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European energy markets are undergoing difficult times during the making of this thesis. 

The effects of such times are projected especially on greenhouses, as they use significant 

amounts of energy. Due to the beforementioned situation, investments related to energy 

efficiency or savings in energy are currently important to greenhouse entrepreneurs.  

 

Greenhouses, especially vertical farms, are suitable sites for solar power plants, as they offer 

plenty of surface area and electric load to the solar power plant. In this bachelor’s thesis, the 

cost-effectiveness of a solar power plant is studied at a single greenhouse. Key problems 

related to the thesis include modeling the annual yield of the solar power plant, considering 

the electric load of the greenhouse at an hourly level, and defining the results to be indicative, 

so that they could be applicable to similar greenhouses. 

 

This thesis uses HOMER Pro- and HelioScope software to conduct a techno-economic 

assessment and sensitivity analyses without significant manual calculations. The economic 

metrics used in this thesis include internal rate of return, return on investment, net present 

cost, and payback period. 

 

The results of this thesis imply that even in circumstances that are unfavorable for cost-

effectiveness, it was sensible for the company to invest in the solar power plant. In terms of 

the sensibility of the investment, key factors include the incentive granted by the Centre for 

Economic Development, Transport and the Environment, the rising electricity prices, and 

adding the solar power plant to be a part of a frequency containment reserve.  
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Euroopan energiamarkkinoilla on tämän työn kirjoitushetkellä vaikea tilanne, joka varjostuu 

poikkeuksellisen merkittävästi kasvihuoneisiin, niiden kuluttaessa huomattavia määriä 

energiaa. Energiansäästöön ja energiatehokkuuteen liittyvät investoinnit ovat edellä 

mainitun tilanteen vuoksi tärkeitä kasvihuoneyrittäjille. 

 

Kasvihuoneet ovat sopivia sijoituskohteita aurinkovoimaloille, sillä varsinkin 

monikerrosviljelmät tarjoavat runsaasti asennuspinta-alaa sekä sähköistä kuormaa 

aurinkovoimalalle. Tässä kandidaatintyössä tutkitaan aurinkovoimalan 

kustannustehokkuutta yksittäisellä kasvihuoneella. Työn keskeisiin ongelmiin kuuluvat 

aurinkovoimalan arvioidun vuosituotannon mallintaminen, kasvihuoneen sähköisen 

kuorman huomioiminen tuntitasolla ja tulosten määrittäminen suuntaa antaviksi, jotta niitä 

voisi soveltaa vastaaviin kasvihuoneisiin. 

 

Tässä työssä käytetään HOMER Pro- ja HelioScope ohjelmistoja, joiden avulla 

teknoekonominen analyysi sekä herkkyysanalyysi voidaan suorittaa ilman merkittävää 

manuaalista laskentaa. Työssä käytettäviin ekonomisiin suureisiin kuuluvat efektiivinen 

korko, sijoitetun pääoman tuottoaste, nettonykyarvo ja takaisinmaksuaika.  

 

Työn tulokset osoittavat, että kustannustehokkuuden kannalta huonoissakin olosuhteissa, 

kyseisen kasvihuoneyrityksen kannatti sijoittaa aurinkovoimalaan. Sijoituksen 

kannattavuuden kannalta merkittävimpiä tekijöitä olivat ELY-keskuksen myöntämä 

investointituki, kallistuva sähkön hinta ja aurinkovoimalan liittäminen osaksi 

taajuusohjattua käyttö- ja häiriöreserviä. 
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1  Introduction 

Finnish greenhouses use significant amounts of energy. In 2021, the total energy 

consumption of all Finnish greenhouses was 1706 GWh, out of which electricity accounted 

for 619 GWh (Luonnonvarakeskus, 2022, 3). Recent uncertainty regarding fuel- and energy 

prices has further encouraged greenhouse owners to invest in energy efficient solutions and 

in renewable energy (Jokinen et al., 2017, 3; Jordas, 2022a). Techno-economic assessment 

of a renewable energy resource, like a solar power plant on a greenhouse roof, for example, 

can be difficult due to the complicated nature of a greenhouse’s electric load. Although 

difficult, such an assessment must be conducted for the owner of the greenhouse to get 

indicative data to use in new greenhouse projects. 

1.1  Background 

Robert Jordas has been a greenhouse entrepreneur since 2001. Jordas’ greenhouse “Robbe’s 

Little Garden” has 15 000 𝑚2 of growing area, which includes both traditional indoor farms 

and vertical farming solutions. The main products grown at the greenhouse are salads and 

herbs. So far, the greenhouse has been operational throughout the year, regardless of the 

season. The most recent significant investment for the company was a 317 kWp solar power 

plant.  

 

According to Jordas (2022a), photovoltaic (PV) systems have become appealing amongst 

greenhouse owners. Jordas estimates that the proliferation of vertical farming, renewable 

energy incentives for agriculture, and an unpredictable electricity market are key reasons for 

such interest. Jordas points out that vertical farms could be especially feasible for solar PV 

systems as they keep the modules out of shade with their height, offer high consumption 

even for peak production hours as well as large surface areas, and cover from soiling. Jordas 

adds that traditional greenhouses can be good places to install solar modules as well; the 

sawblade-like shape of a venlo-greenhouse roof offers great installation surface for the 

modules, and it is not necessarily bad for the plants either.  

“Certain plants prefer moderate radiation, and even the amount of radiation 

that comes through the glass roof on a summer day can be too much for them. 
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So far, this problem has been solved with shading curtains, but perhaps it could 

also be done with solar panels.” (Jordas, 2022a) 

 

According to Jordas (2022a), uncertainty towards investing in a PV array is caused by poor 

assessment of cost-effectiveness by the PV seller, fluctuating energy consumption of 

greenhouses, and the incompatibility of specific greenhouse types for PV use.  

 

Jordas (2022a) estimates that one can rarely generalise data of cost-effectiveness from 

another greenhouse, especially if the building materials, lighting technologies, possible solar 

modules, or products deviate from one’s own greenhouse. Also, the lack of sensitivity 

analyses in a research project makes him question the viability of the results. Lastly, Jordas 

points out that prior calculations regarding the cost-effectiveness of the company’s solar 

power plant have been made with only annual electric consumption estimates, not actual 

hourly values. 

 

In addition to the complex nature of greenhouses and their energy consumption, this study 

is further complicated by the unprecedented situation that the European energy markets are 

experiencing. As energy prices are rising, the roles of renewable energy and energy 

efficiency are highlighted. The current situation with the energy markets makes the 

following years unforeseeable. 

 

Lastly, Fingrid (2022) has stated that the 15-minute imbalance settlement period will be 

taken in to use on 22 May 2023. The effects of this change should be considered in studies 

related to the electricity markets. 

1.2  Objectives 

The objective of this study is to conduct a techno-economic assessment of the solar power 

plant at Robbe’s Little Garden, based on measured data of electricity consumption. 

Considering the techno-economic assessment, the following criteria should be met: 

1. Economic sensitivity analyses should be conducted 

2. The results should be indicative enough to be useful in future greenhouse 

projects 
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3. The electric load of the greenhouse should be considered at an hourly level 

 

In addition to economic data, the company is interested in possible changes to greenhouse 

design, to better integrate solar power plants with greenhouses. Such possible changes 

include finding the optimal tilt angle for a venlo-greenhouse roof from a PV module’s 

performance point of view. 

 

Based on the company’s wishes, the main research questions for this study are: 

1. How to accurately consider all energy flows of the microgrid in the cost-

effectiveness estimation? 

2. How to account for the changing economy while estimating the cost-

effectiveness of the solar power plant? 

3. How to make the results as applicable as possible? 

4. What effect would changing the tilt angle of the PV modules have on the 

annual production of the solar power plant? 

1.3  Delimitations 

This thesis consists of a single case study, which is meant to be indicative for future use in 

similar greenhouses. Therefore, some aspects of the study are simplified. The results of the 

study are not meant to be applicable to greenhouses with differing attributes such as a 

varying electric load profile, climate, or type of photovoltaic module. 

 

Hourly electric load data from 2021 is used in the study. The reasons behind using data from 

only one calendar year are the many changes and expansions made to the company during 

recent years, making previous consumption data irrelevant. 

 

In this study, cost-effectiveness is measured by estimating the payback period, lowest cost 

of energy (LCOE), internal rate of return (IRR), return on investment (ROI), and net present 

cost (NPC). No other economic metrics are considered. This delimitation is done to keep the 

structure of the study simple. 
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1.4  Structure 

The structure of the study is simple and iterative. The same simulation is ran with different 

parameters and preliminary assumptions, leading to comparable results. The study is 

structured as follows: 

1. Model the electric load of the greenhouse. 

2. Model the annual production of the solar power plant. 

3. Account for annual, seasonal, and economic variation. 

4. Run simulation. 

5. Evaluate the applicability of the results. 

6. Redefine assumptions and models if necessary. 

7. Conduct sensitivity analyses. 

8. Report on the results. 
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2  Preliminary assumptions 

This chapter covers assumptions about the electric load of the greenhouse, economic metrics, 

PV system specifications, and the surroundings of the greenhouse. 

2.1  Defining energy flows 

According to Jokinen et al. (2012, 3) and Jordas (2022a), energy flows of a greenhouse vary 

according to which plants are being grown, which lighting- and heating technologies, or 

building materials are used. When it comes to energy use, the undoubtedly most significant 

factors are lighting, heating, cooling, and dehumidification. 

2.1.1  Greenhouse lighting 

Finnish greenhouse lighting technology is undergoing change due to older high-pressure 

sodium (HPS) lights being replaced by newer light-emitting diode (LED) technology. 

Reasons for such change include the improvements in LED lifetime and durability, 

decreasing prices for LEDs, and, most importantly, the momentary increase in the price of 

electricity. (Naseer et. al., 2022, 11; Jordas, 2022a) 

 

The company has several generations of greenhouses after many expansions over the years. 

There are only a few areas in the greenhouse which are lit only by HPS-lights. In many parts 

of the greenhouse, so called hybrid-lighting systems have been implemented. With hybrid-

lighting systems, the primary artificial light source consists of LEDs and when necessary, 

the secondary HPS-lights are turned on to offer optimal radiation for the plants, whenever 

solar radiation is not sufficient. In the vertical greenhouses, all the lights used are LEDs. 

2.1.2  Seasonal variation 

On one hand, with vertical greenhouses, the amount of sunlight does not matter due to the 

roof consisting of traditional roofing materials, not of glass. Hence, the only radiation that 
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the plants receive is artificial. On the other hand, most of the greenhouse’s growing area is 

under glass or plastic roofs. This causes significant changes in electricity consumption on 

daily and monthly levels. In addition to lighting, systems like water- and air-source heat 

pumps use a considerable amount of electric power. The following figure depicts the 

monthly electricity consumption of the greenhouse in 2021. 

 

 

Figure 1. The greenhouse’s electricity consumption 

 

One can interpret from the figure that electricity consumption during wintertime can be up 

to three times that of which it is during the summer. The main reasons for such deviation are 

changes in lighting programs and the seasonal variation in the need for heating and cooling. 

To cut down heating costs, the company has invested in a wood chip boiler facility. Although 

this reduces the need for gas boilers or electric resistors, it does not help with the fact that 

particularly the vertical greenhouses require a significant capacity of heat pumps for 

dehumidification and cooling.  

2.2  Economic assumptions 

Certain assumptions about capital- and operational expenditures need to be made for the 

results of the study to be comparable. Inconsistent values like the inflation rate and the price 
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of electricity should be considered as variables in sensitivity analyses. Other sources of 

income and benefits include incentives and compensations from being a frequency 

containment reserve (FCR) supplier. 

2.2.1  Electric tariff and power purchase agreement 

The greenhouse is a part of a joint purchase of electricity, where the price for electricity 

consists of a system price, marginals for the seller and the aggregator, as well as from the 

Finnish electricity price area difference (EPAD). The system price is based on derivatives 

trading on Nasdaq Commodities’ markets. The EPAD, on the other hand, is a part of the 

reason why the monthly expenses for electricity are not directly proportional to the 

consumption of electricity.  The price for electricity in the greenhouse can vary often but has 

stayed between 0.03 – 0.18 €/kWh, including transfer fees and the energy tax. In this study, 

the price of electricity is considered as a sensitivity variable. Although a variable, the highest 

considered value for the price of electricity is 0.12 €/kWh, since that value should represent 

the entire lifetime of the project, not just the price in the current market situation.  

 

Surplus electricity from the solar power plant is sold to the grid through a power purchase 

agreement. The electricity sellback rate is based on the momentary Nord Pool Spot price for 

electricity. The aggregator’s margin can be considered insignificant, resulting in the sellback 

rate being very close to the Spot price. 

2.2.2  Capital expenditures 

Being a part of primary agricultural production, the greenhouse receives an incentive granted 

for procurement of renewable energy sources in agriculture. The incentive is 40 % of the 

price of said renewable energy technology, excluding value added tax (VAT), and it is 

granted by the Centre for Economic Development, Transport, and the Environment. 

Additionally, VAT is not accounted for in the capital expenditures (CAPEX), due to tax 

deductions. After the incentive, the CAPEX of the solar power plant, including installation, 

was 141 000 €. 
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2.2.3  Inflation- and interest rates 

In this study, inflation rate is one of the chosen sensitivity variables due to its rapid 

fluctuations as of late. The range chosen for the inflation rate is from 0 % to 10 % with a 

step size of one percentage unit. 

 

The nominal interest rate for the loan regarding the capital investment is 1.95 %. 

Additionally, a 12-month Euribor rate is applied in the loan. 

2.2.4  Frequency containment reserve 

Oscar Karlsson is a key account manager at Sympower, a company offering frequency 

containment hardware and software as a service. Sympower acts as an aggregator between 

the reserve supplier and the electricity transmission system operator. According to Karlsson 

(2022), a solar power plant can be used in the frequency containment reserve for disturbances 

(FCR-D) for downregulation, though the microgrid must be grid-connected for the system 

to work. Downregulation is achieved by cutting the power from the inverters, shutting down 

the solar power plant. In the case of the greenhouse, this results in the electric load taking 

more power from the grid, increasing the overall consumption in the grid. A standalone solar 

power plant, without an electric load, participates in downregulation simply by cutting down 

the overall electricity production in the grid. To evaluate the effect of connecting the PV 

system to be a part of the FCR-D Down reserve, one must consider it to be an investment 

and evaluate the effect it has on the cost-effectiveness of the project. 

 

According to Karlsson (2022), evaluating the cost-effectiveness of FCR-D Down is 

complicated by the annually fluctuating reimbursements offered by Fingrid, and by the 

difficulty of modelling the momentary production of the PV system, which defines the 

amount of compensation received. This momentary capacity, on the other hand, is 

determined by the corresponding momentary weather. In the reserve market, day-ahead 

trading is conducted, therefore, the reserve supplier must be able to evaluate, how much 

capacity can they promise to give the following day. Hence, the production for solar power 

plants may at times be slightly underestimated. Another complicating factor is that one 
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cannot sell small power outputs, so there is a chance that some hours of the solar power 

plant’s production are left unconsidered. This may be possible to avoid by having other 

additional capacity for the reserve, like lighting, heat pumps or electric resistors, for 

example. Another alleviating factor for the small power outputs could be the 15-minute 

imbalance settlement period, coming into use in 2023. The shift from 60 minutes to 15 

minutes may allow for even more accurate estimations of the reserve capacities. 

 

Capital expenditures of adding the solar power plant to FCR-D Down amount to less than 

two percent of the CAPEX of the solar power plant, including the necessary components, as 

well as installation work. The operational expenditures come from the power plant being 

shut down during downregulation. As the average time of downregulation for the greenhouse 

is only three minutes, and the inverters are quick to recover, the operational expenditures are 

negligible. (Karlsson, 2022; Saari, 2022) 

2.3  System specifications 

Specifications regarding the PV system include information about hardware, sizing, 

installation, and warranties. This information is needed to make the results of this study 

comparable. 

2.3.1  Photovoltaic modules 

This PV system consists of 714, Sharp NU-JD445 half-cut, modules with a combined 

nominal power of 317 kWp. The modules are wired to the inverters with 6 𝑚𝑚2 copper 

wire. Figure 2 shows the orientation of the modules. 
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Figure 2. Roof-mounted solar panels on a greenhouse roof. Photo by Robert Tallberg. 

 

As seen from Figure 2, all the modules are spaced out according to the venlo-greenhouse 

roof. These modules are not facing directly South, but rather have an azimuth angle of 153°. 

The tilt angle for all modules is 22°.  

 

The modules themselves have a product warranty of 15 years, and a linear power output 

warranty of 25 years. Module degradation is accounted for in the calculations by assuming 

that the degradation corresponds to the guaranteed percentage for minimum output power, 

as declared by the manufacturer of the modules. The manufacturer guarantees that module 

degradation should be no worse than 0.54 %, annually (Sharp, 2021). Based on the 

warranties, project lifetime is set as 25 years.   

2.3.2  Inverters 

For the inverters, there are two SMA Sunny Tripower Core2 (110 kW) inverters, both 

connected to 290 modules, respectively. Additionally, there is one SMA Sunny Tripower 

Core1 (50 kW) inverter connected to 134 modules. The inverters are connected to SMA’s 

Data manager M, which measures the power of the inverters, and uploads it in real-time to 
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a cloud-based user interface. Software updates to the inverters can also be installed through 

the data manager. 

 

When the system was first designed, the plan was to install three SMA Sunny Tripower 

Core2 inverters, with a combined capacity of 330 kW, to match the nominal power of the 

solar modules. While two of the inverters were wired to the transformer, the third one was 

supposed to be connected to a separate switchboard but could not be done due to incorrect 

fuse inlet sizing. Instead of the required inlet size of 1 (250 A), the inlet was of size 00 (160 

A). Therefore, a compromise was made to use a smaller 50 kW inverter instead. 

 

As the nominal power of the solar power plant is 317 kWp, and the combined nominal power 

of the inverters is only 270 kW, the inverters are undersized for the PV modules. Although 

it is common for the inverters to be slightly undersized compared to the nominal power of 

the PV array, one must evaluate whether it would be more sensible to change inverters in 

order to respond to the peak production of the modules (Ahola et al., 2019). 

 

Figure 3 shows the power output of a single 110 kW -inverter on 4 July 2022. 

 

 

 

Figure 3. Power output of an inverter on 4 July 2022 

 

From Figure 3, one can see that the inverter is operating at peak power around midday, and 

again around 2 p.m. It is possible that the potential power output could be higher at these 

times if the output were not restricted by the inverter’s capacity. 
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When evaluating whether to change inverters, one must account for the different minimum 

operation voltages of the two inverters (i.e. starting voltage), and the cut-off power caused 

by undersizing. Additionally, possible changes to the stringing of the system as well as 

restrictions set by the transformer, the main electric switchboard, and the fuse outlet must be 

considered. 

2.4  Surroundings 

The surroundings and climate determine specific losses due to soiling and reflection, for 

example. When evaluating losses caused by soiling, the following factors are to be 

considered: the solar cells being half cut, including three bypass diodes for each module, the 

number of leaves and needles from trees, soot from the greenhouse’s own wood chip boiler, 

and dust from harrowing and threshing the nearby fields. 

 

Figure 4 shows a satellite image of the greenhouse, with the wood chip boiler facility 

outlined in orange and the location of the solar modules represented by the blue area. 

 

 

Figure 4. A satellite image of the greenhouse 
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As can be seen from Figure 4, the greenhouse is in a fairly open area, with no trees to cause 

shading to the modules. The wood chip boiler facility is approximately 150 meters away 

from the modules. 
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3  Methods 

In this chapter, the methods of the study are introduced. While estimating the cost-

effectiveness of a PV array for a greenhouse, one must create an annual production model 

for the modules and compare that to the annual consumption model of the greenhouse. This 

way one can, with sufficient accuracy, estimate whether the system is experiencing 

overproduction and electricity is being sold to the grid. The estimation period should be 

according to the supposed operational lifetime of the PV system. In this study, the annual 

production of the solar power plant is modelled with HelioScope, a solar PV design and 

modelling software created by Folsom Labs. The cost-effectiveness calculations are done 

with HOMER Pro, a microgrid assessment software. 

 

Additionally, the evaluation should consider all possible uses for the PV system. In the 

greenhouse, the system can be used for the electric load, selling power during 

overproduction, or as a part of an FCR. 

3.1  Modelling the microgrid’s energy flows 

Energy flows in a microgrid need to be modelled to define the project’s operational 

expenditures (OPEX) and to evaluate whether the microgrid is experiencing overproduction 

at a specific time. Figure 5 represents the greenhouse’s microgrid. 
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Figure 5. The greenhouse’s microgrid 

 

As seen from Figure 5, the inverters are connected either directly to the transformer of the 

greenhouse, or to a switchboard. In both cases, the electric power of the solar power plant 

will primarily serve the electric load of the greenhouse. Power is directed to the grid only 

when the power of the solar power plant becomes higher than the momentary electric load 

of the greenhouse. 

3.1.1  Modelling the PV system’s annual production 

After inputting all solar power plant specifications, system losses and the beforementioned 

condition models, HelioScope compiles a report, where it predicts the annual electricity 

production of the solar power plant. Figure 6 represents the result of HelioScope’s 

simulation, and it shows the annual predicted electricity production in kilowatt-hours. 
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Figure 6. The predicted annual yield of the solar power plant 

 

As seen from Figure 6, HelioScope predicts May to be the peak month for electricity 

production, with June and July being close behind, with a difference of less than two MWh 

from each other. According to the simulation, production during May can be nearly 60 times 

that of the production during December, where the solar power plant is hardly even 

operating. In total, HelioScope estimated the annual yield of the solar power plant to be 

approximately 295 MWh. After simulating the data with HelioScope, the data is imported to 

HOMER Pro. 

3.1.2  Modelling the electric load and tariff of the greenhouse 

The electric load of the greenhouse was modelled using the electric consumption the latest 

full calendar year, 2021. The consumption data was downloaded from the local gird 

operator’s website, with a timestep of one hour. The corresponding 8760 values were 

subsequently imported to HOMER Pro. Based on these values, the following load profile 

(Figure 7) was created. 
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Figure 7. An electric load profile of the greenhouse 

 

One can note from the profile (Figure 7) that the power input of the greenhouse can widely 

vary by the hour. On a summer day, the required power changes very little, since the only 

lighting used is in the vertical farm, which is independent of the weather. During the autumn 

and spring months, midday sunlight covers some of the needed radiation, but the help of 

artificial lighting is needed from the evening, all the way to the morning hours. During a 

winter day, the plants are almost entirely lit without sunlight, using only artificial lighting. 

 

Next, the price for electricity, including transfer fees and the energy tax, was set for HOMER 

Pro to base its calculations on a specific rate. The changing EPAD is difficult to predict, 

hence, it is considered in the sensitivity analysis, by running simulations with a variety of 

different prices for electricity. 

3.2  Modelling the PV system’s conditions and losses 

The system conditions and losses were modelled with HelioScope. The model is based on 

system specifications as well as condition data such as: a transposition -, module temperature 

-, weather condition -, and soiling models. 

3.2.1  Conditions 

In this case, solar irradiance was modelled with the Perez transposition model, whereas 

module temperature was modelled with the Sandia model. For the weather condition data, 

an International Weather for Energy Calculations dataset for Helsinki was used. The model 



25 

 

was created by the American Society of Heating, Refrigerating and Air-Conditioning 

Engineers, and consists of three data types. 

 

Table 1. Weather data structure 

Type of data Intended use Examples of data 

Design day file [.ddy] Design conditions Wind speeds, air pressure 

Summary report [.stat] Statistical values Relative humidity, climate zones 

EnergyPlus weather file [.epw] Weather modelling Average temperature data 

 

The chosen weather dataset consists of average measurements from Helsinki, over a period 

of 15 years. This dataset was deemed more reliable than an optional meteonorm, which 

would have combined data from similar latitudes as the greenhouse. This meteonorm was 

deemed inaccurate. 

3.2.2  Losses 

System losses to shading, reflection, mismatch, and derating were modelled by HelioScope, 

based on user-inputs. System losses due to soiling were considered as monthly percentages 

of the power output.  

 

Firstly, in the wintertime, soiling caused by snow was estimated to be moderate due to the 

warmth of the greenhouse preventing snow from piling for most of the winter, resulting in 

an estimated soiling value of 4 %. Secondly, in spring, there were no considerable causes for 

soiling, resulting in a soiling value of 1 %. Thirdly, soiling during the summer was estimated 

to consist of dust from harrowing and threshing of the nearby fields, leading to an estimated 

soiling value of 2 %. Pollen was not considered as a possible source for soiling since the 

amount of pollen on the roof of the greenhouse has never been significant. Lastly, soiling in 

autumn was estimated to be insignificant due to the photovoltaic cells being half-cut and to 

the fact that leaves or pine needles have never been an issue for the greenhouse. Hence, the 

soiling value of 1 %. 
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3.3  PV system optimisation  

Possible alterations to the PV system must be considered to get a better understanding of 

what to consider when the company decides to build a new solar power plant at another 

greenhouse. 

3.3.1  Inverter configuration 

The two possible inverter configurations were compared by simulating the annual yield of 

both models with HelioScope. Next, the cost of modifications was calculated. The cost of 

modifications consists of re-stringing the inverters to balance out the amount of modules on 

each inverter and changing the 160 A -fuse inlet into a 250 A -fuse inlet. Whether these 

changes are financially sensible or not, is determined by comparing the change in the 

project’s net present cost, and the cost of electric work to the inlets and strings. The cost of 

the inverters themselves can be ignored since the capital expenditures of the project would 

stay the same, regardless of which inverter would be used. 

3.3.2  Azimuth angle 

As said, these modules are not facing directly due South. To find out the differences between 

different azimuth angles, the current simulation results were compared with simulations 

having azimuth angles of 90 °, 180 ° and 270 °. Using HOMER Pro to calculate the 

differences in NPC, it is possible to determine the effect that the azimuth angle of the 

modules has on the cost-effectiveness of a similar PV system combined with a vertical 

greenhouse. This is valuable information for the company to use in later greenhouse projects. 

3.3.3  Tilt angle 

As with the azimuth angle, altering the tilt angle of this PV array is not likely to be done. 

Nevertheless, it is essential data when considering future greenhouse projects. According to 

Jordas (2022b), future greenhouse frames could be designed with PV compatibility in mind. 
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By creating otherwise identical models of the current PV system, only with altered tilt angles 

and calculating the differences in NPC, the effect on cost-effectiveness can be evaluated. For 

this analysis, accurately defining the roof’s ridge length and module placement is important 

to correctly take shading into account. These attributes were simulated using HelioScope’s 

fixed tilt racking option and high-resolution satellite images. 

3.4  Calculating the cost-effectiveness of the frequency containment reserve 

If one can manage to sell all active hours of one’s solar power plant as reserve capacity, the 

yearly compensation can be calculated as follows: 

𝐼𝑎 = 𝐸𝑎 ⋅ 𝑝𝑓     (1) 

where 𝐼𝑎 is annual income [€], 𝐸𝑎 is annual energy produced by the solar power plant [MWh] 

and 𝑝𝑓 is the compensation from Fingrid [€/MWh]. 

 

Since the year 2022 is the first year for FCR-D Down, there was only one corresponding 

compensation to use, 10 €/MWh. Sympower’s marginal was also considered in the 

calculations. 

3.5  Sensitivity analysis 

A thorough sensitivity analysis was deemed as one of the requirements for the study. All the 

variables used in the sensitivity analysis are listed in Table 2. 

 

Table 2. Sensitivity variables 

Variable Min Max 

Inflation rate [%] 1 10 

Price of electricity [€/kWh] 0.03 0.12 

Electricity sellback rate  

[€/kWh] 

0.03 0.10 

 

HOMER Pro conducts sensitivity analyses by simulating every unique combination of 

variables. Due to this property, increasing the amount of sensitivity variables, increases the 

number of simulations exponentially.   
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4  Results 

Due to the high amount of sensitivity variables (Table 2), HOMER Pro ran 2.112 million 

simulations. These simulations were all feasible since there were no physical contradictions 

between any of the components of the microgrid. In addition to being physically feasible, all 

simulations, including sensitivity cases, were financially sensible, based on the IRR and 

payback period. 

4.1  Results of the simulation 

Whether considering the IRR, ROI, or the payback period, they all varied according to the 

price of electricity (Appendix 4). Key findings from the results are that, on one hand, even 

with an electricity price of 0.03 €/kWh, the IRR of the investment would be an estimated 3.1 

%, with a 2 % return on investment, and a simple payback period of 18 years. While on the 

other hand, an electricity price of 0.12 €/kWh would mean an 18 % return on investment, 

with a payback period of just 4.4 years. 

 

Due to the very high electricity consumption of the greenhouse, the lowest cost of energy 

was not much lower than the base rate. For a base rate of 0.12 €/kWh, the cost of energy 

(COE) with the solar power plant reduced to 0.116 €/kWh. Although a relatively small 

decrease, it is significant over long periods of time. With the beforementioned difference in 

COE, the annual operational expenditures decreased by over 30 000 €. This decrease in the 

annual OPEX is directly proportional to the difference between the reference COE and the 

lowest cost of energy. 

 

Savings over the entire lifetime of the project can be measured through the project’s net 

present cost. In this case, the net present cost and cumulative nominal cash flows are 

analogous, since there are mainly negative cash flows in the project, and any positive cash 

flows are subtracted from the NPC. Figure 8 depicts the cumulative nominal cash flows of 



29 

 

both the reference (base) case, and the simulation with the solar power plant, when the 

electricity price was set to 0.12 €/kWh. 

 

Figure 8. Cumulative nominal cash flows of the reference case and the simulation 

 

Subtracting the different estimated NPCs from each other, leads to the estimated savings 

over the project’s lifetime (Appendix 5). As seen from the figure, with a reference COE of 

0.12 €/kWh, the savings in NPC amounted to 900 000 €, which accounts for a 3.2 % decrease 

in the reference NPC.  

4.2  Results regarding the FCR 

Being a part of FCR-D Down can result in annual compensations of over 2000 €, making 

the simple payback period for the investment less than one year for the greenhouse. After 

the first year of investment, the FCR’s positive cash flows can cover up to 1.5 % of the solar 

power plant’s CAPEX, annually. When considering the estimated savings in the company’s 

OPEX, the compensations from the FCR can increase these savings by up to 7 %, making 

the FCR investment very lucrative.  
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4.3  Results related to system altering 

Changing the inverter configuration would have decreased the annual production by an 

estimated 200 kWh, which accounts for a less than 0.1 % of the annual production of the 

solar power plant. 

 

The company was especially interested in the effect that different azimuth angles had on the 

annual production. If the modules faced directly South, the annual production would have 

been, by estimate, 1.9 % more than with the current azimuth angle. If the modules were to 

face West or East, the annual production was estimated to decrease by 15.5 % and 15.6 %, 

respectively. 

 

Lastly, altering the tilt angle had negative effects in all cases. Decreasing the tilt angle by 4° 

led to a decrease of less than 1 % in the expected yield of the solar power plant. Similarly, 

increasing the tilt angle by 8° and 18°, decreased the expected yield by 0.7 % and 4.5 %, 

respectively. The results showed that increasing the tilt angle reduced the distance between 

the rows of modules, thus, increasing system losses caused by shading.  

4.4  Results of the sensitivity analysis 

Figure 9 depicts the effect of inflation rate on the total NPC of the project, when prices for 

bought and sold electricity were set to 0.11 and 0.1 €/kWh, respectively. 
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Figure 9. The effect of the inflation rate on the project NPC 

 

As seen from the slope of Figure 9, inflation rate had an increasingly large effect on the 

project NPC. Changing the inflation rate from 1 to 10 % increased the project NPC by 42 M 

€. The PV system’s payback period, on the other hand, was not affected by changing inflation 

rates.  

 

Next, the effect that the price of electricity has on the IRR of the project was evaluated. 

Figure 10 is a representation of said effect. The analysis assumes, that the price of electricity, 

and the electricity sellback rate are equal. 

 

 

Figure 10. The effect of the price of electricity on the project’s IRR 
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As can be seen from Figure 10, even with an electricity price of 0.03 €/kWh, the projected 

IRR is still over 0 %. The linear nature if the figure makes extrapolation possible. 
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5  Conclusions 

This thesis studied the feasibility of a solar power plant at a greenhouse. The methods of the 

study included modelling the yield of the solar power plant, modelling the electric load of 

the greenhouse, comparing the power outputs and loads at an hourly level, and conducting 

sensitivity analyses. This thesis considered the internal rate of return, return on investment, 

net present cost, and payback period as economic metrics. The conclusions include estimates 

of the applicability of solar power plants with greenhouses, economic deductions about the 

results of the study, and estimations on what the results of the study may indicate about the 

future. 

5.1  Conclusions regarding the results of the study 

In terms of system design and placement, greenhouses, especially vertical farms, are suitable 

places for solar power plants. From the company’s point of view, a solar power plant is an 

economically attractive investment, even with low energy prices. A higher reference COE 

will result in a quicker payback period and a larger return on investment. If the company’s 

reference COE is lower than the Spot price of electricity, it is sensible to sell as much of the 

yield of the PV system as possible. 

 

Using the solar power plant as a reserve supplier is financially sensible in the current 

economic situation. This sensibility may vary according to which inverters or frequency 

containment hardware is used, for example. 

5.2  Conclusions about the sizing of the solar power plant 

In terms of the inverters, sizing was done correctly. Changing the single Core1 inverter to a 

Core2 would not have been sensible, likely due to the losses caused by the higher activation 

voltage of the larger inverter.  
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Sizing of the photovoltaic array, in general, was done according to the presumption that 

overproduction is not beneficial. This assumption holds true for as long as the electricity’s 

sellback rate is lower than the base rate price of electricity. Due to the energy markets being 

in an unprecedented situation during the making of this study, this was not the case. On the 

contrary, the company’s COE was mostly lower than the Spot price of electricity, during the 

solar power plant’s peak hours. 

 

As a response to the high Spot prices, the greenhouse decided to significantly reduce the 

amount of artificial lighting. Not only did the greenhouse save on OPEX by lowering its 

electricity consumption, but by doing so during peak solar radiation hours, the greenhouse 

managed to sell power back to the grid, at times. The chance of having such economic 

conditions over the entire lifetime of the project is presumably low, thus, it is likely not 

sensible to consider altering the electric load profile of the greenhouse only to optimize 

electricity sellback. 

5.3  Theoretical and practical importance 

The company estimates that the data regarding azimuth – and tilt angles of the PV modules 

will influence the building plans of future greenhouses. Additionally, information regarding 

the suitability and applicability of solar power plants with greenhouses in general will affect 

how the company designs greenhouses. 

 

The current instability with the electricity market invokes an idea that solar power plants, or 

other sources of renewable energy, will be highly attractive to companies during the 

following years. In terms of the incentive received for renewable energy, there are two 

contradicting implications. On one hand, when renewable energy, as an investment, becomes 

sensible even without an incentive, there is less of a need for said incentive. On the other 

hand, the reason behind the investment being sensible in the first place, is the high energy 

prices. These prices indicate that especially companies should be encouraged to be more 

independent in terms of energy. Thus, it is difficult to evaluate whether the incentive will 

continue to be as high as 40 % of the CAPEX.  
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5.4  Reliability evaluation 

A reliability evaluation is an important part of this study since it describes to the owner of 

the greenhouse, to what extent can he apply the results of the study. 

 

The reliability of this study is increased due to the sensitivity analysis. The most 

unpredictable parameters were used as sensitivity variables, so the results of this study can 

be valid even if economic conditions change. Applying the results of the sensitivity analysis 

is made difficult by the fact that a certain parameter in the simulation must be considered 

constant throughout the entire lifetime of the project. In other words, using current economic 

metrics is not likely to result in realistic data. 

 

As mentioned before, the 15-minute imbalance settlement period will be taken in to use on 

22 May 2023 (Fingrid, 2022). This change is not likely to influence the reliability of this 

study for the following reasons: 

1) The greenhouse’s electricity price is based on Nasdaq Commodities’ 

futures. 

2) The greenhouse’s lighting system is operated with a step size of one hour.  

 

If the company’s electricity price were to be based on Nord Pool’s Spot market, and the 

lighting were to be programmed according to a step size of 15 minutes, it could influence 

the reliability of this study. 

 

Assuming the linear power degradation of the solar modules to be according to the worst-

case scenario, as stated in the warranty, does neither increase, nor decrease the reliability of 

the study, since there was no measured data of said modules being used in the same area. 

 

Jarmo Saari is a technology manager at Sympower. According to Saari (2022), at times, 

there may not be sufficient capacity for FCR-D Up and - Down in 2023. Reasons for such 

shortages may include: 

1. Major reserve suppliers, like greenhouses, either significantly reducing, or 

even completely seizing, the use of electricity. 
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2. New regulations regarding FCR-D activation times coming into effect 

(ENTSO-E, 2022, 19-20). 

3. Regulations regarding FCR-D activation frequency limits will come into 

effect on 22 May 2023, causing possible decreases in the amount of reserve 

suppliers. 

4. Changes in the electricity consumption habits of households and companies 

makes predicting the balance of supply and demand in the grid difficult, 

possibly increasing the number of disturbances in the grid. 

 

Saari (2022) adds that the possible shortages in reserve capacity could result in the 

compensation received for FCR-D Down increasing. An increase in said compensations 

would make the investments regarding the solar power plant and the FCR more lucrative, 

possibly increasing the overall return on investment, for example. 

 

Based on these implications, it is beneficial for the reliability of the study to leave data 

regarding the FCR separate from the NPC data. If the FCR data was included in the NPC, it 

could influence the results too much, decreasing the overall applicability and reliability of 

the study. Another reason for separating data regarding the FCR is so that the results of this 

study could be applied to either case, independently. 

5.5  Further research 

This study left a need for further research regarding the applicability of innovative PV 

technology with greenhouse manufacturing. The efficiency of bi-facial solar modules, for 

example, needs to be researched with Finnish greenhouses. There is a possibility that the 

reflected artificial lighting, or the highly reflective shading curtains, could enhance the 

expected yield of the bi-facial modules. 

 

Another possible research topic could be to further evaluate the applicability of solar power 

plants with FCRs in Finnish greenhouses, as new reserve products are emerging and current 

regulations regarding FCR activation times are changing. (ENTSO-E, 2022, 19-20) 
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5.6  Summary 

The results of the study imply that the company’s decision to invest in a solar power plant is 

financially sensible, even if economic circumstances were to vary. The sizing and location 

of the solar power plant were also successful. The timing for the investment was appropriate, 

and the payback period for the solar power plant is shortened by the exceptional situation in 

the European energy markets. The sensitivity analysis helps account for changes in the 

energy markets while also making the results of the study applicable to similar greenhouses. 
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Appendix 1. Interview questions for Robert Jordas on 14.6.2022 

1. How do greenhouse owners feel about solar power plants? Why so? 

2. Do you think that greenhouses are suitable places for solar power plants? 

3. Do you think that other greenhouses’ data on solar power plants could be used as 

reference with this greenhouse?



 

 

Appendix 2. Interview questions for Oscar Karlsson on 27.7.2022 

1.  Can participating in a frequency containment reserve be seen as an investment? If so, 

what is the investments profitability based on? 

2. Do you think that solar power plants have potential in a frequency containment reserve? 

3. Why are greenhouses good reserve suppliers? 

4. What makes evaluating the cost efficiency of FCR-D difficult? 

5. Can you explain, how can a solar power plant be a reserve supplier?  

  



 

 

Appendix 3. Interview questions for Robert Jordas on 23.8.2022 

1. In which ways do you think that the results of this study can be useful for you? 

2. Do you believe that greenhouse building standards will change to better integrate solar 

modules with greenhouses?  



 

 

Appendix 4. A table of the project IRR, ROI, and payback period for different prices of 

electricity 

Price of 

electricity 

[€/kWh] 

IRR [%] ROI [%] Payback 

period [years] 

0.03 3.1 2 18 

0.04 5.7 3.8 13 

0.05 8 5.6 11 

0.06 10 7.4 8.9 

0.07 12 9.2 7.6 

0.08 14 11 6.6 

0.09 16 13 5.9 

0.10 18 15 5.3 

0.11 20 16 4.8 

0.12 22 18 4.4 

 

  



 

 

Appendix 5. A table of NPCs over the entire lifetime of the project for different prices of 

electricity 

Price of 

electricity 

[€/kWh] 

Reference NPC 

[M €] 

NPC with solar 

power plant [M 

€] 

Delta [M €] 

0.03 7.02 6.88 0.14 

0.04 9.36 9.14 0.22 

0.05 11.7 11.4 0.3 

0.06 14.0 13.7 0.3 

0.07 16.4 15.9 0.5 

0.08 18.7 18.2 0.5 

0.09 21.1 20.4 0.7 

0.10 23.4 22.7 0.7 

0.11 25.7 24.9 0.8 

0.12 28.1 27.2 0.9 
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