion of the 
capacity is therefore curtailed to be able to be included in the mFRR market. 5 % of the 
production is in default operation available for RPM inclusion. The whole capacity is though 
approximated available for downregulation when preferable occasions occurs. Low 
production insecurity along with low portion of changed operation are facts which the model 
is based upon. 
 
When evaluating if the weighting of the RPM products in the model is capturing the 
deviating characteristics in between then an ambiguous answer could be found. The 
perspective of the study is important. The techniques are compared altogether, and the most 
preferable alternative is searched for in this study. The weighting could from this perspective 
to a certain degree capture the dynamics between the differences in the products relatively 
well. Evaluating the RPM products from another perspective could however be done with a 
differently arranged model. 
 
5.3. Comparison of Services 
The comparison of frequency support services could be based on several interconnected 
factors. A relatively broad view on optimization of the RPM is in this section discussed with 
a certain emphasized view on the economic valuation of the products. 
 
The frequency containment products FCR-N and FCR-D Up was in the study found to be 
related to production curtailments, which could be observed in figure 32. The production 
curtailments could eventually lead to a lower operation because of the dispatch between the 
procured and activated production volume that can be observed in figure 31. For the services 
a lower operation of the turbine could be linked to inclusion in the services. It is positive, 
lowering the wear on the mechanical and electrical equipment. A lower wear will increase the 
economic incentives of the implementation. Increasing the years of turbine operation, 
decreasing the required rate of return per year and increasing the economic benefits of the 
establishment. When including BES the curtailment of production could be used to charge 
the BES and further increase the advantages of the inclusion. This should be weighed against 
the costs related to the BES which due to the limited scope was not investigated in the study. 
 
The activated upregulation could also be supported with a BES inclusion boosting the 
confidence of the required upregulation. A sufficiently sized BES will also increase the 
duration when inclusion in the RPM is enabled. The increased portion of inclusion in RPM 
products can be observed in figure 47 and the increased earnings can be observed in figure 
49. When combining the information, it can be found that the earnings are increasing in a 
faster pace than the portion of inclusion when including BES. High durability demands for 
the services are affecting inclusion in all the services disadvantageously and the act of 
including BES to enable upregulation during demanding condition could be necessary to be 
able to meet the inclusion demands. 
 
The aFRR products were in the study observed as disadvantageous to be included in relation 
to other alternatives. In figure 42 low favorable integration of the aFRR products could be 
observed. Low favorable integration and the low visibility at the procurement results in the 



 48 

service appearing unpreferable to be included in the specific services. In aFRR the Up and 
Down regulations are procured separately. The higher ability to curtail the production then 
increases the production without larger interventions, resulting in aFRR down possibly being 
easier to accomplish. Despite this, the aFRR down product could be seen as economically 
disadvantageous. This can be observed in figure 47.  
 
The mFRR market is procured closer to the specific hour. It then suits the irregular 
characteristics of the electricity production from WT in a better way. The curtailment 
regulation service is highly suitable for WT integration which Respondent 4 also confirmed. 
The mFRR product was not in the study found favorable for inclusion during the investigated 
years. This could be a result of several factors. One major cause is that there are high 
demands on the service in the model. The electricity production from the WTP could also be 
insufficient when high priced downregulation bids occur. The competition with other energy 
sources is also an affecting factor. Other resources could be able to save the production for 
later usage when down regulating the production pushing down the prices on the service. The 
mFRR Up regulation were in the study seen as very disadvantageous. The energy 
compensation pricing along with the need of curtailing the production is affecting the 
economical outcome negatively. 
 
Inclusion of the FFR service were in the study found as promising solution. The economical 
preferabilities with the inclusion could be observed as good. Low changes in the ordinary 
power production until activation could also be observed. Leading to the power production 
being ordinary compensated for at the spot market and were activation of the service leads to 
excess returns. In figure 45 the economical earnings distributed during the year could be 
observed. This shows that during June until August the FFR is most needed. It could also be 
reflected in figure 60 where observations of each hour during the year with low inertia in the 
system are presented. The service is enabled through adjusting the steering of the inverter. A 
wind turbine or aggregated wind turbine entities can enable the FFR service very fast. 
Limitations that should be considered are among others the switching time for the 
semiconductors in the converter along with the time it will take from when the rotation of the 
rotor has slowed down to when larger resistances and higher power production are yielded. 
The required activation time for the service could then be seen as achievable. 
 
SVK are working with a reserve that could manage the increasing need for down regulation 
in the electrical power system. FCR-D Down is an upcoming RPM service created for the 
specific regulation purpose. The reasons the service is needed is the increasingly deployed 
interconnected HVDC cables. The loss of an exporting link will namely lead to a fast 
frequency increase in the state. The situation will lead to an urgent need of fast deployed 
production curtailment or consumption increase. The additional properties of the FCR-D is 
formulated in line with article ENTSO-E (2017/1485).[46] 
 
FCR-D down regulation is a highly interesting RPM service related to WT. The 
prognosticated year of deployment of the service is 2022. The prequalification process for the 
services will be starting during early 2021. The price related to the service is described as 
hard to prognosticate but will lie approximately between FCR-D Up and aFFR down prices 
depending on the services that are qualified in the process. The technical demands will reflect 
the ones from the FCR-D upregulation (Respondent 5).   
 
The reserve should be able to follow a linear downregulation scheme, increasing the 
downregulation for frequencies between 50,1 to 50,5 Hz. At 50,5 Hz the FCR-D reserve 
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should be able to regulate 50 % of the procured volume in 5 seconds and 100 % within 30 
seconds to act towards a decreased frequency in the grid. The resources that are procured 
could either act towards an increased consumption or decreased production[46].   
 
It is hard to differentiate the optimal frequency support service. Without integrating the BES 
then the FCR-D down service is appearing as the most promising alternatives. The FCR-D 
down regulation will be procured as a capacity product which will be more preferable than 
products that are only based on energy compensation. Respondent 5 confirms that the 
qualifications will be similar as in FCR-D Up. The endurance time for curtailment is then 
relatively high (20 min). The ability for curtailment especially for larger WTP is though 
manageable even without BES. The curtailment could be performed for a portion of the WTP 
to achieve even higher certainty of delivery. 
 
FFR is also appearing as a highly preferable alternative. The converter integration is enabling 
fast steering abilities and the integration could be performed with minimal losses. It is 
relatively complex regulations that are needed but the technique has already been tested in 
various constellations and in different states. The preferabilities of adding the FFR product on 
the production procured in the spot market is also highly positively. Adding excess returns 
without to a larger portion changing the ordinary operation. The FFR product was in 2020 
mainly containing LFC units but according to the economical assessment there could surely 
be a market for inclusion of WT.  
 
In the case when a BES is integrated then the FCR-N and FCR-D services could be seen as 
preferable alternatives especially when it comes to using curtailment activities to maintain 
charge the BES. The charged BES could then be used to secure the performance in 
accordance with contracted production volumes for the frequency regulation product along 
with enabling peak shaving. It will boost the economic performance. 
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6. Future Perspectives 
6.1. Grid and Production Assessment 
Wind powered generators are increasingly integrated in the electric grid and will continue so 
as years to come.  
 
The cost related to the RPM have increased in a fast pace since 2014. In figure 62 an 
illustration of the present and the prognosticated future costs related to the higher need of 
RPM services can be observed. It is in the figure compared against future and present spot 
market prices. The prognostication is performed by SVK [47]. Studying the dispatch between 
the spot market prices and the cost related to the RPM could yield insights regarding the 
increasing preferabilities for diversification of the sources of income going forward.  
 

  
Figure 62: The prognosticated cost on the RPM and spot market price are put against time [47] 
 
The FCR prices relative to the spot prices are low during the winter and high during the 
summer. It can be observed in figure 63 where the percentage of time were the FCR prices is 
higher than the spot prices can be observed.  
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Figure 63: The portion of hours were the FCR prices are higher than spot prices [47]. 
 
The main cause of the high prices in the summer is because of the alternative costs that are 
included in the pricing of hydropower usage. The costs of using the water during the summer 
is namely coupled with reducing the ability to use the water in the reservoir during 
demanding conditions in the winter. Demanding conditions in the winter is namely related to 
large power usages and high prices for the commodity. The hydropower is the main 
regulating choice in the Nordic Grid, with 100% of FCR-N and a large portion of the other 
RPM products consisting of hydro powered units. The reservoir levels during 2018, 2019 and 
2020 during the weeks 1-45 can be observed in figure 64. During dry years the opportunity 
cost becomes higher for hydro powered units. Relying on a low amount of market operators 
and on a single energy source could to some degree increase the risks related to production 
inability in the system. This knowledge can be used to gain insights regarding when to 
include WT in the RPM services but also points to the importance of the diversification of 
BSP acting on the RPM. Being a part in the RPM market in the summer and the spot market 
in the winter could be an option for alternative energy sources such as WT. In the study it 
was found that May, June, July are highly lucrative months in this respect. The lucrative 
opportunities could also be observed coincide with times of power production from the 
turbines. It can be observed in figure 40-45. 
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Figure 64: The reservoir levels during 2018-2020 for the weeks 01-45.  
 
The electricity market is increasingly interconnected, meaning that the communication 
between Sweden and Europe are becoming denser with a higher share of interconnected 
cables installed during the recent years. The increase in HVDC links is increasing the 
capability to import electricity. It is mainly leading to a more effective market which is 
related to lower overall electricity prices.  
 
There are however some disadvantages with the higher interconnection between states. The 
inertia in the system is an example. The inertia could namely not in default operation be 
imported or exported with the use of HVDC cables. In a situation when full exporting 
capabilities are used and a disconnection of a HVDC cable occurs, over frequencies could 
occur in the state which could lead to a large curtailment need in the system. This will 
increase the importance of having curtailment reserves in the system. The opposite could also 
occur when importing large shares of the consumed electricity. A fault leading to 
disconnection of a HVDC link could result in larger under frequencies which could lead to 
devastating results. A trend could be observed from this information. The increasing 
integration of international connections will lead to spreading out the strain related to the 
production and consumption in the system, in turn resulting in a more stable system and an 
increasingly effective market with lower overall energy prices. However, other undesirable 
effects such as higher complexity and larger importance of reserves could also be a result of 
this integration. 
 
6.2. Grid Codes 
The ENTSO-E grid codes regarding the RFG requirements are influential and important for 
the WTP development going forward. In Sweden the incorporation of the RFG requirements 
towards balance requirements on WT are not fully included. This could be seen as natural 
given the large portion of easy access production regulation from especially hydro power 
units in Sweden. The increasing interconnection between states are however increasing the 
capability of trading the electricity between states, which reflects a higher need for relying on 
common ENTSO-E requirements. Swedish laws SvKFs is reflecting the ENTSO-E 
requirements to a large portion and will increasingly do so to an even larger portion. This will 
have an effect on the design of the WTP going forward where larger focus will be required to 
be lied on suiting the WTP to the grid aline with RFG requirements. 
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In ENTSO-E (2017/2195) then 15 minutes bids are presented. Sweden will be needed to 
adapt to the 15 minutes bids instead of the present hourly settlement periods. It will be a 
necessary link to inclusion in the common European trade platforms. This could act in a 
favorable manner when including wind turbines for regulation purposes because of lower 
durability demands caused by the shorter settlement periods.  
 
6.3. Investor Willingness 
Investing in WTP binds large capitals. The investments are usually backed by institutes that 
provide loans to manage the large investment costs. The approval towards establishment of 
WTP relies on different parameters. The environmental impact statements for constructing 
the WTP must first of all be sufficient and preferable. Quantitative technical parameters are 
also highly important. The economical payoff and the visibility of the earnings are though 
equally important to raise funds for the purpose. The economical evaluation is heavily 
dependent on the prognosticated spot prices along with supporting economic incentives from 
the state. Insecurity relating to the prognostications are though limiting the investor 
willingness. In figure 60 the increasing RPM cost related to the decreasing spot market prices 
can be observed. Incentives related to higher earnings on the RPM and the diversification act 
are leading to major preferabilities for RPM inclusion for WTP. The diversification and the 
codependent relation between of higher earnings on the RPM when lower spot prices are 
occurring could lead to an increasing willingness from the investors to include WTP in RPM 
products. 
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7. Conclusions 
The trend towards higher penetration of renewables in the electric grid along with higher 
usage of HVDC links was found in the literature to increase the need for reserves in the 
Nordic grid. To complement the existing reserves the steering of wind turbines to achieve 
frequency regulations abilities were studied. It was found in the study that fast steering 
capabilities of the power production were enabled through applying torque control. It was 
also found that slower and larger sized adjustments of the power production were enabled 
through using the pitch control. 
  
The increasing demands in regard to ENTSO-E network codes was also found to have an 
increasing impact on the need of wind turbines to operate in the RPM. Network code 
(2016/631) related to the RFG requirements along with (2017/2195) related to a common 
inner European market was found as highly influential. The ENTSO-E network codes were 
concluded to increase the incentives for WTP to become BRS and be included in frequency 
regulation services.  
 
The durability demands were found highly limiting the feasibility of including WT for 
frequency regulation purposes. Integrating BES in the system could according to the study 
counteract the durability demands and increase the possibilities of including WT in the RPM.  
 
The aggregation of resources could also be observed as influential for increasing the stability 
of the services. Aggregating different BSP entities on different geographical positions with a 
common BRP could increase the stability of the service even further. There were observed 
grid preferabilities when increasing the diversification of BRS in the RPM. The international 
perspective was also brought up and a common trend could be found. Higher frequency 
regulation demands were found for states that have the highest share of renewables included 
in the system. 
 
The RPM products that were emphasized as preferable for integration without BES were 
FCR-D down and FFR. Including BES was found act favorable for including WT in the 
FCR-D Up and FCR-N services. A main factor that was found were that curtailment activities 
could act favorably for increasing the economic incentives when operating in the RPM. 
 
To conclude, this study finds in general that inclusion of WT in the RPM is promising with 
regards to the economic incentives. Under certain conditions inclusion of WT in the RPM 
was found to be technically feasible. Another main conclusion was that there are already 
solutions for steering the WT present which means that it is also practically possible to 
implement these RPM services.  
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8. Future Studies 
The study is delimited. Further studies in carefully chosen areas within the subject would fill 
an important function.  

• The size and the cost of the BES for optimal usage would be highly important to 
further study. 

 
The plausibility of regulating the reactive power in the grid with the use of WT are 
extensively found in the literatures. The reactive power should preferably be regulated locally 
and decentralized generators could provide such services [3]. The adjusting of the reactive 
power in the system could be performed by controlling the grid side converter of the FSC by 
steering the IGBTs in the converter with Pulse width modulation (PWM) signals [48]. 

• The ability to adjust the reactive power in the grid with the use of wind turbines. 
• Economic incentives that could be conceived as fair for the service for when adjusting 

of the reactive power. It should be studied in relation to the grid benefits the services 
would provide. 

 
Rotor angle stability is reflecting the ability for synchronous generators in an interconnected 
system to stay synchronism under demanding conditions. The stability is yielded if 
equilibrium is obtained between the electromagnetic torque and the mechanical torque. [13] 
The decrease of inertia is increasing the situations when larger frequency deviations occurs. 
The connection between the rotor angle stability problematics and fast frequency deviations 
are clear [13]. Rotor angle stability could be yielded by supporting the voltage at the 
connection point of the WTP. Adjusting the reactive power that are yielded in a disturbing 
event could enable balance in between the electrical output and mechanical input, avoiding 
unsustainable rotor angle deviations.  

• Studying the ability to address rotor angle stability issues with the use of wind 
turbines would be highly interesting. 

• Economic incentives that could be conceived as fair for the service provider in 
relation to the grid benefits the service would gain. 
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