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A B S T R A C T

New, more innovative, better-focused and cost effective ways need to be developed in order to ascertain the sus-
tainability of the global food system. This work introduced the research problem as if small scale urban Plant
Factories with Automated Lighting (ssPFAL) are a viable investment option in order to promote food supply se-
curity in the ever expanding distributed energy generation environment. It is examined if and how wind energy
microgeneration (small scale wind turbines) could grow hand-in-hand with small-scale hydroponic systems pro-
viding an alternative income stream for the wind business owners and at the same time increase urban based
vegetables production. The small scale wind industry could be developed further within cities if they operate as
unified systems with ssPFAL. Tomato, basil, and lettuce were examined and it was proven that the latter were
much more profitable under all scenarios. Tomato's Internal Rate of Return (IRR) was at all cases between 2.5 and
11.3%, while for basil and lettuce could even surpass 100%. The methodology governing the research process in
order for an answer to be given to the research problem, will be presented in accordance to the energy, demand
response, and energy demand in the rural and suburban environment.

© 2020

1. Introduction

It is common for policymakers and researchers to make erroneous
assumptions concerning the path leading to sustainable food security
and nutrition due to oversimplification of a problem of such complexity.
Such vivification concerning sustainable food security hamper the effi-
cacious design and promotion of environmentally friendly agricultural
and food systems.

Land degradation, on the other hand, which is directly linked to
environmentally friendly agricultural and sustainable food production,
is the process of human induced dilapidation of the biophysical envi-
ronment upon the land resulting in a limited ability of it to provide
ecosystem services and goods. It is a complex process with interlaced
causality factors and is generally considered to be one of the most im-
portant procedures of environmental degradation. In its final and irre-
versible stage leads to desertification (Smiraglia et al., 2016). It is
a worldwide phenomenon affecting billions of people ultimately lead-
ing to overexploitation of soil resources, loss of ecosystem productivity,
shifts in vegetation composition and loss of rural livelihoods (Marselis
et al., 2017; Getz et al., 2018). According to European Commis

∗ Corresponding author. Department of Business Development and Technology, Aarhus
University, Birk Centerpark 15, 7400, Herning, Denmark.

E-mail address: gxydis@gmail.com (G.A. Xydis)

sion (2002), eight are the recognized degradation processes challeng-
ing the European soil: erosion, organic matter decline, salinization, soil
biodiversity loss, contamination, flooding, sealing and landslides while
indirect effects of land degradation such as loss of local culture and
traditions, typical products and biodiversity should also be considered.
Land degradation causes include: land clearance, agricultural depletion
of soil nutrient through poor farming practices, inappropriate irriga-
tion and over-drafting, urban stretch and commercial growth, extract-
ing of stone, sand ore and minerals, economies of scale, heavy equip-
ment, monoculture, and non-biodegradable waste, soil contamination,
erosion, acidification and loss of soil carbon. Currently, more than 30%
of global land area is experiencing significant degradation (Nkonya et
al., 2016). Only 46% of the cost is borne by immediate land users
while 54% is borne by consumers of the ecosystem's services and that
cost is priced to approximately €250 annually. Furthermore, nowadays
degradation of grasslands costs approximately 1% of the value of global
production of livestock, value which is expected to grow rapidly since
global meat and dairy consumption are expected to increase by 173 and
158% respectively the next 30 years. Lastly, the loss of cropland due to
degradation is about $15 billion annually (Nkonya et al., 2016).

One of the major encumbers that conventional soil based agricul-
ture will have to face in the near future is the decrease in land avail-
ability per capita. During the 60s the land per capita was 0.5 ha with
the world population of approximately 3 billion; currently with

https://doi.org/10.1016/j.jclepro.2020.120227
0959-6526/© 2020.
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the population doubled land per capita accounts for just 0.25 ha and
projections want that amount to drop as low as 0.16 ha/cap by 2050.
Urbanizations and industrialization as long as global warming and de-
terioration of the environment and the natural resources are bound to
minimize the available arable land for cultivations and its productivity
(Gadade et al., 2013). Under those circumstances, providing sufficient
yield while meeting the consumers' needs in terms of quality for the en-
tire population using conventional agricultural production methods will
become extensively demanding (D'Autilia & D'Ambrosi, 2015; Pu-
tra and Yuliando, 2015). Behind those conflict factors lay population
growth, the rising living standards and migration, with the later acting
both as conflict avoiding or source for new conflicts factor (Behrend,
2016).

Another issue hindering food supply security for future generations
– on top of land degradation – is the matter of wasted food. Currently,
at least 30% of all the calories produced for human consumption world-
wide, is either wasted or lost. Food is lost in various stages of production
starting from losses due to malpractices in agriculture to post harvest
and processing, distribution and final consumption. Dejectedly, 16% of
dairy products, 21% of meat, 23% of oil crops and beans, 28% of grains,
35% of fish and an astonishingly high 44 and 47% of fruits and veg-
etables, roots and tubers respectively produced initially for consump-
tion never reaches its final customers (Fig. 1) (Lipinski et al., 2013;
Reynolds et al., 2016).

The term “sustainable intensification” which describes the produc-
tion of more food per cultivable area while reducing the environmental
impact has been proposed as a way to secure food supply in a sustain-
able way (Reaping the Benefits: Science and the Sustainable Inten-
sification of Global Agriculture, 2009). Sustainable intensification
may only be the product of combining traditional agricultural practices
and knowledge with emerging technological advancements (Hobbs et
al., 2008).

With that reasoning, soilless culture techniques in urban environ-
ments are becoming more relevant due to their improved space and en-
ergy, material and resources utilization (Ronay and Dumitru, 2015).
Plant factories, representing soilless culture techniques, are thermally
insulated and relatively airtight production units with artificial light
and close control of the environment in terms of temperature, humid-
ity, air quality, quantity and speed (Avgoustaki and Xydis, 2020).
Light is provided by artificial means. Until recently, fluorescent lamps
were utilised in Plant Factories with Artificial Lighting (PFAL) due

Fig. 1. Global food losses and food waste (Lipinski et al., 2013).

to their high output, low operational temperature and small size. Light
Emitting Diodes (LEDs) are attracting great attention among researchers,
developers and small production units due to their compact size, low
surface temperature, efficiency and broad light spectra.

PFALs are not in any way trying to replace conventional greenhouses
or open field production but rather a supporting measure for growing
leafy greens, herbs and transplants. Plants suitable for PFAL cultivation
are those shorter leafy greens, with short harvesting period and height
less than 30 cm in order to better take advantage of the verticality of
those installations and maximize space utilization.

Furthermore, the development of PFALs inside the urban environ-
ment and the set of short food supply chains and networks will act ben-
eficially for local communities by means of job creation, strengthening
of the economy and greening of the urban environment (Mundler and
Laughrea, 2016). PFALs are an indoor, technologically governing, ad-
vanced and intensive form of hydroponic cultivation of greens inside an
optimally, usually autonomously controlled environment which if de-
signed, planned, constructed and managed properly have the next latent
benefits over the conventional production systems:

- Their operation is not dependent on solar light nor soil and as such
may be built anywhere.

- The growing environment stays unaffected from outside climatological
conditions and their stochasticity.

- Soil fertility is not hindered by such units and may not hinder the sup-
ply.

- Production can be year round reaching many times that of traditional
cultivation methods.

- Manipulation of the growing environment may provide products with
enhanced and customized concentrations of phytonutrients.

- Crop is freed for pesticide usage and the produce does not need to be
washed before consuming.

- Decreased bacterial load in comparison with crops traditionally grown
which leads to longer shelf life.

- Since PFAL units may be installed inside or really close to the con-
sumer the energy consumed from transport is significantly lowered
with the addition of reduced carbon footprint of the product.

- High resource use efficiency with minimum emission of pollutants.

The greatest disadvantage PFAL possess when compared with green-
house or open field production is the high initial capital expense and
the increased operational costs (electricity, labor and materials) (Kozai,
2013).

Although initial and production cost is increased in PFAL in com-
parison with traditional agricultural methods, the production is allevi-
ated by up to 100 times or 15 times in comparison with open field and
greenhouse units respectively while the plant growing inside such units
are usually highly priced such as medicinal plants and herbs. Although
PFAL units possess the potential for achieving high resource use effi-
ciency, cost performance and high value produce the technology sup-
porting their operation are currently immature and their commercial ap-
plication very limited. The present research is concerned with the ap-
plicability of small scale PFALs (ssPFAL) and the ability of those to over-
come some of the problems that larger units face. ssPFAL are designed
in order to achieve operational efficiency and smooth flow of materials
in the production unit.

The hypothetical unit under consideration is installed inside a typi-
cal middle floor apartment in a typical building located in Greece, con-
structed in the late 80s. The apartment is considered to be insufficiently
insulated, with single glazing opening and quite leaky in terms of air
tightness. In order to be efficiently used as an ssPFAL a full refurbish-
ment is needed which will cover:

- Building installation dismantling
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- Thermal insulation
- Air tightening
- Waterproofing
- Interior partitioning
- Electrical/Telephone/Internet/Network installation
- HVAC system
- Epoxy resin flooring

The culture room is the heart of the unit. Inside that germination,
cultivation, collection, inspection, trimming, weighting and packing of
produce is conducted. Inside that a multitier web of hydroponic nutri-
ent film technique beds will be installed. Over each bed the necessary
amount of light will be provided by a mix of fluorescent lamps and LED.
A typical floor plan of the culture room may be found in Fig. 2, adopted
from Kozai et al. (2016).

The seeding to seedling production and cultivation area ratio is
roughly 1:12:50. Each tier's shelf is approximately 1.5 m wide and 2 m
high with a shelf to shelf clearance of 0.4 m. Transplanting, harvesting,
trimming, packing and washing is conducted along the walkway. Air-
flow for the Heating, ventilation, and air conditioning (HVAC) units is
ensured via air circulation fans moving the air vertically in order to ob-
tain uniformity in air state and composition. In Table 1, one may find
the typical equipment and environment sensors found inside the culture
room of a PFAL unit.

In a PFAL unit, biological cleanness of the room air, harvested pro-
duce and nutrient solution is expressed in Colony Forming Units (CFU),
which as a measuring unit counts the population density of living mi-
croorganisms. Ready to eat vegetables without washing are generally
considered of having approximately 300 CFU/gr. In addition to CFU
test, weekly or monthly measurements of population densities of harm-
ful microorganisms is necessary. In order to avoid development of mi-
croorganism colonies inside the nutrient tanks and culture beds clean-
ing of those is considered a necessity every 2–4 weeks. Continued aer-
ation and sterilization of recirculating nutrient solution is also consid-
ered a necessity in order to provide the produce with high quality, re-
lieved of pathogens nutrient solution. Crop growth and health inside a
hydroponic culture system with reuse of the drainage solution such as
Nutrient Film Technique (NFT), Deep Flow Technique (DFT) and ebb

& flow systems (also known as closed systems) are exceedingly de-
pended on supply of a balance nutrient solution.

The main objective of this work was to find out if the mass deploy-
ment of ssPFAL systems is a viable option in a small wind turbines par-
allel development concept. Could a project be based on lots of hypothet-
ical units installed inside a typical middle floor apartment in a building
using up to 20% of the electricity generated from the small scale wind
turbines for herbs and vegetables production and up to 80% of energy
offered for the Feed-in-Tariff (FiT) supporting mechanism under a price
of EUR125-225/MWh? Commercial wind turbines were taken into ac-
count, their sitting and location was simulated and an area in Northern
Greece was examined for the installation. The whole analysis took place
from the investor's viewpoint and a cash flow analysis proved that in
most of the cases this wind energy microgeneration and micro-cultiva-
tion is an interesting and sustainable concept.

The remainder of this paper includes four more sections. The
methodology section, which primarily analyses the Small Wind Turbine
Market, and explains the methods followed based on Wind Resource As-
sessment and the mass deployment of ssPFAL, the results and discussion
section, where all scenarios are presented, and the conclusions section.

2. Methodology

Large deployment of such systems could ensure stable yearly produc-
tion independently of hot or dry weather or any other unexpected ex-
ternal conditions. ssPFAL systems could act as virtual power plants or
virtual batteries by participating in demand response programmes, as-
sisting in achieving higher shares of renewables. Taking into account
the needs of ssPFAL, the perspective of small scale wind farm (WF)
development in an area in Northern Greece was investigated trying
to match demand with production. Accurate wind resource analyses
are influenced by weather phenomena (Xydis, 2013a) on the short
term, but if there is interest for long term investment, local long term
weather analysis is more important. For that, wind resource assessment
results identify one by one the new small wind turbines sites. There-
fore, based on the wind resource analyses results and on demand re-
quirements, the final WF production can be decided and a detailed
economic analysis based on 2 income streams can specify the bene-
fits for the investor (the proposed methodology is shown in Fig. 3).

Fig. 2. Typical cultivation space floor layout inside a Plant Factories with Artificial Lighting (adopted from Kozai et al., 2016).
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Table 1
Typical equipment and environment sensors found inside the culture room of a PFAL unit
(Kozai, 2016).

Category Equipment and Environmental Sensors

Electricity
supply

Power distribution box, breakers, and relays

Air
conditioning

• Inner units of air conditioners with plumbing for refrigerant
• Plumbing for recycling use of drained water
• Air circulation fans
• Actual/set point temperature display unit
• Air cleaners with filters and ozone (O3) gas generator

Nutrient
solution supply

• Culture beds with circulation pumps
• Plumbing with strainers and valves
• Sterilization unit (filters, UV (ultraviolet) lamp, and O3 gas

generator)
• Tank with a floating switch, and stock solution tanks
• Plumbing for civil or clean water supply, plumbing for

drainage in emergency discharge
Lighting • Light source with reflectors

• Power stabilizer, inverters, and AC-DC converters
CO2 supply • Control unit with distribution tubes
Sanitation
control

• Washing/cleaning machine of culture panels
• Cleaning tools for floor and culture beds

Stock room • Supplies for plant production, sanitation, etc.
Sensors for
environmental
control

• Air: Temperature, relative humidity (VPD), CO2 concentra-
tion, and CO2 supply rate

• Nutrient solution: pH, EC (electric conductivity), tempera-
ture, water supply rate, and circulating nutrient solution
flow rate

• Electrical energy: Watt meter, watt-hour meter

Yearly measurements were taken and wind analyses and spatial analyses
implemented to accurately determine the wind energy development not
only in order to achieve higher amounts of renewable energy to the grid,
not only in order to save CO2 emissions by growing plants and herbs in
an suburban environment, but also in order to increase the urban plant
units development perspectives by minimizing the environmental im-
pact.

A call for tenders for installing new wind turbines, this time small
wind turbines of up to 60 kW, is going to take place within 2019–2020.
It seems that the need for small-scale production has become more ap-
parent not only because of the requirements for increased shares of dis-
tributed electricity production, but also because of limited resources
for investing in large WT due to the continuous economic turmoil that
the country experiences. According to the Ministry of Environment &
Energy, the maximum starting price has not yet been decided but is
estimated to be close to EUR 150–170 per MWh. The price range of
EUR 125–225/MWh was indicatively selected based on discussions on

the call for tenders that will have to have been announced by 2020
in the Greek market (everyone expects to grow within the next decade
in the country). However, extreme also, scenarios were tested, where
prices such as EUR 80/MWh were taken. It was not assumed lower than
that since large wind turbines in the tenders are shielding prices not
significantly lower than that (PV magazine – Tariffs in Greece's PV ten-
der hit € 62.97 per MWh, 2018), which in practice means that small
scale wind turbines should be relatively more supported compared to
the large wind turbines, in terms of FiT, like in many other places world-
wide. Scenarios from EUR 80–225 were examined.

2.1. Small Wind Turbine Market, wind resource assessment and statistical
analysis

The need to identify the areas of high wind resources in the wider
area of the city of Komotini, Rhodope, in Northern Greece, in the area
predefined by investors for investing in small scale WT, taking into ac-
count environmental constraints, and at the same time other spatial con-
straints such as roads and highways in the wider area, revealed that Ge-
ographic Information Systems (GIS) tools were needed. What was, how-
ever, immensely necessary in advance, was the results from nearby in-
stalled wind masts in order to at least have an idea of wind direction and
wind speed. A wind statistical analysis of the wider area is presented be-
low.

Wind resource analysis is crucial in order to end-up to appropriate
wind farm sites in the area identified near with high wind speed and
significant electricity production. For the evaluation of the winds near
the city of Komotini, in Rhodope, GIS tools, such as the QGIS tool and
its applications (Bonin, 2012), WindRose (2017), and the Wind Atlas
Analysis and Application Program (WAsP) (Mortensen et al., 1993)
tools were used as wind data analysis tools, and a detailed wind map
was developed – based on yearly measurements of speed and direction
- representing the wind speed at a height of 30 m above ground level
(which is the hub height of the proposed 50 kW wind turbine) in the
wider area around the installed mast. The basic outcome is the detailed
wind analysis of the wider area.

The maximum average power density of the was estimated at ap-
prox. 599 W/m2 and the mean wind velocity at 30 m above ground level
at 6.28 m/s (6.00 at 20). WindRose and WAsP tools were chosen to be
used working with the measurements and produce wind resource and
power assessments. Vector Hellenic Wind Farms S.A. used to operate a
laboratory and the installed wind mast was under the laboratory's super-
vision.

The wind measurements were collected for a year with a verti-
cal mast. Vanes and anemometers were placed at 20 m and 30 m. A
stand-alone, battery-assisted data logger connected to the available sen

Fig. 3. A detailed flowchart of the proposed methodology.
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sors on the mast stored and sent (via a SIM card) the data to the cer-
tified laboratory. The uncertainty of the wind velocity for the measure-
ments was found, using WindRose, at 0.19 m/s. The maximum 10-min
mean speed recorded was 28.3 m/s and maximum gust was 35.6 m/s.
The used data array was calculated based on the one value per second
average—600 values per 10 min) and maximum 10-min wind velocity
values in the specific site.

A statistical analysis of the recorded wind values is needed for de-
termining the relationships among the measured variables. Rayleigh and
Weibull probability density functions, which are of acceptable accuracy
of many wind resource assessments in different locations (Celik, 2003;
Kose et al., 2004; Xydis, 2012, 2013b), were used to illustrate the
representation of the wind velocity frequency graph. In the Weibull dis-
tribution, the variation in wind velocity is represented via the cumula-
tive distribution. The probability density function fWei(v) is given from
the:

(1)

where k is the shape parameter and c is the windy scale parameter (both
dimensionless). Using the Weibull probability plotting paper method, k
and c are calculated.

k and c were calculated via the Weibull probability plotting paper
method. The cumulative distribution function was converted linearly,
adopting logarithmic scales and as the wind velocity is equal or lower
than v there is:

(2)

If we plot that in axes ln(v) in X and ln{−ln[1 − fWei(v)]} in Y, then
the Weibull distribution is represented as a straight line, with a k slope
with intersection −k·lnc. The real values of k and c can be found by gen-
erating the regression equation for the plotted graph. For most wind
conditions, k ranges from 1.5 to 3 – and in this case is 1.6, while c ranges
from 3 to 8 (Xydis, 2015) and in this case is 6.96.

The measured mean wind speed values are taken into account along
with the average vertical wind shear. Vertical wind shear calculations
are deriving from the “power law”

(3)

where the Zref is the height at which u(Zref) wind speed is measured and
α denotes the wind shear coefficient.

The total number of valid data used was 51,104 (the missing data
were only 0.3%) and the included number of calm measurements
(<2 m/s) was 5132. The mean turbulence intensity was found to be
10.43%.

In Fig. 4, the main directions, the average wind speed variation, and
the data distribution are shown. The direction is mainly influenced by
the orography and the basic wind direction. The second image (eleva-
tion map) shows the complexity of the terrain and partially explains the
direction.

In theory, if the air density ρ (in kg/m3), the area A, which is the
wind turbine swept area (in m2), and the wind speed (in m/s) are
known, the Power (in W) could be calculated according to:

(4)

the power generated from the wind can be calculated (WindRose,
2017).

However, this will be the solution on a specific area, consider-
ing measurements accurate only for the specific area and without the
ability to estimate the wind speed conditions in nearby areas. This is

where WAsP tool is found extremely useful for all the areas that small
wind turbines are going to be installed.

WAsP tool was used to develop a detailed wind resource map of
the area and in practice identifies the most efficient spots for small (in
this case) wind turbine installations, since it estimates the wind speed
in numerous points in the wider area around the wind measurements.
The illustration of the estimated wind velocity is shown in Fig. 5 and
different sites for small wind turbines (WT) are proposed (also shown
at the elevation map). There are several sites that their wind resource
is at exploitable levels (e.g. wind speed >6.0 m/s). The light blue and
green areas have wind speed smaller than 4.0 m/s, yellow and light or-
ange colored areas are 4.0–6.0 m/s, while intense orange and red are
in the range of 6.0–7.5 m/s and these are the sites that attract the in-
vestors’ interest more. The assessment showed that in the area of in-
terest, based on the analysis, the average wind speed could be between
2.32 and 7.28 m/s and the power density in the same area between 26
and 599 W/m2. Based on these results and a detailed terrain inclination
assessment via the topographic maps a preliminary small wind turbines
(Hummer 50 kW) siting was decided. The need for the exact number of
the wind turbines to be installed shall be clarified only when determin-
ing the level of ssPFAL systems integration.

2.2. Mass deployment of ssPFAL systems

In order to reach to bankable wind energy projects that via ssPFAL
systems shall synergistically work towards achieving higher energy ef-
ficiencies, environmental protection, and increased renewables integra-
tion. Via this analysis, the available area for small scale WT will be ex-
ploited and this will define the potential for large-scale deployment of
ssPFAL systems. This way the environmental impact will be minimized
and the option of producing at almost zero distance all herbs and veg-
etables for the local society will be the way forward. The population of
the city of Komotini and the surrounding villages is approx. 60,000 in-
habitants out of 608,112 of the Eastern Macedonia and Thrace adminis-
trative region in total, which is the 9.8%. Based on the 2011 population
and housing census from ELSTAT (2014), the vacant dwellings in the
wider area of Komotini, VDK, are (Xydis et al., 2017):

(5)
where VDEMT is the number of vacant dwellings in Eastern Macedonia
and Thrace (taken from the Population and Housing Census, ELSTAT), B
the number of blocks of flats available, and U the ratio of those located
in urban environment. 96.1% of the total of flats available are located in
big cities, while 44.7% of the dwellings are in blocks of flats (ELSTAT,
2014). Therefore, the local available dwellings are 4430 in the wider
area of Komotini. Regarding electricity demand, it can be seen, based on
a number of studies (Putera et al., 2015; Hernandez, 2016; Wallace
and Anciso, 2016; Xydis et al., 2017) that the average electricity
demand is between 14 and 17 kWh/m2 yearly, depending on the tiers
structure and cultivated area and the product's requirements. Yet, an
ssPFAL unit will several times throughout a season-change cultivation
not offering a clear view of operational costs, however averaging at the
end of the year. Assuming that the indoor cultivated area in every flat
is 100 m2, the electricity required per flat on average, Ed, is 1550 kWh/
yr. Therefore, for the total electricity demand TEd for the vacant indoor
areas in wider Komotini, there is a demand of:

(6)
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Fig. 4. Main Directions, Wind Rose, Data Distribution (a) and Elevation Map (b) of the under examination area in the wider area of the city of Komotini, Rhodope, Greece.

3. Results and discussion

3.1. Siting, AEP, and preliminary business plan

Based on the preliminary siting of the small wind turbines WF (Fig.
5), the Gross Annual Energy Production can be seen in Table 2.

Taking into account that on average the WF losses could be 10% (or
sometimes more in cases where the interconnection is difficult or the WF
installation altitude is high etc.) (Xydis, 2012), the Net Annual Energy
Production (AEP) can reach 3265 MWh which can only meet 47.5% of
the demand estimated.

It is known that several times in Greece significant cuts to solar es-
pecially but also wind Feed-in Tariffs (FiT) have been announced, at
times even retroactively. PV parks started at EUR400/MWh back in
2006, going to a price of EUR 171.9 per MWh in August of 2012, the
Greek Ministry announced less than a year later feed-in tariff price €95
per MWh of generated electricity. In 2014, a decision was taken again
from the Ministry that all Renewable Energy Sources (RES) plants oper

ating for less than 12 years are given the option either to sell the gen-
erated power to the energy market or to sell the energy they produce to
the grid eventually at a set price of EUR80/MWh. Nowadays, in 2018,
after a bidding process, tariffs of the PV tenders hit EUR62.97 per MWh
(PV magazine – Greece brings new retroactive measures; cuts FIT by
30%, 2014; PV magazine – Tariffs in Greece's PV tender hit €62.97 per
MWh, 2018). All the above within just 12 years from when the subsi-
dization of RES was put into force. The same practically happened with
rooftop solar installations which price is expected to reach at EUR80/
MWh by August 2019 (Ministry of Environment and Energy, 2018).

All possible investors can understand that there is no stable in-
vestment environment around RES in Greece. However, the country
needs to move forward. Therefore, a number of investment scenarios
were examined here that could combine earnings from multiple mar-
kets (earnings from electricity generation, herbs (basil) and vegetables –
tomato and lettuce – production). Since it is about small wind turbines,
FiT will remain, and no competitive market or other premium scheme
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Fig. 5. Wind Resource Assessment map (up) and Power Density map (down) and preliminary Wind Turbines siting in the under examination area in the wider area of the city of Komotini,
Rhodope, Greece.

will be the governing subsidizing policy. The second earning stream
will come from the harvesting, packaging, and disposing products in the
market. Therefore, in the cases where either curtailment of wind is sig-
nificant – which shall be increased as more and more renewables are
joining the system – or for commercial reasons. Following the Liaros
et al. (2016) and the Xydis et al. (2017) cash flow analyses of mul-
tiple streams earnings and adjusting the tool several scenarios were
thoroughly investigated via different FiT prices through the competitive
process and on different vegetables prices.

3.2. Cash flow analysis

The revenues, T0, for the 20 years analysis of the small wind turbines
are:

(7)

where FiT is defined by the Regulatory Authority for Energy.
For the investment, the most important costs include salary costs,

PO, costs for maintenance, M, wind turbines insurance, WTIns, electro-
mechanical costs, Eq, admin costs, land lease, and other costs, V,

which makes the total Operating Costs, OC, equal to:

(8)

The suggested project financial scheme is usually Equity: 25%, Loan:
35–45% (repayment period is set to be 10 years, with an interest rate at
6–7%), and state's subsidization: 30–40%, depending on the size of the
enterprise size and the project's installation area. Therefore, the operat-
ing cash flow, OCF is:

(9)
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Table 2
Wind Site siting results, total electricity production, and wake losses.

WT
X-location
[m]

Y-location
[m]

Elev.
[m]

Gross AEP
[MWh]

Wake Loss
[%]

1 621564 4537304 304.6 198.89 0.64
2 621668 4537304 320 200.83 0.99
3 621962 4537426 303.1 184.37 1.32
4 623406 4537494 311.9 178.35 0.38
5 621772 4537331 320 190.65 1.45
6 621871 4537358 320 190.98 1.67
7 623546 4537313 320 185.55 0.38
8 623623 4537218 320 185.98 0.36
9 623337 4537590 290.9 177.99 0.34
10 623487 4537408 320 178.89 0.41
11 623803 4537097 303.9 177.65 0.32
12 623903 4537065 302.3 174.63 0.26
13 623700 4537146 307.6 181.25 0.25
14 622083 4537459 284.4 173.16 1.37
15 624119 4537106 315.9 175.79 0.88
16 623266 4537656 268.6 169.73 0.22
17 621475 4537331 277.9 188.52 0.5
18 622168 4537485 272 163.22 0.56
19 621385 4537368 244.8 175.91 0.32
20 624209 4537127 320 176.03 0.47
Total/Average 314 3628.36 0.65

The initial capital (equity) and loan need to be repaid, therefore the
unamortized cost, UV, is:

(10)

The Depreciation, A, can be estimated using the formula:

(11)

After estimating the total instalments, Inst, of the loan, L, under a
rate of Interest i, there is:

(12)

where N equals 10, which are the years of repayment after calculating
the interest of the loan I

(13)

The calculations are yearly updated based on the loan balance. So,
Before Tax Earnings, Pp-tax, are taken from:

(14)

Taking into account that in Greece the taxes share for any new in-
vestment is 29% the final profits after-taxes, Pa-tax, can be calculated
if we subtract the taxes from Pp-tax. Therefore, the Net Cash Flow, NI,
equals to:

(15)

and the Final Net Cash Flow, FNCF to:

(16)

where NRA represents the Net Repayment Amounts. Adding for all
years, the conversion coefficient in current values ratio, CVcoef, can be
found using the following mathematical formula:

(17)

Where CDR is the Capital Discount Rate and yr represents each year, the
Current Value Final Cash Flow, CVFCF, can be calculated from the fol-
lowing statement:

(18)

which ends up to the Net Present Value (NPV), finds the year of posi-
tive sign (when repay happens, the Cumulative Revenues and finally the
Project IRR). The project IRR is the discount rate that makes the NPV of
all cash flows of the project equal to zero.

3.3. Scenarios analysis

The detailed scenario analysis is focusing on comparing the expected
profitability and “invest-ability” of each scenario based on the Internal
Rate of Return (IRR) and the payback period. For example, scenario
named “SCE_tom_20%_225” means that the scenario examined was of
a tomato based hydroponic units (“bas” means basil, and “let” is for
lettuce), using 20% of the electricity generated from the WTs for the
herbs and vegetables production and the 80% of energy is offered for
the FiT supporting mechanism at a price of EUR225/MWh. A number
of assumptions were taken in order the simulations to be more realistic.
A capital cost of EUR 6000 per kW for the installation of the 20 Hum-
mer 50 kW WTs, including the hydroponics units cost and batteries for
storage (GWEC- Global Wind Report, 2016, 2017). The interest Rate
was taken 7.5%, Bank Loan-Own Capital: 50-50% (no subsidy), space
rent EUR 3/m2, personnel-insurance-operational-maintenance costs ap-
prox. EUR190,000–290,000 per year depending on the space rent and
utilised. Lettuce production was taken at 41 kg/m2/year (Barbosa et
al., 2015), basil's production at 6.72 kg/m2/year (Saha et al., 2016),
and tomato's 49.12 kg/m2/year (Qureshi, 2017). Average prices for all
three of them were taken based on market in 2018, EUR 0.3/kg for
tomato, EUR 2/kg for lettuce, and EUR 15/kg for basil. Based on all
the above, a detailed cash flow analysis showed for every scenario with
5-10-20% from the electricity generated consumed in the hydroponic
units, and FiT price range between EUR 125–225/MWh and proved that
basil and lettuce are rather profitable and the business owner could eas-
ily select to store more of the produced electricity instead of delivering
the price in the grid. This means that even at cases of high curtailment
rate (for various reasons) the business can be if not more at least equally
profitable. On the other hand, in the tomato case, its price is so low that
the profitability does not ramp up so fast as in the other two cases (Fig.
6).

It was assumed that only up to 420 indoor areas (flats, basements
etc) could be utilised and no more (which is equal to 20% electricity for
hydroponics units). In case more than 20%, i.e. 80% or even 100% (au-
tonomous), are utilised with no little or no contribution to the grid then
other parameters should be taken into account such as economic equi-
librium analyses and how mass production of one product in an area in-
fluences the price of the product itself, which was beyond the scopes of
this paper.
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Fig. 6. Scenario-based technoeconomic analysis results for hydroponic tomato, basil, and lettuce.

3.4. Extreme and alternative scenarios examined

Examining some extreme scenarios, in the case for instance if the FiT
– because of unexpected cuts due to a new crisis again in the future in
the country – goes down to EUR80/MWh, then based on Fig. 7, it is ob-
vious that in the case of tomato, the project cannot be sustainable. For
5% and 10% for basil and lettuce it can be profitable (less for 5%) and
for 20% it can be seen that it is for both significantly profitable. What
should be noted, is that the FiT earnings contributes extremely confined
compared to the herbs and vegetables earnings. This last analysis is also
viable for prices even lower – even if the price offered at the small scale
wind turbines is equal to the market's marginal price. Then, it could be
more attractive for the investor to develop an autonomous business only
focused towards hydroponics, however this way would risk the compa-
ny's multiple stream revenue binding.

An alternative scenario was to examine the profitability of the whole
project by reducing the initial capital cost. The IRR, the earnings, and
the payback period were identified each time a WT was removed from
the initial siting. The results were examined with the “SCE_
let_10%_150” scenario. What was added in the naming of the new sce-
narios was the capacity of the wind farm after the removal of some
WTs, i.e. “SCE_let_10%_150_0.75 MW” which means that five

WTs were removed from the initial layout. It was noticed that the prof-
itability of the investment (and the payback period remains at high lev-
els, above 30%, till 0.5 MW. After that point both the herbs & vegetables
earnings and the FiT earnings go down rapidly – in fact with one or two
WTs it is not possible not even the hydroponics needs to be met – and
the overall profits of the whole project is shrank (Table 3 and Fig. 8).

While for up to 2 WTs the payback period is maximum 6 years (in
fact in most of the cases is 4 years), when the scenario examines what
happens if we install only one WT the payback period skyrockets at 13
years, with a project IRR at 6.6% which proves that this case is practi-
cally a non-viable one.

4. Conclusions

This study explored potential transformative alternatives for the
small wind and the hydroponics investors to enhance their business
case – and sustain the critical investment ecosystem, driven from the
pressure starting to mount on governmental authorities to address the
imbalance of investment incentives and initiative paradigms towards
a smarter, but also cheaper, energy system. Based on the identified,
emerging challenges to the continued green transition, the idea of a
multiple revenue stream business model that will bring income from
the existing FiT for the small scale WT and at the same time from
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Fig. 7. Extreme scenario analysis with FiT at EUR80/MWh.

Table 3
Scenarios analysis of WFs with fewer wind turbines.

Scenarios NPV [Μ€] Project IRR [%] Payback Period (yrs) herbs & vegetables earnings [€/yr] total earnings [€/yr] FiT earnings

SCE_let_10%_150 17 38.12 4 1,727,289 2,168,091 440,802
SCE_let_10%_150_0.95 MW 16.06 37.82 4 1,650,637 2,050,815 400,178
SCE_let_10%_150_0.75 MW 12.19 35.92 4 1,321,176 1,574,048 252,872
SCE_let_10%_150_0.5 MW 7.67 33.19 4 899,352 1,014,109 114,757
SCE_let_10%_150_0.25 MW 3.48 28.85 5 463,245 492,800 29,555
SCE_let_10%_150_0.1 MW 1.1 20.05 6 190,916 195,788 4872
SCE_let_10%_150_0.05 MW 0.3 6.66 13 96,172 97,399 1227

the open market for herbs and vegetables for the local society was
proven to be one of the most successful alternatives even when invest-
ing in unstable environments, such as the Greek one. After the wind re-
source and the cash flow analyses for specific illustrative scenarios, it
was proven that a combined investment in most of the cases would be
a successful business ensuring profitability to the shareholders. Tomato,
lettuce, and basil were examined and it was proven that the latter two
were more profitable under all scenarios. Tomato's IRR was at all cases
between 2.5 and 11.3%, while for basil and lettuce could even exceed
100%. At extreme cases, where it was assumed that the small scale wind
turbines FiT could go at EUR 80/MWh, the IRR for tomato was negative
in most of the cases, while for the other two vegetables the profitability
overall was maintained. It is time the investors to realise that wind pro-
jects cannot cope with a shrinking market towards a carbon-free energy
future. Introducing the concept under a smart city/region of a multiple
revenue business approach will make things easier both for the state and
the private sector.
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Fig. 8. NPV, Payback period and earnings comparison with the “SCE_let_10%_150” scenario.
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