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Abstract
Rapid population growth is expected to lead to the global population reaching 8.9 billion by 2050. In order to
sustain such population growth, global food production must grow more than 70% by 2050. Arable land per
capita, however, is on the decline. Vertical farming (VF) provides an enterprising solution to these concerns. VF
utilizes stacked levels of growing racks and beds to maximize grow space per square foot of land and typically
uses hydroponics to reduce water use. Similarly, film farming (FF) is a new agricultural technique developed in
Japan for the soilless cultivation of crops while drastically reducing water use. FF has the potential to be
integrated into VF systems to improve water use efficiency, and further improve food safety. This, however,
relies on the possible improvements in yield and plant quality to increase sales volume and price to offset the
added cost of FF. This review illustrates a cost-benefit analysis of a theoretical VF to show the yield increase and
price point needed for FF integration to be viable as 27 247 kg (43.57%) and $9.67/kg (26.90%) respectively.
This review also shows the benefits to yield and quality is enough for the integration to be viable.
Keywords: controlled environment agriculture, food security, hydromembrane, vertical farming, film

farming
1. Introduction
The global population is estimated to rise to 8.9 billion by 2050 (United Nations, 2017). Rapid population
growth requires a matching growth in food production. Arable land per capita, however, is on the decline (FAO,
2011). As such, there is a need for innovative food cultivation strategies to provide food to the global population
while economically using the available space and natural resources.
Vertical farming (VF) is a method of food cultivation that contributes to global food security by maximizing food
production per space and resources used.
The profitability of VF operations in Canada was evaluated by Eaves and Eaves (2018). They found the
operational costs comparable to conventional greenhouse farming, but gross profit was higher for vertical
farming. The start-up costs, however, were largely due to high real estate prices in urban areas as well as high
costs in LED lighting (Eaves and Eaves, 2018).

This review aims to explore the feasibility of VF as a local, sustainable food production system. It then
evaluates the business viability of VF as well as the viability of integrating new technologies such as
film farming to improve to quality of plants being produced.
2. Vertical Farming Technology
A typical configuration of a VF system is depicted in figure 1. These vertical farms grow using stacked levels of
growing racks or beds to maximize space efficiency (Al-Kodmany, 2018). Most VF systems are lit using solely
artificial lighting (Benke and Tomkins, 2017). They are irrigated using drip irrigation, hydroponics, aeroponics
and/or aquaponics to use less water (Al-Kodmany, 2018).
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Figure 1. Typical configuration of a VF system. Retrieved from Kozai (2016)
Of the three, hydroponics is the most popular method as aeroponics and aquaponics have higher requirements for
maintenance and care.
2.1 Hydroponics
Hydroponic systems grow plants by supplying the inorganic ions, nutrients and water via a nutrient solution with
or without solid media (Nguyen et al., 2016). Its main advantage is the ability to grow plants without using soil.
This makes hydroponically grown produce safer as there is less herbicides and pesticides required. As VF
systems are closed and hydroponic systems require no soil, there is no agriculture runoff usually seen with
traditional agriculture (Benke and Tomkins, 2017). Furthermore, it makes agriculture accessible anywhere as it
no longer requires fertile, arable land.
3. Demand for Vertical Farming
3.1 Food Security
The United Nations (2017) estimates that by 2030, the world population will grow to 8.3 billion and stabilize at
8.9 billion with the current population momentum.
In order to feed the growing population, the annual world agricultural production must increase by 70% from
2005 to 2050 (FAO, 2011). A main reason for such a large increase is due to growing meat consumption and the
large amounts of crops needed as feedstock (FAO, 2011). Arable land per capita, however, is decreasing as
shown in figure 3 and is predicted to fall to less than 0.20 hectares per capita by 2050 which is 1/3 of the arable
land in 1970 (FAO, 2011).

Figure 2. Arable land per capita from 1960 to 2050. Retrieved from FAO (2011)
VF can provide a solution to improve food security as it does not require arable soil for agriculture, can be
immune to weather effects (most VFs are indoor farms), and can have multiple times (depending on the height of
the facility) the grow-space of traditional farms.
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3.2 Demand for Local Foods
The US local food market jumped from $4 billion in 2002 to $12 billion in 2014 and is expected to grow even
faster (Adams and Salois, 2010). In Canada, however, there is a lack of primary production for the local food
market due to its production being specialized for the export market (Chinnakonda and Telford, 2007).
VF can provide the primary production that is missing. The major obstacle for providing food for the local
market is the lack of access to land due to cost and limited supply from urban planners (Chinnakonda and
Telford, 2007). VF does not require arable land and would use only as much land as any factory or warehouse
would. VF could easily repurpose abandoned urban buildings such as warehouses for production. As such, VF
technology can supply fresh, nutritious and safe food from local farmers to local food markets.
3.3 Food Safety and Health
Traditional agriculture faces the challenge of preventing pathogens, pests and weeds from destroying crops and
sickening its consumers. VF can mitigate these risks significantly by growing in a controlled environment
without soil and in conjunction with positive-pressure ventilation, can effectively reduce contamination of insect
pests (Sugiyama et al., 2014).
To mitigate the risk of diseases, pests and weeds, traditional agriculture uses herbicides and pesticides which
presents the risk of exposure to consumers and agricultural workers (Damalas and Eleftherohorinos, 2011). This
risk would be effectively mitigated in VF due to the reduced or lack of pesticides used.
3.4 Environmental Implications
Eutrophication is the excessive growth of phytoplankton often due to nutrient enrichment from fertilizer runoff
from traditional agriculture or human/animal waste (Yang et al., 2008). Eutrophication can disrupt aquatic
ecosystems and cause mass death of aquatic animals due to lack of dissolved oxygen in water (Yang et al., 2008).
The soilless nature of VF omits the need for fertilizers which eliminates the risk of eutrophication caused by
traditional agriculture (Benke and Tomkins, 2017).
VF (using hydroponics) also needs 12.5 times less water than traditional agriculture Barbosa et al. (2015). The
reduced water use has a large environmental implication as global demands on water is increasing as the global
population increases. Agriculture water use accounts for approximately 70% of the world’s freshwater use
(United Nations, 2017). Much of which goes to waste due to poor irrigation practices in traditional agriculture
(United Nations, 2017).
4. Film Farming Technology
Film farming (FF) is a soilless farming system similar to hydroponics. It combines hydrogel and membrane
technology to create a “hydromembrane” to cultivate plants (Mori, 2013). The hydromembrane replaces the soil
in traditional agriculture and eliminates the associated variability and risks (Mori, 2013).
The hydromembrane allows for plants to absorb nutrient solution while excluding viruses and bacteria that could
damage the crop (Mori, 2013). In order to absorb water and nutrients, the plants create an osmolality gap by
producing higher concentrations of sugar and amino acids (Mori, 2013).
This, however, slows plant growth and hence lowers productivity. To counteract this, the Imec farming system
(designed by Mebiol) supplies small amounts of water to the top/dry layer of the membrane to improve plant
growth (Mori, 2013). Furthermore, as shown in figure 4, the Imec system employs a waterproof sheet to prevent
water runoff and further reduce risks of viral and bacterial contamination (Mori, 2013).

Figure 3. A typical Imec film farming system setup. Retrieved from Mori (2013)
Like VF, FF can be used in traditionally non-arable land as it does not require soil and exhibits reduced water use
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(Mori, 2013).
Used in conjunction with VF, the film can reduce water/nutrient solution use, increase plant nutrition, further
mitigate risk of bacterial and viral infection and reduce or eliminate the cost of some of its infrastructure such as
racks and water tanks.
5. Cost/Benefit Analysis
Entrepreneurs and investors are interested in the break-even point when determining if they should start a
vertical farm. The break-event point is the number of years needed from start-up at which the availability of
product is no longer hampered by the cost structure (Benke et al., 2016). In other words, the cumulative revenue
of the plant matches the total cost of the plant and profit is nil.
5.1 Expenses and Revenue
To calculate the breakeven point, the expenses and revenue of an operation is required. Eaves and Eaves (2018)
estimated the revenue as well as the capital and operational expenses required for a 6 level, 18 000 square feet
vertical farm. The farm assumes that 70% of floor space will be used for growing resulting in 787 grow units
available in the facility. The estimated capital expense for the facility was $587 526.72 and the operational cost
was estimated to be $208 382/year (Eaves and Eaves, 2018). The revenue was estimated to be $476,637/year by
assuming 5% loss during harvest for a total of 67 531 kg harvested and sold at a price of US$7.62/kg (Eaves and
Eaves, 2018).
5.2 Break-Even Point
The break-even point was calculated by dividing the fixed costs by the difference between revenue and variable
costs. The calculations are shown below.

A break-even point of close to 2 years means that the owner and investors will have to wait at least two years to
see a return on investments. This time provides uncertainty to investors and deters new entrepreneurs from
entering the market. Reductions in the break-even point by increasing revenue or reducing costs can help
improve the viability and sustainability of VFs as businesses.
5.3 Impact of Film Farming Tech on Cost and Benefit
Incorporation of FF technology is possible and can improve plant quality and overall yield. Its costs and benefits,
however, are unclear. Gokulan (2012) reports the cost of installation of Imec film faming for a one-acre farm is
$2 million USD and $2000/acre of film medium.
The proposed VF has a growing area of 18 888 ft2 which is approximately 0.43361 acres. If the cost of Imec film
farming medium and installation is directly scalable to the size of the farm or cultivation area, then the capital
cost of such a farm would be $868 087.22 USD (Calculation shown below).

This is approximately 1.5 times the fixed cost of a regular hydroponics VF and as such, the break-even point
would increase to approximately 3 years (1.5 times the break-even point of regular VF).
Assuming the current cost structure, integration of FF is only viable if the added benefit due to increased yield
and improved quality (allowing a higher price point) can offset the additional capital expense such that the
break-even point remains constant. This added revenue is determined to be $128 131.86/year as shown below.
This added revenue can either arise from an increased yield, increase in price or a combination of both.
(

, where x = added revenue needed

)

/year
The increased yield needed to achieve this added revenue while maintaining the same price point is 27 247 kg or
43.57% increase in yield as shown below. Another option is to increase selling price. The higher price required to
reach the higher revenue is calculated as well to be $9.67/kg or a 26.90% price increase. More realistically, a
combination of the two is more likely and feasible in the application of FF farming in VF systems.
= $604 768.86/year
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= 43.57%
= $9.67/kg

=

= 26.90%

6. Benefits to Plant Yield and Quality
To evaluate if FF integration is viable, the changes to plant yield and quality must be evaluated because the yield
would directly increase revenue whilst an increase plant quality can justify a price premium to increase revenue.
Film farming’s largest impact on plant growth is its ability to induce water stress. As such, its effects on plant
growth and composition can be best predicted by plant responses to water stress.
6.1 Plant Yield
The yield of plants grown using FF will result in lower yield per head as the water stress induced by the
hydromembrane will result in a lower dry mass of leaves, stems and roots. This is supported by Omami and
Hammes (2006) as the plant dry mass was reduced by 54.2% for amaranth subjected to water stress.
The size of the lettuce leaf is expected to be reduced in FF as an adaptation to the water stress as seen in Omami
and Hammes (2006) when amaranth subjected to water stress had the smallest leaf area at 36% of the control. As
the size of the individual plants are lower, plants would be able to be planted at higher concentrations. As such,
the overall yield per growing area is expected to increase such that it offsets the lower individual yield.
6.2 Plant Quality
The leaves of plants grown using FF are expected to have a lesser green hue due to the loss of chlorophyll in
response to water stress. This is due to the initiation of early leaf senescence (final stage of leaf development) in
order to degrade chloroplast and recycle nitrogen into the flower and seeds for early flowering (Wang and
Blumwald, 2014).
The water content of plants grown with FF is expected to be reduced and the proximate composition is expected
to show a higher carbohydrate and mineral content as plants respond to water stress by producing more soluble
sugars (especially sucrose) and accumulate more minerals (Pelah et al., 1997).
Plants grown using FF are expected to have higher amino acid content, specifically proline (Mundim and Pringle,
2018). The high proline content is expected due to its important functions as an osmolyte, a metal chelator, an
antioxidant and as a signaling molecule during water stress (Hayat et al., 2012).
Total dietary fibre is expected to increase as demonstrated in red beets by Stagnari et al. (2014) and in
Amaranthus tricolor by Sarker et al., (2018). Vitamin C, beta-carotene, flavanols, caffeic acid and its derivatives
are expected to increase as well in order to quench the reactive oxygen species generated by the destruction of
chlorophyll in water stressed conditions (Oh et al., 2010). This leads to an expected increase in antioxidant
activity as well.
Phenolics are expected to increase as well and has been associated with proline metabolism and its function as
antioxidants (Mundim and Pringle, 2018). Tannins and especially flavonoid tannins are implicated in plant
drought resistance as their structure protects plant cell walls from cracking (Pizzi and Cameron, 1986).
Terpenoids are also shown to impart drought resistance to plants such as maize (Zerbe, 2015).
6.3 Significance
The changes in plant yield and quality directly affects the supply and price of lettuce from the farm. The
decreased individual plant yield expected may be discouraging but the reduction in leaf size would allow for
more concentrated planting to offset the decrease. The reduction in vegetative growth, however, is accompanied
with a shift of focus to plant reproductive growth. As such, this application may have potential in increasing
yield in plants such as tomatoes, saffron and edible flowers due to the value of their fruit and flowers.
The expected increase in all nutrients of interest can provide justification for the increase in price of lettuce.
These findings along with the increased food safety and sustainability of the vertical farming model provides
credibility in the products claims to be disruptive in the food market and allows for a price premium to be
commanded.
Subjective knowledge is shown to affect consumer consumption of organic foods and by extension this could
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apply to produce from VF and FF. Promotion of the benefits of VF and FF will therefore be needed in order to
demand such a price premium (Chang and Zepeda, 2005). The reduced green hue of the leaves may, however,
negatively influence public perception of the produce’s freshness and quality.
7. Conclusion
VF can be a part of the solution to global food security due to its efficient land use and ecological sustainability.
When integrated with FF, there would be improvements that allow for a superior product to be produced while
using less water and improving the safety of the produce. A cost-benefit analysis based on a hypothetical farm by
Eaves and Eaves (2018) determined that a yield increase of 27 247 kg (43.57%) and a price point of $9.67/kg
(26.90% increase) are needed for FF integration to be viable. A review of articles regarding plants grown under
water stress—similar to what would be induced by FF—showed reduced individual plant yield and reduced leaf
size while nutrient contents will be improved across the board. The results would show that FF integration in VF
is viable as it can provide the plant quality improvements necessary to demand the price premium or the
improved yield needed.
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