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Greenhouses make a significant portion of the total Frequency containment reserve capacity
in Finland, as they offer great flexibility in their energy consumption patterns. The
implementation of FCR into greenhouse operation is a topic that has not yet been studied
extensively. In this bachelor’s thesis the economic viability of greenhouses participating as
reserve providers for FCR systems is studied from a case example greenhouse perspective.
The study assumes that all the systems integrated into FCR are systems that would be present
even without the potential for the greenhouse to act as a reserve provider and that the systems
receive minimal extra maintenance. The thesis uses data provided by the case example
greenhouse, a FCR aggregator and from Fingrid. In the thesis the annual yield of the solar
power plant present in the greenhouse is modelled using HelioScope. The results are
calculated manually from the data provided. The results are presented in a generalized format
allowing for usage of the results in a broader range of applications. The results of the study
show that it is economically viable to participate as a reserve provider for FCR systems as a
greenhouse. The continued cost for participation is negligible in greenhouse applications and
the impact on the day-to-day operation of the greenhouse is minimal.
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TUTKIMUS TAAJUUSOHJATUN KAYTTO- JA  HAIRIORESERVIN
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23 sivua, 3 kuvaa, 1 taulukko ja 1 liite

Tarkastaja: Professori Samuli Honkapuro

Avainsanat: kasvihuone, taajuusohjattu kéytto- ja héirioreservi

Kasvihuoneet ovat merkittivd osa Suomen taajuusreservikapasiteettista, silli niiden
energiankulutustottumukset ovat erittéin joustavia. FCR:n kdytto kasvihuonetoiminnassa on
aihe, jota ei ole vield paljoa tutkittu. Tédssd kanditaattity0ssd tutkitaan FCR-jérjestelmien
kannattavuutta kasvihuoneissa esimerkkikasvihuoneen avulla. Tutkimuksessa oletetaan, ettia
kaikki FCR:ddn integroidut jérjestelmit olisivat kdytossd myds ilman kasvihuoneiden
mahdollisuutta toimia reservintoimittajina. Ty0ssd oletetaan, ettd FCR:n kéyttdminen
kasvihuonejirjestelmissd lisdd vain vdhdn yliméérdisid huoltotoimenpiteitd. Ty0ssd
kaytetddn esimerkkikasvihuoneen, FCR-aggregaattorin ja Fingridin toimittamaa dataa.
Tyossd kasvihuoneen aurinkovoimalan vuosituotto mallinnetaan HelioScope-ohjelmalla.
Tulokset on laskettu manuaalisesti annetuista datasta. Kanditaattity0ssa esitetdén tulokset
yleisessd muodossa, jotta se mahdollistaa niiden kédyttéd myds laajemmin. Tutkimuksen
tulokset osoittavat, ettd kasvihuoneiden on taloudellisesti kannattavaa osallistua FCR-
jarjestelmiin reservintoimittajina. Osallistumisen jatkuvat kustannukset ovat véhdiset ja
FCR:n vaikutus kasvihuoneen piivittdiseen toimintaan on pieni.
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SYMBOLS AND ABBREVIATIONS

Abbreviations

FCR Frequency Containment Reserve

FCR-D Frequency Containment Reserve for Disturbances
HPS High pressure sodium

LED Light-Emitting Diode

TSO Transmission System Operator

PV Photovoltaic
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1 Introduction

Frequency containment reserves (FCR) are a crucial mechanism used in electrical grids to
maintain stability in the system frequency. FCR helps ensure grid stability, reliability of
power supply and facilitate the integration of renewable power sources. FCR works by
helping synchronize power generation and consumption by allowing for a more flexible load
on the consumption side. This is made possible with the participation of reserve providers in

FCR, which can increase or decrease their power consumption on demand.

Due to the flexibility of short-term energy demand in growing herbs and salad, greenhouses
growing these crops are great candidates for participating in Frequency Containment
Reserves. Participation in FCR for greenhouses is a topic that has not been studied in great
depth, even though greenhouses have a multitude of different systems capable of
participating with. According to Fingrid (2019), out of the 270 MW capacity for FCR-D at
the time, 200 MW were greenhouses participating in the reserve. This study is focusing on
the economic viability of participating in FCR-D services for greenhouses, using Robbe’s
little garden as a case example that is being analyzed based on existing energy usage and

FCR participation data.

1.1 Background

Robbe’s Little Garden has cooperated with this study and provided data used in the study.
Robbe’s Little Garden is an indoor farming company possessing both greenhouse as well as
vertical farming facilities. Moreover, the local greenhouse was suitable to represent a cross-
section of Finnish greenhouses due to its versatility; the greenhouse participates in FCR-D
with its top lights, solar power plant, and heat pumps. Another co-operator for this project is
Sympower, a multinational FCR aggregator, which is providing reserve aggregation services
to Fingrid, a Finnish electricity transmission system operator (TSO). Robbe’s Little Garden

is supplying its energy balancing services as a reserve provider through Sympower.

FCR is managed by Fingrid in Finland’s power transmission system. It is utilized for

balancing of short-term imbalances between consumption and generation of energy and is



implemented through a web of agreements between FCR management companies, electricity
providers, and private companies which provide reserve capacity according to standards and
stipulations. Reserve capacity in this case consists of the ability to align one’s energy
consumption to fit balancing needs for a specified energy amount and timeframe.
Participation in the system as a reserve provider is highly regulated, as there are strict

technical requirements that the companies must adhere to.

FCR creates a buffer in consumption in the system, which allows for fast balancing of short-
term imbalances, while providing companies which are more able to compromise in their
energy consumption, with an alternate revenue stream. While the compensations for
providing reserve services might not be the preliminary source of revenue, it is a way for

companies to improve their profitability.

Fingrid offers the ability to participate in FCR-N and FCR-D. FCR-N aims to limit the
deviation of frequency during normal operation to 49.9-50.1 Hz, the FCR-D product instead
aims to adhere to the 49.5-50.5 Hz range during disturbances. This leads to vastly differing
technical requirements for companies for participation in the different active power reserves

managed by Fingrid (ENTSOE, 2023).
3000
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Figure 1: FCR reserve activation based on frequency. (Fingrid 2023)
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1.2 Objectives

This study focuses on the economic viability of participation in FCR-D services for
greenhouses, with Robbe’s Little Garden being an example case that is being analyzed based
on existing energy usage and FCR participation data. The objective of the study is to conduct
an assessment on the usage of FCR-D and provide generalized results that can be applicable

to a wide range of greenhouses and other potential contributors to FCR-D.
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2 Preliminary Assumptions

This chapter covers the assumptions used in the study about FCR-D integration into different
systems present in greenhouses and FCR-D price development. The assumptions covered in

this chapter will be the base for the results and conclusions found in the study.

2.1 LED lights

High pressure sodium (HPS) lamps are traditionally used for greenhouse lighting, however
light-emitting diode (LED) is an alternative that can offer many advantages over HPS lamps.
For FCR-D applications LEDs reach their nominal power quicker, allowing them to continue
to participate in FCR-D even with the new tighter technical requirements set by Fingrid
(ENTSOE, 2022; ENTSOE, 2023).

In the study, LEDs are assumed to reach their nominal power instantaneously as a
simplification. The effects of aging of LEDs are also considered negligible, as it is assumed

that the lighting systems receive maintenance frequently.

2.2 Solar power plant

Solar power plants can be included in the FCR-D Down reserve by shutting down the solar
power plant during FCR-D down disturbance. The maximum capacity that can be sold for
the reserve is the estimated annual yield of the solar power plant. Therefore, the yield of the
solar power plant must be estimated. Although the maximum available capacity for the
reserve is the annual yield, the actual capacity is likely to be less than that, so the aggregator

can avoid sanctions for overestimating the available capacity.

In terms of the economic viability of including a solar power plant in FCR-D Down, possible
losses are caused by the lost yield while the solar power plant is shut down during
disturbances. Since the disturbances tend to be short in duration, the losses from the solar

power plant being shut down are negligible.
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2.3 Heat pump

Heat pumps are often needed in greenhouses since heat and moisture need to be constantly
cycled throughout the greenhouse. A greenhouse can manage short periods without heat
pumps without causing problems in plant growth. Heat pumps can be controlled in both up-
and down-directions, making them capable of participate in both FCR-D Up and Down
markets. In the case of Robbe’s Little Garden, the heat pumps are essentially always active,
so participating in FCR-D Down is not possible. On the other hand, the pumps are essentially
always capable of participating in FCR-D Up.

2.4 Dimming LED

Dimmable LED lights are often controlled based on solar irradiance measurements in the
greenhouse, meaning that the electric power of the lights may be zero, nominal or anything
in-between. The main benefit of the dimmable LEDs is that they promote savings in
electricity use since excessive lighting is avoided. These benefits may cause issues for
frequency containment since the electric power of the lights is prone to continuously change
according to weather conditions. In the case of Robbe’s Little Garden, the dimmable LED’s

have not been installed for a long enough time period to have sufficient data for analysis.

2.5 Electric resistor

Electric resistors can be used in greenhouses as an auxiliary heating system. In addition to
being an auxiliary system, the resistor can be used simultaneously for FCR purposes, making
use of the otherwise idle system. In the case of Robbe’s Little Garden, a similar system has

not yet been implemented, thus there is no historical data on the system.
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2.6 FCR-D price development

The compensation for participating in the frequency containment reserves in Finland is set
by Fingrid (Fingrid OYJ, 2023). Companies have been able to participate in FCR-D up since
2011 and it became possible to participate in FCR-D down in 2021.

The data for the following figure 2 was acquired from Fingrid (Fingrid, No date) and only
represents the development of Fingrid's own yearly market prices trends, as aggregators
would apply their own fees as well on top of it while providing their services to companies.
Thus, the FCR-D pricing shown in the figure does not include the possible aggregator price
share that may be present for smaller FCR-D operations. It can still be used for analysis
purposes, as the general developmental trends apply in both cases, as well as the aggregator

cut often being marginal compared to the official Fingrid price.

11
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Figure 2: FCR-D price development



14

Fingrid’s pricing is competitively decided through an annual auction, and every participant
receives the same compensation for maintaining reserve capacity. The annual auction is held
in autumn and decides the price that will be maintained for the next year. Due to its
competitive pricing, the compensation amounts fluctuate yearly and cannot be easily linked
to the volume of reserve (MW) that is available for that year. This is because it also depends
on the different actors involved in the market, ranging from aggregators to reserve providers,

as well as the electricity price and inflation.

2.7 Cost of participation

The cost for participating in FCR-D includes the cost of validating the system for the
required specifications, the cost of the control hardware and the cost of electricity. The cost
of the hardware and validating the system is a one-time fee with an expected relatively short

payback period, which will entirely depend on the scale of the operation.

When participating in FCR-D the length of the mean disturbance for the greenhouse was
3.45 min, due to which the cost of electricity from participating can be considered negligible

compared to the compensation.

2.8 FCR Testing

Every device added into the FCR-D system via Sympower has to be validated by a
Sympower official before they can be integrated into the system. The validation is done by
testing the activation and deactivation speeds of the device via remote commands to the
device. The device’s activation and deactivation speeds must comply with the FCR-D

requirements set by Fingrid.

Testing of the General lights of Robbe’s Little Garden was done on 3.10.2022 by a
Sympower official. The tests were performed by using remote access to test each sections
lights on their start-up and shut down times as the whole group and afterwards a section at a
time and the power curve of the lights was measured. During the testing the activation time,

deactivation time and power curve of the lights were measured to validate the lights.
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3 Methods

In this chapter, the methods used to calculate the results of the study are introduced. The
calculations in the study were primarily done manually, while the solar power plant

modelling was done using HelioScope, a modelling software.

3.1 LED lights

The historical operational hours of the greenhouse’s lighting systems were downloaded with
a resolution of one hour, after which the data was multiplied with the theoretical activated

power of the LEDs, resulting in the following formula for FCR-D Up:
P = Peor* tannuar * Cringrid (1)

where p is the theoretical price paid by Fingrid [€], P,; is the theoretical activated power of
the section [MW], tynnuq 1 the annual lighting time [h], and cpingriq 1 the compensation

for the reserve [€/ MW . h]
And for FCR-D Down:
P = Pe - (8760 — tannuar) - CFringrid (2)

Furthermore, dividing the compensation with the total growing area of the greenhouse gives

the relative compensation for one hectare of growing area.

€)

Pret Agrow

where Agrqy 18 the growing area of the greenhouse [ha].

3.2 Solar power plant

The annual yield of the solar power plant was modelled with HelioScope, a solar

photovoltaic (PV) modelling software. The weather data for the model was acquired from
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American Society of Heating, Refrigirating and Air-Conditioning Engineers. The data

consisted of International Weather for Energy Calculations historical data from Helsinki.

The details of the solar power plant installation are shown in table 1.

Table 1: Solar power plant specifications

Attribute Solar power plant at Robbes Little Garden
Installation method Fixed tilt racking

Tilt angle 22°

Azimuth angle 153°

Row spacing 2m

Nominal power 317 kWp

With specifications according to table 1, the solar power plant is estimated to have a relative
yield of 0,93 MWh/kWp, which for a 317 kWp solar power plant, accounts for an annual
yield of 295 MWh. Figure 3 depicts the estimated distribution of yield over one year.

Estimated annual yield of solar power plant 295 MWh.

50k
40k

30k

Energy [kWh]

20k

10k

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 3: The estimated annual yield of the solar power plant.
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For a solar power plant, the highest possible compensation paid by Fingrid is:
b= > p; - CFingrid 4)

where p is the compensation paid for every megawatt of solar panels [€/MWp], P; is the
power of the solar power plant at any given time [kKW/MWp] and Cgipngriq is the relative

compensation from Fingrid [€ / MWh]. The sum of the power for the solar power plant over

the year is equal to the estimated annual yield of the solar power plant:

> P; = Egnnual (5)

where E ,quaqr 18 the estimated annual yield of the solar power plant [MWh/MWp]. The
compensation Cringriq 18 not a time-dependant constant, which allows the equation used to

calculate the compensation paid for participating in FCR-D down to be simplified by using

the estimated annual yield of the solar power plant.

P = Eqnnuar - CFingrid (6)

3.3 Sensitivity analysis

The sensitivity analysis was done using data given by Sympower and historical data from
Robbe’s Little Garden on the lights, heat pumps, and the solar panels. The historical data on
the lights does not include data on dimming lights as they had not been implemented on the
site historically. The study uses the mean compensation for participation in the calculation

of the results.

3.4 Resistor

As the electric resistor is always able to participate in the frequency containment, the

compensation paid for its involvement in FCR-D Down can be calculated as follows:

p = 8760 h * CFingrid (7)
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where p is the relative compensation paid [€ / MW] and Cgpgriq 1S the compensation for

FCR-D Down [€ / MWh].
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4 Results

The results of the study used the mean compensation for FCR-D in the calculations. The
mean for FCR-D up since 2011 was 2.97 € / MWh. The highest compensation paid was 4.7
€ /MW in 2017, and the lowest compensation was 1.48 € / MW during the first year of FCR-
D up in 2011. For FCR-D down the compensation has been 10 € / MWh since it was first
made available to participate in 2022.

4.1 General lights

Based on historical price development, the mean annual compensation for traditional LEDs
in FCR-D Up in a greenhouse is 11185 € / MW (Appendix 1), whereas for FCR-D Down it
15 49940 € / MW. In the case of Robbe’s Little Garden, 1 MW of LED top lights can cover
a growing area of up to 1.7 ha. This gives the compensation of 6575 € / ha for FCR-up and
29376 € / ha for FCR-down.

4.2 Solar panels

A solar power plant installed on a Finnish greenhouse roof can produce a relative yield of
930 MWh/MWp. Thus, the maximum compensation paid by Fingrid is 9300 € / MWp with
the current prices for FCR-D Down. This compensation assumes that the whole yield of the
solar power plant can be sold as reserve capacity. Additionally, the aggregators marginal

should be applied to this value.

4.3 Resistor

The annual compensation for implementing an auxiliary resistor system in to FCR-D Down

is 87600 € / MW annually with 100% readiness for the system.
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5 Discussion

This report studied the economic viability of FCR-D in greenhouse applications. The
methods of the study included using gathered data from the studied greenhouse, the Finnish
TSO and from a FCR-D aggregator. This chapter includes the conclusions regarding the
economic viability of participating in FCR-D as a greenhouse operator and considers other

benefits related to FCR-D integration into greenhouses.

5.1 Reliability of results

The results are estimated to be applicable in Finnish herb and salad greenhouses. When
comparing the results to greenhouses with different locations and produce, the accuracy of
the results is likely to decrease. Aggregator contracts can also affect the reliability of the
results as these contracts are often negotiated in a case-by-case basis, and estimating the
aggregator cut due to this is not within the scope of the study. The cost of electricity from
participating in FCR-D down is negligible due to the short duration of disturbances, however
if electricity prices or the duration of disturbances increase drastically this may start

impacting the profitability.

Participating in FCR with solar power plant involves a level of uncertainty as the output of
the solar power plant cannot be estimated perfectly ahead of time. Due to this the real
compensation from participating with a solar power plant will be less than the theoretical

calculated in this study.

5.2 Key results

The use of FCR-D systems in greenhouses poses to be beneficial not only to the
greenhouse, but also to the electrical power systems stability. For greenhouses FCR-D
systems have a low investment cost and low impact on the normal day-to-day operation,

while also adding an additional revenue source to their business. The electrical power
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systems benefit from greenhouses participating in FCR-D as they are a very flexible
reserve provider with potential in participating in FCR down and up, and larger

greenhouses have the potential to participate with substantial power.

5.3 Practical importance of the study

The greenhouse company collaborating with the study has found the results regarding the
electrical resistor promising and has taken actions towards procuring such a system to
participate in FCR-D. The findings of the study can be applicable to other greenhouses in
Finland not already participating in FCR-D or considering on expanding their participation
as a reserve provider. The findings of the study can also be applicable to greenhouse outside
of Finland and non-greenhouse applications as long as due diligence is done regarding local

technical requirements and markets for FCR-D type systems available locally.
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Appendix 1. Sensitivity analysis for LED lighting in FCR-D Up in a herb and salad

greenhouse.
Year € (for 211,9 kW €/ MW
LED)
2011 1181 5574
2012 2234 10545
2013 2681 12654
2014 3216 15177
2015 3296 15554
2016 3591 16947
2017 3751 17700
2018 2234 10545
2019 1915 9038
2020 1516 7155
2021 1436 6779
2022 1516 7155
2023 2242 10582
Mean 2370 11185
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