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Abstract: In recent years, a new urban environment in the large metropolitan areas, the so-called
“megacities”, has emerged. It is estimated that more than five billion people will be located in
urban areas by 2030. Many projects have been initiated in the megacities to support the new
ecosystem services in providing the most sustainable and efficient food supply solutions, as well as
for transporting fresh and clean vegetables. One of the most important focus areas is research on
energy sustainability, including how to optimize energy efficiency to meet the needs of citizens and
companies. Indoor urban vertical farming (IUVF) is one of the greatest achievements of our time in
agriculture, as it is entirely focused on meeting the food needs of people living in urban areas with the
lowest environmental and energy costs. IUVF creates a new foundation in the urban food production
system, providing opportunities for many other sustainable activities, such as energy and grey water
recycling, but beyond all, it helps citizens to have access in fresh and nutritious fruits and vegetables
and to become more creative building up their skills regarding sustainable food production. In this
study, the internal rate of return (IRR) and the net present value (NPV) indexes were used to compare
IUVF and greenhouse (GH) facilities under various financing schemes. Consistent with similar
studies, this research also confirms that IUVF is much more profitable for investors, saving significant
resources compared to GHs.
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1. Introduction

In recent years, the phenomenon of urbanization, i.e., the continuous increase of population in
cities and towns, has rapidly increased. Many metropolitan cities require fresh food hotspots to feed
their populace. According to Angel et al. (2011) [1], urban land cover will increase globally from
300,000 km2 in 2000 to 770,000 km2 in 2030 and to 1,200,000 km2 in 2050. One of the most revealing
examples of urbanization is the case of Lagos in Nigeria, which had about 300,000 inhabitants in 1950,
but today, the city has reached 17.5 million inhabitants [2]. Land in urban regions must be made more
efficient and better organized to maximize the space usage. The population increase in megacities
(cities with more than 10 million people) is an inevitable fact that academia and businesses need to
investigate in order to improve the quality of life overall. The growing need for more food has escalated
over the last few years, and as a result, it is of vital importance to adopt more sustainable and efficient
food production solutions. In the Food and Agriculture Organization (FAO) report (2015) [3], it is
stated that the number of agribusinesses must increase up to 70% by 2050 to meet the food demand
in megacities. In this context, it is also very important to mention that more sustainable ways of
distributing food globally are needed to prevent the massive food waste. In fact, if food waste were a
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country, it would be the third-largest greenhouse (GH) gas emitter in the world with its four billion
tons of food waste annually [4]. The competition between food and energy commodities due to the
limited land and water should also be mentioned [5]. More than ever, it is crucial to make biofuels
more efficient and limit their use. In addition, greater efforts should be made to achieve the sustainable
global goals by using energy sources that are not dependent on food biomass but promote energy
efficiency in industries and households. Every day, food travels between 100 and 1500 km from the
producer to the consumer, accounting for 5%-15% of the energy used just to bring food to the table [6].
According to research conducted by Blanke (2005) [7], imported fruits demand 27% more energy than
those locally grown.

Providing food to urban residents is one of the most complicated procedures in agriculture. A UN
report (2018) [8] states that one of the most advantageous farming procedures is organic farming and
agroecology. In a study published by George Mason University (2005) [9], it was proven that in African
small-scale farms, the yield productivity increased up to 116% using agroecological farming techniques
compared to traditional farming. Another solution that can increase food quantity is biodiversity. Li
Chengyun (2009) [10] argued that the production yield could be increased from 33.2% to 84.7% by
not using monocropping techniques but altering the crop between the years (and the use of legumes).
Finally, urban farming is one of the most prosperous ways that food can be provided to urban citizens.
Since the population is constantly increasing and the farming areas needed are already equal to the
size of South America [11], the most sustainable option is to include urban areas as part of production
schemes. Many cities already reuse abandoned properties as urban farms and cultivate their own fresh
vegetables to feed their citizens.

1.1. The Danish Reality

Since this research focuses on the Danish market, it is worth looking at Denmark’s ecological
footprint. According to OECD statistics, Denmark emitted approximately 51,620 tons of GH gases in
2016 [12]. In fact, according to a WWF report (2014) [13], Denmark’s ecological footprint per capita
is the fourth largest in the world after Qatar, Kuwait, and the United Arabs Emirates. In 2014, Gitte
Seeberg [14], the secretary general of WWF Denmark, stated in a newspaper that the Danish nation
consists of roads, cities, and wheat fields, but one of the main problems is the lack of biodiversity in
Denmark. Adding to this, the Danes’ high meat consumption is one of the biggest reasons for its large
ecological footprint. Finally, Global Footprint Network has calculated that Denmark has a bio-capacity
per person of 4.4 global hectares (gha) and an ecological footprint of 6.7 gha per person. Furthermore,
it states that until 2014, the ecological footprint versus the bio-capacity in Denmark was 40,246,094
gha. Clearly, there is an immediate need for food production change, distribution, and consumption in
the country.

Research conducted by Tropp (2013) [15] shows that demand for fresh, locally grown food was
almost $12 billion in 2014, and was to reach $20 billion by 2019. Commercial GHs are the major
sources of fresh, locally grown food for cities. For this reason, the annual growth rate of these
businesses reached 8.8% in 2016, and the market’s growth forecast is expected to exceed $29.64 billion
by 2020 [16]. GH production is the oldest form of controlled farming, where plants can be cultivated
in an isolated environment, which is partly independent of the outdoor weather conditions. GH
production is an intensive cultivation method that uses air management techniques as well as cooling
and heating processes to produce high crop yields. In recent years, GH growers have started to install
artificial lighting and hydroponic cultivation methods that can further increase the yield of crops
and reduce their water footprint. There are no detailed literature studies linking the need for indoor
urban vertical farming (IUVF) facilities in areas with a lack of solar energy, which is vital for food
production (40% average sunshine percentage from April to September and around 20% the rest of
the year (weather-and-climate.com)). In 2017, the import value of vegetables and fruits to Denmark
amounted to roughly DKK 11.2 billion, which equals a rise of 22.81% over the last 10 years [17]. In other
words, Denmark imports between 24,450 and 27,850 tons of fresh fruits and vegetables annually [18].
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The country has some of the highest electricity prices in Europe, but at the same time, a very high level
of renewable energy (mainly wind energy) connected to the main grid [19]. The combination of IUVF
with renewable energy and batteries can lead to a radical decrease of system energy costs.

1.2. Indoor Urban Vertical Farming

IUVF is another way of allowing a fresh, locally grown food production, i.e., the possibility of
a year-round crop production. The development of GHs has led to today’s highly sophisticated,
controlled agricultural systems. IUVF is the new promising technology that allows us to optimize
agricultural production and convert it from traditional farming to an integrated urban network using
the most innovative and sustainable technological achievements of our time. In IUVF, plants grow
indoors by using hydroponic methods (aeroponic or fogoponic in a few cases) and artificial lighting
that simulates solar radiation. A plant factory with artificial lighting (PFAL)—an intensive type of
vertical farming—refers to a massive plant production establishment equipped with thermal insulation.
Its structure is completely isolated from the outdoor environment [20]. Unlike traditional agriculture,
PFALs resemble a “production line” in a warehouse, where cultivation shelves are stacked several
meters high to maximize the utilization of the vertical space. PFALs include seeding, transplanting,
moving cultivation panels, harvesting, pollinating, weight control, packaging, metal inspection, and
panel cleaning. Companies that have implemented this type of technology use different methods,
numbers, and applications of the above techniques according to their business plan and strategy.
PFALs present many advantages that make them very competitive compared to conventional farming,
especially for consumers located in the urban network. The use of pioneering systems in PFALs
eliminates the use of fertilizers and pesticides in the green production alhough PFALs consume
almost 2% water in comparison with open-field water footprint, as 95% of the water from plant
evapotranspiration in this system is compressed in the air conditioning evaporator in the form of liquid
water [20]. After this process, water is collected, sterilized, and then returned to the water tank to
be reused. The water is enriched with a nutrient solution, and, as a result, the nutrient fluids in the
cultivation area can be reused and recycled. Another benefit to be highlighted is that PFALs reduce CO2

emissions, as they are located in urban or suburban areas, virtually eliminating food transportation
and thus the carbon footprints of food. The nutritional value of fresh fruits and vegetables diminishes
during the shipping process, even at very low refrigerating temperatures. B vitamins are very sensitive
to freezing with a loss in the transportation process ranging from 20% to 60% [21]. A Japanese
study describes how waste heat from fossil fuel power plants is imported to nearby PFALs, thereby
reducing CO2 emissions by 1204 tons per year [22]. Some PFALs avoid electricity peaks during the
daytime by switching on lights only at night to utilize surplus electricity [20,23]. The area around
industrial factories and mining operations is particularly worrisome with pollution rising significantly
to 36.3% [24]. However, in areas with many job and business opportunities that have a developed
industry and a denser population, the likelihood of people eating local crops is high.

1.3. Food Waste and Management

Food production must remain sufficiently intensive to meet consumer and food demands.
Cultivation methods must be made more efficient and sustainable but without further compromising
land use and biodiversity. Farming techniques must be optimized, including waste processes. Globally,
40–50% of fruits and vegetables are wasted or lost during the food supply chain [18]. In Europe, 39% of
food resources such as energy, land, and water are wasted in the manufacturing process (by-products,
overproduction, and weather conditions) and almost 42% in the households (over-purchasing and
disorganization). In Denmark, households waste around 260,000 tons, while the agriculture/food
industry wastes 133,000 tons of the total 700,000 tons of food waste each year [25]. In Denmark,
fruits and vegetables are still part of the wholesale link in the food supply chain and are separate
from the retailers’ and producers’ business strategy [26]. Consolidating businesses in order to reduce
food waste is therefore difficult. Furthermore, fruits and vegetables are the largest waste producers
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in the retail and wholesale markets [27]. According to Ettrup and Bjørn (2002), farming techniques
supported by the retail market create 165-562 kg of food waste for every €130,000 in revenue. In a
Danish household, fresh vegetables produce 1.42 kg waste per week of which 77.5% is unprocessed
vegetables [26]. The development of farming techniques that will perform under a finite and limited
resource base is necessary. The use efficiency of our resources to reduce fruit and vegetable waste
needs to be optimized.

Already by definition, IUVF has the ability to transform bio-waste into useful by-products that
come from crop leaves, damaged fruits and vegetables, stems, and roots. Although PFALs are rapidly
developing, they only have a very small share of the overall food market. The high construction
start-up costs are directly related to this lack of market exposure. A PFAL with 10 tiers costs on
average around $4700 per square meter, and only after 5-7 years can the capital be reclaimed. The
initial investment is approximately 15 times higher than a normal GH, making the business entry too
expensive (Kozai, 2013). Another reason is profitability. Many PFALs prefer to grow market-oriented
crops such as lettuce, herbs, and microgreens. However, PFALs as high-tech companies have high
start/up costs, reaching up to 26% (Kozai et al., 2016). New PFAL business are more common in Asian
countries such as North Korea, Japan, China, and Singapore. In Japan, 165 PFALs were in operation
in 2016 [28], and in China, the forecast shows that the number of PFALs will reach 200 by 2020 [29].
Nevertheless, more and more IUVF facilities are being installed worldwide, with annual growth rate
reaching 24.8%, which is expected to grow to $5.8 billion by 2022 [30].

This research analyzes a case study on the profitability and the financial viability of PFALs,
creating a nexus between energy, food, and water in urban areas [31]. A techno-economic cash flow
analysis of the use of IUVF in the Central Denmark Region (Region Midtjylland) with two different
cultivation techniques, GH and IUVF, was evaluated. In both cases, the selected cultivation plant was
basil, as this plant responds extremely well in climate-controlled environments, has a short production
cycle, and thrives at a high plant density. The purpose was to find the optimal conditions and solutions
for using PFALs to influence the Danish population to consume their own produced products and
minimize the cost of imported products. The two techniques are compared against the internal rate
of return (IRR), the net present value (NPV), and the repayment period of a business plan for a new
PFAL. Another objective was to compare the two cultivation methods from a resource-conserving
perspective with the aim of developing a case study to act as a guide for private funds, presenting
various investments scenarios.

2. Materials and Methods

The location and the size of the GH and IUVF facilities studied were determined. It was decided
that the case study should take place in an industrial area in the city of Aarhus, Denmark. The area of
Aarhus is about 91 million m2 and is located on the east cost of the Jutland peninsula. The size of the
municipal population is approximately 340,000 citizens. This area was chosen because:

(a) Aarhus is the second largest city in Denmark, meaning that a business providing sufficient
quantities of fresh fruits and vegetables to the consumers can be a sustainable case.

(b) Aarhus is considered one of the major global hubs in the wind energy market. Indeed, Denmark
is one of the most energy self-sufficient countries in the world with a rate of 94% and a 28% share
of gross energy consumption deriving from renewable energy and waste [32]. Denmark is among
the Nord Pool countries that exchange electricity with Swedish, Norwegian, German, and other
power grids in an integrated grid.

(c) The vegetables available in Aarhus supermarkets and grocery stores are of very high quality.
Denmark has one of the highest organic market shares in the world. In fact, more than 11% of
the Danes buy organic products, of which vegetables and fruits comprise 33% (€1.8 billion) [33].
Customers are familiar with high-quality products, and they are willing to pay more money to
buy high-nutrient value and chemical-free products.
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We chose not to use Copenhagen as the IUVF location, as it is the most expensive region in
Denmark with real estate prices almost 76% higher than in Jutland [34]. In order to create a more
objective case, actual data from the Danish market were combined based on previous literature
studies. However, since a detailed cost analysis of the various IUVF expenses is presented, some of the
numerical data are based on assumptions (all mentioned in the analysis). As previously discussed, the
plant used in this research was basil, as it is one of the most frequently cultivated plant species in both
IUVF and GH facilities with high product value. Herbs can be a great crop for market growers and are
usually more profitable than leafy greens [35,36].

3. Basic Assumptions and Resource Analysis

3.1. Assumptions

1. A semi-closed GH was chosen, as this would reduce costs compared to a closed GH. Semi-closed
GHs have vents, which can be used to cool, dehumidify, and control pest infestation. Similarly,
plants in IUVF facilities grow in a closed loop with horizontal layers (one above the other). This
method cannot be applied in GHs, as lower plants will receive limited sunlight radiation due to
shading. For this reason, 5000 LED lamps were installed in the IUVF facility at an assumed price
of 1.4 €/W3 (approximately 15€/bulb) to simulate the solar radiation [37].

2. Assuming that the IUVF facility used a closed-loop production system, the waste could be
recycled and reused into useful resources, e.g., fertilizers or biofuels. In such systems, water is
constantly circulating in closed loops, with wastewater recycled and reused through installing
volcanic rock particles in pipes that, through pumping these rock particles, can extract nutrients
and reuse them in the nutrient solution. Using this method, bio-waste can be used to create a
plant nutrient solution. According to Adenaeuer (2014) [38], the estimated quantity of nutrients
is equal to almost 50% of all the essential nutrients of the plants. Consequently, the estimated
nutrient costs can be reduced up to 50%.

3. To make it easier to compare the two farming techniques, it was assumed that both plant factories
had a cultivation area of 675 m2. However, the IUVF facility had a smaller unit area of floor space
(225 m2), since the crops are grown in multiple layers. Based upon real estate leasing standards
in the Aarhus area, it was estimated that the rent of the IUVF facility was 31.5€/m2/year and
25.8€/m2/year for the GH.

4. No safety measurements against fungi, different types of bacteria, pests, and diseases were
assumed for the design of the building. However, necessary measures to prevent and combat
diseases in the IUVF facility were needed, but this will be examined further in a future study.

5. To achieve this result, we used the same environmental conditions in the cultivation area, including
relative humidity, air temperature, and CO2. Dou et al. (2018) [39] recommend 14 mol/m2/day
for a 16-hour photoperiod as the optimal daily light integral (DLI) for sweet basil [40]. In the
GH facility, the artificial lighting was used only as a supplementary lighting and not as the main
light source, which was solar radiation. However, adding artificial lighting would be necessary
considering that the number of lighting hours in Denmark is very limited, specifically in winter.

6. No calculations were performed on the structural condition of the building. Instead, several
estimates were made based on previous literature studies on the building structure and the
location of the structural materials of a vertical farm. IUVF facilities are completely isolated from
the outdoor environment and have no window openings. For this reason, the ceiling and the
walls surrounding them have a better thermal insulation compared to a GH facility. The R-value
for both facilities was defined. The R-value expresses how well a building is insulated; the higher
the R-value, the better the insulation. We assumed that the IUVF facility was installed in the
interior space of a warehouse, and thus an R-value of 13 was used [41], while the GH had an
R-value of 0.95, assuming that the coverage material was single-pane glass. It was assumed that
the height of the building was the same throughout the building.
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7. In terms of construction and equipment, it was assumed that the GH has a heating, cooling, and
air-conditioning (HVAC) system that operates primarily with solar radiation for heating purposes
and with heating natural gas in a semi-closed system and with natural ventilation for cooling and
dehumidification purposes. The heating and cooling costs for the GH case very much depended
on the latitude and external climate conditions of the facility, and because of the mean of natural
gas we did not convert their energy loads using coefficient of performance. As an alternative, it
was assumed that the conversion of natural gas to electricity has the same conversion efficiency
as heating. For the GH facility, the CO2 level was assumed at 800ppm. For the case of the IUVF
that is a closed system, we assumed a forced circulation system of heating, cooling, and air
cooling. The interior climate in the IUVF had a limited interaction with the outdoor conditions,
making easier and more efficient the energy use for heating, cooling, and lighting purposes.
In order to calculate the energetic loads in IUVF, we converted them to electricity using their
respective coefficients of performance sourcing from previous literature [42]. It was assumed
that the CO2 use of the IUVF remains stable throughout the whole year, 1000ppm daily, to assure
that plants have enough CO2 to transform into sugars through photosynthesis and continue their
optimal growth. In order to define the total electricity demand of IUVF, we proceeded to energy
calculation of heating, latent cooling, and sensible cooling. In addition, to control the humidity
and cooling of the farm, ventilation fans powered by electricity were used.

8. Finally, it was assumed that the wholesale price of basil was the same for both facilities (7.37 €/kg)
and that the distance from the facilities to the consumers was the same. This was assumed due to
the floating prices in the real estate; the closer a facility is to the city center, the higher the rental
price per m2 [43]. IUVF facilities are located in and around city centers and can provide products
that are fresher, more sustainable, and of higher quality. However, the rental price is much higher
in urban cities, which is the reason the above assumption was established. Additionally, the
number of harvests was different depending on the facilities and the yield per harvest (Table 1).
Furthermore, it was assumed that the density of the plants was the same in both facilities.

9. Based on previous literature, it was considered that water-use efficiency (WUE) can reach up to
70% in a closed-loop IUVF facility compared to a semi-closed GH [44,45].

10. It was assumed that the IUVF facility consumes 50% less nutrients than the GH, as minerals are
added to the irrigation water and supplied to the plants directly at their roots by the hydroponic
system [29]. Since the IUVF facility is based on a closed-loop system, where nutrients are circulated,
it is possible to design a circulatory system without nutrient waste in the production line.

3.2. Real Estate

As stated previously, IUVF facilities are located in the urban network. They are installed indoors
in a controlled environment without access to natural lighting. For this reason, the use of LED lamps is
necessary to imitate solar radiation, which is essential for plant growth. Therefore, 5000 LEDs were
installed based on the size of the building and the intensity of light needed for the plants to grow to
their full potential.

Calculations for IUVF operation indicate that it requires a full-time employee responsible for
harvesting, the application of cultivation techniques, crop management, as well as weeding and
chipping of the crops [46]. The possibility of hiring, in the future, a part-time worker for the picking
periods or various administrative tasks is also considered. Calculations are based on the average
monthly salary in Denmark, and there are two categories: 1) the average monthly salary of agricultural
workers (farmers), which is 3600€, and 2) the average monthly salary of engineers, which is 4500€ [47].

Labor costs are one of the largest expenses in IUVF. In Denmark, the average hourly salary
of workers with four years of practical experience and the necessary practical qualifications for
working tasks in this environment is approximately 18–19 €/h. For tasks requiring less expertise
and qualifications, workers from the second salary group (with at least one year of practical work
experience) can be hired with a salary cost between 17–18 €/h. In our analysis, two experienced
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agricultural workers were employed, one working full-time and the other part-time. Most of the
numbers of the basic assumptions in this case study are presented in Table 1.

Table 1. General case study assumptions.

GH IUVF Unit Citation

Real estate
Lease 25.76 31.5 €/m2 [48]

Width of building 18.3 15 m
Length of building 91.5 15 m
Height of building 4.6 7.5 m

Growing space 675 675 m2

Grow levels 1 6
Growth-unit size 1.5 1.5 m2

Labor
Laborers/10,000 kg yield 0.18 0.18 person [49]

Hourly cost of labor 43.5 43.5 €/h [47]
Electricity

Electricity cost (500–2000 MWh) 0.18823 0.18823 €/kWh [50]
Electricity cost (20,000–70,000) 0.10086 0.10086 €/kWh [50]

Internal electricity distribution capital cost 0.45 0.45 €/W [51]
Electricity demand charge 13 13 €/kW [52]

Utility electricity distribution capital cost 0.30 0.30 €/W [51]
Plants: Basil
Harvest/year 5 10 [53]
Yield/harvest 2 5 kg/m2 [54,55]

Wholesale price 7.37 7.37 €/kg [56]
LED price 1.48 1.48 €

LED efficacy: photosynthetic photon efficacy (PPE) 4.8 4.8 µmol/J [57]
Heating and cooling

Ventilation system 0.986 0.986 €/W [51]
Heating system capital cost 0.0208 0.0208 €/W [51]

3.3. Yield/Biomass Production

The calculations used for estimating the harvest, yield, and the biomass production of basil
for both the GH and IUVF facilities were based on previous literature [42,56,58]. On average, the
annual harvest of basil in a GH is 16,875 kg/year, while in an IUVF facility, 33,750 kg of fresh basil are
harvested/year. The differences between GH and IUVF for basil yields per year are shown in Figure 1.
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farming—IUVF; green: greenhouse—GH) [43,57,59].

To calculate the operational expenditures (OPEX) and the capital expenditures (CAPEX) of an
indoor urban vertical farm, equations from previously published literature were utilized [51]. The
calculations varied according to the primary plant species used on each farm. The case plant that was
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examined was basil, which constitutes one of the most frequently selected species in IUVF, as it has the
ideal properties for indoor cultivation (high density, low height, and high yield).

3.4. Mobility and Dynamics in OPEX and CAPEX

The key data collected and analyzed initially were DLI for Denmark, the annual outside
temperature, the annual indoor temperatures, the indoor cooling and heating, the humidity
requirements in the IUVF facility, and the heat generated by LEDs. These data were collected,
and their connections and interactions helped define the CAPEX for an IUVF facility and the associated
equipment. Additionally, these data determined the OPEX necessary for the optimal function of the
facility in order to maximize basil yield.

Tables 2 and 3 provide the results of the average climate conditions for each month according to
each farm facility. Furthermore, they indicate the electricity required for the optimal operation of the
IUVF facility to reach the optimal performance of the LEDs, the cooling system, and the ventilation
system (fans). The waste heat mainly generated from lighting in winter can be beneficial, for heating
purposes. In the summer, however, the excess heat (energy) produced by the LEDs must be either
stored and redistributed in the system or removed with the ventilation system. Both tables also indicate
that in an IUVF facility, the system’s total electricity demand is around 75,500 kWh/year, while the
natural gas (NG) use for heating purposes is around 27,000 m3.

Table 2. Total monthly electricity consumption used in the GH facility with basil. [51].

Electricity (kWh)

Tout (◦C) Tin (◦C) DLI
(mol/m2/d)

NG Heat
(m3) Ventilation LED

Lighting
A/C

Cooling
Total

Electricity

Jan 0.0 18.3 25.2 4738 8 24,517 0 24,524
Feb 1.0 18.3 28.8 3136 7 14,991 0 14,998
Mar 3.0 18.3 32 3037 8 7237 0 7245

April 6.0 21.1 31.5 2139 13 0 0 13
May 12.0 21.1 27 1330 13 0 0 13
June 15.0 21.1 22.5 0 13 0 2769 2781
July 17.0 21.1 19.8 0 91 0 2794 2886
Aug 17.0 21.1 15.3 0 91 0 3573 3665
Sep 14.0 21.1 12.6 386 88 4913 0 5002
Oct 10.0 18.3 14.4 1717 21 11,557 0 11,578
Nov 5.0 18.3 17.7 3081 20 21,636 0 21,656
Dec 2.0 18.3 21.6 3782 21 28,837 0 28,858

Total 23,345 396 113,686 9136 123,218

Table 3. Total monthly electricity consumption in the IUVF facility with basil.

Electricity (kWh)

Tout (◦C) Tin (◦C) DLI
(mol/m2/d)

NG Heat
(m3) Ventilation LED

Lighting
A/C

Cooling
Total

Electricity

Jan 0.0 18.3 0 3823 4 59,076 0 59,081
Feb 1.0 18.3 0 4830 4 53,359 0 53,363

March 3.0 18.3 0 3296 4 59,076 0 59,081
April 6.0 21.1 0 3442 4 57,171 0 57,175
May 12.0 21.1 0 2638 4 59,076 0 59,081
June 15.0 21.1 0 1942 4 57,171 2041 59,261
July 17.0 21.1 0 263 29 59,076 1950 61,055
Aug 17.0 21.1 0 298 29 59,076 3273 62,378
Sep 14.0 21.1 0 29 28 57,171 0 57,199
Oct 10.0 18.3 0 706 4 59,076 0 59,081
Nov 5.0 18.3 0 1862 4 57,171 0 57,175
Dec 2.0 18.3 0 3096 4 59,076 0 59,081

Total 26,225 125 695,576 7265 702,966
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3.5. Resource Use Efficiency

According to the model calculation, IUVF requires greater amounts of electricity to achieve
optimal efficiency and biomass production (Tables 2 and 3). The semi-closed GH facility allows and
supports the use of available solar energy. Thus, the GH requires less purchased energy to operate
than the IUVF facility; the GH requires 83% more electricity than the IUVF facility.

IUVF facilities use their resources more efficiently than GHs. Water use efficiency (WUE) in
closed systems (as in IUVF) provides higher efficiency in comparison to semi-open production systems
(Figure 2) [42].
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Figure 2. Resource use efficiency for a) electricity and B) water in a GH and an IUVF facility.

3.6. CAPEX and OPEX

In Table 4 below, the modeling results for the CAPEX of an indoor urban vertical farm in the
Aarhus area are presented. The local rental prices and electricity prices in Denmark have been taken
into account. The first column shows the CAPEX cost per grow unit for cultivating basil only, while
the second column provides the percentage of each capital expenditure out of the total CAPEX. In
Table 4, both examined cases of a greenhouse and subsequently the case of the vertical farm (IUVF)
are presented.

Table 4. Capital expenditures (CAPEX) for GH and IUVF basil production.

GH IUVF

Cost (€) per Grow Unit Total in % Cost (€) per Grow Unit Total in %

Lights 180.87 21.08% 370.55 43.19%
Integral connection of lights, etc. 51.67 6.02% 105.87 12.34%
Electric distribution of electricity 36.20 4.22% 74.14 8.64%

Grow unit rack 112.94 13.16% 112.94 13.16%
Hydroponics 98.15 11.44% 98.15 11.44%

Ventilation fan system 5.91 0.69% 5.97 0.70%
NG heat system 0.24 0.03% 0.08 0.01%

Others 90.34 10.53% 90.34 10.53%
Total CAPEX 216,123 321,763

One of the major CAPEX related to installing the two vertical farms is the acquisition and wiring
of LED lamps. However, the two selected plant species do not have different values, as the desired
density and the yield of the plants do not affect the actual installation at the facilities. Table 4 shows
that the acquisition and wiring of the LEDs represent 32% of the total CAPEX for the GH, while this
number rises up to 65% for the case of the IUVF. Table 5 presents the OPEX for the GH and IUVF
basil production.
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Table 5. Operational expenditures (OPEX) for GH and IUVF basil production.

GH IUVF
Annual Cost (€) Total in % Annual Cost (€) Total in %

Real estate lease 43,058 28.4% 7087 4.7%
Lights electricity 13,443 8.9% 49,290 32.6%

Ventilation electricity 35 0.2% 520 0.3%
Electricity demand charge 6050 4% 13,897 9.2%

Heating cost (NG) 26,603 17.6% 15,805 10.4%
Water 1677 1.1% 882 0.6%

Nutrients 1149 0.8% 574 0.4%
Seeds 7031 4.6% 7031 4.6%

Package 556 0.4% 2511 1.7%
Labor 53,200 35.1% 53,200 35.1%

Total OPEX 152,802 150,800

Table 5 provides the differences in OPEX between GH and IUVF for basil production. In particular,
there are significant differences in the quantity of nutrients used at each facility. As mentioned by
Birkby (2016) and Xydis et al. (2020) [59,60], IUVF facilities consume less water and nutrients compared
to even hydroponic GHs while at the same time increasing the crop growth. In the presented model,
it is assumed that an IUVF facility uses 50% less nutrient solution than a semi-closed GH because
it operates in a closed-loop cultivation system with virtually no input wastes. In this environment,
the plants constantly obtain minerals for their growth. Therefore, growing and harvesting times of
plants in IUVF facilities can be increased up to 10 times annually compared to traditional farming, and
2–3 times annually compared to GHs [61].

4. Cash Flow Analysis: Scenarios Proposed

For the basic scenario, it was assumed that we received a loan from a Danish bank, which would
cover the CAPEX listed in Table 5. According to analysts in the Danish agricultural market [61], banks
and mortgage banks are the most important and vital sources of funding in Denmark. Since there is no
government subsidy, the approved loan covering 50% of the total initial investment (the other 50%
is equity financing) is only taken into account in the vertical farm basic scenario. The loan was fully
amortized over 10 years, following periodic payments into a sinking fund, depending on the market
rules. The loan was used to cover the CAPEX for the two farming facilities. The calculations below
were made to estimate the gross profit of these facilities.

The operating cash flow (OCF) was calculated by the following equation:

yr=20∑
yr=1

OCF =

yr=20∑
yr=1

To−
yr=20∑
yr=1

OPEX (1)

where To is the turnover. In the event that extra private equity or a loan has to be fully repaid (depending
on the size of the subsidy) from the total investment cost, IC represents the participation rate. In the
examined case, the possibility of receiving a private equity was not examined. The unamortized value
(UV) was given by the following equation:

yr=20∑
yr=1

UV = a ∗ IC (2)

where 0.6 ≤ a ≤ 0.7 (an equity of 60%-70% of the total IC).
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According to Xydis (2013) [62], the depreciation rate A can be calculated using the formula:

yr=20∑
yr=1

A = 15% ∗
yr=20∑
yr=1

UV (3)

where 15% represents the declining-balance method of depreciation.
The loan interest rate I is calculated by the following equation:

yr=20∑
yr=1

I = i ∗
yr=20∑
yr=1

L (4)

where i is the interest rate. The calculations are updated annually according to the loan balance. The
loan amount needed for the payment of the loan L was calculated, while it was assumed that the
interest rate i is given by the equation:

yr=10∑
yr=1

Do =

yr=10∑
yr=1

(Li)/[1− (1 + i)N] (5)

where Do is the monthly loan amount and N equals a 10-year loan repayment period.
From the above equations, the profits before taxes (PBT) were calculated:

yr=20∑
yr=1

PBT =

yr=20∑
yr=1

OCF−
yr=20∑
yr=1

A−
yr=10∑
yr=1

I (6)

where A is the depreciation rate.
The examined scenario includes the Danish Tax Agency’s third and higher taxation category:

74,753 ≤ Income ≤ above with a marginal tax rate of 56.5% (including labor market tax). From these
data, the profit after tax (PAT) can be calculated by removing the tax factor on the profits before tax
(PBT). As a result, the net cash flow (NCF) was calculated as follows:

yr=20∑
yr=1

NCF =

yr=20∑
yr=1

PAT +

yr=20∑
yr=1

A (7)

Moreover, the final net cash flow (FNCF) equaled:

yr=20∑
yr=1

FNCF =

yr=20∑
yr=1

NCF−
yr=20∑
yr=1

NRA (8)

where NRA is the net repayment amount. Then, the conversion coefficient ratio of the current values
(CVcoef ) and the cumulative cash flow (for all 20 years) were calculated with the following equation:

CVcoe f =
1

(1 + CDR)
yr (9)

where CDR is the capital discount rate and yr indicates the number of years. Finally, the current value
of the final cash flow (CVFCF) was given by the formula:

yr=20∑
yr=1

CVFCF = CVcoef∗
yr=20∑
yr=1

FNCF (10)
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which provides the NPV. Furthermore, the increasing revenues from the project were calculated, and
last but not least, the IRR, which is a metric to estimate the viability of the proposed investments,
was calculated.

5. Results

The scenarios examined intended to provide comparisons of two farming methods, GH and
IUVF facility, for basil production. In all cases, the IUVF facility was the most successful in terms of
productivity. In the default case examined, the 50-50 (equity/loan) approach was used. The 20-year
cumulative gross profit and OPEX were 6,418,265€ and 3,977,610€, respectively, with a sweet basil
price of 7.37€/kg. The IUVF project cost was estimated at 321,764 €, and for the investment, an interest
rate of 6.50% was estimated. The NPV was calculated to be 911,317 € and the IRR to 34.74%, with the
payback period to four years. In Tables 4 and 5, the results are presented analytically for both the IUVF
and GH facilities. The “Equity/loan/(subsidy) (price)” for scenario 1 states “50-50”, which means that
50% of the funding comes from equity financing and 50% from a bank loan (0% funding from other
sources) at a basil price of 7.37 €/kg. In scenario 4, “20-50-30-8.37”, indicates that 20% of the funding
comes equity financing, 50% from a bank loan, and 30% from other sources (e.g., crowdfunding) at a
basil price of 8.37 €/kg.

In Tables 6 and 7, the results of the cash flow analysis of the IUVF facility are presented. The analysis
shows that the 20-year cumulative gross profit increases with higher basil wholesale prices but also
that the 20-year cumulative OPEX and the total costs of the project remain steady. It is seen that for
the 50-50, 40-50-10, and 50-40-10 scenarios (all with a wholesale price of 7.37 €/kg), the differences are
small in terms of IRR and NPV, with an equal payback period of four years. It should be noted that
even with a wholesale price of 6.37 €/kg, the business is viable (with a payback period of six years) but
is not at a lower price. If the wholesale price drops to 5.37 €/kg, the business is no longer profitable,
and investors will have their money back in 21 years. Even with a different business plan, the result
is the same (e.g., with an equity of 70%, a loan of 30%, and the same wholesale price (of 5.37€/kg)).
The project’s IRR is 0.04%.

For Scenario 6 (which has an equity of 25%, a bank loan of 75%, and an interest rate of 6.25%),
the results are even better (an IRR of 63.3%) with a three-year payback period. Lastly, in cases where
supplementary funding is found (e.g., crowdsourcing or possible state subsidy), the cash flow analysis
results show that the business is extremely profitable with a NPV value above 1 million €, an IRR of
97.5%, and a two-year payback period. Figure 3 comparatively illustrates the results of NPV and IRR
of different funding scenarios of indoor urban vertical farms (IUVFs).

Table 6. Vertical farming scenarios and cash flow analysis (part 1).

VERTICAL FARMING SCE_1 SCE_2 SCE_3 SCE_4 SCE_5

Equity/loan/(subsidy) (price) 50-50 40-50-10 50-50-5.37 20-50-30-8.37 50-50-6.37

20-year cumulative gross profit (€) 6,418,265 6,418,265 4,676,538 7,289,128 5,547,401

20-year cumulative OPEX (€) 3,977,610 3,977,610 3,977,610 3,977,610 3,977,610

Sweet basil (price/kg) 7.37 7.37 5.37 8.37 6.37

Project cost (€) 321,764 321,764 321,764 321,764 321,764

Subsidy/alternative funding 0% 10% 0% 0% 0%

Loan 50% 50% 50% 50% 50%

Equity 50% 40% 50% 50% 50%

Interest rate 6.50% 5.80% 6.50% 6.50% 6.50%

NPV (€) 911,317 966,881 168,570 1,275,569 547,065

Project IRR (%) 34.74% 45.25% 0.38% 52.24% 17.96%

Period payback (years) 4 4 21 3 6
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Table 7. Vertical farming scenarios and cash flow analysis (part 2).

VERTICAL FARMING SCE_6 SCE_7 SCE_8 SCE_9

Equity/loan/(subsidy) (price) 25-75 50-40-10 20-50-30 70-30-5.37

20-year cumulative gross profit (€) 6,418,265 6,418,265 6,418,265 4,676,538

20-year cumulative OPEX (€) 3,977,610 3,977,610 3,977,610 3,977,610

Sweet basil (price/kg) 7.37 7.37 7.37 5.37

Project cost (€) 321,764 321,764 321,764 321,764

Subsidy/alternative funding 0% 10% 30% 0%

Loan 75% 40% 50% 30%

Equity 25% 50% 20% 70%

Interest rate 6.25% 5.90% 4.40% 6.70%

NPV (€) 857,409 988,363 1,095,480 226,049

Project IRR (%) 63.34% 37.49% 97.55% 0.04%

Period payback (years) 3 4 2 21
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Figure 3. Comparative results of the various IUVF scenarios.

For the GH, the same analysis methodology was followed, similar scenarios were tested, and more
scenarios were added compared to the IUVF case. In Tables 8 and 9, the results are analytically presented.

Table 8. GH scenarios and cash flow analysis (part 1).

GREENHOUSE SCE_1 SCE_2 SCE_3 SCE_4 SCE_5 SCE_6

Equity/loan/(subsidy) (price) 50-50 40-50-10 50-50-5.37 20-50-30-8.37 50-50-6.37 25-75

20-year cumulative gross profit (€) 3,209,132 3,209,132 2,338,269 3,644,564 2,773,701 3,209,132

20-year cumulative OPEX (€) 3,907,011 3,907,011 3,902,743 3,909,146 3,904,877 3,907,011

Sweet basil (price/kg) 7.37 7.37 7.37 7.37 7.37 7.37

Project cost (€) 216,127 216,127 216,127 216,127 216,127 216,127

Subsidy/alternative funding 0% 10% 0% 0% 0% 0%

Loan 50% 50% 50% 50% 50% 75%

Equity 50% 40% 50% 50% 50% 25%

Interest rate 6.50% 5.80% 6.50% 6.50% 6.50% 6.25%

NPV (€) −475,965 −503,174 −928,760 −249,568 −702,363 −538,813

Project IRR

Period payback (years) NEVER NEVER NEVER NEVER NEVER NEVER
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Table 9. GH scenarios and cash flow analysis (part 2).

GREENHOUSE SCE_7 SCE_8 SCE_9 SCE_10 SCE_11 SCE_12 SCE_13

Equity/loan/(subsidy) (price) 50-40-10 20-50-30 50-50-11.37 70-30-5.37 50-50-9.37 50-50-10.37 20-50-30-11.37

20-year cumulative gross profit (€) 3,209,132 3,209,132 4,950,860 2,338,269 4,079,996 4,515,428 4,950,860

20-year cumulative OPEX (€) 3,907,011 3,907,011 3,915,549 3,902,743 3,911,280 3,913,414 3,915,549

Sweet basil (price/kg) 7.37 7.37 7.37 7.37 7.37 7.37 7.37

Project cost (€) 216,127 216,127 216,127 216,127 216,127 216,127 216,127

Subsidy/alternative funding 10% 30% 0% 0% 0% 0% 30%

Loan 40% 50% 50% 30% 50% 50% 50%

Equity 50% 20% 50% 70% 50% 50% 20%

Interest rate 5.90% 4.40% 6.50% 6.70% 6.50% 6.50% 4.40%

NPV (€) −477,426 −565,282 359,468 −871,795 −26,754 172,630 430,861

Project IRR 17.42% −12.11% 4.64% 50.22%

Period payback (years) NEVER NEVER 7 NEVER NEVER 15 3

The analysis for the GH again shows that the 20-year cumulative gross profit increases with higher
basil wholesale prices. In all the scenarios with wholesale prices lower than 9.37 €/kg (regardless of
financial scheme, i.e., equity/loan/subsidy), the payback period is much longer than the operational
duration of the project (more than 20 years). In practice, this means that the investors never get their
capital back, and, for example, in the scenario “50-50-9.37”, the IRR is still −12.11%.

The NPV only turns positive with wholesale prices greater than or equal to 10.37 €/kg. In the
scenario “50-50-10.37”, the project’s IRR reaches 4.64%, and the payback period is 15 years and is
therefore still not considered the best investment option. If the wholesale price rises to 11.37 (shown as
Figure 4), the business becomes profitable and the investors will get their money back within 7 or 3
years (the “20-50-30-11.37” and “50-50-11.37” scenarios with an IRR of 17.42% and 50.22%, respectively).Sustainability 2020, 12, x FOR PEER REVIEW  15  of  19 
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6. Discussion

Due to growing urban environments throughout the world, the financial opportunities and risks
for commercial IUVF and GH facilities were compared for basil production in the Midtjylland region
of Central Denmark. Due to the high fresh fruit and vegetable demand in Denmark [63] and great
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opportunity to use renewable energy [60], IUVF facilities were shown to provide a greater financial
gain compared to GHs. By 2020, 30% of the energy in Denmark will be based on renewable energy
sources [64], which provides the perfect opportunity to promote more sustainable food production
systems in the country, resulting from food being produced closer to consumers, resulting in lower
CO2 emissions.

Our study indicated that using IRR and NPV indexes, the IUVF facility can be a profitable and
successful model of innovative and sustainable food production, as an investor can receive their
investment back within a period of 3 to 6 years when the basil wholesale price is ≥ 6.36 €/kg. Thus,
there is great opportunity in urban agriculture to include innovative production systems, such as
IUVFs. However, although IUVFs are one innovative method to produce local food for megacities,
there are many associated risks with such a venture. Production of fresh fruits and vegetables are low
margin produce items that require relatively high initial capital investments and should be taken into
consideration when contemplating an urban agriculture business that includes growing and marketing
these products.

7. Conclusions

Using an adjusted model, taking into account the lower population density than in megacities,
the aim of this study was to examine the business opportunities for vertical farms in Denmark and
how these, with various adjustments, can be made a viable investment. Numerous scenarios were
examined, and cash flow analyses were implemented and their results used to evaluate the scenarios
based on NPV, IRR, and the payback period. It was found that regardless of financing scheme, the
IUVF facility was much more profitable compared to the GH. In most of the GH cases examined, the
investors cannot get their money back until the end of the operation in which they invest. In order
to become a profitable GH investment, the wholesale price must be significantly higher (above 10
€/kg—a price which is objectively considered expensive in the market), and alternative funding, such
as crowdfunding or a state subsidy, should be found. On the other hand, the investment opportunities
for the IUVF facility (based on the cash flow analyses) were considered very interesting with high IRR
rates and a payback period, in most cases, between 2-6 years.
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