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1 Introduction 
To keep the lights on at homes and city streets, factories running and refrigerators cold, 

the consumption and generation of electricity must match each other at every moment. 

Due to the fluctuating nature of electricity consumption, this might be a challenging task. 

 

Traditionally electricity has been produced mainly by large centralized power plants run-

ning on for example coal, nuclear, gas or hydro power. The power output of these sources 

of electricity are controllable by nature, and thus the natural solution has been to adjust 

the output of power plants to match the demand of electricity. (International Energy 

Agency, 2016) 

 

Due to raising concerns about climate change – mainly caused by the combustion of fossil 

fuels – there has been growing interest and actions to replace the traditional fossil fuel 

based electricity generation with new renewable sources, such as wind and solar power. 

Many of these new sources of electricity are intermittent by nature, and as such they are 

hard – if not impossible – to adjust to match with the demand of electricity. This raises 

the transmission system operators (TSO’s), who are responsible for the balance of power 

generation, with new challenges of how to keep the balance between power generation 

and consumption. (IPCC, 2014) 

 

One obvious part-solution is to adjust demand to match with generation. In the past, this 

has been hard to accomplish, but the rapid development in the Information Technology 

and Telecommunications (ITC)-sector during the last decades has not only lowered the 

price of programmable logics and data communications, but also increased their reliabil-

ity significantly. This together with the rise of renewable power generation has led in 

growing interest towards demand response (DR) solutions. 

1.1 Power balance in the electric grid 

The frequency of the Alternating Current (AC) electric grid is typically – depending on 

the market – rated either at 50 or 60 Hz. Any small mismatch between the generation and 

consumption of electricity is seen as small fluctuation in the actual frequency. If there is 

too little generation, the frequency drops below the rated value, and vice versa if there is 

too much generation (Fingrid, 2016b). 

 

Traditional power generation is based on large turbines and synchronous generators, 

which means that the rotation speed of the turbine and the generator is always an exact 

multiple of the grid frequency. This causes the turbine and the generator to slow down if 

the frequency of the grid is decreasing, and vice versa when the frequency is increasing. 

The masses of the turbine and generator are heavy, and thus the inertia of the combination 

is high. High inertia leads to natural resistance towards changes in the frequency, as the 

decrease in frequency leads to the turbine and generator to release extra energy when 

decelerating, or absorb extra energy when accelerating in the occasion of the frequency 

increasing, which balances the grid. The inertia (H) of a generator is calculated according 

to the following formula, where the kinetic energy stored in the rotating turbine-generator 

is divided by the rated power of the generator. The result represents how many seconds 

the generator could provide power without power input from the turbine.  

 

𝐻 =
𝐸𝑘𝑖𝑛

𝑃𝑅
=

𝐽(2𝜋𝑓𝑚)2

2𝑃𝑅
    (1) 
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New renewable energy generation based on wind or solar power does not have inbuilt 

inertia, as the produced electricity is converted to AC via an inverter, which is not featur-

ing rotating masses. Thus, the grid frequency gets more volatile as the share of these 

renewables grows. In particular, the frequency drop caused by a drop of a large generating 

unit grows significantly (Biegel, Westenholz et al. 2014). 

 

If the difference between the rated and the actual frequency grows too much, the appli-

ances connected to the electric grid may be damaged. There is also a high chance of a 

blackout. Due to these reasons, the TSO’s have defined an allowed band in which between 

the frequency may alter. To keep the frequency within the allowed limits, the TSO’s are 

purchasing balancing reserves that are activated according to grid frequency. 

1.2 Demand response 

The rise of the ICT-sector during the last decades has revolutionized how people com-

municate with each other and how they search for information. While the driving forces 

of the development have been in peoples need to communicate with each other and search 

for information, it has also led to a reliable and affordable data communication possibili-

ties available worldwide. Additionally, the rapid development in power electronics has 

speeded up the deployment of new innovations such as frequency converters, which al-

lows the processes that utilize this kind of controls to tune their energy consumption ex-

actly. Taking these two factors into account, adjusting demand according to external fac-

tors – such as power balance – has become both technically and economically feasible. 

 

Demand response may be divided to multiple categories: 

- Load shifting 

- Load following 

- Peak shaving 

 

As the name indicates, load shifting indicates a process where load is shifted from expen-

sive to cheaper hours. Cold storage facilities are an example of such consumers which 

may benefit from this service, as the storage facility may be chilled more when the elec-

tricity is more affordable, and in return let the temperature rise during expensive hours. 

Generally, all consumption with inbuilt storage capabilities are a good fit for load shifting. 

(Siano, 2013; Jaatinen, 2016) 

 

Load following on the other hand translates to consumption following the momentary 

load balance more accurately, adjusting its consumption based on for example grid fre-

quency. As with load shifting, this kind of controls works perfectly with consumption that 

has inbuilt storage capabilities, but the required timeframe is shorter, as the consumption 

is moved for a shorter time. (Jaatinen, 2016) 

 

The simple reduction of consumption during peak-hours translates to peak shaving. Sep-

arating it from load shifting is not simple, and basically all load shifting means peak shav-

ing at the same time. Peak shaving does not however require shifting the consumption to 

a later time. An example could be a swimming pool heating, which is turned off during 

peak consumption hours. The temperature of the pool is reduced during these hours, but 

it may be acceptable due to reductions in the heating bill. (Siano, 2013; Jaatinen, 2016) 

1.3 Research questions 

This thesis starts by presenting both the physical and ancillary electricity markets in the 

Nordic countries. The goal of this part is to define the marketplaces that are the most 
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relevant for flexible loads, and the characteristics required from a load to participate in 

the marketplaces. The dynamic effects to the marketplaces achieved by flexible demand 

response is excluded from this thesis, e.g. the changes in the prices due to introducing 

demand response on a large scale is not evaluated. 

 

After presenting the electricity markets, the thesis continues to analyze a pilot project 

performed in co-operation with Fingrid and Seam Oy. The main goal of this part is to 

evaluate how well the facilities were able to participate in the frequency controlled re-

serves. Furthermore, the economic benefits for the participating facilities is evaluated. 

The main question in this part of the thesis is to give an answer to whether the pilot project 

performed well, and where there is room for improvement to increase the economic fea-

sibility of the facilities. The analysis of the actual control mechanisms on the facilities are 

out of scope for this thesis. 

 

The final part of this thesis aims to develop a tool to evaluate the economic benefits for a 

flexible load for participating in demand response activities. The performance of the tool 

will be evaluated by providing a proposal for an optimal demand response strategy for an 

example load of a cold storage facility. 

 

Both household loads and loads in the large industry are excluded from this thesis. Rather, 

the focus is on medium sized loads that are not consuming enough to have received sig-

nificant interest in the eye of demand response, but are seen large enough for a third party 

aggregator to be lucrative. 
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2 Electricity markets in the Nordic countries 
The electricity markets in the Nordic countries were among the first ones to be liberalized, 

and they were the first international electricity market. Both the liberalization and the 

expansion from country specific markets to international markets led to the shutdown of 

old – inefficient power plants and decreased electricity prices e.g. increased efficiency in 

the markets. Due to being first liberalized international markets, they have been studied 

and used as an example extensively (Kopsakangas, Savolainen, Svento 2012). 

 

The generation mix within the countries varies greatly and plays a large role in the in-

creased efficiency. Norway produces around 99 % of its electricity with hydro power, 

Sweden has plenty of hydro and nuclear power, Finland has a mix of thermal, nuclear and 

hydro power whereas Denmark has mainly wind and thermal power. With the possibility 

to trade between countries, Norway for example can depend on Finnish and Danish ther-

mal power when low on hydro, whereas during a rainy year Finland and Denmark may 

import Norwegian Hydro power (Kopsakangas Savolainen, Svento 2012). 

 

Nord Pool was founded by the national TSO’s to organize the wholesale of electricity. 

The market is divided to price areas, where the dividing is done according to the bottle-

necks in the transmission network. The bottlenecks are generally located at borders, but 

both Norway and Sweden have internal bottlenecks, and thus these countries are divided 

to multiple price areas. When there is enough capacity between the price areas, the price 

on the areas equal each other, but when the capacity is fully utilized, the price may alter 

between price areas causing inefficiency. The TSO’s receive the price difference, and are 

committed to invest this extra income caused by bottlenecks to projects aiming at remov-

ing these bottlenecks. (Fingrid, 2016d) 

 

 
Figure 1 – Time flow of the electricity markets 

 

In addition to physical markets, electricity is also traded in the form of futures on a purely 

financial market operated by NASDAQ OMX. The market participants utilize it to hedge 

against price variations. A consumer may purchase a fixed amount of electricity at a fixed 

price one year from now. If the actualized price at time of delivery is less than what agreed 

on, the consumer pays the difference to the counterpart and vice versa. A producer may 

correspondingly sell electricity at the future market, and pays or receives money based 

on the difference between the price of the future and the actual price. The volumes on the 

future market exceeds the physical volumes significantly, as the market participants 

hedges continuously. (NordPool, 2016a; Nasdaq, 2016) 

 

The following chapters will present the different physical markets operated by Nord Pool. 

If not otherwise stated, all the price examples in this chapter will be from the Finnish 

price area. 
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2.1 Elspot-market 

The spot markets are an hourly auction based market-place for electricity trading. The 

auction closes at 12:00 CET the day prior to the deliveries, by which time each player has 

left their bids. Even though the trading of electricity via the spot markets is voluntary, an 

impressive 73 % of electricity consumed in the Nordic countries was traded via this mar-

ketplace in 2011. (Boomsma, Juul et al. 2014) 

 

The auction is run separately for each hour of the day, so that the producers and consumers 

must leave their generation and consumption bids separately for each hour. Nordpool 

defines minimum and maximum prices for a bid at -500 €/MWh and 3000 €/MWh re-

spectively. A negative price translates to a consumer getting paid for consuming electric-

ity, translating to a large overgeneration. A market participant may leave multiple bids, 

for example offer 400 MWh for a price of 25 €/MWh and an additional 100 MWh for a 

price of 60 €/MWh. The following tables illustrates a price independent bid, where a 

buyer wants to purchase 70 MWh of electricity for each hour of the day for whatever 

price. (Nordpool, 2016a) 

 

Table 1 - Example of a price independent bid (Nordpool, 2016a) 

Price (€/MWh) -500 3 000 
Hour   

01-24 70 (MWh/h) 70 (MWh/h) 

 

The following table presents a price dependent bid, where the market participant wishes 

to consume electricity when the price is below -50 €/MWh, and produce when the price 

is above 55 €/MWh. When the price is between these two prices, the consumer neither 

wants to produce or consume electricity. (Nordpool, 2016a) 

 

Table 2 - Example of a price dependent bid (Nordpool, 2016a) 

Price 
(€/MWh) 

-500 -50 50.1 55 55.1 60 60.1 3000 

Hour         

01 50 50 0 0 -10 -10 -30 -30 

02 50 50 0 0 -10 -10 -30 -30 

03 50 50 0 0 -10 -10 -30 -30 
 

 

The generation bids are sorted from the lowest cost to the highest, so that the volumes are 

accumulated e.g. a higher price includes the volumes of all the lower price bids as well. 

Basically, the generation of power plants with low marginal costs, such as wind, uncon-

trollable hydro and nuclear power are utilized first. The consumption bids are sorted in 

reverse order: The lower price includes volumes from the higher priced bids as well. The 

following figure plots these generation and consumption price curves, and the price e.g. 

equilibrium between generation and consumption is determined where the curves cross 

each other. It is notable, that with demand response, the demand curve is less steep leading 

to a lower price for electricity for all consumers and producers. (Nordpool, 2016a) 
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Figure 2 - Price formation on the spot markets with and without DR (translated from: Järventausta 

Pertti et al. 2015) 

 

This leads to a marginal-cost based power market, where the cost of electricity is formed 

by the lowest marginal cost for generation required to satisfy demand. This is generally 

thought of as an effective market, if no individual player has a dominating role where 

they are able to manipulate the price formation. (Graf, Wozabal, 2013) 

 

The price on the spot market tend to vary within each day according to the demand and 

available generation capacity. Generally, the price is the lowest during night times with 

low demand, whereas it peaks during the mornings and evenings when both households 

and workplaces are actively consuming power. The following figure presents the average 

hourly price in Finland during 2016. 

 

 
Figure 3 - Average hourly spot price in Finland in 2016 (data source: Nordpool) 

 

In addition to hourly variation in spot prices, there is also significant daily variation on 

the price. The price tends to peak during cold winter days with low wind generation. Other 

significant factors to the price include the status of water reservoirs in the Nordic coun-

tries, possible maintenance on cross-border transfer capacity and availability of nuclear 
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power. The graph below plots the maximum and minimum hourly price in Finland within 

each day during the year 2016. Load shifting allows a consumer to benefit from a large 

variation in the daily price. 

 

 
Figure 4 - Minimum and maximum hourly prices on the spot market in Finland in 2016 (Data source: 

Nordpool) 

 

The market structure however raises debate about the ability to match with high peaks in 

demand: As the last bid accepted represents the marginal cost of that generation, it is hard 

if not impossible to cover for all costs of that particular generation facility if the bid is 

accepted rarely. Some markets have introduced capacity mechanism to guarantee the ex-

istence of these peak power plants, others believe that the introduction of demand re-

sponse for example is a solution. Till now, there has never been a situation in the Nordic 

markets where the spot market has not been able to match generation and consumption. 

(Nordic Council of Ministers, 2015; Siano, 2013; Fingrid, 2016h) 

2.2 Elbas 

While the electricity on the spot markets is traded day-ahead based on best forecasts for 

both consumption and generation at the time of trading, the forecasts are up to 36 hours 

old at the time of delivery. Now, the forecasts may be outdated due to changes in weather 

or failures in either power plants, transfer lines or large consumers of electricity. These 

may lead to a possible imbalance between planned generation and consumption. 

 

Thus, Nord Pool operates an intraday market called Elbas. It is open from 14:00 CET 

previous day, until one hour prior to the delivery hour of electricity. This allows market 

participants to trade closer to the delivery hour, when their forecasts get more accurate to 

avoid large imbalance during the balance settlement process at an unknown price. In con-

trast to the spot markets, the prices are set by a first-come, first-served principle, where 

each delivery contract during that hour may have a different price. In practice, a partici-

pant in the markets sees the open bids, with each bid including volume and price, and 

may make an agreement by accepting the bid. The participant may of course also set out 

their own bids. (Nordpool, 2016b) 

 

The importance of the Elbas markets grows, as the penetration of new renewables, such 

as wind grows. The wind forecasts may alter greatly between the closing of spot markets 

and the time of delivery. This leads to errors in the balance sheets of wind producers, for 
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which they can compensate on the Elbas markets. As the Elbas markets closes signifi-

cantly closer to the delivery hour, the wind forecast is more accurate. (Nordpool, 2016b; 

Holttinen et al. 2013) 

2.3 Flexible loads in the physical electricity markets 

Due to the hourly intervals on both the spot and Elbas markets, a flexible load participat-

ing in these markets must be able to move large amounts of consumption from one hour 

to another without sacrificing the primary process. Basically, this requires a relatively 

large storage capacity in the process in one form or another, with good examples being 

the storage of heat, cold, water or any other intermediate products in the industry. Good 

examples include loads such as cold storage facilities, water towers and EV charging.  

2.4 Summary 

The Nordic electricity market is a highly competitive energy only market. The market 

features both day-ahead and intraday trading possibilities, and a vast majority of the elec-

tricity consumed in Nordic region is acquired via the marketplace. The power capacity 

has been found adequate, and thus there is currently no need for the introduction of a 

capacity mechanism in the area. 
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3 Ancillary services 
As the TSO’s are responsible to keep the balance of the power grid, they are running 

separate markets that exists to keep the balance between consumption and generation at 

all time. These balancing markets are called ancillary services. The amount of reserves 

acquired by the TSO’s follows a N-1 principle, with the grid being able to handle the 

Dimensioning Incident (DI). The DI translates to the largest single point of failure, which 

might be either the loss of a large power plant or a high capacity transmission line. (Fin-

grid, 2016e) 

 

After the DI, it is acceptable that the grid is slightly out of balance, e.g. in a situation 

where the grid frequency is too high or low for around 15 minutes, after which slower 

reserves have returned the state of the grid to the state where it can survive the second DI. 

 

This chapter describes the frequency containment process, the markets where the ancil-

lary services for balancing are acquired from and finally the balance settlement process. 

This chapter utilizes Fingrid as the example TSO. 

 

Table 3 - Ancillary service markets operated by Fingrid 

Market Minimum capacity 
(MW) 

Response time Activation 

FCR-N 0.1 < 3 min Automatic 

FCR-D 1 < 30 s Automatic 

aFRR 5 < 120 s Automatic 

mFRR 5/10 < 15 min Automatic/Man-

ual 

Balancing capacity 10 < 15 min Automatic/Man-

ual 

Quick disturbance 
reserve 

10 < 15 min Automatic/Man-

ual 

 

3.1 The frequency containment process 

The TSO’s are responsible to keep the balance between generation and consumption of 

electricity at all times. Any imbalance is reflected to the frequency measured from the 

grid. Thus, the TSO’s have defined a process to keep the frequency stable – the Frequency 

containment process – which is running continuously. In practice, the process translates 

to requirements for the amount and specifications for different types of reserves required 

to keep the grid stable. 

 

The figure below illustrates the process in general following a frequency drop caused by 

for example a large power plant suddenly losing their generation. At first the normal Fre-

quency Containment Reserves (FCR-N) reacts automatically to the measured drop in fre-

quency, and the reserves are fully activated at 49.9 Hz. Secondly, the disturbance Fre-

quency Containment reserves starts to activate automatically, and are fully activated at 

49.5 Hz. After this, the Frequency Restoration Reserves (FRR) are activated, both man-

ually and automatically to restore the frequency back to 50 Hz. The goal is that the FRR-

reserves have fully restored the FCR-reserves in 15 minutes, after which the power system 

is stable again and can survive the sudden drop of a second generation unit. (Entso-e, 

2016; Fingrid, 2016b) 
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Figure 5 - Frequency containment process (Entso-e, 2016) 

3.2 Frequency containment reserves 

As described earlier, the frequency containment reserves are the first ones to activate after 

a frequency drop caused by a sudden drop of a generation unit or a large increase in 

consumption. They are however not dedicated to act based on an unexpected error situa-

tion in the grid. They rather –  the normal Frequency Containment Reserves in particular 

– are acting all the time to keep the balance between generation and consumption, which 

both are constantly altering. 

 

Electricity is traded on an hourly basis, but the consumption and generation should match 

each other at all times. In the graph below the dark blue line illustrates the actual con-

sumption, the lighter blue the traded consumption, yellow the actual generation and grey 

the traded generation. The graph displays that the hourly traded consumption may vary 

greatly from the actual measured consumption – especially during hours such as early 
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morning when the consumption changes rapidly. Particularly during these hours, it is es-

sential that there is inbuilt flexibility in the electric system. 

 

 
Figure 6 - Real time generation and consumption of power in Finland (translated from: Fingrid, 

2009) 

 

3.2.1 Market size 

The amount of reserves the TSO’s are required to acquire for these markets is decided 

between the TSO’s operating in the synchronous Nordic grid. The requirement for FCR-

N reserves is 600 MW in the whole synchronous grid to deal with normal fluctuations in 

consumption and generation. Of this 600 MW, around 140 MW is to be acquired by Fin-

grid. The required total capacity remains the same at all times, but the capacity require-

ment on each TSO’s responsibility is calculated annually based on the TSO’s share of the 

total consumption in the synchronized Nordic grid. The calculation is done with the fol-

lowing formula, where E stands for consumption and R stands for required FCR-N ca-

pacity. 

 

𝐶𝐹𝑖𝑛𝑔𝑟𝑖𝑑 =
𝐸𝐹𝑖𝑛𝑔𝑟𝑖𝑑

∑ 𝐸
∗ 600 𝑀𝑊   (2) 

 

Fingrid operates both a yearly and an hourly market to acquire FCR-N reserves from the 

markets. In addition to these markets, Fingrid is also acquiring capacity from the High 

Voltage Direct Current (HVDC) links to Russia and Estonia, which capacities are rated 

at 1300 and 1000 MW respectively. Fingrid also acquires capacity directly from the 

TSO’s of neighboring Nordic countries. However, at least 2/3 of the capacity should be 

provided by resources within Fingrids grid. (Fingrid, 2016g; Ihamäki, 2016b) 

 

A participant that has won a yearly contract must deliver Fingrid with a daily schedule 

about available capacity for each hour by 6 pm the day before delivery. By the same time, 

all the participants wishing to offer capacity on the hourly markets should leave their bids. 

Fingrid then subtracts the capacity available from the yearly markets from the required 

capacity of around 140 MW, and acquires the rest of the capacity from not only the hourly 

IMPORTS 
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Measured consumption 

 

 Planned production 
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markets but also the interconnections to Estonia and Russia and other Nordic countries 

by filling the capacity requirement the most cost efficient way. (Ihamäki, 2016b) 

 

The current market mechanism has been running since 2011. The following graph repre-

sents the price for a 1 MW unit participating in the market for each hour of the year, and 

the total market value. As can be seen from the graph, at the beginning the prices on the 

hourly market were much higher than on the yearly markets, but during the last few years 

the prices have converged each other. This is particularly clear when looking at the market 

values: The value of the hourly market rose significantly till 2014, after which it has de-

creased for two years. There is also ongoing debate about reducing the required capacity 

for FCR-N by increasing the aFRR markets, and improving the quality of the resources 

participating in the FCR-N markets. (Fingrid, 2011; Ihamäki, 2016b) 

 

 
Figure 7 - FCR-N: Annual market price and value (Data source: Fingrid, 2017) 

 

The amount of FCR-D-reserves is calculated to match the Dimensioning Incident (DI), 

from which 200 MW is reduced due to the natural flexibility of the grid. The natural 

flexibility is going to be re-evaluated due to changes in generation profile and an increas-

ing part of industrial loads favoring frequency converter driven motors instead of syn-

chronous motors. During the DI, the grid frequency should not permanently drop to below 

49.5 Hz. Currently with the loss of Oskarham 3 being the DI, the capacity requirement is 

calculated to be 1200 MW. Of this around 250 MW is acquired by Fingrid. (Ihamäki, 

2016b, European Comission, 2016) 

 

Fingrid fulfills its requirement in the same way as with FCR-N reserves: The yearly mar-

kets have a priority over the hourly markets. The total market value has been increasing 

steadily, but the volatility on the hourly markets has been extremely high. The following 

graph illustrates the market price and value for the FCR-D markets in the same way as 

with the FCR-N markets presented earlier. 
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Figure 8 - FCR-D: Annual market price and value (Data source: Fingrid) 

3.2.2 Normal frequency containment reserves (FCR-N) 

The purpose of the normal frequency containment reserves is to keep the frequency of the 

grid stable within the regular band of 49.90 and 50.10 Hz. Resources participating in this 

market are required to adjust their generation or consumption linearly as a function of the 

measured frequency, so that whenever the frequency drops below 49.90 or rises above 

50.10 Hz, the resource is fully activated. There is however a dead band between 49.95 

and 50.05 Hz, where the plants are not required to alter their power generation or con-

sumption. 

 

Any capacity participating in the FCR-N markets should be fully activated within three 

minutes following a step change from 50.00 to 50.10 or 49.90 Hz. Each resource partici-

pating in this market shall undergo a test-cycle, where actual grid frequency is replaced 

with a generated signal representing the step change. The power output or consumption 

is measured during the test, and the applicability of that resource is verified based on the 

measured response time, which should be less than three minutes. The figure below 

demonstrates an example of such a test cycle. The blue line is the generated grid fre-

quency consisting of step-changes at different times, and the red line represents the meas-

ured power generation. The test cycle in the figure is as follows: 

1. The frequency is increased to 50.1 Hz. 

2. After the power output has stabilized, the frequency is returned to 50.0 Hz. 

3. When the power output has returned to its nominal value frequency is dropped to 

49.9 Hz. 

4. End of test, after which the plant is either qualified or discarded to participate on 

the FCR-N markets depending on the measured power output. 
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Figure 9 - Example test cycle for a plant participating in FCR-N markets (data source: Fingrid, 

2016g) 

 

The test cycle is repeated with different nominal power output levels at the extreme ends 

of the power setting where the plant wishes to participate in the markets. For example, a 

hydro power plant with a rated power of 10 MW, who wish to participate in the markets 

with 1 MW in all power settings where it is in theory possibly (1 … 9 MW) must run 

these tests with at least 9 and 1 MW setting for nominal power generation. 

 

Generally, the plants participating at these markets allocate a certain share of their gener-

ation capacity to be utilized at the FCR-N market. For example, a hydro power plant with 

a rated power output of 10 MW could have a generation plan of 9 MW for a specific hour, 

allowing 1 MW capacity to be utilized for frequency containment. In this case, the actual 

power output would vary between 8 and 10 MW according to grid frequency. The chart 

below describes the relationship between the activated frequency containment capacity 

and the grid frequency for a generation plant, where the dashed line illustrates the dead 

band. For a consumption resource the chart is reversed. 

 

 
Figure 10 - Activation of capacity in the FCR-N market (data source: Fingrid, 2016g) 
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The requirement for a linear change is to keep the frequency stable. A non-linear approach 

could lead to instability as a small change in the frequency could lead to relatively large 

change in generation leading to an oscillating system. The linearity requirement has how-

ever limited possible resources that can participate in the markets, as not all loads or gen-

eration facilities are possible to adjust more precisely than on or off. 

 

To increase the potential resources to participate in the markets, Fingrid has allowed “lin-

earish” resources to participate, as long as they fulfill the linearity requirement illustrated 

in the graph below by staying in the blue area of the graph. This way a qualified resource 

may consist of multiple individual on/off controllable loads, such as electric heaters, 

which are turned on and off according to the frequency of the grid.  

 

 
Figure 11 - Linearity requirement on FCR-N market (Fingrid, 2016g) 

 

The resources participating in the FCR-N markets are activated many times on a daily 

basis, and as such participating in the markets is likely to cause a balance error during the 

balance settlement. The TSO compensates for the error by estimating the balance error 

with the following formula, where ∑ 𝑅 is the combined capacity participating in the re-

serves, ∆𝑡 is the accumulated time difference compared to 50 Hz and k is a constant of 

0.7 to compensate for the dead band. 

 

𝐵𝑎𝑙𝑎𝑛𝑐𝑒 𝑒𝑟𝑟𝑜𝑟 =  
∑ 𝑅∗∆𝑡∗50𝐻𝑧

3600𝑠
∗ 𝑘   (3) 

 

Due to a continuous oscillation in the grid frequency with a time-period of around 60 

seconds, there is ongoing work to clarify and redefine requirements for participating the 

FCR-N markets. A new test – in addition to the step-change test – is introduced, which 

features multiple sine-sweep tests, where the grid frequency is replaced with a sine-wave 

with different time-periods. The aim of the new tests is to determine the stability of the 
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resource when the grid frequency is oscillating, and thus suppress the oscillation in the 

grid frequency. (Ihamäki, 2016b; Fingrid, 2016g) 

 

A precisely controllable load, that has room to both increase or decrease its consumption 

continuously, e.g. it is rarely running at zero or full capacity, is an excellent match for the 

FCR-N markets. An example of such a load could be the pumping of water, where not all 

the pumps capacity is utilized during normal operation. Another good example is a cold 

storage facility, where the timing of the generation of cold is not exact is a good fit for 

these markets.  

3.2.3 Disturbance frequency containment reserves (FCR-D) 

The purpose of disturbance frequency containment reserves is to always keep the fre-

quency above 49.50 Hz, even in the occasion of a large failure in the power system. Cur-

rently the FCR-D markets exists solely for upwards regulating, e.g. increasing generation 

or reducing load after the loss of a generating unit. However, due to the possibility that a 

sudden failure in a large exporting HVDC cable leads to an over frequency situation, the 

FCR-D markets are going to be expanded to downwards regulating as well. (Ihamäki, 

2016b; Entso-e, 2016) 

 

The activation of the capacity is linear as with FCR-N, so that the activation starts at a 

grid frequency of 49.90 Hz, and is fully activated when the frequency is 49.50 Hz. Similar 

to FCR-N, the activation may be “linearish”, consisting of binary loads that are deac-

tivated at different frequencies. The following figure illustrates the activation require-

ments: As long as the activation of the capacity is within the blue are on the graph, the 

linearity requirements are fulfilled.  

 

 
Figure 12 - Activation requirement on FCR-D market (Fingrid, 2016g) 
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The activation time requirement is stricter than with FCR-N: Half of any capacity partic-

ipating in the FCR-D markets should be activated within 5 seconds following a frequency 

drop to 49.50 Hz, and the remaining half should be activated within 30 seconds. There is 

ongoing debate about tightening the requirements even further to be able to react faster 

to disturbance situations in the grid. (Ihamäki, 2016b) 

 

The FCR-D markets also features the possibility to totally omit the linearity requirements. 

The maximum capacity for this kind of reserve is however limited to 100 MW, due to a 

larger amount of load decoupled at once may lead to instability in the grid. If the load is 

decoupled in one single step, it shall be done when the grid frequency has been below a 

certain threshold for a long enough time. A decouplable load may follow one or more of 

the frequency and time threshold combinations presented in the following table. 

 

Table 4 - Decoupling times of relay decoupled loads (Fingrid, 2016g) 

Frequency (Hz) Decoupling time (s) 
<= 49.70 <= 5 

<= 49.60 <= 3 

<= 49.50 <= 1 

 

The activation of FCR-D is rather rare, and the energy imbalance caused by activation of 

FCR-D thus very low. Due to this Fingrid does not compensate for any balance errors 

caused by the activation of FCR-D. 

 

Due to lower amount of activation on the FCR-D markets compared to FCR-N markets, 

as well as the possibility to participate with relay decouplable loads, the possible number 

of loads that can participate in the FCR-D markets is significantly higher than on the 

FCR-N markets. Basically, all processes with a relatively high utilization rate that can 

survive for a maximum of 15 minutes with reduced or zero energy input are a good fit for 

the FCR-D markets. Possible processes range from EV-charging to the production of cold 

at a cold storage facility. 

3.2.4 Activation of FCR-D relay decoupled loads 

The activations of relay decoupled loads are calculated based on the frequency deviations 

measured by Fingrid. Figure 13 below shows the annual activations and the maximum 

time of each incident. From the figure, it can be seen that the number of activations is 

very low, usually less than 10 activations annually, with small peaks above 10 activations 

in 2013 and 2015. The maximum time of the activations are also quite short, below 15 

seconds each year. From these figures, it can be concluded that the activations are such 

rare and short that any process with at least some storage capacity can be controlled in 
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such a manner. It is however important to evaluate how costly one shutdown is to deter-

mine whether the participation is beneficial or not. (Fingrid, 2016a) 

 

 
Figure 13 - Activations of relay decoupled loads (Fingrid, 2016a) 

3.3 Reporting of FCR-capacity availability 

A resource participating in the FCR-markets should always be within their control win-

dow to get compensated for participating in the frequency stabilizing process. The control 

window is defined so, that the set point for power generation should be below the plants 

momentary maximum power generation from which the capacity sold to FCR-N and 

FCR-D markets is subtracted. In addition, the set point for power should be above the 

plants momentary minimum capacity in which the FCR-N capacity is added. The follow-

ing graphs illustrates the control window for a power plant with a maximum output of 10 

MW and a minimum output of 2 MW. 500 kW is traded on FCR-N markets, and 1500 

kW on FCR-D markets. Whenever the set point for generation is within the orange dashed 

area in the middle, the plant gets full compensation for participating in the markets. 

 

 
Figure 14 - Control window for FCR (data source: Fingrid, 2016g) 

 

 

0

5

10

15

20

25

0

2

4

6

8

10

12

14

16

18

2008 2009 2010 2011 2012 2013 2014 2015

Lo
n

ge
st

 a
ct

iv
at

io
n

 [
s]

N
u

m
b

er
 o

f 
ac

ti
va

ti
o

n
s

Year

Activations of relay decoupled loads Maximum time of activation

0

2000

4000

6000

8000

10000

12000

P
o

w
er

 (
kW

)

Time

FCR-N capacity Control window

FCR-D capacity Momentary minimum power

Momentary maximum power



23 

 

Fingrid calculates the actual capacity for FCR-N is defined with the following formula: 

 

𝐶𝐹𝐶𝑅−𝑁 = max [min(𝑃𝑚𝑎𝑥 − 𝑃𝑠𝑒𝑡, 𝑃𝑠𝑒𝑡 − 𝑃𝑚𝑖𝑛, 𝐶𝑡𝑒𝑠𝑡) , 0] (4), 

where 

 

𝑃𝑚𝑎𝑥 is the momentary maximum power output, 

𝑃𝑚𝑖𝑛 is the momentary minimum power output, 

𝑃𝑠𝑒𝑡 is the momentary set point for power output and 

𝐶𝑡𝑒𝑠𝑡 is the FCR-N capacity the plant is tested for 

 

And the capacity for FCR-D with the following formula: 

 

𝐶𝐹𝐶𝑅−𝐷 = max [min(𝑃𝑚𝑎𝑥 − 𝑃𝑠𝑒𝑡 − 𝐶𝐹𝐶𝑅−𝑁 , 𝐶𝑡𝑒𝑠𝑡) , 0]  (5), 

where 

 

𝑃𝑚𝑎𝑥 is the momentary maximum power output, 

𝑃𝑠𝑒𝑡 is the momentary set point for power output, 

𝐶𝐹𝐶𝑅−𝑁 is the capacity traded on FCR-N markets and 

𝐶𝑡𝑒𝑠𝑡 is the FCR-D capacity the plant is tested for 

 

To calculate the capacity compensations, Fingrid requires a resource participating in the 

markets to report the capacities for both FCR-N and FCR-D calculated by the earlier 

introduced formulas every 3 minutes. 

 

If the capacity is less than what has been traded, the owner of the participating resource 

must pay a compensation for Fingrid for the capacity that has not been actualized. The 

price for the compensation equals the price for the actualized capacity, so that if only 50 

% of the capacity is actualized, the resource owner gets zero compensation. The calcula-

tion is done with the following formula: 

 

𝐵𝑖𝑙𝑙 = 𝐶𝐹𝐶𝑅−𝑁,𝑎𝑐𝑡𝑢𝑎𝑙 ∗ 𝑃𝑟𝑖𝑐𝑒𝐹𝐶𝑅−𝑁 − (𝐶𝐹𝐶𝑅−𝑁,𝑡𝑟𝑎𝑑𝑒𝑑 − 𝐶𝐹𝐶𝑅−𝑁,𝑎𝑐𝑡𝑢𝑎𝑙) ∗

𝑃𝑟𝑖𝑐𝑒𝐹𝐶𝑅−𝑁     (6) 

3.4 Frequency restoration reserves (FRR) 

The frequency restoration reserves are a reserve class that exists to return the power bal-

ance whenever there seems to be a permanent imbalance seen from the grid frequency. 

Practically, the FCR reserves reduce the frequency deviation, but due to their linear na-

ture, they cannot return the frequency to 50.00 Hz. The FRR consists of both automatic 

(aFRR) and manual (FRR-M) reserves that are utilized during normal operation, and dis-

turbance reserves that are only utilized during larger misbalance situations. 

3.4.1 Automatic frequency restoration reserves (aFRR) 

The aFRR is a rather new market that started in 2013 in the Nordic countries. It is utilized 

during morning and evening hours on workdays, when there are most challenges with 

grid frequency. The market has however been shut down during early 2016, after the 

markets had not developed according to the TSO’s expectations. The market has been 

back up and running since the fall of 2016. Minimum capacity for a single bid is 5 MW, 

but it may be aggregated from smaller consumption or generation facilities. In contrast to 
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the FCR-N markets, there are separate markets for up and down regulation, e.g. the facil-

ity participating in the markets does not have to be capable of symmetric regulation. (Fin-

grid, 2015a; Fingrid, 2017a) 

 

AFRR is a centralized frequency controlled reserve, and the required amount of activated 

capacity is calculated by the Norwegian TSO, Statnett. The calculation is integrating, 

meaning that the activation signal is not directly proportional to the grid frequency. Stat-

nett sends the activation signal to the other TSO’s in the Nordic grid, which again sends 

it further to the participating resources. Fingrid for example sends the signal with a 10 

second interval via ELCOM. For quickly reacting plants, such as hydro power the activa-

tion signal is filtered to make sure it does not interfere with other frequency controlled 

reserves the plant is participating in. For more slowly reacting plants such as steam tur-

bines the activation signal is unfiltered. 

 

A plant receiving filtered activation signal should start activation within 30 seconds of 

receiving the signal. The capacity should be fully activated within 120 seconds. The fol-

lowing graph shows the minimum velocity for activation. 

 
Figure 15 - Activation time requirement for aFRR, filtered activation signal (translated from: Fin-

grid, 2017a) 

 

A plant receiving unfiltered control signal has less tight activation requirements. The ac-

tivation shall start within 60 seconds, and it may take longer than 120 seconds to reach 

full activation of the capacity. The activation is done according to the requirement, when 

the change in the measured power stays within the grey area of the following graph. 
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Figure 16 - Activation time requirement for aFRR, unfiltered activation signal (translated from: Fin-

grid, 2017a) 

 

The resource gets energy compensation when performing aFRR. The compensation of 

energy is calculated by multiplying the requested amount with the requested time and 

summing these for the hour. The calculated energy is compensated for the balance settle-

ment by purchasing the extra energy with up-regulation price or selling it for down-reg-

ulation price. (Fingrid, 2017a) 

 

The role of the aFRR markets is expected to grow in favour of the FCR-N markets, as the 

TSO’s have greater control of what is happening to the power balance in response to 

deviations in the frequency. The greater control is though overcompensating for the some-

what slower response when comparing to FCR-N reserves. The markets will also be uni-

fied to a single Nordic market for aFRR, in search for more competitive market structure 

(Ihamäki, 2016b, Fingrid, 2016c) 

 

The requirements for a load participating in the aFRR markets is similar than on the FCR-

N markets, with the slight difference that it is not required that the load has room for both 

increasing and decreasing its consumption. The load must precisely controllable, and 

have such flexibility that it can cope with continuous activation on the markets. As with 

the FCR-N markets, good examples of such loads feature a cold storage facility and the 

pumping of water. 

3.4.2 Balancing power market 

Balancing power, also known as Frequency Restoration Reserve, Manual (FRR-M) is a 

resource class which is manually activated in response to an imbalance situation. The 

market is divided to up-regulation – translating to an increase in power generation or 

reduction in the consumption – and down-regulation meaning the opposite. The price for 

up-regulation is at least the spot-price for that specific hour, whereas the price for down-

regulation is at maximum the spot-price. 

 

Bidding is done in a similar manner than in the spot-markets: The market participants 

leave their bids separately for up- and down-regulation. The bids are sorted, and activa-

tion is done so that the least expensive resources are activated first. The price is set based 

Time from receiving activation signal [s] 
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on the most expensive resource required to participate to keep the power balance of the 

grid. All accepted bids get the same clearing price for their participation. Compared to 

the spot markets, trading is however closed significantly later as market participants may 

leave their bids up to one hour prior to the delivery-hour. 

 

The following graph compares the hourly average up- and down-regulation prices in Fin-

land for the year 2016. The graph demonstrates that the difference between spot and up-

regulation price is the highest during early morning hours, when the consumption is ramp-

ing up. There is also a relatively high difference during evening hours. The difference 

between down-regulation and spot price seems to be lower than up-regulation and spot. 

 

 
Figure 17 - Hourly up- and down-regulation prices compared to spot-price (data soruces: Nordpool, 

Fingrid) 

 

The minimum capacity for participating in the markets is 5 or 10 MW, depending on 

whether the resource must be activated manually by phone, or it can be activated via an 

automated electronic message. The capacity may consist of smaller aggregated resources. 

The resource is required to activate within 15 minutes of receiving the activation signal. 

 

The volumes on the regulating power markets have been relatively stable annually, with 

the volume for down-regulation being higher than up-regulation for each year. On the 

other hand, the market value –  with the market value calculated by multiplying the hourly 

volume with the price difference between spot and the regulation price – have been higher 

on the up-regulation market. One reason behind this is that down-regulation is generally 

more affordable than up-regulation, as the reduction of power output from a hydropower 

plant in particular is relatively easy. Due to this, market participants may also minimize 

their risk level by rather purchasing too much from the spot-markets than taking the risk 

to have to purchase more expensive balancing power if they have acquired too little from 

the spot-markets. The following table shows the annual market-values and volumes for 

regulating power markets in Finland, from the beginning of 2013 till the end of 2016. 

 

Table 5 - Regulating power markets annual value and volumes (Fingrid, Nordpool) 
Year Market value up 

(€) 
Market value 
down (€) 

Volume up 
(MWh) 

Volume down 
(MWh) 

2013     4 768 000     1 969 000     121 000 -  159 000 
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2014     3 977 000     2 533 000     138 000 -  179 000    
2015     6 240 000     3 856 000     125 000 -  199 000    
2016     4 966 000     2 368 000     116 000 -  174 000 

 

Conversely than with the previously introduced ancillary markets, a load that participates 

in the balancing power markets should be able to move larger amounts of power from one 

hour to another. In this way from the loads point of view, the balancing power markets 

are more similar to the spot markets. A possible load is for example a cold storage facility, 

which may reduce or increase the production of cold for several hours if it gets compen-

sated for this.  

3.4.3 Quick disturbance reserves 

The quick disturbance reserves are a reserve class that are sized to match the Dimension-

ing Incident (DI). They exist to return the power balance of a grid after the DI has hap-

pened, and thus prepare the grid for a next DI by freeing up the automatic reserves acti-

vated immediately after the incident. They are required to reach full power output within 

15 minutes from receiving the activation signal. 

 

Currently Fingrid operates roughly 1 230 MW of these reserves, of which 935 MW is 

owned directly by Fingrid, and the rest is purchased with long agreements from the mar-

kets. Any generating capacity acting as a quick disturbance reserve is not allowed to par-

ticipate in the normal operation of the electricity markets. The minimum capacity for a 

power plant participating in this reserve class is 10 MW, which may however consist of 

aggregated smaller plants. The plant is required to have an availability of 90 %, and have 

a local fuel storage worth 36 hours of continuous operation. The plant may be started 

every 6 weeks to test that it is in operational condition. 

 

A generating unit belonging to the quick disturbance reserves gets compensated for (Fin-

grid, 2012): 

- Participating in the reserve (€/MW, month) 

- Each start of power plant 

- Energy (€/t or €/MWh, to compensate for fuel consumption) 

3.4.4 Balancing power capacity markets 

When there is planned maintenance work on the power plants belonging to the quick 

disturbance reserves, the size of the reserve is sacrificed to less than the DI. To compen-

sate for the maintenance work, Fingrid has started a new market during fall of 2016 to 

acquire guaranteed short-term capacity to participate in the balancing power markets. 

 

Whenever there is planned maintenance work, Fingrid runs an auction for the capacity, 

from which it usually acquires capacity for two weeks at a time. The following table 

summarizes tenders held during fall of 2016. 

 

Table 6 - Balancing power capacity tenders (Fingrid, 2016f) 

Tenders Capacity Duration Price 

10 30 … 117 MW 2 weeks 500 … 650 €/MW, 

week 
 

There is a minimum capacity of 10 MW for tenders in this marketplace, but the capacity 

may consist of aggregated smaller resources. For a winning tender, there is an obligation 
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to participate in reserve class of the balancing power markets. The reserves in the balanc-

ing power markets are activated at last, after all the capacity from the market-based bids 

are utilized. As such, the activation of the capacity is very rare. 

 

The capacity compensation a resource participating in these markets receive is dependent 

on the actual availability of the resource. The hourly availability is calculated with the 

following formula: 

 

𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦ℎ𝑜𝑢𝑟 =
𝐶𝑏𝑖𝑑𝑑𝑒𝑛,𝑏𝑒𝑓𝑜𝑟𝑒 15:00

𝐶𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑,𝑓𝑟𝑜𝑚 𝑡𝑒𝑛𝑑𝑒𝑟
   (7) 

 

The availability of the whole tender period is calculated as the average availability of each 

hour. The availability factor for calculating the final compensation from capacity is read 

from the following table: 

 

Table 7 - Availability factor (Fingrid, 2016f) 
Availa-

bility 

(%) 

100 95 90 85 80 75 70 65 60 55 50 

Availa-

bility-

factor 

1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0 

 

The final capacity compensation is calculated with the following formula, where the com-

pensation the tender received from activations is subtracted from the availability compen-

sated capacity compensation. The compensation received from activations is the money 

received from the balancing power markets if the resource is activated. The final capacity 

compensation is however at minimum zero, e.g. the plant never has to pay for participat-

ing in this market. 

 

𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛𝑓𝑖𝑛𝑎𝑙 = 𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛𝑡𝑒𝑛𝑑𝑒𝑟 ∗ 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑓𝑎𝑐𝑡𝑜𝑟 −

𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛    (8) 

 

Due to the required high availability and the possibility to reduce the consumption for a 

minimum of 36 hours, a load that is participating in the balancing power capacity markets 

differ significantly from the other market places. First, the electricity consumption should 

always at minimum equal the sold capacity, and furthermore the timeframe to reduce 

consumption is such long that the process has to be either totally shut down or there has 

to be a secondary form of energy input for the process. One example of the latter is the 

production of district heat with heat pumps that may be replaced with peaking heat boilers 

using oil, gas or coal. 

3.5 Balance settlement 

Each balance responsible participating in the markets are responsible to match their sold 

or purchased amounts of electricity to the actual amount of electricity produced or con-

sumed. The parties first estimate their hourly generation and consumption at different 

prices, which is bidden to the spot markets. They may continue trading when the estimates 

get more precise on the Elbas markets to keep the mismatch between planned and actual 

generation and consumption as low as possible. After the delivery of electricity, the bal-

ance settlement takes place, and at this point the balance responsible must buy or sell 

balancing power according to their imbalance. (Nordpool, 2016b; Fingrid, 2017b) 
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The balance settlement is a process after each hour in which the balance sheet of each 

balance responsible is settled. The process starts with comparing the actual measured 

consumption or generation with the traded consumption or generation. If there is a mis-

match, the balance responsible must either sell or buy balance power from the TSO. 

 

If there is too much generation in a generation balance sheet or too little consumption in 

a consumption balance sheet, the balance responsible sells power to the TSO. In the op-

posite occasion the balance responsible buys power from the TSO. A generation balance 

sheet follows a two-price system whereas a consumption balance sheet follows a one 

price system.  

 

 
Figure 18 - Two-price system compared to one-price system (Fingrid, 2017b) 

 

The two-price system means that a producer may never benefit from an imbalance: If 

there has been too much generation during an up-regulation hour the producer receives 

the spot price for the excess electricity. A consumer on the other hand who has consumed 

too little receives the up-regulation price, which may be significantly higher than the spot 

price. 

 

If the balance error is in the wrong direction, e.g. too much generation during a down-

regulation hour, the producer receives the down-regulation price for the electricity which 

may be significantly less than the spot price. In this occasion, a consumer consuming too 

little also receive the down-regulation price for the electricity that has not been consumed. 

 

Due to the price models, a producer may never benefit from an imbalance in their balance 

sheets, even if it is in the correct direction when taking the grid balance into account. A 

consumer on the other hand may benefit when the imbalance is in the correct direction. 

However, when the imbalance is in the wrong direction, both a producer and a consumer 

get equal sanctions for the imbalance. (Fingrid, 2017b) 

 

3.6 Summary 

This chapter described the ancillary markets that are operated by TSO’s. It started by 

describing the frequency containment process, which is done by automatic reserves that 

react to fluctuations in grid frequency. These reserves are further divided to FCR-N and 

FCR-D reserves. Later, the frequency restoration reserves were introduced, which aim to 
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return the grid frequency to the desired operational area in the case of a disturbance or 

larger changes in the power consumption. These reserves are activated either automati-

cally in the case of aFRR, or manually in the form of balancing power markets. 

 

The requirements for a load participating in the aFRR and FCR-N markets were found to 

be similar to each other, as they have to be precisely controllable. The potential loads to 

participate in the FCR-D markets were found out to outnumber the ones that might par-

ticipate in the previous ones. From a loads point of view, the balancing power markets 

were found to be closer to the spot markets rather than other ancillary markets. 

 

Quick disturbance reserves were introduced, which are utilized to guarantee the adequacy 

of capacity in the case that a failure appears in either a large power plant or a transmission 

line. They are mainly owned by Fingrid, but are transferring towards market based acqui-

sition of capacity in the form of balancing capacity markets that are introduced recently. 

Finally, the balance settlement procedure was presented. Participating in these markets 

with loads was found out to require either shutting the process down, or replacing the 

input for the process generated with electricity with a secondary fuel. In the case of heat 

production this might be replacing a heat pump with an oil, gas or coal boiler.  
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4 Case study 
Fingrid and Sustainable Energy Asset Management Oy (Seam) started a pilot project with 

an aggregated virtual power plant with resources from different balance parties partici-

pating in the frequency containment markets. The project run from September 1st, 2016 

till January 31st 2017, and the goals of the pilot project is to get a practical overview of 

challenges to for example IT-systems rising from a 3rd party aggregator. The project fo-

cused in aggregating frequency controlled resources (FCR-N), which has not been done 

earlier by Fingrid. Fingrid hopes to be able to acquire more resources to the FCR-N re-

serves by allowing the aggregation of small individual loads for participating in the mar-

ket. (Ihamäki, 2016a) 

 

There are three different resources participating in the pilot: 

- One small hydropower plant 

- One heat pump producing both cold and hot water 

- One cold storage site 

 

The project started so that the heat pump and cold storage facility were complementing 

each other: The heat pump was only regulating downwards being able to reduce its power 

consumption with 200 kW. The cold storage facility on the other hand could increase its 

power consumption by up to 300 kW, and reducing with up to 100 kW. Together they 

made up a symmetric capacity of 300 kW. 

 

They were from different balance parties, and during the pilot project it was found out 

that the it-systems of the marketplace were not capable of compensating for the energy 

deviation for the balance parties, if the FCR-N capacity is not symmetric within one bal-

ance party. Due to this the operation was later changes so that the cold storage facility 

participated with a symmetric +- 200 kW to the frequency regulation markets, while the 

heat pump was not able to continue its operation. 

 

This section will present similar studies from literature, introduce Seam and all the indi-

vidual resources included in the pilot project. Finally, it will evaluate the results of the 

pilot including economic feasibility and practical performance. 

4.1 Similar studies 

Yashen Lin et. al. studied the usage of the HVAC systems of commercial buildings for 

frequency regulation. They altered the rotational speeds of fans based on a control signal 

received from a system operator, and performed real-life tests at a campus in Florida. 

They concluded that the HVAC system may be utilized to stabilize grid frequency without 

effecting the climate of the rooms. Furthermore, the reactivity of the system proved to be 

extremely good, capable of providing even faster services than frequency regulation. The 

studied building would also gain notable economic benefit from participating in the re-

serves. (Yashen Lin et. al. 2015) 

 

Wei Zhang et. al. studied the aggregated modeling and control of air condition loads for 

demand response. They focused on modeling the dynamic behavior of a large population 

of loads. They built a heterogenous aggregation model, for which each air condition de-

vice may get individual parameters. They proved that their model works well with such 

loads, and that the exact aggregation of small controllable loads with different dynamics 

is possible. (Wei Zhange et. al.) 
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Koch et. al. also studied the aggregation of multiple heterogenous thermostatically con-

trolled loads (TCL) for ancillary services. They performed simulations of 1000 TCL’s 

which proved to follow the desired power signal accurately enough to participate in an-

cillary services. (Koch et. al.) 

 

Literature showed that there is intensive ongoing work in aggregating small heterogenous 

loads into larger virtual power plants, that can be controlled more or less accurately. The 

results of the studies look promising, and as such proves that the topic is interesting for 

the TSO’s. The pilot project presented in this thesis has a somewhat different approach 

as the examples found from the literature, since the individual controlled loads in this 

project can be controlled more precisely, thus the focus is not on developing aggregation 

algorithms. Rather, the performance of the individual resources both economically and 

practically is of more interest. Also, the constraints arising from practical reasons for ex-

ample due to ICT systems are of high interest. 

4.2 Seam 

Sustainable Energy Asset Management Oy (Seam) is a company providing demand re-

sponse solutions for small and medium sized enterprises. Basically, Seam provides the 

infrastructure to control individual loads, and aggregates these as a single virtual power 

plant that can be offered to the market. 

 

Seam connects to both NordPool’s and Fingrid’s marketplaces to gather market-data, and 

to trade. In addition, there is a device measuring the frequency of the grid connected to 

the service, so that the cloud-service is always acknowledged about the current power 

balance of the grid. These signals are used as inputs generated for each individual resource 

such that they can be controlled in real-time. The signals to the resources are transferred 

via a mobile-data connection. The figure below illustrates the architecture of the system. 

 

 

 
Figure 19 - Seam's architecture 

 

Seam has gathered experience of demand response solutions since the commissioning of 

first load shiftable project in the summer of 2012. Since then, Seam has expanded their 

portfolio with load following solutions. Seam targets in licensing their DR platform to 

other aggregators in the European markets. 
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4.3 Participating resources 

4.3.1 Heat pump 

The heat pump utilized in this pilot project is located on a dairy in Finland, and it is 

producing both process heat and -cold. The heat pump was thought to be dimensioned so 

that it is almost constantly running at full power. As such, it would have been able only 

to regulate down e.g. reduce its power consumption when frequency is below 50 Hz. It 

was however noticed from the facility’s consumption history that this was not the real 

case, as there were moments with very small power consumption as well. The control had 

though been implemented so that it could only regulate down prior to noticing possibili-

ties in regulating up as well. As such, it only participated in down regulation. The fre-

quency regulation was done so that 15 minutes prior to frequency regulation, the heat 

pump is told to go to full power. 

 

On September 7th, 2016, after the pilot had been running for a few days, the heat pump 

was moved within the dairy, so that it could not operate at all for some time. During this 

time, it was also found out that the IT-systems of the marketplace were not able to cope 

with asymmetric entities over balance limits on the FCR-N markets, due to which the heat 

pump was not able to continue in the pilot project. 

4.3.2 Cold storage 

Cold storage facilities – particularly freezer ones – are of high interest for demand re-

sponse due to the large amount of thermal energy stored in the masses of the frozen prod-

ucts. The heat flux into the storage facility is highly dependent on both the ambient tem-

perature and sunshine: During high temperatures and sunshine the need for cold produc-

tion peaks. 

 

The facility that participated in this pilot project is located in southern Finland, and it has 

a nameplate capacity of roughly 1,000 kW. Till noon on September 7th, 2016, 300 kW of 

this capacity was dedicated to upwards regulation, while 100 kW was dedicated for down-

wards regulation. After this, a symmetric +- 200 kW was allocated for frequency regula-

tion. Frequency is measured at Seam’s datacenter, and transmitted to the site via a mobile 

data connection. 

 

The frequency control is done so that prior to the control hour, the plant changes its con-

trol principle from temperature controlled to power consumption controlled, with a fixed 

reference power. In practice this means that when the plant is not in frequency controlled 

mode the power consumption depends on the temperature inside the facility, whereas 

when in frequency controlled mode the power consumption is calculated with the follow-

ing formula, where Pref is the fixed reference power level (610 kW till noon on September 

7th, 2016, after which 710 kW), freqgrid is the frequency of the grid and CFCR-N is the 

capacity dedicated to the FCR-N markets: 

 

𝑃 = 𝑃𝑟𝑒𝑓 +
𝑓𝑟𝑒𝑞𝑔𝑟𝑖𝑑−50 𝐻𝑧

0.1
∗ 𝐶𝐹𝐶𝑅−𝑁   (9) 

4.3.3 Small hydropower plant 

A small hydropower plant with a nameplate capacity of 6 MW located in eastern Finland 

was participating in the pilot project. The plant is capable of frequency regulation with a 

symmetric capacity of +- 300 kW. In contrast to the earlier introduced resources, the hy-

dropower plant is equipped with frequency measuring capabilities signaling the turbine’s 
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controller directly when desired. Thus, it is not reliant on the aggregators frequency meas-

urement. 

 

One point of interest with the plant was, that in hours with high prices for electricity, the 

plant owner had a desire to utilize all the plant’s capacity for electricity generation sacri-

ficing the possibility to participate in the frequency controlled reserves. Due to the spot-

markets closing earlier than FCR-N markets, the producer has to decide whether to dedi-

cate capacity to the FCR-N markets prior to knowing whether it is accepted to the mar-

kets, and what the price is. The spot-markets offers possibilities to reduce this challenge 

with the aid of price dependent bids, by allocating part of the capacity to FCR-N if the 

spot price is low enough. 

4.4 Rebound effect 

Both the heat pump and cold storage were controlled so, that prior to the hour the resource 

was participating as a frequency controller reserve, it was forced to a predefined power 

consumption. As this could deviate significantly from the natural state of the process, it 

sometimes caused a strong rebound effect after the hour of control. 

 

Figure 20 below illustrates the behavior of the cold storage plant on September 1st, 2016. 

It was participating as in FCR-N reserves from 8 am till 11 am and 1 pm till 4 pm. Before 

starting to follow the grid frequency, the facility was in a steady state consuming approx-

imately 650 kW of power. While following the grid frequency, which was below 50 Hz 

for most of the hour, it was producing less cold than the heat flux into the storage was 

with the consumption being as low as 400 kW sometimes. The heat flux into the storage 

also increased at the same time due to starting the operations in the morning. 

 

At 11 am, when the facility exited the frequency following mode, the consumption surged 

to a level of 1,000 kW, as highlighted in the first circle on the figure. This is defined as a 

rebound effect: Strong deviation in consumption immediately when exiting the controlled 

mode. (Palensky et al., 2011) When the facility entered frequency following mode for the 

second time during that day at 1 pm, the frequency again was below 50 Hz for most of 

the time, again causing a relatively low cold production for the storage facility. Again, as 

the second circle highlights, when exiting the frequency following mode, the consump-

tion increased to a high level of 1,000 kW, showing that the storage facility had warmed 

up compared to the desired value. There are also other occasions that are not shown in 

this graph, where the energy consumption has decreased significantly after the hour of 

operation on the frequency controlled reserve markets. 
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Figure 20 - Power consumption of cold storage facility on September 1st , 2016 

 

4.4.1 Reasons for rebound effect 

With the control paradigm for both the cold storage facility and the heat pump, two 

sources for the rebound effect can be identified: 

- Fluctuation of the grid frequency causes deviation on the produced cold compared 

to control without following grid frequency 

- The processes are adjusted to a predefined power consumption level – which 

might alter significantly from the power consumption resulting from the desired 

temperature level – causing some deviation in the produced cold 

 

The goal of this chapter is to identify the factors that each of the previously introduced 

reasons cause deviation in the amount of produced cold during hours when participating 

in the FCR-N reserves. 

 

The deviation in the cold production caused by following the grid frequency is calculated 

with the equation 2 introduced earlier, which Fingrid uses to calculate the energy devia-

tion caused by participating in the frequency controlled reserves. 

 

The estimation of the deviation caused by a fixed adjusted power level is a more difficult 

task. During the control period the heat flux into the storage may alter due to changes in 

ambient temperature and heat load caused by working activities. The schedules for work-

ing activities is estimated to be consistent between each weekday, and thus the baseline 

power consumption is achieved by multiplying each hour’s share of the daily total energy 

consumption with the measured total daily energy consumption. 

 

Each hour’s share of the total daily energy consumption for each day is presented in the 

graph below. Data is calculated from all consumption data in the year 2016, and averaged 

by filtering the datasets based on the hour and weekday of operation. There is very low 

variance in the hourly distribution of energy consumption between different days, and 

even between different hours. 
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Figure 21 - Each hour’s share of total daily energy consumption at a cold storage plant 

 

Figure 22 below compares the measured hourly energy consumption (blue solid line) of 

the cold storage facility with the baseline energy consumption (red dashed line). The grey 

line represents when the facility has been participating in the frequency controlled re-

serves. The baseline energy consumption is estimated as explained earlier by multiplying 

the total daily energy consumption with each hour’s share of the daily consumption as 

presented in figure 21. 

 

It can be seen from the figure that the difference between the measured and calculated 

consumptions is relatively small during the hours that the facility has not participated in 

the reserve markets, but grows during these and the following hours. 

 

 
Figure 22 - Comparing measured consumption of cold storage facility with calculated baseline con-

sumption 

 

After we have estimated the baseline for the energy consumption, we can estimate how 

much the fixed reference and the fluctuation of grid frequency caused deviation for each 

hour. The deviation due to fixed reference level is calculated with the following formula, 

where Ebaseline is the calculated baseline consumption and Ereference is the fixed reference 

for the facility: 

 

𝐷𝑖𝑓𝑓𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐸𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝐸𝑟𝑒𝑓𝑒𝑟𝑛𝑒𝑐𝑒   (10) 
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The deviation due to fluctuation in the grid frequency was calculated with the following 

formula, where freqgrid is the average grid frequency for the hour, and CFCR-N is the ca-

pacity that the facility participates to the FCR-N markets with: 

 

𝐷𝑖𝑓𝑓𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =
𝑓𝑟𝑒𝑞𝑔𝑟𝑖𝑑−50 𝐻𝑧

0.1
∗ 𝐶𝐹𝐶𝑅−𝑁 ∗ 0.7  (11) 

 

Now we can analyze all the periods that the plant has participated in the FCR-N markets 

by calculating the deviation in the energy consumption compared to the baseline scenario 

separately for the fluctuations in the grid frequency and the fixed power level reference. 

These factors contribute to the rebound effect, as the temperature of the cold storage may 

increase or decrease during these periods if there is too much or too little energy con-

sumed compared to the heat leakages. When the facility exits the FCR-N market, it returns 

to normal operation and tries to return the temperature of the facility to the set point value. 

 

The figure below plots the deviation caused by the fixed reference value for power con-

sumption with blue points, and the deviation caused by fluctuation in the grid frequency 

with red points for all the FCR-N control periods for the cold storage facility. From the 

graph, it can be seen that the contribution of the frequency fluctuation to the rebound 

effect is generally relative low when compared to the fixed reference power level. One 

reason for the larger contribution of the fixed power level is that it remained constant for 

almost all of the pilot period, and did thus not react to changes in heat leakage due to 

changes in ambient temperature. This can be seen from the graph: At the beginning of the 

pilot period it led to too little consumption whereas at the end of the trial period when 

ambient temperatures had declined the fixed reference led to too much consumption. 

 

 
Figure 23 - Calculated deviation due to participating in frequency controlled reserves caused by the 

reference power and grid frequency 

 

During the pilot period, there were 84 individual periods of frequency regulation, which 

lasted for 382 hours in total. The average length of one control period was thus 4,5 hours. 

On average, the frequency fluctuation made up a deviation of 90 kWh during one control 

period, while the fixed reference power was responsible for an average deviation of 380 

kWh for the same periods. Deviation during the control period is the reason for the re-

bound effect, and thus a higher deviation requires a longer time for the process to recover 

to be able to return to frequency control.  
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4.4.2 Possibilities to reduce the rebound effect 

As seen in the previous chapter, the rebound effect is mainly caused by the fixed reference 

level for power consumption during the hours of frequency control. This is however not 

a requirement arising from the marketplace, which only requires that the process is within 

its control window explained earlier in chapter 3.4. The reason for starting this pilot pro-

ject with a fixed set point for power is due to practical reasons: It is easy to see from the 

measured power consumption whether the frequency regulation is functioning as desired. 

 

The rebound effect may though be reduced significantly – and the recovery time required 

by the process – by developing the control paradigm towards either a floating reference 

value or by calculating the fixed reference prior to the hours of frequency regulation in 

more detail. In practice a floating reference would translate to a control mechanism, where 

the reference power consumption would be derived from the required cold, which would 

be adjusted by the measured grid frequency when the facility is in frequency control 

model. 

 

A floating reference would practically eliminate the rebound effect, and thus make the 

requirement for a recovery time obsolete. There are however challenges rising from this 

approach, which are outside the topic of this thesis, and need further research: 

- The facility needs to be able to report the power consumption level, which has 

been cleaned from the impact of the frequency, to be able to verify that the fre-

quency control is working as desired. The reporting has to be verified to be relia-

ble. 

- When there are hours with large deviation in the grid frequency, there will be a 

cumulative deviation in the consumed energy, which leads to altering in the float-

ing reference. This impact needs more investigation, and conversation with the 

marketplace how acceptable this is. 

4.5 Economic feasibility 

This chapter will consider the economic feasibility for all the individual resources partic-

ipating in the FCR-N markets. As explained earlier, the heat pump could participate in 

the marketplace for only a short time. The economics of the heat pump is also very similar 

to the cold storage facility, due to which it will not be covered in more detail in this 

chapter. 

4.5.1 Cold storage facility 

Due to technical reasons, the heat pump could participate in the FCR-N reserves for only 

35 of a total 120 days in the pilot period. Also, as explained earlier, the sometimes signif-

icant rebound effect limited the number of consecutive hours the facility could participate 

in the markets. Due to this the facility also required a recovery time after participating in 

the markets. The required recovery time limited the hours participated in FCR-N reserves 

to 75 % of the hours the market was active. 

 

During the whole pilot period, the cold storage plant consumed around 60,000 EUR worth 

of electricity on the spot markets. From this. it was able to recover around 2,000 EUR 

(3,5 %) from participating in the FCR-N markets, which is a small figure. However, when 

considering that for most of the pilot period the plant was not able to participate in the 

markets, it is of interest to analyze how large savings were achieved during the days that 

the plant could participate in the FCR-N markets. For these days, the spot acquisition was 

around 18,000 EUR, of which 2,000 EUR was returned from FCR-N markets, showing a 

more impressive saving of 12.5 %. 
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The impact of the lost sales of capacity due to the rebound effect was further estimated 

by calculating what the sales to FCR-N markets would have been without considering the 

recovery time the facility requires. The sales to the FCR-N markets would have been 

around 3,000 EUR, which translates to 16.5 % savings in the electricity acquisition costs. 

 

Finally, the sales of FCR-N capacity were extrapolated to the whole pilot period. In this 

scenario, the spot acquisition stands at around 60,000 EUR, while the sales to the FCR-

N markets would have been around 12,000 EUR, showing the achievable savings to be 

around 19 %. 

 

 
Figure 24 - Benefit of participating in FCR-N markets for a cold storage facility 

 

The figure above illustrates all these scenarios, with a blue bar marking the electricity 

acquisition from the spot markets, red bar showing the sales of FCR-N capacity, and the 

green bar shows the savings defined as sales of FCR-N divided by spot acquisition. Even 

though the spot-acquisition is not the only factor in the price of electricity for the plant, 

the results can be seen very promising. 

4.5.2 Hydropower plant 

The economics of the hydropower plant differs significantly from the cold storage facility 

and the heat pump because the capacity allocated to FCR-N markets reduces the possible 

sales of electricity to the spot markets during the hours in frequency regulation. There is 

however no reduction in the amount of produced electricity, since when running at re-

duced capacity there is water saved in the reservoir, which can be utilized later. The re-

ceived average price for the produced electricity may though be reduced, and the FCR-N 

sales should more than compensate for this reduction to be profitable. 

 

During the pilot period, it was found out that if the price of electricity on the spot markets 

is more than 60 €/MWh, the sales of capacity to the FCR-N markets was not profitable. 

Figure 25 below demonstrates how the calculation is done: If the price of electricity is 

above a threshold, the plant produces electricity at full capacity. Otherwise, 500 kW of 

capacity is unutilized, and the water is remaining in the reservoir above the power plant. 

The generation that is sacrificed during this time period is produced in the evening, after 

the plant would normally stop producing electricity. The lost value of the spot sales is the 

difference in the spot price between the hours that generation was sacrificed and the hour 

that the generation was moved to. 
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Figure 25 - Comparison of the generation of the hydropower plant with and without acting as FCR-

N 

 

The threshold of 60 €/MWh was found using Excel Solver. The function to maximize 

was defined as spot sales added with sales of FCR-N sales. During the pilot period, the 

plant’s spot sales declined by 4,000 €, while the FCR-N sales were at 14,500 €. As such, 

the plant’s profitability grew by 3 % with the introduction of FCR-N markets. However, 

during spring time when the reservoir is full the numbers may change, as there is no room 

for water to store. As such, all sacrificed electricity generation would be sacrificed for-

ever. As such, it is important to take the reservoir’s storage situation into account when 

deciding whether selling capacity to the FCR-N markets or not. 

4.6 Experience gained from the pilot 

The pilot faced challenges that resulted in less hours on the market with all the resources 

than anticipated. But even with these challenges, it fulfilled most of the expectations for 

the project. Fingrid proved that their IT-systems are ready for aggregated frequency con-

trolled reserves, though only with symmetric entities within one balance. Seam proved 

that their aggregation schemes work as designed even with asymmetric loads and the 

owners of the facilities were able to see how much their economies benefit from partici-

pating in the frequency controlled reserves. 

 

The parties that were responsible for the balance settlement for the facilities participating 

in the pilot learned that they need to know the real-time state of resources under their 

sheet that are acting as reserves. This is to avoid compensating for possible imbalance 

caused by the participation in the reserve markets. The data should be also integrated in 

their current systems to be easy for the operator to see an overview of the situation. 

(Ihamäki, 2017) 

 

The pilot also proved that there is further room for improvements on the plants control 

logic. The most interesting detail for further research is whether a floating reference value 

for the power consumption would be achievable in practice, as it would eliminate the 

requirement for a recovery time after participating in the frequency controlled reserves. 

 

From an aggregator’s point of view, the contractual relations showed to be important and 

slightly confusing. When aggregating resources to the FCR-N markets, the aggregator 

can only be a service provider between the asset owner and the TSO, e.g. the asset owner 
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must have an agreement with the TSO. On FCR-D markets on the other hand, it is suffi-

cient for the aggregator to have agreements with both the TSO and the asset owner. 

(Jaatinen, 2017) 

 

Fingrid is planning to allow aggregation in the FCR-N markets in the near future, after 

the pilot project was successful in their point of view. They are also researching the pos-

sibility to allow asymmetric resources to participate in the market, hoping it would reduce 

the price of the reserve capacity. (Ihamäki, 2017) 
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5 Suitable loads for demand response 
In theory, all controllable loads with at least some storage capacity are suitable for de-

mand response to some degree. Practically the required investments to control the loads 

however limits the economically feasible loads to those with larger capacity. The required 

investments are however not a constant, they rather depend on the current controllability 

of the load. The investment costs also tend to decrease according to a learning curve while 

the installed base increases. 

 

This chapter starts by explaining the general requirements for a load to be able to partic-

ipate in demand response markets, after which it will consider how to define available 

control capacity. Finally, it will introduce estimates about untapped demand response po-

tential in the Finnish industry. 

5.1 General requirements 

This section defines the general requirements for a load to participate in demand response 

activities. It starts by considering the definition of storage capacity, continues with meas-

urement requirements and controllability. Finally, it discusses the process dependencies. 

5.1.1 Storage capacity 

There needs to be at least some storage capacity in the controlled process for it to be able 

to participate in demand response without harming the primary production of the process. 

Such a storage may be for example a cold storage facility which have some flexibility in 

the allowed temperature. Frozen groceries for example are limited to be stored in colder 

than - 18 °C, and as such may be chilled to a much cooler temperature such as - 25 °C by 

times with low price of electricity. Another good example of a process with a high level 

of inbuilt flexibility is the pumping of liquids from one storage to the next storage. There 

is usually at least some room within the storage that the level of the liquid may alter. 

 

In all cases the flexibility may be estimated in two time-related variables: 

- The time in hours a fully charged resource may reduce its consumption to zero or 

near-zero (tdischarge) 

- The time in hours it takes for a fully discharged resource to charge at full power 

(tcharge) 

 

It is important to note however that these variables are not constant. For example, a cold 

storage facility may reduce its consumption for only one hour during hot summer days, 

and take multiple hours to recover, while it may survive up to several weeks with practi-

cally no power input during the coldest time of the year in cold climates, when the ambient 

temperature is below the required storage temperature. 

 

Generally, the variables may be measured at different temperatures in the case of a cold 

storage facility, or they may also be calculated according to the following formulas. Cal-

culation is generally easier in the case of water pumping or an electrochemical process. 

 

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑖𝑧𝑒[𝑘𝑊ℎ]

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑘𝑊]
   (12) 

 

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 =
𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑖𝑧𝑒[𝑘𝑊ℎ]

(𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)[𝑘𝑊]
  (13) 
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Lighting on the other hand – which also suits well to some demand response schemes – 

is an example of a process where there is no direct storage. In practice this means that the 

primary process e.g. growth of vegetables is sacrificed momentary when the light output 

is reduced. The plants do not however require constant illumination, so the light output 

may be reduced when the power balance of the grid is sacrificed. (Pöyry, 2014) 

5.1.2 Measurement 

The power consumption of the controlled load must be measurable so that the response 

to a control action can be verified. The required interval for measurements depends on 

the markets the resource is participating in: FCR-N and FCR-D requires an interval of 

one second while in spot optimization the interval may be as low as one hour. The fol-

lowing table lists the maximum interval for power measurement for all the available de-

mand response markets. 

 
Table 8 - Required measurement interval for demand response markets (Fingrid) 

Market Maximum interval for power measure-
ment 

FCR-N, FCR-D 1 s 

aFRR 10 s 

mFRR 10 s 

Balancing capacity 10 s 

Quick disturbance reserve 10 s 

Spot optimizing 1 hour 

 

5.1.3 Controllability 

The loads may be controlled by different means. The simplest possible control is for e.g. 

an electric heater, which may be turned on or off. More sophisticated control methods 

exist and are available for electric motors which may be controlled linearly between 0 

and 100 % of capacity via a frequency controller. Such electric motors are common to 

drive fans, pumps, and compressors in industry processes. Other flexible loads include 

electrochemical processes like electrolysis and battery charging, which may be controlled 

very flexibly between 0 and 100 %. Some on/off controllable loads feature a half power 

option as well. This thesis categorizes the controllability of the loads to binary on/off 

control and linear 0 to 100 % control. The following table categorizes different loads with 

different controls, and notes if there are additional information to consider, such as high 

wear caused by controlling the load. 

 
Table 9 - Controllable loads (Viljakainen, 2017) 

Load type Control Additional information 
Heating On/Off - 

Heating Linear - 

Pump, fan, compressor On/half power/Off Switching between modes 

causes wear to contactors 

and motor including other 

drive unit parts. Continu-

ous control thus unfeasible 

Pump, fan, compressor Linear Frequency controller pro-

vides smooth control with-

out causing additional 

wear. 
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Lighting On/Off Old light sources such as 

discharge lamps requires to 

cool down after shutdown 

for approximately 15 min 

before they might be re-

started 

Lighting Linear Modern led-lights may be 

controlled very accurately 

without causing additional 

wear on the light sources 

 

The controllability of a load determines the marketplace it is suitable for. Linearly con-

trollable loads are the most flexible, as this control method does not exclude any market-

places. It is however important to note that other process properties, such as small storage, 

may exclude markets which requires the process to adjust for longer time periods, for 

example spot optimization. 

 

On/off controllable loads on the other hand does not suit well to FCR-N markets. This is 

however possible to avoid with multiple nearly equally sized on/off controllable loads so 

that the aggregated entity acts almost linearly, as presented earlier in chapter 3.2.2. 

5.1.4 Process dependencies 

When controlling one instrument in a process, let it be heating or pumping of liquids, it 

is essential that reducing or increasing the power consumption in this instrument does not 

reflect as opposite effects in power consumption in other instruments in the process. One 

extreme example of illegal control would be to have two electric heaters in one boiler. 

The first heater would participate in demand response, but the second would control in 

opposite direction, effectively eliminating the positive impact on grid balance. 

 

In other words, when estimating a process’s ability to participate in demand response, it 

is very important to determine the balance boundaries correctly. 

5.2 Available control capacity 

One common misunderstanding is the assumption that the available control capacity 

equals the rated power of an instrument. This is however wrong, as the momentarily avail-

able control capacity is always dependent on the process state, e.g. what is the consump-

tion rate of the buffers, how full the buffers are and how big the current consumption is. 

Furthermore, the available control capacity is always pairs of power and time, defining 

how much the resource can adjust its power consumption and for how long time. 

(Jaatinen, 2016) 

 

The maximum adjustable power capacity upwards and downwards always differs, and 

they can be calculated with the following formulas, where Pmax is defined as the maxi-

mum, Pmin the minimum possible consumption for the load and Pcurrent is the current power 

consumption: 

 

𝑃𝑚𝑎𝑥,𝑢𝑝 = 𝑃𝑚𝑎𝑥 − 𝑃𝑐𝑢𝑟𝑟𝑒𝑛𝑡   (14) 

 

𝑃𝑚𝑎𝑥,𝑑𝑜𝑤𝑛 = 𝑃𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝑃𝑚𝑖𝑛   (15) 
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The available times that these maximum capacities can be calculated with the formulas 

presented earlier in chapter 5.1.1. Furthermore, if not all the flexible capacity is utilized, 

the time for which the capacity may be utilized increases in the same magnitude. The 

table below shows an example load which may be controlled to either increase or decrease 

its power consumption. 

 
Table 10 - Example of available control capacity 

Power Time 
+300 kW 3 h 

+150 kW 1,5 h 

-50 kW 7 h 

-100 kW 14 h 

5.3 Potential for demand response in the industry in Finland 

Fingrid is interested in demand response to reduce the cost of acquired ancillary re-

sources. They made a study with Pöyry about the untapped potential for demand response 

in the Finnish industry. This section will present the untapped potential by industry. 

 

 
Figure 26 - Electricity consumption by industry in Finland (Pöyry, 2014) 

 

Figure 26 above shows the consumption of electricity by industry in Finland. Forestry, 

Metal and Chemistry are by far the largest consumers, but these industries do already 

participate in the demand response in the form of spot purchases and Elbas trading. Ac-

cording to Pöyry, the untapped potential in these industries are mainly in the less energy 

intensive side processes or complicated integrated processes. (Pöyry, 2014) 

 

In the mining industry the crushing of ore is the most energy intensive process – which 

also contain significant buffering capacity. Currently these processes do not participate 

in demand response activities. From the machine building industry, the smelting ovens 

could also technically be participating in DR. They are however slightly more difficult to 

control due to extensive constraints from the main process of building machines. The 

building industry does not seem to have processes which could benefit from participating 

in DR activities. (Pöyry, 2014) 
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The food industry’s electricity consumption is mainly due to chilling requirements, and 

as such very flexible by nature. The food industry is thus estimated to have large untapped 

DR potential. The same applies to large commercial building, where heating and ventila-

tion plays a significant part of the electricity consumption. In both of these segments, the 

individual loads are relatively small, due to which aggregators are required to collect 

larger loads to offer to the markets. (Pöyry, 2014) 

 

Greenhouses electricity consumption is almost entirely caused by lighting, which is not 

time critical. As such, they are considered to be one tempting source of DR capacity, with 

lighting power consumption reaching 300 W/m2. The lighting of one studied greenhouse 

had a power consumption of 3 MW. Also, both fresh and sewage water processing is 

flexible consumer of electricity, which DR potential has not been tapped. One pump 

pumping water to a water tower was studied in more detail. The pump was rated at 1 MW, 

of which 100 kW was estimated to be freely controllable. A sewage water treatment plant 

was also studied, with equal numbers in the process’s continuous power requirement and 

estimated flexibility. (Pöyry, 2014)  
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6 Simulating a flexible load 
The goal of this chapter is to build a simulation tool to simulate the economic benefits for 

a flexible load to participate in demand response activities. The simulation tool will be 

used by the sales department of Seam to evaluate the benefits for customers. This chapter 

will also demonstrate the capability of the tool by applying it to real data received from 

one cold storage facility located in Finland. 

 

Finally, a suggested control strategy for the facility will be given by evaluating the results 

of the optimization and real life constraints arising from not having perfect knowledge 

from the markets, which is assumed by the optimization. 

6.1 Common assumptions 

The simulated facility is a cold storage facility with subzero temperatures. Even though 

the vast number of products in the storage offers a large thermal mass, and thus relatively 

large amount of flexibility in operations, the allowed changes in the temperatures are 

considered such small, that the total daily consumption in all the optimization scenarios 

always equals the base case scenario. 

 

No changes in the coefficient of performance (COP) are considered in the simulations. 

According to the next formula (Lampinen, 1997), 

 

𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑇𝑐𝑜𝑙𝑑

𝑇ℎ𝑜𝑡−𝑇𝑐𝑜𝑙𝑑
    (16) 

 

where Tcold is the temperature at the evaporator and Thot is the temperature at the conden-

ser, the coefficient of cooling increases as the temperature difference reduces. Practically 

this means that overchilling – decreasing Tcold – the facility reduces the coefficient leading 

to a higher energy-consumption in total. However, chilling during hours with low ambient 

temperatures, commonly during night time when the price of electricity tends to be the 

lowest, the coefficient is increased leading to a lower total energy consumption. Estimat-

ing the exact effect of both overchilling and transferring chilling towards night time is a 

challenging task, and they are assumed to compensate for each other. 

6.2 Simulator properties 

The operator will enter the market information detailed in table 15 together with the load 

properties described in table 16. The simulator will calculate the annual cost of electricity 

acquisition in different scenarios. 

 
Table 11 - Market data for the simulator 

Variable Explanation 
Measured consumption [kWh/h] Measured consumption of the controllable 

load 

Price of electricity [€/MWh] Price for electricity at the spot markets. 

May include the transfer rates if it is time 

dependent 

Hourly price of FCR-N capacity [€/MW] The price of FCR-N capacity on the 

hourly markets 

Yearly price of FCR-N capacity [€/MW] The price of FCR-N capacity on the yearly 

market 

Hourly price of FCR-D capacity [€/MW] The price of FCR-D capacity on the 

hourly markets 



48 

 

Yearly price of FCR-D capacity [€/MW] The price of FCR-D capacity on the yearly 

market 

Price of electricity on the down-regula-
tion markets [€/MWh] 

The price of electricity on the down-regu-

lation market, e.g. increased consumption 

compared to spot purchases 

Price of electricity on the up-regulation 
markets [€/MWh] 

The price of electricity on the up-regula-

tion market, e.g. reduced consumption 

compared to spot purchases 

 
Table 12 - The properties of the controllable load 

Variable Explanation 
Maximum power [kW] Maximum power consumption of the con-

trollable load 

FCR-N capacity [kW] Maximum capacity by which the load can 

participate on the FCR-N markets 

FCR-D capacity [kW] Maximum capacity by which the load can 

participate on the FCR-D markets 

FCR safety margin [kW] The safety margin for the FCR markets. 

E.g. maximum momentary FCR-N capac-

ity = max[0, min(Pcurrent – safety_margin, 

CFCR-N, Pmax – CFCR-N – safety_margin)] 

 

The simulator works in Excel, but it is written utilizing Xlwings, an Excel addon to use 

Python scripts in Excel sheets. The part written in Python is responsible of the optimiza-

tion, and it utilizes Constrained Optimization By Linear Approximation (COBYLA) al-

gorithm to find the optimal spread of electricity. As the name explains, the algorithm 

takes the defined constraints into account, and finds an optimal solution by calculating 

gradients for each variable prior to adjusting the variables. (Scipy, 2017) 

6.2.1 Constraints 

Several constraints are defined for the optimization algorithm for it to return reasonable 

results. First, hourly electricity consumption cannot be negative. Second, the hourly elec-

tricity consumption must be below the maximum capacity of the load. Finally, the sum 

of the daily consumption of electricity is always equal to the original sum of the daily 

electricity consumption. 

 
Table 13 - Constraints for the optimizer 

Constrain Explanation 
0 kW <= Ehourly <= Pmax * 1 h The hourly consumption is always be-

tween zero and the maximum possible 

hourly consumption 

Edaily, optimized = Edaily, original The optimized daily energy consumption 

is equal to the original daily energy con-

sumption 

 

6.2.2 Cost function 

The cost function defines the cost of the daily electricity consumption, which the 

COBYLA-algorithm tries to minimize. If the scenario takes FCR-N sales into account, 

the FCR-N sales are subtracted from the spot acquisition. Safety margins for the FCR 

reserves are also considered. The hourly cost function thus becomes: 
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𝐶𝑜𝑠𝑡 = 𝐸ℎ𝑜𝑢𝑟 ∗ 𝑝𝑟𝑖𝑐𝑒𝑠𝑝𝑜𝑡 + max[0, min(𝐶𝐹𝐶𝑅−𝑁 , 𝐸ℎ𝑜𝑢𝑟 −

𝑆𝑎𝑓𝑒𝑡𝑦𝐹𝐶𝑅 , 𝑃𝑚𝑎𝑥 − 𝐸ℎ𝑜𝑢𝑟 − 𝑆𝑎𝑓𝑒𝑡𝑦𝐹𝐶𝑅)] ∗ 𝑝𝑟𝑖𝑐𝑒𝐹𝐶𝑅−𝑁 (17) 

 

The hourly costs are summed to form the daily cost function, which is minimized. 

6.3 Scenarios 

Due to the significantly high market value for FCR-N compared to other markets as de-

scribed in chapter 3, the hourly consumption is optimized in terms of spot acquisition and 

FCR-N capacity in all the scenarios. These are also the easiest markets to participate in 

due to spot optimization does not require any special agreements, and required FCR-N 

capacity is low (100 kW) compared to other markets. 

 

The following scenarios for electricity acquisition are calculated. The scenario defines 

the hourly consumption of electricity, e.g. spot acquisition and it is optimized slightly 

differently in each of the scenarios. The scenarios are presented below. 

 

Baseline 

The measured electricity consumption from the cold storage facility. This scenario does 

not though optimize the electricity consumption in any way. 

 

Spot optimized 

This scenario optimizes the electricity consumption by minimizing the daily spot acqui-

sition costs. No sales of capacity to ancillary markets are thus included in the optimization 

scenario. 

 

Spot and FCR-N sales optimized on the hourly market 

This scenario optimizes the daily cost of electricity, when the sales of FCR-N capacity to 

the hourly markets is considered. This scenario does expect perfect knowledge of the 

market upon the time of decision making. This scenario can thus be used as a reference 

of a best possible spread of electricity consumption, but practical limitations due to not 

having knowledge of the price of FCR-N capacity at the time of decision making for spot 

acquisitions is practically not achievable. 

 

Spot and FCR-N sales optimized on the yearly market 

This scenario is similar to the previous except that it sells the FCR-N capacity to the 

yearly market. On the yearly market the price of FCR-N capacity is always known in 

advance, which makes the scenario more feasible in practice, at the price of FCR-N ca-

pacity is known at the time of acquiring electricity from the spot markets. 

 

For each scenario that is optimized, several sub-scenarios are calculated, which are pre-

sented below. 

 

Spot acquisition cost 

The total cost of electricity acquired from the spot markets. 

 

𝐶𝑜𝑠𝑡 = 𝑝𝑟𝑖𝑐𝑒𝑠𝑝𝑜𝑡 ∗ 𝐸ℎ𝑜𝑢𝑟    (18) 

 

Hourly or yearly FCR-N sales 

The hourly or yearly FCR-N sales in the scenario, when taking the safety margin into 

account. Only the price differs between the hourly and yearly markets, which changes 
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each hour on the hourly markets and is constant in the yearly markets. All scenarios are 

calculated with both sub-scenarios. The sales are calculated with the following formula, 

where CapacityFCR-N is the capacity against which the load is tested, Pmax is the maximum 

power consumption, SafetyFCR is the safety marginal, Ehour is the energy consumption 

during that hour and priceFCR-N is the price of FCR-N capacity. 

 

𝐶𝑜𝑠𝑡 = max[0, min(𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝐶𝑅−𝑁, 𝑃𝑚𝑎𝑥 − 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝐶𝑅−𝑁 −
𝑆𝑎𝑓𝑒𝑡𝑦𝐹𝐶𝑅 , 𝐸ℎ𝑜𝑢𝑟 − 𝑆𝑎𝑓𝑒𝑡𝑦𝐹𝐶𝑅)] ∗ 𝑝𝑟𝑖𝑐𝑒𝐹𝐶𝑅−𝑁  (19) 

 

 

Hourly or yearly FCR-D sales 

The hourly or yearly FCR-D sales in the scenario, when taking the safety margin into 

account. Only the price differs between the hourly and yearly markets, which changes 

each hour on the hourly markets and is constant in the yearly markets. All scenarios are 

calculated with both sub-scenarios. The sales are calculated with the following formula, 

where CapacityFCR-D is the capacity against which the load is tested, Pmax is the maximum 

power consumption, SafetyFCR is the safety marginal, Ehour is the energy consumption 

during that hour and priceFCR-D is the price of FCR-D capacity. 

 

𝐶𝑜𝑠𝑡 = max[0, min(𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝐶𝑅−𝐷 , 𝐸ℎ𝑜𝑢𝑟 − 𝑆𝑎𝑓𝑒𝑡𝑦𝐹𝐶𝑅)] ∗ 𝑝𝑟𝑖𝑐𝑒𝐹𝐶𝑅−𝐷

     (20) 

 

Hourly or yearly FCR-D sales 

The hourly or yearly FCR-D sales in the scenario, when taking the safety margin and 

participating in the FCR-N markets into account. Only the price differs between the 

hourly and yearly markets, which changes each hour on the hourly markets and is constant 

in the yearly markets. All scenarios are calculated with both sub-scenarios. The sales are 

calculated with the following formula, where CapacityFCR-N is the capacity sold to FCR-

N markets during that hour, CapacityFCR-D is the capacity against which the load is tested, 

Pmax is the maximum power consumption, SafetyFCR is the safety marginal, Ehour is the 

energy consumption during that hour and priceFCR-D is the price of FCR-D capacity. 

 

𝐶𝑜𝑠𝑡 = max[0, min(𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝐶𝑅−𝐷 , 𝐸ℎ𝑜𝑢𝑟 − 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝐶𝑅−𝑁 −
𝑆𝑎𝑓𝑒𝑡𝑦𝐹𝐶𝑅)] ∗ 𝑝𝑟𝑖𝑐𝑒𝐹𝐶𝑅−𝐷   (21) 

 

Balancing power markets 

The algorithm for participating in the balancing power markets was performed so, that if 

it is possible to increase consumption a down-regulation hour it was done if it was possi-

ble when taking process constraints into account. Upwards regulation on the other hand 

was done by reducing consumption if the price of up regulation power exceeded the spot 

price by more than 10 €/MWh. The price threshold was found using Excel Solver mini-

mizing the combined cost of spot acquisition and trade to balancing power markets. 

6.4 Optimized load and properties 

The optimized load is a cold storage facility located in Finland. The measured consump-

tion data of the cold process was received from the facility itself, which was used as the 

baseline scenario. 

 
Table 14 - Load properties used in the simulations 

Variable Value More information 
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Maximum power [kW] 750 kW Maximum rated power consumption of 

the cold process 

FCR-N capacity [kW] 200 kW Estimated capacity for which the plant 

should be tested against 

FCR safety margin [kW] 50 kW Full FCR-N capacity (200 kW) is utiliza-

ble, when the average hourly power is be-

tween 250 and 500 kW 

FCR-D capacity [kW] 500 kW Full FCR-D capacity is utilizable, when 

the load is greater than 550 kW + FCR-N 

capacity. 

 

6.5 Examples of optimized consumption of electricity 

This chapter presents examples of the hourly electricity consumption in the different sce-

narios on January 7th and July 26th. January 7th represents a winter day with low power 

consumption due to low chilling needs, and thus a high level of flexibility. August 26th 

on the other hand represents a summer day with higher power consumption and thus a 

lower level of flexibility. 

6.5.1 Consumption on January 7th  

January 7th 2016 was a cold day, with the ambient temperature ranging between -30 °C 

and -25 °C. Thus, the measured energy consumption was quite low featuring a high level 

of flexibility. The spot price of electricity was also relatively high, ranging from 27 

€/MWh at night to 100 €/MWh during morning and evening peak prices. The price of 

ancillary capacity on the hourly FCR-N market though remained low, peaking at 17 

€/MW at 21 pm. 

 

From the graph below it can be seen that the optimization has worked as desired, as in the 

spot optimized scenario all the energy consumption happens prior to 7 am or after 9 pm. 

The low price of FCR-N capacity compared to price differences on the spot markets 

makes the hourly FCR-N optimized scenario to equal the spot optimized scenario. How-

ever, the price of FCR-N on the yearly markets was a constant 17.42 €/MW,h , which was 
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high enough to move some of the consumption from night time towards the daily low 

spot prices between 12 am and 3 pm. 

 

 
Figure 27 - The outcome of different scenarios on January 7th, 2016 

6.5.2 Consumption on July 26th 

July 26th 2016 was a hot summer day, with the ambient temperature ranging between 15 

°C and 28 °C. As it was a hot day, the heat leakage to the cold storage facility was high, 

and it was thus running at nearly full capacity with less flexibility than in the earlier ex-

ample. The spot price varied between 26 and 44 €/MWh, but the price for capacity on the 

hourly FCR-N market was quite high ranging between 32 €/MW,h during the day up till 

85 €/MW,h during the night. The high price and variance in the FCR-N markets led to 

different spread of electricity consumption in the spot optimized scenario compared to 

the spot and FCR-N optimized scenario: The spot optimized scenario was able to reduce 

consumption on the four most expensive hours during the daytime, while the spot and 

FCR-N optimized scenario reduced consumption during the most expensive hours on the 

FCR-N markets to give the ability to adjust the consumption up and down. 
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Figure 28 - The outcome of different scenarios on July 26th, 2016 

 

Both the days presented above demonstrates that the simulator is working as desired, and 

is able to minimize the cost of consumption. The next chapter will present the results for 

the whole year, and later the practicality of the scenarios is considered. 

6.6 Results 

Figure 29 below shows the total electricity acquisition costs in all the calculated scenarios. 

It can be seen from the graph, that the minimum costs were achieved when combining 

spot optimization with selling regulation capacity to both FCR-N and FCR-D markets, 

which found a great savings potential of nearly 40 %. The regulation power markets were 

not nearly as profitable as the previous scenarios. 

 

From the scenarios combining spot optimization with FCR-N and FCR-D markets, the 

hourly markets for both FCR-N and FCR-D were slightly more profitable. However, 

when taking into account that the optimization against both hourly spot-markets and the 
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hourly FCR-N market is not realistic due to timings for decision making, the annual mar-

kets seems tempting as well. 

 

 
Figure 29 - Total cost of electricity acquisition for the cold storage facility in 2016 

6.7 Suggested demand response strategy 

From the results presented earlier, it can be seen that the scenarios with most savings 

potential features spot optimization together with selling regulation capacity to the FCR-

N and FCR-D markets. The FCR-N markets however requires continuous slight adjust-

ments to the power consumption due to altering grid frequency, as explained in chapter 

3. Due to this not all loads are sufficient for the most profitable option. The FCR-D mar-

kets however function well even for on/off controllable loads. 

 

This chapter will thus introduce suggested demand response strategies for both a fre-

quency controller driven load, which can act according to the most profitable strategy, 

and an on/off controllable load. 

6.7.1 Frequency controller driven load 

A frequency controller driven load is suitable for all of the scenarios. Thus, the most 

interesting ones providing the most savings are considered in more detail: 

- Spot optimization, as it is the easiest achievable DR strategy 

- Spot optimization combined with FCR-N and FCR-D, both on the hourly market 

- Spot optimization combined with FCR-N and FCR-D, both on the yearly market 

- Regulation power markets 

 
Table 15 - Saving potential in the optimization scenarios for a linear load 

Scenario Savings (%) 
Spot optimization 14 % 

Spot optimization + FCR-N and FCR-D 
hourly market 

38 % 
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Spot optimization + FCR-N and FCR-D 
yearly market 

35 % 

Spot optimization + regulation power 
markets 

20 % 

 

Table 19 above presents the saving potential for the most profitable DR scenarios for a 

linearly controllable load. We can see that spot optimization combined with FCR-N and 

FCR-D on the yearly markets provide the greatest savings, with a 38 % reduction in elec-

tricity acquisition costs excluding the transfer rate and electricity tax. However, the sce-

nario with spot optimization and FCR-N and FCR-D on the yearly markets is not far 

behind, resulting in savings of up to 35 %. Regulation markets leads to savings of 20 %, 

and pure spot optimization to savings of 14 %. 

 

The regulation power markets are harder to enter than the rest, so this scenario is not 

studied further. Figure 30 below shows the cumulative savings in all of these scenarios, 

and when we compare the yearly FCR markets to the hourly markets, we can see that it 

accumulates savings much more evenly than the hourly markets. Furthermore, the sce-

nario with the hourly markets on FCR, assumed perfect knowledge of the FCR-N market 

prices upon decision making of spot acquisition, due to which the practical savings would 

be less than the scenario shows. For these reasons, this thesis suggests spot optimization 

combined with FCR-N and FCR-D on the yearly markets for a linear load. 

 

 
Figure 30 - Cumulative savings for DR scenarios for a linear load 

6.7.2 On/Off controllable load 

An on/off controllable load is suitable for three of the scenarios: 

- Spot optimization 

- Spot optimization + FCR-D on the hourly market 

- Spot optimization + FCR-D on the yearly market 

- Spot optimization + participating in the regulatory power markets 

 
Table 16 - Achievable savings in the realistic scenarios for an on/off controllable load 

Scenario Savings (%) 
Spot optimization 14 % 

Spot optimization + FCR-D hourly mar-
ket 

25 % 
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Spot optimization + FCR-D yearly market 24 % 

Spot optimization + regulation power 
markets 

20 % 

 

From table 20 above we can see that the most profitable demand response strategy for a 

flexible resource limited to on/off control would be the spot optimized combined with 

selling capacity to the FCR-D markets, either hourly or yearly market. The regulation 

power markets offer slightly lower savings, and as the market is harder to access with 

larger capacity requirements, it is not studied further. 

 

Figure 31 below shows how the savings cumulate throughout the year 2016. Participating 

in the regulation power markets creates most savings compared to the spot optimized 

scenario during few hours at winter, when the prices at the regulation power markets were 

extremely high. This is one more reason, why the regulation power markets are not part 

of the suggested strategy: Savings are dependent on extreme prices. 

 

Comparing the hourly and yearly FCR-D markets is interesting: The price on the yearly 

markets is known in advance, and thus the savings accumulate evenly through the year. 

The hourly market on the other hand cumulate savings mostly during hours of high prices 

on the market during the spring and the fall. The hourly markets are though riskier com-

pared to the yearly markets, and thus this thesis suggests the scenario with spot optimiza-

tion combined with yearly FCR-D market as the preferred DR strategy for an on/off con-

trollable cold storage facility. 

 

 
Figure 31 - Cumulative savings with selected DR strategies 

6.8 Sources of uncertainty 

The optimization tool developed in this thesis can be used as a tool to evaluate the theo-

retic economic benefits achievable by introducing demand response to a flexible load. 

There are however sources of uncertainty in both the calculations and on the markets, 

which may alter the practically achievable results significantly. 

 

Main sources of uncertainty between real life applications and the simulation arises from 

not knowing the process state nor the required daily energy input perfectly. Table 21 be-

low lists these sources of uncertainty and their impacts. Both listed sources of uncertainty 
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may be reduced and nearly eliminated by focusing on the estimation of required daily 

energy impact and dynamics, e.g. at what pace the temperature rises during different 

hours of day and ambient temperatures. It is also important to note that the capacity which 

is available to FCR markets should be estimated with care. 

 
Table 17 - Sources of uncertainty 

Source of uncertainty Impact 
Required daily energy If it is calculated wrong, the chilling may 

be activated during hours of high price of 

electricity due to reaching temperature 

limits. 

Time the process can survive without en-
ergy input 

In the simulated load, there may be hours 

of extremely high heat flux to the cold 

storage, leading to activation of chilling 

during hours of high price of electricity. 

Capacity for FCR markets estimated 
wrong 

The capacity by which the facility partici-

pates may alter, reducing the sales to FCR 

markets. 

 

Market risks are also present, in this case the price of FCR capacity and the daily variation 

on the spot markets are the most important factors. 

6.9 Summary 

The simulator developed in this thesis proved that there is significant saving potential 

achievable by applying demand response to flexible loads. The tool also proved, that the 

most savings were achieved by combining spot optimization with selling capacity to the 

frequency containment reserve markets. It proved to be the most beneficial practice for 

both on/off and linearly controllable loads. The on/off controllable loads are however 

limited to participate as FCR-D reserve, while the linearly controllable loads may also be 

utilized as FCR-N reserve. 

 

The simulator will be utilized by the sales department at Seam to evaluate the savings 

potential of flexible loads for customers by entering the measured hourly consumption 

data together with price data.  
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7 Conclusions 
Due to climate concerns, the electricity generation mix is changing from fossil fuels to-

wards variable renewable energy sources, such as wind and solar. As they cannot be con-

trolled, while the generation and consumption of electricity still must match each other at 

all times, there is room for new sources of flexibility in the electricity markets. Further-

more, the inbuilt inertia in the electricity system is declining, as the new generation 

sources feature smaller rotating masses is also leading to rising requirements for flexibil-

ity. Demand response was defined as one part solution to add flexibility to the electric 

system, ranging from reallocating consumption on the hourly scale to electric loads fol-

lowing the grid frequency on the second to second timeframe. 

 

From a flexible loads point of view, the physical power markets and the balancing power 

markets seemed to be very similar. Here the requirement is either to increase or reduce 

the consumption with relatively much for a timeframe in hours – leading to a large re-

quirement in storage capacity. The FCR-N and aFRR markets on the other hand require 

lower storage capacity as the consumption is altered on the second to second timeframe, 

while the load should be precisely controllable. To participate in the FCR-D markets, the 

load is only required to be able to reduce its consumption quickly for a maximum time of 

15 minutes. Finally, in the balancing power capacity markets the load should be able to 

reduce its consumption for up to 36 hours, basically meaning that either the main process 

will be sacrificed in the case of activation, or there has to be a secondary fuel to replace 

for the electricity. Such a secondary fuel might be oil, if producing heat with electricity.  

 

A pilot project for aggregating resources on the FCR-N markets was studied. The pilot 

project was between Seam Oy and Fingrid, and consisted of three independent resources 

performing frequency regulation. Two of these resources were loads, while the third one 

was a small hydropower plant. 

 

By analyzing the performance of the individual consumption resources, it was found out 

that the rebound effect leading to a large surge or decline in the consumption of the re-

sources was an issue that was present at the studied facilities. Due to the rebound effect, 

these facilities required a relatively long recovery time after performing frequency regu-

lation. The issue was analyzed further, and proved to consist mostly of a fixed reference 

for power consumption that was introduced due to convenience of reporting. The study 

proved, that by focusing further on the implementation of the control logic on the indi-

vidual facilities, the effect may be reduced significantly or even eliminated. Eliminating 

the rebound effect also eliminates the requirement for a recovery time, leading to better 

economics for the facilities participating in frequency controlled reserves. Even with the 

required recovery time, the economics proved to be promising with roughly 12 % of spot 

acquisition costs returned by selling capacity to FCR-N markets. 

 

The hydropower plant on the other hand performed very well, but the economic benefits 

are harder to estimate, as the capacity dedicated to the FCR-N markets means that part of 

the generation has to be moved from hours with higher prices on the spot market to hours 

with lower prices. A price of 60 €/MWh on the spot market was estimated to be the limit 

above which all capacity should be sold to the spot markets in favor of the FCR-N mar-

kets. With this price gap, the economics of the plant improved by 3 %, even though some 

generation to spot markets was moved to hours with lower prices. 
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Furthermore, the project demonstrated that the original idea of the project – aggregating 

individual resources that are capable of only up or down regulation – from different bal-

ance sheets proved impossible due to limitations in the IT systems at Fingrid used for the 

calculation of energy imbalance caused by frequency regulation. Within one balance 

sheet this kind of aggregation is however possible, and Fingrid is planning to allow third 

party aggregators on the FCR-N markets in the near future. 

 

Finally, an optimization tool was developed to estimate the economic benefits from par-

ticipating in demand response activities for a flexible load. The performance of the tool 

was evaluated using real data to optimize from a cold storage facility in Finland. The tool 

proved that for a cold storage facility, pure spot optimization can lower electricity acqui-

sition costs by almost 15 %. Furthermore, for a load that is not linearly controllable, the 

participating to FCR-D markets will further increase the achievable savings to an impres-

sive 24 %. If the load however is linearly controllable, e.g. frequency controller driven, 

the introduction of FCR-N markets in addition to previous ones slashes the original costs 

by an even more impressive 38 %. 

 

This thesis found out that there are significant economic benefits achievable from partic-

ipating in demand response activities. The most lucrative markets proved to be the fre-

quency controlled reserves, but even spot optimization offers savings exceeding 10 %. 

The focus of medium sized loads was interesting from an aggregator’s point of view, as 

large loads offers such significant monetary savings that they are already largely partici-

pating in demand response activities in one form or another. However, for a medium sized 

load, the monetary benefits are too low to receive remarkable effort from the facility’s 

owner. A third party aggregator may thus aggregate multiple of these loads to build a 

sustainable business. 
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