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Abstract: Climate and social changes are deeply affecting current agro-food systems. Unsustainable
agricultural practices and the low profitability of small farmers are challenging the agricultural
development of rural areas. This study aims to develop a novel, modular and low-cost vertical
hydroponic farm system through reviews of the patented literature, research literature and variants
of commercial products. After a detailed conceptualization process, a prototype was fabricated and
tested at my university to validate its technology readiness level (TRL). The outcomes supported
the usability and performance of the present utility model but highlighted several changes that are
necessary before it can pass to the next TRL. This study shows that the prototype has the potential
to not only solve food sovereignty but also to benefit society by advancing the innovations in food
production and improving quality of life.

Keywords: vertical farming; indoor farming; low-cost vertical farming; small farming; vertical
hydroponics; technology readiness level; utility model

1. Introduction

By 2025, the world’s population will number 9.7 billion [1]. Consequently, the agri-
cultural sector will need to produce more food [2]. However, crop production is currently
affected by many factors such as climate change, a lack of water and arable land short-
ages [3,4]. Despite these issues, agricultural productivity needs to be improved.

Agriculture is responsible for 60% of the total water use in Europe [5] and 70% in the
world [6]. In addition, agriculture for food uses large amounts of fertilizer and pesticide:
the European Union (EU) uses more than 11 million tons of fertilizer each year [7] and
the total EU pesticide sales volume was around 350,000 tons per year on average during
the 2011–2019 period [8]. We need to protect our environment and natural resources, but
excessive fertilizer use can pollute the surface and groundwater, while the use of pesticides
damages both human health and the environment.

The need for a sustainable and cheaper source of food production has led to increasing
research on several vertical farm systems [9–13]. To meet the increasing demand for food
in concentrated areas or big cities, the research on last-mile consumption has also recently
increased [14,15]. If fresh food is produced locally, then it is not necessary to travel far to
obtain it, which reduces carbon footprint [16].

Currently, there are numerous farming techniques used to reduce water consumption,
environmental impacts, and space for crops. Vertical farming innovations provide both
food security and ensure environmental sustainability in small sites [17,18]. Vertical farms
could also provide young farmers, constrained by land or credit access [19], with the
opportunity to run a centrally located farm while pursuing a university degree [20].

The technology developed in this paper has three general aims: the efficient use of
natural resources and space, sustainability, and efficiencies in the food value chain which
reduce the carbon footprint by producing food locally.

Vertical hydroponic farming is a combination of vertical production and hydroponic
methods that are proven to be useful [9–13].
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Hydroponics is a method of growing crops without soil by using mineral nutrients
in a water solution [21]. Various hydroponic techniques, such as a drip system, nutrient
film, deep flow, or aeroponics, are available [21]. Different crops can be grown in a vertical
hydroponic system, making indoor farming possible [22].

Several types of commercial vertical hydroponic system products such as A-frame,
Zig-zag tower, or ZipGrow are available, as well as vertical hydroponic plant factories
(e.g., Aerofarms, Plenty, or Bowery) which produce vegetables in urban areas [23–25].
Although these systems are helping to meet the local demand for food, they remain costly
and complex for small growers.

The aim herein is to build and test a modular and low-cost invention that may be
utilized by citizens or small farmers, indoors or outdoors, in urban or rural areas. In this
way, every home could be a farm, and a small farm based around a city could supply
enough food to the local villagers. These are the major motivations for this paper.

Although the literature on vertical farming focuses on various aspects, no studies promote
a local food sovereignty solution through a scalable low-cost structure. While some research
emphasizes technology, none provides a detailed solution for modular structures [26–33].

Moreover, these studies do not include detailed designs that could be useful for
other researchers to use to replicate or improve this innovation. To my knowledge,
this is the first implemented vertical hydroponic system with a Technology Readiness
Level (TRL) analysis.

In this paper, a specific methodology is implemented to develop a utility model, i.e.,
a system similar to the patents which provide protection via minor improvements [34],
before passing to the engineering stage.

Thus, the present invention consists of a system based on a modular support structure,
which is intended for the hydroponic cultivation of a wide variety of crops. Specifically, the
invention focuses on the creation of a multi-level structure with a fully adjustable height.
This structure is modular and can be used in both large and small areas, i.e., in greenhouses,
both indoors or outdoors, in gardens, or on balconies.

The remainder of the paper is presented as follows: Section 2 covers a review of
vertical farms in patents, describes the TRL methodology, and provides a comprehensive
description of the vertical farming system designed and developed. Section 3 presents the
results of the implemented system and compares them with some commercial and research
solutions. Finally, the conclusions are presented in Section 4.

2. Materials and Methods

In the following section, the most current patents related to hydroponic vertical
systems, which are already published, are reviewed and critically evaluated. Secondly, the
design of the low-cost invention is described, which is considered a utility model, and,
finally, the methodology is presented.

2.1. Integrative Research Review

In patent document EP 2 904 894 A1 [35], a modular hydroponic growing system
with hanging units in the form of geotextile bags is shown. This same structure serves as
a support for irrigation and drainage systems. The solution is designed mainly for the
planting of small vegetables both in greenhouses and indoors.

In patent document US2011/0067301 A1 [36], a hydroponic growing system is shown
to provide a continuous flow of nutrients to plants. The system is made up of large-
diameter tubes comprising a plurality of cutouts and interconnected to each other with
a slight slope. A pump supplies the nutrients through the upper part of the structure,
collecting the drainage water from the lower part. As in the previous document, the system
is designed for small crops. Furthermore, this solution cannot be made modular.

Patent document US2012/0066972 A1 [37] shows a vertical planting system with the
plants in bags hanging from the structure. In the lower part of it, there is a water storage
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tank with a pump capable of supplying water to the upper part of the structure. In this
case, a modular system is not possible either.

Patent document US 7,055,282 B2 [38] shows a vertical hydroponic cultivation device
for greenhouses. The system consists of a tower comprised of modules with hollow
interiors, along with inclined support cups where crops are planted. As in the previous
cases, this system is designed for small crops.

None of the patents mentioned are versatile enough to be used with both small crops
such as greens (e.g., lettuce, kale, or basil), medium crops such as strawberries, or larger
crops such as blueberries. They are all only suitable for crops of small sizes and weights,
while the present invention is capable of supporting the growth of all of these crops.

It is also important to note that, although all the aforementioned patents describe
the increase in plant density (number of individuals per unit ground area), none of them
suggest or disclose that the modules can be assembled together. The present invention
allows for the coupling of modules with telescopic legs to guarantee water drainage
throughout the entire system. In addition, no solution was designed for cultivation in rural
farms, where simple structures such as those presented in this invention were needed,
structures which made it possible to join many modules.

Another advantage of the present invention is that it allows the use of commercial
substrates (e.g., perlite, fiber) and containers (e.g., sacks, bags, and pots). Therefore, the
structure is compatible with the commercial components from hydroponics, fertigation
(e.g., drip irrigation), or drainage (e.g., gutters), while the patents mentioned need to adapt
the commercial components to the patented structure.

Finally, the present invention can be used for both hydroponics and aeroponics, for
which the invention comprises interchangeable components.

Taking into account the aforementioned points, it can be said that there are a multi-
tude of solutions. However, a system with a high degree of versatility that can be used
in different environments and situations is essential and, so far, this system has not been
demonstrated by the systems and structures put forward to date. In addition, because
hydroponics are used more and more in all types of plantations, a system adaptable to any
type of crop is needed. To solve this technical problem and the needs raised above, the
invention that is described below makes it possible to obtain a vertical system for totally ver-
satile hydroponic cultivation, which can be used in a great variety of situations and crops.

2.2. System Design

Although it was not the objective of this study and the data are not presented since the
experiment was not concluded, a pilot test was conducted that covered other interventions
such as studying the behavior of small crops. Strawberries (Fragaria spp.) were planted
in the first module, and lettuce (Lactuca sativa) and purple cabbage (Brassica oleracea var.
capitata f. rubra) were planted in the second. The heights of the different levels were studied
with the aim of optimizing the farming labor required for these crops. The degree of the
influence of shaded areas in the different levels of the structure and their influence on the
final production yield were evaluated, and two AC-powered LED strip lights were located
in the module that received the most shade to assess the influence on the crop development.

The construction of two vertical hydroponic modules with fixed heights were com-
missioned for the pilot test. According to the ES 1 242 949 U utility model [39], the system
(Figure 1a,b) was made up of two floor stands (1) on which the rest of the structure was
attached. The main mission of the floor stand was to prevent the crop from tipping over, as
well as to distribute the weight of the structure on the ground.
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Figure 1. View of the system with all the components that make up the structure. With substrate sacks (a) Without
substrate sacks (b).

On the floor stand, two telescopic legs (Figure 2b (2)) of a short length (30–40 cm)
are installed, made up of two parts: the lower part (A) consists of a hollow tube with an
internal thread, while the upper part (B) is a tube with an external thread. By spinning
both parts together, the desired height can be achieved at each point.

To be able to attach the telescopic legs to each other or to the floor stand, there are two
holes at each of their ends through which a screw (see Figure 2a between (2) and (3)) is
installed, thus joining the two pieces. In addition, in the upper part of the telescopic leg.
there is a stop that supports an elevated gutter.

The telescopic legs of the upper levels (Figures 1 and 2a (3)) are configured in a similar
way to those of the lower level, with the only difference being that the tube with the
lower thread has a greater length, so that a greater separation between cultivation levels
is achieved.

The following elements are the supports (Figures 1 and 2a (4)) which are responsible
for joining the telescopic legs to the drainage channel. These supports are V-shaped with
two rings at the ends which are inserted into the telescopic legs.

One of the main elements which makes up the system is the drainage gutter
(Figure 2d (5)). It is a V-shaped Polyvinyl chloride (PVC) channel in charge of collect-
ing the excess water from the plant and directing it to the end of the system where it is
guided into a tank. The gutters can be coupled longitudinally by means of reinforcements
(13) or clamps (see Figure 2e). The tubes (Figure 1 (7) and Figure 3 (12)) are pipes which
lead the drainage water from the lower end of the drainage gutter to the lower part of the
structure where it is stored in a container or tank.

There is a metal lattice (Figure 2d (6)) that supports the substrate sacks (8) attached to
the drainage gutter.

Additionally, the system has a drip irrigation tape (Figure 1a (9)) that is arranged on
top of the substrate sacks.

The structure described above can also be adapted to aeroponic crops using plastic
tubes (Figure 3) with a plurality of holes in their upper part where the crops are housed.
These tubes serve as drainage gutters (11). In this case, straight sheets (10) must be used
as supports with two holes at each of their ends (Figure 2f (10), instead of Figure 2a (4)).
Although not designed for this utility model, the seeds are “planted” in pieces of foam
stuffed into tiny pots, which are exposed to the light at one end, leaving the roots to
dangle in the air, where they are periodically sprayed by aerosol-generating nozzles inside
the pipes.
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two gutters. (f) Component for aeroponic cultivation.



Inventions 2021, 6, 68 6 of 14Inventions 2021, 6, x FOR PEER REVIEW 6 of 15 
 

 
Figure 3. Detail of the adaptation to an aeroponic system. 

Using only the lower level, the system can accommodate large crops which are 
planted in pots, such as blueberries (Figure 4). 

 
Figure 4. Representation in a free perspective of the adaptation of the system to large crops. 

Another feature of this invention is that it is designed to be able to couple the mod-
ules that are necessary, thus it is able to cover long distances (Figure 5). In this case, the 
height of each level must be correctly adjusted, using the telescopic legs and ensuring the 
hermetic seal of the gutters (see Figure 2e (13)) to achieve a slight slope that runs through 
the entire row of a crop. 

Figure 3. Detail of the adaptation to an aeroponic system.

Using only the lower level, the system can accommodate large crops which are planted
in pots, such as blueberries (Figure 4).
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Figure 4. Representation in a free perspective of the adaptation of the system to large crops.

Another feature of this invention is that it is designed to be able to couple the modules
that are necessary, thus it is able to cover long distances (Figure 5). In this case, the height
of each level must be correctly adjusted, using the telescopic legs and ensuring the hermetic
seal of the gutters (see Figure 2e (13)) to achieve a slight slope that runs through the entire
row of a crop.

Furthermore, the use of LED lights is possible as they can stimulate the growth of crops
in locations with a few hours of daylight. LEDs are solid-state elements (they do not require
ballasts) which emit very little heat and can be located very near to the crops [40–42].

Aside from these advantages, the low energy consumption, high durability (the
average useful life is 50,000 h), instantaneous ignition, different types of LEDs offered, the
fact that they can be contained in a single strip, the low cost, and the improved energy
efficiency of LEDs are factors which justify their adoption in agriculture.
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The wavelengths of light corresponding to photochemical processes are in the range
from 400 to 520 nanometers (nm) corresponding to the visible spectrum, and comprise
violet, blue, and green light, which have a strong influence on vegetative growth and photo-
synthesis; and 610 and 720 nm, also corresponding to the visible spectrum, comprising red
light, which stimulates the vegetative growth, photosynthesis, flowering, and germination
by means of the crops’ photosensitive pigments [43].

Naznin et al. [44] investigated the growth of strawberry plants with different red:blue
LED ratios (5:1, 10:1; 19:1) versus High Pressure Sodium vapor (HPS) lights, obtaining
better results in all parameters (leaf number, runner number, inflorescences number, crown
number, length of flowering, stems per plant, and dry mass) with LED lights.

Other research carried out on strawberries by Hanenberg, Janse and Verkerke [45]
also found better results for brix and vitamin C production and in sensory tests with LED
lighting near the leaves or fruits. According to these authors, the illumination of the leaves
resulted in the highest brix levels, while the illumination of the fruits resulted in the highest
levels of vitamin C. These observations were in agreement with Gautier et al. [46].

According to Mochizuki et al. [47], the short-distance lighting with LEDs in straw-
berry production, irradiated on the underside of the leaves with blue LEDs, improved
assimilation in young leaves compared to the use of red LEDs.

As the province of Huelva (Spain) has a good number of hours of daylight [48], the
strawberry plant already obtained the required luminosity; therefore, red LEDs were, in this
case, more necessary than blue ones to promote flowering and achieve a better performance.

Thus, two LED strips were used, one with red and blue 3:1 (3Red:1Blue) and the other
with 5:1 (5Red:1:Blue) color combinations. These strips were placed on the module that
received the most shade, placing the 5:1 strip on the upper level (red marking) and the 3:1
(blue marking) on the intermediate level (Figure 6).

Compared to the technologies and commercial solutions known in the agricultural
sector, the structure on which the invention is based allows a modular system for hydro-
ponic cultivation to be achieved which is totally versatile and adaptable to a wide variety
of crops and situations, cultivating crops in several vertical segments, and thus increasing
the plant density.

2.3. Technological Readiness Level (TRL)

TRLs are the constitutive scales of a method to estimate the technical maturity of
different types of technologies. The main objective of using the TRL is to help make
decisions related to technology development.
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This concept was developed at the National Aeronautics and Space Administration
(NASA) during the 1970s for the space programs [49] and was subsequently formally
adopted worldwide [50]. In the 2000s, the US Department of Defense used the scale for
acquisitions [51]. In 2008, the scale was also used by the European Space Agency (ESA) [52].
In 2013, the TRL scale was formalized through the ISO 16290 [53].

In Europe, TRLs are determined using nine levels [54]:

• TRL 1. This is the lowest level of technological maturity at which scientific research
begins to translate into applied research.

• TRL 2. Once fundamentals are verified, practical applications are devised. The
examples are limited to speculative studies or utility models.

• TRL 3. In this stage, the product development starts. The work proceeds to the
experimental phase to verify that the concept operates as expected.

• TRL 4. This level is considered as “low-fidelity” and determines if the individual
elements could work as a system (Systems Readiness Level, SRL) [55].

• TRL 5. The basic technology components are integrated in a “high-fidelity” lab-
scale system.

• TRL 6. The engineering development begins. The prototype must be able to perform
all the functions required for a real environment. This represents an important step in
demonstrating the maturity of a technology.

• TRL 7. This step requires the demonstration of the prototype in a real situation. The
final design is practically complete.

• TRL 8. This TRL constitutes the end of system development, with testing in its final
form and under the expected conditions.

• TRL 9. The technology is ready and the commercial manufacturing process can begin.

The approach of this paper is based on the transfer of a utility model from TRL 2
to TRL 4.
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3. Results and Discussion

In the section that follows, the performance and functionality of the utility model
ES 1 242 949 U [39] are validated, the plant density is determined, and the costs of the
system are compared with those of conventional hydroponics.

The pilot was developed inside one of the greenhouses of the experimental farm at
the University of Huelva (Andalusia, Spain) during the months from October 2020 to
June 2021 (Figure 7).
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3.1. Dimensions of the Modular System Built

The modular system was made up of a galvanized iron structure with two parallel
floor stands at each end, on which three levels are supported. Each level is made up of a
triangular structure, which serves to support the substrate sacks, two per level, and collect
the drainage water. Each module has dimensions of 220 × 170 × 30 cm (Figure 8).
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By carefully studying the heights at which the different levels were located, it was
detected that the lower level, although higher than in a soil crop, was too low for the
operator to easily pick fruit. In the same way, between the lower level and the intermediate
one, the available height was 30 cm which, when subtracting the height of the sack, forced
the plants (small crops) to grow up to 20 cm high. The height between the intermediate
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and upper level (40 cm) seemed to be optimal for the crop and its subsequent harvest. In
addition, this intermediate level was at a height of 60 cm from the ground, which was
ideal for carrying out management tasks. Finally, the upper level, although at an adequate
height, made harvesting difficult for those operators of short stature.

To solve this technical problem, it was recommended to incorporate the telescopic
legs indicated in the design of the utility model, and to replace the galvanized iron with
aluminum and PCV.

3.2. LED Technology and Shading Influence

Using LED lights as supplementary lighting, with the addition of a single daily work
cycle (six hours of light phase and two of dark phase) until the beginning of spring, I was
able to visually verify that artificial lighting increased both the growth rate of the strawberry
plants and their yield. Although more trials and repetitions are needed, provisional results
show that the treatment with LED lights reduced the vegetative cycle of the plant by 5 days,
from 60 to 55 days.

Due to how the modules were arranged inside the greenhouse (west–east), a slight
shading was observed in some hours of the day which was eliminated with the use of
artificial lighting.

3.3. Production and Costs

In a conventional macrotunnel (a simple structure that allows coverage of a large
area where several rows of plants are grown in a controlled and protected environment),
12 plants were cultivated in each substrate sack, with four rows of plants separated by
100 cm (Figure 9a) between each. Instead, in this pilot (Figure 9b), the number of plants
per sack was 13 and the corridors were narrowed by 10 cm to achieve a greater space for
the structure and assure the optimal separation of the rows for harvesting so that they
operated successfully (70–160 cm).
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Twenty-five macrotunnels of 7 m × 60 m can be used per hectare, so there can be
108 modules per tunnel. Although this does not imply more crop rows per macrotunnel,
with these data, and assuming the same yield per plant (provisional results show that the
yield production increased by 10%, from 900 g/plant to 1000 g/plant), the production
per hectare can be increased by two to three times compared to conventional hydroponic
systems (Table 1).
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Table 1. Comparative plant density.

tunnel_width (m) 7
tunnel_length (m) 60

number_tunnels_per_ha 25

module_length (m) 2
number_modules_per_row_and_tunnel 27

number_rows_per_tunnel 4
number_modules_per_tunnel 108

number_substrate_bags_per_module_3_levels 6
number_substrate_bags_per_module_2_levels 4

number_substrate_bags_per_conventional_hydroponic_system 2
number_substrate_bags_per_tunnel_module_3_levels 648
number_substrate_bags_per_tunnel_module_2_levels 432

number_substrate_bags_per_tunnel_conventional_hydroponic_system 216

number_plants_per_tunnel_module_3_levels 8424
number_plants_per_tunnel_module_2_levels 5616

number_plants_per_tunnel_conventional_hydroponic_system 2592
number_plants_per_ha_module_3_levels 210,600
number_plants_per_ha_module_2_levels 140,400

number_plants_per_ha_conventional_hydroponic_system 64,800

The cost results (Table 2) show that when the pilot experiment was extended to
cover one hectare, the total implementation costs were a little over twice as expensive
as the conventional solution, but the cost per plant was much lower. If these data are
compared with cost of the ZipGrow technique, the utility model proposed in this study is
much cheaper [9]. According to ZipGrow [56], a fully equipped system of 92 m2 for local
production costs approximately USD 124,000 (fixed cost).

Table 2. Comparative system costs for a strawberry farm (EUR /ha).

Conventional Hydroponic Solution Three-Level Modules

Variable costs 22,680 69,660
Substrate sacks 16,200 48,600

Strawberry plants 6480 21,060
Fixed cost

Hydroponic system 160,200 337,500

Total implementation cost 182,880 407,160

Total implementation cost per plant 28.22 19.33

Finally, Figures 10 and 11 show the images and provide further details of the pilot.
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4. Conclusions

Having developed and tested the utility model, it can be affirmed that this innovation
increases plant density and achieves a lower unit cost per plant.

The advantages provided by the pilot are: the linear square meters of the cultivated
space and the number of plants grown per linear square meter are tripled, while the system
is easy to install, easy to handle, makes for easy fruit picking, and enables the user great
versatility to modify the structure according to the type of crop.

However, the built structure was overly heavy, as it was made of galvanized iron.
Furthermore, one of the prototypes had leaky gutters (built to save weight) which caused
the drainage water to run down onto the lower-level plants.

The improvements proposed for the next TRL are: to use lighter and cheaper materials
such as aluminum and PVC, to design a drip irrigation system integrated into the structure
itself by a quick connection, to develop a thinner and narrower structure, and to test LED
light strips with other mixtures of colors such as 10:1 and 19:1.

Adopting these recommendations will help to optimize the system and increase the
final yield compared to the commercial and conventional hydroponic systems.

In conclusion, I deployed a modular and low-cost innovative solution suitable for
small-scale farmers and citizens, an innovation that could offer new opportunities for
job creation, particularly for young or small-scale growers. The results of this study
provide information to be used as a reference for managers, trainers, and growers, as
well as innovators.

5. Patents

The information used for the experimental analysis is protected under Spanish Law
(Utility model Number: ES 1 242 949 U).
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