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Abstract

Modern greenhouses can utilize renewable energy sources for covering their energy
requirements and reducing their carbon footprint. Solar photovoltaics use for power
generation is currently a reliable and cost-effective technology which is used in many
applications. The purpose of the current work is to investigate the possibility of using solar
photovoltaics in agricultural greenhouses in Greece and to assess their profitability compared
with the profitability of their use in households. Semi-transparent and opaque photovoltaic
cells can be used for electricity generation with the net-metering regulations covering all their
annual electricity needs. Existing studies in various countries concerning their use in
greenhouses have reported a payback period of the investments of 4-10 years. In Greece the
cost of electricity in the agricultural sector is subsidized while economic incentives are
offered regarding the use of this technology in greenhouses. Economic assessment of the
investment of solar photovoltaics in greenhouses for a period of 25 years in Greece indicates
payback periods of 7.2 and 14.4 years, depending on capital subsidies obtained, while
positive net present values are achieved. Their use in households in Greece has a payback
period of 10.4 years while the net present value is also positive. The current study indicates
that the use of solar photovoltaics in modern greenhouses in Greece supported financially by
the government according to the net-metering regulations is profitable, offering economic and
environmental benefits to the farmers.

Keywords: agricultural greenhouses, Greece, net-metering, net present value, pay-back
period, photovoltaics, profitability, solar energy

1. Introduction

The necessity to mitigate climate change requires the increased use of renewable energies
replacing fossil fuels in all sectors of the economy including agriculture. Modern agricultural
greenhouses are energy-intensive production systems consuming large amounts of heat and
electricity. The use of sustainable energies in them could reduce the carbon footprint in
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agriculture. Current improvements in many sustainable energy technologies have decreased
their cost and increased their reliability making their use more attractive for heat and power
generation. However penetration of some renewable energy technologies in various economic
sectors requires financial subsidies in order to improve their profitability. A period of
attractive feed-in tariffs offered by the government in solar-PV installations in Greece was
followed by a period with low feed-in tariffs while later the net-metering regulations were
introduced. In fact the capital costs of solar photovoltaics (solar-PVs) have substantially
decreased during the last years making their use attractive without any financial support.
Their use for electricity generation either in stand-alone systems or in grid-connected
buildings and enterprises with the net-metering regulations has increased in all countries. Use
of solar-PV systems in greenhouses, apart from the environmental benefits, could result in an
economic benefit for the farmer additional to the income of the cultivated crops. The recent
years semi-transparent solar-PVs have been developed and their use on the rooftop of
greenhouses has been studied. Advances also in organic photovoltaics, which currently have
low efficiencies, have attracted attention and their future use in greenhouses has been
investigated. Their installation on the rooftop should not result in excessive shadowing,
decreasing crop productivity, while their use could decrease the indoor temperature and the
cooling load during the summertime, also generating electricity covering part or all of the
electricity requirements.

Squatrito et al, 2014 investigated the use of solar-PV systems in agricultural greenhouses in
Sicily, Italy. The authors have performed a feasibility and profitability analysis of these
systems estimating the payback period, the levelized cost of electricity (LCOE), the net
present value and the internal rate of return. They found low payback periods in the range of
4-5 years, for nominal power of the solar-PVs at 10-20 KWp, high net present values and
high rates of return. They also found that the LCOE was in the range of 0.116-0.140 €/KWh.
Marrucci et al, 2013 investigated the use of photovoltaic covers in Mediterranean
greenhouses. The authors have mentioned that flexible semi-transparent PV moduli should be
used and placed on the rooftop of the greenhouses because the conventional rigid and opaque
panels are not suitable. Cossu et al, 2010 reported on the use of grid-connected
semi-transparent PV modulus on the rooftop of agricultural greenhouses in northern Sardinia,
Italy. The range of the transparency in the modulus was between 50-75% and the authors
have estimated the payback period of the investment at 10 to 13 years. Campiotti et al, 2012
reported on sustainable greenhouse horticulture in Europe. The authors estimated the payback
period of grid-connected solar-PV installations with nominal power at 15 KWp in
greenhouses in Italy. The moduli were made from poly-crystalline silicon and the calculated
payback period varied between 6 to 8 years depending on the geographical location. Tselepis,
2015 presented a study on the PV market development in Greece with net-metering
regulations. The author has studied the profitability of solar-PV systems installed in
households and in commercial enterprises concluding that both of them are financially
attractive. The estimated payback period in households was below 12 years and in enterprises,
without any subsidy, it was below 8 years. Net-metering regulations were introduced in
Greece with the Ministerial Decree in December 2014 allowing the use of solar-PVs in
grid-connected households and enterprises for electricity generation offsetting, on an annual
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basis, their consumption. Subsidies of the investment capital for solar-PV installations in
agricultural greenhouses in Greece were allowed with a Ministerial Decree in December 2017
making the use of solar energy more attractive in them. Vourdoubas, 2016 studied the use of
semi-transparent PVs placed on the rooftops in agricultural greenhouses in Crete, Greece. He
found that in the case where they would cover less than 50% of their surface the energy
generated could cover all their electricity needs, selling the surplus into the grid. Vourdoubas,
2016 also reported on the use of sustainable energies in agricultural greenhouses. The author
mentioned that various renewable energies including solar energy, biomass and geothermal
energy have been used for heat and electricity generation in greenhouses. Additionally
sustainable energy technologies like co-generation of heat and power, heat pumps and waste
heat reuse have been used in them. Aroca-Delgado et al, 2018 have presented an extensive
literature review concerning the use of solar-PVs as shading systems in greenhouses. The
authors concluded that further research is required to determine the optimum percentage of
panels that does not reduce agricultural production. Castellano et al, 2014 investigated the
shading effect of solar-PVs placed on the rooftops of agricultural greenhouses. The authors
performed computer simulations and developed a model to estimate the shading effect
concluding that further research is needed in order to calibrate the model. Sgroi et al, 2014
studied the Italian energy policy with reference to the solar-PV installations in greenhouses.
The authors reported that the use of solar-PVs with capacity greater than 50 KW covering all
the electricity needs of greenhouses in Italy with net-metering regulations is profitable. It
would also be profitable in the future if the prices of solar-PVs decreases and the cost of
electricity increases. Kocar et al, 2018 examined the integration of solar technology in
modern greenhouses. The authors reported that solar-PV systems can generate the electricity
required in the greenhouses which could be 20-30% of their total energy demand. They also
mentioned that the payback period of the solar-PV systems varies between 4 and 8 years
depending on the climatic conditions and the type of crop. Carreno-Ortega et al, 2017
investigated the use of solar-PV systems in greenhouses located in Almeria, Spain which has
the highest concentration of greenhouses in Europe. Implementing sensitivity analysis, the
authors concluded that their use is profitable and it would increase their economic benefit by
0.88-52.78%. Hassanien et al, 2016 reviewed the state of the art solar energy applications in
agricultural greenhouses. They reported that solar energy can provide cheap and clean energy
for agricultural greenhouses all over the world. They have also proposed that the
governments should offer attractive incentives to promote these technologies. Li et al, 2017
reported on the integration of solar-PV systems in agricultural greenhouses in China.
Implementing five case studies in photovoltaic greenhouses, they estimated an attractive
payback period of 4-8 years which, they mentioned, depends on the cultivated crops.
Bambara et al, 2018 investigated the use of a semi-transparent PV on the roof of a
greenhouse in Ottawa, Ontario, Canada. The authors mentioned that due to shading artificial
lighting was required. Although the solar-PV was generating electricity, the authors
concluded that the use of the solar-PV in the greenhouse was not an economically attractive
investment. Trypanagnostopoulos et al, 2017 investigated the use of solar-PVs on the rooftop
of greenhouses growing lettuce in Greece. The photovoltaics created 20% shading but the
authors reported that the crop’s productivity was not decreased. They concluded that
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solar-PVs installed in greenhouses could cover part or all of their electricity requirements
without affecting plant growth. Xue, 2017 reported on the economic assessment of
photovoltaic greenhouses in China. His results have indicated that the profitability of the
solar energy systems depends on the size of the greenhouses, the photovoltaics costs, the cost
of electricity and the income from the crops. The estimated payback time for the solar-PV’s
investments varied greatly from less than 4 years to over 25 years. Tudisca et al, 2013
assessed the Italian energy policy through the study of a solar-PV investment on a
grid-connected greenhouse in Sicily. The authors mentioned that the minimum feed-in tariff
for the farmer to obtain a profit, equal to 0.148 €/KWh, is far less than that granted by the
Italian government at 0.422 €/KWh. They concluded that, due to high feed-in tariffs, the
energy income for the farmer would be higher than the income obtained through the crop
cultivation. Emmott et al, 2015 investigated the use of organic transparent photovoltaics in
greenhouses. The authors mentioned that, although they have some advantages, technically
organic PVs do not perform better than conventional opaque crystalline cells while future
cost reductions might improve their cost efficiency. Cuce et al, 2016 presented a review
regarding the use of sustainable energy technologies in agricultural greenhouses including
solar-PVs. The authors mentioned that solar-PV systems are the simplest technology to
produce electricity in greenhouses. However, conventional PV moduli have low efficiencies
at 14-20 %. Additionally in countries with high solar irradiance during the summer their
temperature could rise 50°C above ambience, resulting in a significant decrease of their
efficiency. Moazenzadeh et al, 2018 have reported on evaporation prediction in Northern Iran.
The authors have identified two parameters with high influence in water evaporation which
were used as input in appropriate models to simulate evaporation values on a daily scale. The
authors found that the two parameters with the highest impact in water evaporation were net
solar radiation and saturation vapor pressure deficit.

The aims of the current work are:

1. The investigation of the feasibility and profitability of using solar-PVs in agricultural
greenhouses with net-metering regulations in Greece, and

2. The comparison of the profitability of solar-PVs use in agricultural greenhouses and in
households in Greece.

2. Energy Requirements in Modern Greenhouses

Modern greenhouses require energy for covering their energy needs for heating, cooling,
lighting and the operation of various equipment and machinery. In a modern greenhouse in
Greece the share of space heating to the total energy requirements could exceed 90% while
the share of electricity would be below 10%. Currently the most appropriate technology for
offsetting grid electricity consumption in greenhouses is the use of opaque crystalline
photovoltaic cells. Generated electricity is directly used or it is stored into the grid, if it is not
needed, and it is used later. During the day time in the summertime the productivity of the
solar-PV system is high while electricity is needed for space cooling in the greenhouse.
Therefore better synchronization during the summer between electricity generation and
consumption is obtained. The combination of using renewable energy sources, like solid
biomass or geothermal energy, for space heating and solar photovoltaic energy for electricity
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generation could result in zero-carbon emissions due to operational energy use in modern
greenhouses. The technologies related with heat production from solid biomass and
geothermal fluids, if available, and with electricity generation from solar energy, are mature,
reliable and cost-effective. Similarly the technologies of industrial waste heat reuse and
ground source heat pumps are mature and reliable. Therefore the use of solar-PVs, as well as
other benign energy sources, in modern greenhouses would result in the mitigation of climate
change in the primary sector. Sustainable energies which can be used for covering the energy
requirements in greenhouses are presented in Table 1.

\ MacrOthi“k Journal of Agricultural Studies

Table 1. Renewable energy sources and sustainable energies with zero carbon impact which
can be used for covering the energy requirements in greenhouses in Greece

Renewable energy Technology Generated energy
Solar Photovoltaic Electricity

Solid biomass Burning Heat

Low temperature geothermal fluids | Heat exchange Heat

Low enthalpy geothermal energy | Ground source heat pumps | Heat and cooling

Industrial waste heat Heat exchange Heat
Source: Vourdoubas, 2016

3. Cost of Electricity in Greece in Agricultural Enterprises and in Households

Electricity cost in Greece is different in agricultural enterprises and in households. Its cost in
households varies from 0.09460 €/KWh for low energy consumption [less than 2 000 KWh
per four months] up to 0.10252 €/KWh for high energy consumption [higher than 2 000 KWh
per four months]. Additional costs are included in the electricity bills like municipal taxes,
VAT (13 %), electricity transmission costs etc. In fact the total final electricity cost in
households could be as high as 0.25 €/ KWh. In agricultural enterprises electricity costs are
significantly lower than in households at 0.06412 €/ KWh. This low price is justified due to
governmental subsidies of the electricity cost in agricultural enterprises in order to increase
the competitiveness of the primary sector. Additional costs are limited and significantly less
than in households while agricultural enterprises are recovering VAT. In fact electricity cost in
agricultural enterprises is approximately 30-35% lower than in households. Therefore since
the share of fossil fuels in the electricity mix is high, the government indirectly supports the
use of fossil fuels in agriculture. This is a counter-incentive of using renewable energies in
agriculture in Greece. The current cost of electricity in Greece for households and agricultural
enterprises is presented in Table 2.
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Table 2. Cost of electricity in Greece'??

Sector Cost of electricity

In agricultural activities 0.06412 €/ KWh

In households 0.09460 €/KWh (for consumption up to 2
000 KWh per 4 months)

In households 0.10252 €/KWh (for consumption
exceeding 2 000 KWh per 4 months)

1. without VAT
2. Electricity costs in households
3. Electricity cost in agricultural enterprises

4. Net-Metering Regulations and Solar-PVs Uses in Greece

The net-metering regulations were firstly introduced in Greece in December 2014 with a
Ministerial decision [Ministerial Decree 24461/30-12-2014]. Previously attractive feed-in
tariffs up to 0.55 €/KWh were offered for solar-PV systems generating electricity injected
into the grid. Currently though the installation of solar-PVs in greenhouses is allowed only
with the net-metering regulations. The program started a few months later in 2015 for the low
voltage solar-PV systems. According to the net-metering regulations excess electricity
produced by a solar-PV could be injected and stored into the grid if it is not needed. This
electricity can be used later when required and if the on-site electricity generation is not
sufficient to cover the needs. Therefore the electric grid is acting as an electric battery, storing
the solar electricity when it is not needed. The program supports private and public entities
who can install solar-PVs with nominal capacity less than 20 KWp, in non-interconnected
islands in Greece like Crete, generating electricity for 25 years. The photovoltaic system can
be mounted on the building/greenhouse or in places located away from the
building/greenhouse according to the virtual net-metering regulations. The balance of the grid
electricity consumed with green electricity generated by the solar-PVs is calculated on an
annual basis. Three years after the initiation of the net-metering regulations its acceptance
from households and enterprises is rather limited below the initial expectations.

5. Financial Subsidies of Solar-PV Systems Installed in Agricultural Enterprises With
Net-Metering Regulations in Greece

In order to support the use of solar-PV systems with net-metering regulations in the
agricultural sector in Greece the government, since 2017, subsidizes their initial investment
cost [Ministerial Decree 13158/11-12-2017]. The percentage of the initial investment cost
which is subsidized varies between 40-85% depending on the geographical area in the
country and the characteristics of the investor. The initial investment capital must be between
10 000 € and 150 000 €. It should be noted that electricity synchronization in agricultural
enterprises is less important than in households since it has low influence in the final benefits
obtained. However modern greenhouses need space cooling during the summer when the
solar irradiance in Greece is high. In this period the generated electricity can be consumed
immediately in the greenhouses without being stored into the grid.
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6. Economic Assessment of Solar-PVs Installed in Agricultural Greenhouses in Crete,
Greece
Solar-PVs can be installed either on the rooftop in the greenhouses or on the ground in a
nearby area. In the case that they are installed on the rooftop they might be transparent, which
has a greater cost at the moment, or opaque crystalline cells. In the latter case, the resulting
shadowing should not reduce the crop’s productivity. Assessment of the economic viability of
solar-PV systems installed in agricultural greenhouses in Greece with or without financial
subsidies has been made with the following assumptions:

a) The solar-PV system with opaque crystalline panels and nominal capacity at 15 KWp
will cover the annual electricity consumption in the greenhouse for a period of 25
years,

b) The solar-PV is installed on the ground in a nearby area, and

c) The capital cost is covered by the owner without any bank loan.

Various parameters of the solar-PV system installed in a greenhouse are presented in Table 3.

Table 3. Economic assessment of a solar-PV system installed in an agricultural greenhouse in
Crete, Greece'

Without subsidies With initial 50% subsidy of the

investment
Nominal power 15 KWp 15 KWp
Energy consumption 18 500 KWh/year 18 500 KWh/year
Duration 25 years 25 years

Iniltialpi;lpual productivity of the | 1 500 KWh/KWp 1 500 KWh/KWp
solar-

Annual decrease of the solar-PV | 0.5 % 05%
productivity
Annual discount rate 2% 2%

Initial energy production of the | 22 500 KWh/year 22 500 KWh/year
solar-PV

Final energy production of the | >18 500 KWh/year >18 500 KWh/year
solar-PV

Initial Investment” 20 000 € (without | 10 000 € (50% subsidies in the
subsidies) initial capital)

Annual savings 1 390 €/year 1 390 €/year

Payback period 14.4 years 7.2 years

Net present value 7348 € 15700 €

Ratio of NPV to initial | 36.74% 157%

investment

1 VAT 23% is deducted in agricultural greenhouses
2 Average annual electricity generation per KWp of solar-PVs in Greece

The net present value calculated without subsidies is 7 348 € corresponding to 36.74% of the
initial capital investment. In the case that the initial capital is subsidized by 50% the net
present value calculated is 15 700 € corresponding to157% of the initial capital investment.
Therefore the initial capital subsidy improves significantly the profitability of the solar-PV
system installed in the greenhouse.
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7. Economic Assessment of Solar-PVs Installed in Households in Crete, Greece

During the last years after the introduction of net-metering regulations, many households in
Greece have installed solar-PV systems offsetting their electricity consumption. For the
economic assessment of such systems the following assumptions have been made:

The solar-PV system with opaque crystalline panels and a nominal capacity of 2.5 KWp
will cover the annual electricity consumption in the households for a period of 25 years,

a)

b)

and

The capital cost is covered by the owner without any bank loans.

Various parameters of the solar-PV system are presented in Table 4. The payback period
of the investment has been estimated at 10.4 years and its net present value at 4536 €. If
the synchronization rate, which has been assumed at 24%, is increased the economics

could probably be improved.

Table 4. Economic assessment of a solar-PV system installed in a residential building in Crete,
Greece

1 Average annual electricity consumption in  households

Nominal power

2.5 KWp

Energy consumption®

3 000 KWh/year

Initial energy production

3 750 KWh/year

Annual decrease of solar-PV productivity | 0.5 %

Energy production after 25 years > 3 000 KWh/year
Operating period 25 years

Initial investment 5200€

Annual discount rate 2%

Pay-back period 10.4 years

Net present value 4536 €

Annual electricity generation

1 500 KWh per KWp

Synchronization rate

24%

Ratio of NPV to initial investment

87.23%

in Greece

The net present value is calculated at 4 536 € corresponding to 87.23% of the initial
investment.
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8. Discussion

Solar-PV technology is currently a simple, mature, reliable and cost-effective technology for
electricity generation in various sectors including greenhouses. Various studies have been
implemented in various countries assessing its economic profitability. The majority of them
have concluded that their use is profitable and the estimated payback time varies between 4 to
8 years. Conventional solar-PV systems with opaque silicon crystalline cells are the
conventional and cheapest technology used. Semi-transparent PV cells are still more
expensive than opaque. The organic photovoltaics are not mature yet while they could be
used in the future. The use of solar-PVs in agricultural greenhouses was supported in many
countries with attractive feed-in tariffs some years ago. Currently farmers can install those
systems in grid-connected greenhouses with the net-metering initiative producing the
electricity that they consume annually, making them ‘pro-sumers’. The cost of electricity,
which is mainly produced by fossil fuels, in the agricultural sector in Greece, is subsidized by
the government. This is a counter-incentive in using renewable energies for power generation
in greenhouses. Due to low grid electricity cost used in greenhouses the payback period of the
solar-PV investment has been estimated at 14.4 years. However currently the Greek
government subsidizes the installation of solar-PVs in greenhouses, offering attractive
incentives which could exceed 50% of the initially invested capital. Due to these capital
incentives the payback period of the solar-PV investment is decreased to 7.2 years. The fact
that many greenhouses in Greece are simple village-type constructions with a life span of less
than 15 years does not facilitate the use of solar-PVs in them, which is profitable in the long
run. Therefore this fact limits their use only in modern highly automated greenhouses. The
cost of electricity in households in Greece is higher than in greenhouses and there is no
financial support concerning the installation cost of solar-PVs in them. Comparing the
profitability of solar-PV use in greenhouses and in households, the estimated payback period
for the installation of a solar-PV in a household is 10.4 years. The payback period for
solar-PV investments in greenhouses in various countries according to various studies is
presented in Table 5. Our calculations confirm the results presented by Tselepis, 2015,
regarding the profitability of solar-PV investments with net-metering regulations in Greece,
indicating that the payback period for solar-PV investments in households was below 12
years and in enterprises, without subsidies in the electricity’s cost, was below 8 years.
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Table 5. Payback period for solar-PV systems installed in agricultural greenhouses in the
existing literature

Source Country Size of the PV |Type of PV | Payback
system system period
(KWp) (years)

Squatrito et al, 2014 Sicily, Italy 10-20 Crystalline 4-5

Campiotti et al, 2012 Italy 15 Crystalline 6-8

Cossu et al, 2010 Sardinia, Semi-transparent 10-13

Italy

Kocar et al, 2018 Turkey 4-8

Carreno-Ortega et al, | Spain Crystalline Profitable

2017

Li etal, 2017 China 4-8

Xue, 2017 China 4-25

The economic assessment of solar-PV use in greenhouses and in households in Greece is
presented in Table 6.

Table 6. Economic assessment of solar-PV use in households and agricultural greenhouses in

Greece with net-metering regulations “*°,
Agricultural greenhouse | Agricultural greenhouse | Household
without subsidies in the | with 50% subsidy of the
initial energy investment initial energy investment
Payback period | 14.4 7.2 10.4
(years)
(Nit present value | 7 348 15700 4536
€
Ratio of NPV to | 36.74 157 87.23
initial investment
(%)

1. Nominal power less than 20 KWp
2. The investment capital is covered by the owner
3. Foraperiod of 25 years

9. Conclusions

Use of sustainable energies in agricultural greenhouses for covering their energy needs results
in mitigation of climate change. In recent years the decrease in the cost of solar-PVs
combined with new regulations regarding their use in various applications have increased
their attractiveness in electricity generation. Solar-PVs can be used in grid-connected
agricultural greenhouses for electricity generation with net-metering regulations, reducing the
annual electricity expenses and offering an additional economic benefit to the farmer together
with environmental benefits. Various studies implemented so far in various countries
concerning the use of semi-transparent and opaque moduli have demonstrated the economic
benefits resulting from the use of this technology. The majority of the results of these studies
indicated that the payback period of solar-PV investments in greenhouses varies from 4 to 10
years. In Greece the government subsidizes the cost of electricity in the agricultural sector
in order to increase its competitiveness. At the same time it offers economic subsidies to the
capital invested in solar-PVs in greenhouses. Published results concerning the use of
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solar-PVs in agricultural greenhouses in various countries have reported payback periods
between 4-10 years while in few cases the payback periods were higher up to 25 years.
Economic assessment of solar-PV investments in greenhouses in Greece has indicated that
the payback period varies from 7.2 years, when the invested capital is subsidized, to 14.4
years without capital subsidies. Additionally in both cases the estimated NPV is positive. In a
typical Greek household a solar-PV system with nominal power at 2.5 KWp and cost at 5,200
€could generate annually the amount of grid electricity consumed. Comparing the
profitability of solar-PV investments with net-metering regulations in households in Greece,
the estimated payback period was 10.4 years, while the NPV was also positive. Realization of
an agricultural greenhouse which covers all its annual electricity needs with solar-PV
electricity for demonstration purposes is needed, preferably in Crete where almost half of the
Greek greenhouses are located. Additionally the current Greek governmental policy offering
low electricity costs in agricultural greenhouses should change, since it acts as a counter
incentive for the promotion of renewable energies in agriculture. Mitigation of climate
change requires the removal of all hidden subsidies to fossil fuels and promotion of
sustainable energy sources with various policies.
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