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ABSTRACT 

 

Environmental damage, unpredictable climatic conditions and competition for land resources, 

amongst others, threaten to reduce the quantity and quality of land available for farming. 

Consequently, field production of crops is unlikely to be able to solely sustain global future 

food requirements.  Use of the vertical plane for food production may provide a solution to 

future food security concerns. Vertical farming makes use of artificial inputs, such as growing 

structures, growing media and nutrient solutions to mimic natural growing conditions for the 

purposes of food production. Currently, the focus of scientific research is on the holistic 

functioning of vertical farming and its implementation in future cities. There exists a gap in 

literature on the scientific assessment of vertical farming structures in comparison with field 

farming. Therefore, the aim of the research to be undertaken is to assess the performance of 

hydroponic vertical structures as compared to field farming. This will be achieved through the 

indoor growth of Swiss chard (Beta vulgaris L. subsp. cicla.) in hydroponic vertical structures 

and in soil. The plants will be grown under natural and artificial light. Nutrient solutions with 

constant and varying concentrations will be administered to the plants. Plant biometric 

variables, such as weight, leaf length and width, plant height and leaf count, will be measured 

in order to compare the two growing methods. Hectare equivalents, leaf area index, leaf area 

ratio, absolute growth, relative growth, crop growth and net assimilation rates will be analysed 

to assess the degree to which growing plants in vertical structures differs to soil growth.  Partial 

factor productivity will be used to assess the agricultural productivity of the different growing 

methods.  
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1. INTRODUCTION 

The beginnings of agriculture can be traced to approximately 12 000 years ago (Germer et al., 

2011; Wieczorek and Wright, 2012). Germer et al. (2011) attributed the process of plant and 

animal domestication by hunter-gatherers to environmental changes and/or overexploitation. 

This resulted in the establishment of early agriculture. The earth had been accommodating an 

estimated population of between 2 and 20 million people at that point (Cohen, 1977; cited by 

Germer 2011). The process of plant and animal domestication developed over thousands of 

years, occurring randomly at first and then with more precision with the passage of time. The 

objective of domestication was to select more resilient plant and animal varieties for food 

production (Wieczorek and Wright, 2012). An agricultural process that led to a significant 

increase in food production was the Green Revolution (Graff, 2012). Developed countries were 

mainly at the forefront of the Green Revolution (Khush, 2001). Cereal crop production 

increased up to threefold because of the Green Revolution (Pingali, 2012). 

 

As a consequence of the Green Revolution and other factors, an immense surge in population 

numbers occurred from the 19th to the 21st century, with the first billion people reached at the 

beginning of the 19th century. Population figures totalled over 6 billion by the end of the 20th 

century  (Graff, 2012).  Estimates by the United Nations Department of Economic and Social 

Affairs (UN, 2015) predict a world population of over 9.7 billion by 2050. This population will 

need to be fed. In order to meet a 70% increase in food production by 2050 to satisfy food 

security goals, an average annual increase of 44 million tons (metric) will have to be achieved 

(Tester and Langridge, 2010).  

 

However, increasing future food supply will not be an easy task to achieve. A trade-off exists 

between increasing food production and impacting the environment. The success of modern 

agriculture has come at a great environmental cost (Foley et al., 2005).  Surges in population 

numbers have put pressure on natural resources (Graff, 2012). Furthermore, agricultural 

activities negatively affect the environment in several ways. Foley et al. (2011) identified 

agriculture as a dominant contributor to environmental issues such as degradation to freshwater 

and land resources, the loss of biodiversity and climate change.   
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Considering the impacts farming activities have had and could potentially have on the 

environment, the need for more sustainable agricultural practices arises. Different approaches 

are under consideration in the quest for more sustainable food production. Garnett et al. (2013) 

proposed using strategies that would maximise production on land that is already used for 

farming. These are also known as intensification strategies. Tester and Langridge (2010) 

identified areas with low yields as possessing the most potential for increasing agricultural 

productivity. This is because, globally, there are more low-yield farming areas than those that 

produce high yields. Strategies that use this approach include genetic modification, plant 

breeding, conservation- and precision agriculture, amongst others.  

 

Another approach to sustainable agriculture is using land that was not originally intended for 

agriculture. Urban agriculture is an example of such an approach. Zezza and Tasciotti (2010) 

define urban agriculture as “the production of crop and livestock goods within cities and 

towns”. Producing food within city limits provides several advantages, as it brings the produce 

closer to the market (Specht et al., 2014).  

 

Germer et al. (2011) argued that, even though intensification strategies can increase food 

production, a point will come where physical and biological limits are reached. This will make 

achieving higher yield outputs increasingly difficult to accomplish. Urban agriculture is also 

not without challenges. The expected growth in population and the resulting increase in 

urbanisation will lead to fierce competition for urban-area resources such as water and land 

(Koscica, 2014).  Therefore, if urban agriculture is to be considered a solution for increasing 

food security, it must be implemented so as to maximise its outputs whilst minimising required 

inputs.  

 

New food production approaches are required to satisfy the food requirements of an estimated 

world population of over 9.7 billion by 2050 (UN, 2015). Use of the vertical plane for food 

production could provide a solution to food security concerns. Banerjee and Adenaeuer (2014) 

define vertical farming as a method of farming where fungi, plants, animals and other life forms 

are cultivated by artificially stacking them vertically. Graff (2012) further describes it as being 

practised in soilless media under controlled environmental conditions. The use of artificial 

growing inputs in vertical farming means that growing conditions can be controlled, thus 
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reducing reliance on natural systems according to the level of control used. However, the 

increased reliance on technological intervention inherent to vertical farming gives rise to 

complexities and challenges with respect to input requirements, such as energy and highly 

skilled labour. 

 

The aim of this document is to review the literature on the use of hydroponic vertical structures 

as a possible alternative for food production to meet future requirements amid current 

environmental and social challenges and to present a brief research project proposal.   

 

The concept of vertical farming, highlighting the techniques used, important vertical farming 

technologies and limitations, advantages and prospects of vertical farming are reviewed in 

Chapter 2. The concept of implementing vertical farming is discussed and conclusions are 

drawn in Chapter 3. The project proposal is then presented in Chapter 4.  
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2. VERTICAL FARMING 

Fundamentally, crop farming methods have not changed since the beginnings of agriculture. 

The process has comprised of using water, land and nutrient resources to provide ideal growing 

conditions for plants. Even though technological advances have allowed these inputs to be used 

more efficiently, the basics of agriculture have remained the same up to modern times 

(Despommier, 2013). However, several drivers, such as spikes in population numbers, arable 

land limitations and climate change, amongst others, have impacted and will continue to impact 

food production. Consequently, an increasing focus has been put into developing technologies 

that move agriculture away from traditional practices (Howland et al., 2012). 

 

An example of a non-conventional farming technique is vertical farming. Banerjee and 

Adenaeuer (2014) define vertical farming as a method of farming where fungi, plants, animals 

and other life forms are cultivated by artificially stacking them vertically. Graff (2012) further 

describes it as being practised in soilless media under controlled environmental conditions. 

Vertical farming can be conducted in repurposed abandoned warehouses and factories, 

greenhouses, existing buildings and new buildings specifically designed for indoor farming 

(Howland et al., 2012; Aswath et al., 2016; Birkby, 2016). 

 

2.1 Techniques of Conducting Vertical Farming 

 

As previously stated, vertical farming is practised without the use of soil. In soilless culture, 

nutrients are delivered to plant roots together with irrigation water (Savvas et al., 2013). 

Currently, there are three different methods that can be used to grow plants vertically, namely 

hydroponics, aquaponics and aeroponics (Birkby, 2016).  

 

2.1.1 Hydroponics 

 

Sardare and Admane (2013) define hydroponics as the growth of plants by immersing their 

roots in a nutrient solution in the absence of soil. According to Birkby (2016), hydroponic 

systems are currently the most widely used system in vertical farming.  
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Hydroponic systems offer many advantages over traditional farming techniques. Better quality 

produce is achieved at higher yields whilst using fewer inputs. This can be attributed to several 

factors. Indoor hydroponic systems allow high levels of input control, resulting in high water 

and nutrient use efficiencies and reduced reliance on unpredictable natural systems. Moreover, 

systems can be designed such that water and nutrients can be recycled, thus decreasing the need 

to replenish large volumes of water and nutrients and eliminating runoff. The absence of soil 

eliminates the issue of fatigue, which allows repeated cultivation of the same crop in the same 

place without having to increase inputs. Furthermore, soil-related problems, such as weed 

infestation, pests and diseases are largely eliminated, reducing reliance on pest control efforts 

(Howland et al., 2012; Sardare and Admane, 2013; Grad et al., 2014; AlShrouf, 2017).  Figure 

2.1 illustrates an example of a basic hydroponic system.  

 

Figure 2.1 A simple hydroponic system (Birkby, 2016) 

 

Growing plants hydroponically is not without limitations. In order to be applied on a 

commercial scale, hydroponic systems require high capital investment and technical 

knowledge. At the same time, a limited variety of plants can be grown using hydroponics  

(Lakkireddy et al., 2012; Sardare and Admane, 2013). Because the nutrient solution is 

circulated to all the plants, it is easy for water-borne diseases to spread rapidly among the plants 

in hydroponic systems (AlShrouf, 2017).  Another major drawback of artificial environments 

is increased sensitivity to growing conditions. 
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Minor changes can negatively affect plants at a faster rate than under natural growing 

conditions. This creates a need for high levels of control which results in high electricity 

requirements (Howland et al., 2012; AlShrouf, 2017).  

 

2.1.2 Aquaponics 

 

Essentially, aquaponic systems are hydroponic systems that have been taken a step further. In 

aquaponic systems, fish rearing is introduced to the hydroponic growing method (Birkby, 

2016).   Three participants are important in aquaponics: fish, plants and microbes, each with a 

specific function. The fish produce waste which provides nutrients for the plants. By 

consuming the nutrients, the plants act as a purification system for the water which is then 

recycled to the fish rearing component of the system. Ammonia is released with fish waste. 

Nitrogen in the form of ammonia is not easy to access for plants. Therefore, the presence of 

microbes is essential for converting ammonia to nitrate form, which plants are then able to use 

(Tomlinson, 2015; AlShrouf, 2017). The different components involved in an aquaponic 

system are illustrated in Figure 2.2. 

 

Figure 2.2 A simplified example of an aquaponic system (Birkby, 2016) 

In addition to the benefits that hydroponic systems have, aquaponic systems have the added 

advantage of requiring fewer inputs because fish waste is used to meet the plants’ nutritional 

requirements (Tomlinson, 2015; AlShrouf, 2017). Furthermore, the production of two different 

commodities makes aquaponics more productive than hydroponics. However, aquaponics is 

more complex and requires higher capital investment than hydroponics (Rahman and Amin, 
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2016). Aquaponic systems also have higher maintenance costs due to the complexities 

associated with an integrated system (Tomlinson, 2015). Even though the practice of 

aquaponics is still not common in commercial-scale vertical farming, Birkby (2016) predicted 

that the development of standardised systems would be a driver for increasing the number of 

aquaponic systems in commercial vertical farming.  

 

2.1.3 Aeroponics 

 

Distinct from hydroponic and aquaponic systems, aeroponic systems do not supply nutrients in 

a stream of water but make use of a nutrient laden mist/fog environment for nutrient delivery 

(Gopinath, 2017). In this system, a nutrient laden mist is sprayed at intervals or continuously 

onto roots suspended in a dark and enclosed structure (AlShrouf, 2017). Figure 2.3 

demonstrates the aeroponic provision of nutrients to roots. Aeroponic systems use a 

significantly lower amount of water than hydroponic and aquaponic systems and, therefore, 

have higher water use efficiencies (Gopinath, 2017). 

 

Figure 2.3 Aeroponic provision of nutrients to plant roots (Birkby, 2016) 

 

Lakkireddy et al. (2012) attributed the higher metabolism and growth rates in plants grown 

aeroponically to the increased root exposure to air which allows the plants to access more 

oxygen.  However, aeroponic systems require more attention and control- and monitoring 

systems (AlShrouf, 2017). The technology used in these systems is more costly and has higher 
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maintenance requirements than that used in hydroponic- and aquaponic systems 

(Chiipanthenga et al., 2012). Birkby (2016) reported that, even though aeroponic systems are 

still scarcely used in vertical farming, there exists a considerable interest in developing these 

systems. 

 

2.2 Important Vertical Farming Technologies 

 

Farming indoors reduces unpredictability in plant growing conditions as the process is highly 

technical. Traditional farming inputs, such as the soil and fertilisers, are replaced with 

controlled inputs, such as artificial growing media and nutrient solutions (Howland et al., 2012) 

 

2.2.1 Water and nutrient delivery techniques 

 

In vertical farming, plants are grown under soilless conditions. Nutrients are supplied to the 

roots together with irrigation water. Several methods exist for water and nutrient delivery. 

Delivery methods must facilitate sufficient aeration of the roots to prevent oxygen deficiency 

(Savvas et al., 2013). 

 

A water delivery system that is inexpensive and easy to operate is the wick system (Venter, 

2017). In a wick system, the nutrient solution is kept in a reservoir that is not directly connected 

to plants, as displayed in Figure 2.4. A wick is then used to draw and deliver the nutrient 

solution to the growing medium. The wick system does not contain any moving parts and does 

not require use of electricity (Mugundhan, 2011; Venter, 2017). Coconut fibre, vermiculite and 

perlite can be used as growing media in wick systems (Sarkar and Majumder, 2015). Venter 

(2017) described the drawbacks of the wick system as its inability to work for larger plants and 

the fact it can lead to mineral salt build-up in the root zone of plants. However, Venter (2017) 

highlights its ease of operation and non-reliance on electricity as advantages for limited small-

scale applications.   
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Figure 2.4 A hydroponic wick system (Off-Grid Gorilla, 2017f) 

 

A system that is more complicated than the wick system is the ebb and flow system. It is also 

known as the flood and drain system (Mugundhan, 2011). Figure 2.5 displays a flood and drain 

system where plants are secured by an aggregated material in a container and are occasionally 

flooded with the nutrient solution.  

 

The nutrient solution is placed in a separate reservoir and drained after the plants are flooded 

for a certain amount of time (Sheikh, 2006; Patil et al., 2016). Pattillo (2017) provided the 

reason for draining the system as allowing root aeration to take place. The flooding period is 

usually 20 to 30 minutes. However, this is not a fixed rule (Patil et al., 2016; Pattillo, 2017).  

Patil et al. (2016) state that the flooding cycle time is influenced by the aggregate material’s 

water holding capacity and the plant roots’ tolerance to submersion. Granular rockwool, gravel, 

expanded clay pebbles and perlite can be used as growing media in this system (Sheikh, 2006; 

Sarkar and Majumder, 2015).  
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Figure 2.5 A hydroponic flood and drain system (Off-Grid Gorilla, 2017d) 

 

Deepwater culture is also known as floating raft culture because a suspended platform is used 

to support plants. A deepwater culture hydroponic system is displayed in Figure 2.6. The 

platform floats directly on the nutrient solution and contains holes which secure the plants. 

Generally, the floating platform is made of polystyrene, although the development of food-

grade alternatives is underway. The plants are held in place by net plant pots (Pattillo, 2017). 

Savvas et al. (2013) reported that the nutrient solution volume compared to the amount of 

available area for water and air exchange in this system can lead to oxygen deficiency. This 

issue can be overcome with the use of pumps or aerating the solution with spray nozzles as it 

is recirculated. Sheikh (2006) identified deepwater culture as an economical option for areas 

with limited raw materials where hydroponic systems are not manufactured.  

 

Figure 2.6 Deepwater culture (Off-Grid Gorilla, 2017b) 
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In contrast to deepwater culture, the Nutrient Film Technique (NFT) provides the nutrient 

solution in a thin layer, as shown in Figure 2.7. The solution flows through PVC channels and 

is in contact with the bottom section of plant roots. The upper part of the roots remains 

constantly exposed to air to facilitate sufficient root aeration. Plants are positioned in holes 

drilled on the top side of the channels (Sheikh, 2006; Savvas et al., 2013; Akil et al., 2016). 

For horizontal channels, water flow is facilitated by positioning the channels at a slope. The 

solution is supplied on the elevated end using a pump (Savvas et al., 2013). Pattillo (2017) 

identified the system’s light weight as an advantage because it results in mobility and 

flexibility. Savvas et al. (2013) recommended the use of flat-based channels in horizontal NFT 

systems. Flat-based channels are more ideal for oxygen uptake and root development because 

of the increased surface area (Sheikh, 2006).   

 

 

Figure 2.7 Nutrient Film Technique (Off-Grid Gorilla, 2017e)  

 

In drip irrigation hydroponic systems, timers and driplines are used to deliver the nutrient 

solution to plants (Mugundhan, 2011). The amount of time for which drippers supply the 

solution is dependent on light availability and plant development stage. The nutrient solution 

is flushed to allow root aeration (Sheikh, 2006). Drip irrigation hydroponic systems can be 

recovery or non-recovery types. The drip irrigation system displayed in Figure 2.8 is a 

simplified recovery system. In the case of recovery systems, the nutrient solution is recovered 

and recirculated. It is more economical because the nutrient solution is reused, however it 
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requires more maintenance because pH levels and nutrient concentration need to be monitored 

and controlled. In non-recovery systems, the nutrient solution is drained away. It requires less 

maintenance but is more expensive because larger volumes of the nutrient solution need to be 

replenished (Mugundhan, 2011).  

 

 

Figure 2.8 A drip irrigation hydroponic system (Off-Grid Gorilla, 2017c) 

 

Although aeroponics qualify as a subdivision of the ways in which vertical farming can be 

conducted, the aeroponic supply of nutrients qualifies as a nutrient delivery technique. In this 

system, the nutrients are supplied to the roots in a constant or intermittent mist. Figure 2.9 

displays a simple example of an aeroponic system.  

 

Several options, such as polystyrene panels, are available to secure plants (Sheikh, 2006; 

Savvas et al., 2013). Aeroponics is more technically involved than the other forms of nutrient 

delivery. Timers are used to ensure that nutrients are delivered in a timely manner by pumps. 

It is critical that the pump and timers function well at all times because interruptions in nutrient 

provision can result in plant stress as the roots dry out (Mugundhan, 2011).  
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 Furthermore, plants may experience thermal stress in aeroponic systems. Nevertheless, 

aeroponic systems result in a very high reduction in nutrient and water use and the roots are 

sufficiently aerated (Savvas et al., 2013).  

 

 

Figure 2.9 An aeroponic system (Off-Grid Gorilla, 2017a) 

 

2.2.2 Growing structures 

 

The technology used for growing food indoors facilitates the use of vertical structures to 

support plants. Graff (2012) illustrated four basic structural typologies that are usually used 

commercially to maximise the vertical plane in indoor farming.  

 

Figure 2.10 illustrates an example of an A-frame trellis. The A-frame design is ideal for growth 

of high-yielding leaf crops (Hayden, 2006). Whilst the inclination of plants can result in uneven 

plant growth, A-frames can double the production of leafy vegetable, such as spinach and 

lettuce (Jensen, 1997). 
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Figure 2.10  An A-frame trellis design (Graff, 2012) 

 

Columnar systems facilitate the production of high plant populations in small areas. However, 

the difference in nutrient concentration, light access and temperature down the column results 

in plant growth variations (Tyson, 2002).  Figure 2.11 shows a columnar system.  

 

 

Figure 2.11  A columnar system which makes use of trays to accommodate plants (Graff, 

2012) 

Figure 2.12 is an illustration of a hydroponic unit in the form of stacked drums. Perez (2014) 

describes the use of stacked drums as involving the mounting of plants on a drum equipped 

with a light source in the centre. This results in maximum use of artificial light and space per 

drum. The commercial use of this type of design is not yet common. 
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Figure 2.12  Plants grown hydroponically in stacked drums that use a single artificial light 

source per drum (Graff, 2012) 

 

In the case of stacked beds, hydroponic beds carrying plants are stacked directly above each 

other. Due to their design, sunlight cannot reach all plants and so artificial lights are used. The 

lights are attached above each level (Perez, 2014). Figure 2.13 is an illustration of stacked beds.  

 

 

Figure 2.13  Plants grown hydroponically in stacked beds (Graff, 2012) 

 

Hydroponic structures that take advantage of the vertical plane in indoor farming are not 

limited to the above mentioned structures. More designs can be expected to surface as vertical 

farming continues to develop. 
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2.2.3 Growing media 

 

As vertical farming is conducted without the use of soil, there exists a need for a substrate to 

secure plants. Materials used to secure plants in soilless culture are known as growing media. 

Mugundhan (2011) defined growing media for hydroponic plant growth as inert substrates that 

are used to provide root support without providing the plant with nutrients. There are two 

growth medium properties that are critical to its quality for plant growth: (a) its moisture 

retention, and (b) its aeration characteristics. Moisture retention affects the amount of nutrient 

uptake whilst good aeration is required to ensure that excess moisture is drained. Materials with 

fine grains can store more water whilst materials that have a loose distribution provide better 

aeration (Howland et al., 2012). 

 

The most widely used growing medium in hydroponics is rockwool. Rockwool is manufactured 

from basalt rock. In making rockwool, basalt rock is melted and spun into fibres which are 

bound together by adding additives at high temperatures. The fibres are made into cubes and 

slabs that are used to anchor plants (Sheikh, 2006; Gruda et al., 2013). Rockwool has a high 

water holding capacity and has moderate air porosity but it cannot be reused (Howland et al., 

2012; Patil et al., 2016) 

 

In contrast, perlite has a low water holding capacity and higher air porosity (Pandey et al., 

2009; Howland et al., 2012). Perlite is made by heating volcanic rock. It then explodes due to 

the very high temperatures. The result is a porous medium that can be bagged in plastic sleeves 

or used in its loose form (Sheikh, 2006). It can be used alone or in combination with other 

media (Gruda et al., 2013).  

 

Similar to perlite, vermiculite is also produced by heating a mineral until it expands to pebbles 

that are lightweight (Pandey et al., 2009; Gruda et al., 2013). However, it has a higher water 

holding capacity and has wicking characteristics which allow it to draw nutrients to 

plants.(Pandey et al.). Howland et al. (2012) recommend combining vermiculite with perlite 

in a 50:50 ratio because the water holding capacity of vermiculite is very high.   
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Another growing medium that is produced using heat are expanded clay pebbles. Clay pellets 

are baked at high temperatures. The heat makes the pellets swell. The process results in 

increased porosity (Pandey et al., 2009; Gruda et al., 2013). Although expanded clay pebbles 

are not good for starting seeds, they can be washed, sterilised and reused (Patil et al., 2016). 

However, Pandey et al. (2009) cautioned against reusing expanded clay pebbles because roots 

of previously secured plants may have grown and remained in the pebbles.  

 

A more economical and easy-to-access growing medium is sand (Pandey et al., 2009). It can 

be used alone or with other substrates. When used in conjunction with another kind of growing 

medium, the objective would be to improve the other growing medium’s drainage properties 

(Gruda et al., 2013). Sand’s weight and its need to be sterilised after each use put it at a 

disadvantage compared to other growing media (Pandey et al., 2009).  

 

Coconut fibre is a waste material removed from the exterior of coconut shells that is also used 

as a growing medium. Coconut fibre also contains hormones that protect against root fungus 

infestation (Howland et al., 2012). Coconut fibre has good water retention and aeration 

properties (Gruda et al., 2013). 

 

Growth media selection is not always an exact science with one definite answer, and it is greatly 

influenced by financial and technical factors. Several growing medium options exist with 

various properties. In selecting growing media, certain desirable properties need consideration. 

Important characteristics include inertness, difficulty to break down and resistance to insects 

and diseases.  Good drainage and moisture retention are also important for adequate plant 

aeration and nutrition (Sarkar and Majumder, 2015). It is not always possible to obtain all those 

properties from one type of growing medium. Therefore, substrates can be mixed, disinfected 

or pH corrections can be undertaken to reach desirable properties (Gruda et al., 2013).  

 

 

 



 

 18 

2.2.4 Grow lights  

 

Light is required through the various growth stages of plants (Singh et al., 2015). The presence 

of light facilitates the occurrence of different plant growth and development processes 

(Tamulaitis et al., 2005). Yet, not all light wavelengths are effective for plant growth. Plants 

selectively absorb light with wavelength properties in the ranges that meet their requirements 

(Singh et al., 2015). Light wavelengths that are effective for plant growth and development 

range from 400 to 700 nm (Wollaeger, 2013; Singh et al., 2015). Insufficient sunlight 

penetration can be problematic in vertical farming or other forms of indoor farming. This 

creates a need for artificial lighting systems (Howland et al., 2012). Several options are 

available for indoor light provision. 

 

Although conventional indoor lighting systems have certain advantages, they offer limited 

allowance for light output control. The light they provide cannot be easily manipulated to allow 

full dimming or pulsed operation. Issues associated with conventional grow lights, such as heat 

emission, low electrical efficiencies and control limitations have encouraged use of Light 

Emitting Diodes (LEDs) as grow lights (Pinho et al., 2012). Sabzalian et al. (2014) attribute 

the increased interest in LEDs as indoor farming light sources to the fact that they: 

a) are easy to control,  

b) have a long life span,  

c) do not produce high amounts of heat,  

d) have small dimensions, 

e)  and have high operating efficiencies.  

 

One of the greatest advantages of using LEDs is the fact that changes in natural sunlight can 

be simulated by manipulating their spectral compositions and altering the intensity of light they 

emit (Yeh and Chung, 2009). Although LED lighting systems have a high capital cost, Singh 

et al. (2015) predict that there will be a  reduction in costs due to a likely increase in demand 

in the greenhouse and indoor farming industry.  
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2.3 Limitations, Advantages and Prospects of Vertical Farming 

 

Conventional farming activities have caused significant environmental damage. Continued 

reliance on traditional farming techniques poses a threat to the natural environment and future 

food security. Therefore alternative strategies, such as vertical farming, need to be considered 

(Despommir and Ellington, 2008).  

 

Several challenges will be encountered with the establishment of large-scale commercial 

vertical farms. The initial costs associated with establishing vertical farms will be very high. 

The highly-controlled environments will require precision control and monitoring. 

Consequently, vertical farms will have high energy- and skilled labour requirements. 

Furthermore, minor systemic failures could lead to rapid plant damage due to increased plant 

sensitivity under hydroponic, aeroponic or aquaponic growing conditions. In addition, the 

variety of plants that can be grown under these conditions is limited. Besides technical 

challenges, social acceptance of the concept of vertical farming may prove difficult to attain as 

well (Çİçeklİ, 2013; Banerjee and Adenaeuer, 2014; Sarkar and Majumder, 2015).  

 

Nevertheless, the opportunities presented by vertical farming merit its further exploration. 

Conducting vertical farming under controlled conditions offers numerous benefits. The 

elimination of natural, thus unpredictable, conditions eradicates weather-related plant damage 

and facilitates season-independent crop production. Another benefit of an enclosed 

environment is the reduced exposure to pests and diseases, eliminating the need for pesticides 

(Despommir and Ellington, 2008; Despommier, 2012). The direct provision of nutrients to 

plants increases the quantity and quality of yield whilst reducing growing time and increasing 

water use efficiency (Sarkar and Majumder, 2015). Vertical farming also offers social benefits. 

The growth of the vertical farming industry will create new work and research opportunities 

(Banerjee and Adenaeuer, 2014). Urban-area vertical farming will also lead to shortened supply 

chain lengths as the buildings would be able to facilitate different the stages of food production, 

from growth to processing and sale. The subsequent environmental benefits would be quite 

significant. The carbon footprint and energy consumption of the food industry would be greatly 

reduced as transporting distances would be reduced since the multiple stages of production 

would be reduced to one location (Gruner et al., 2013).  Additionally, the use of renewable 



 

 20 

energy in vertical farms would further reduce the environmental impact of food production 

(Despommier, 2012). 

 

Graff (2012) described three vertical farming typologies that can be anticipated in future 

implementations of the concept. The typologies are expected to be influenced by the food 

distribution stage into which the vertical farm is integrated.  

 

The first vertical farming typology Graff (2012) discussed is an autotrophic market. The name 

is inspired by autotrophic organisms in nature because the farm would produce food for its near 

surroundings using resources acquired from its near surroundings. In this instance, the food 

produced in the vertical farm would be sold on-site or to markets very close to it. A major 

limitation that this vertical farm typology would possess is that it would be difficult to supply 

all the dietary needs of its surroundings. The fruit, vegetables and meat produced would be of 

a limited variety. But, its proximity to its markets would decrease the carbon footprint of food 

production as food transportation requirements would decrease. Traffic congestion and food 

transportation costs would also be reduced.  

 

Secondly, vertical farms could be integrated with residential units. Graff (2012) called this 

typology “a vertical farm arcology”- a combination of “architecture” and “ecology”. The 

vertical farm would comprise of three divisions. The first being the producer- the vertical farm. 

The second division would be the consumer- the residential units. Lastly, the decomposer- a 

biological water filtration system and an anaerobic digester. The vertical farm would use grey 

water, nutrients, carbon dioxide and electricity to provide for the needs of the residents.  

Residents would receive food, oxygen and clean water from the vertical farm and electricity 

from the anaerobic digester whilst producing carbon dioxide, waste water and biological waste. 

The anaerobic digester would use biological waste to produce electricity and nutrients. Waste 

water from the residents would be converted into a usable form for the vertical farm by the 

biological water filtration system.  

 

The last vertical farming typology Graff (2012) described is the vertical food terminal. In this 

case, the vertical farm would be integrated into a food terminal where food would be grown 
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and stored until a time arrived where it would be distributed to grocers. This typology could 

result in decreased land costs as food terminals are located on less expensive land that is located 

far from cities. However, vertical farmers would be at a disadvantage financially in this vertical 

farming typology. This is because produce is sold at wholesale prices at food terminals.  

 

More vertical farming typologies can be expected to be developed in the future. Some of these 

could be created to deal with future challenges such as hostile environments and those affected 

by climate change. For example, one typology could be specifically designed to be used in 

regions where food production would be otherwise difficult due to disease or pest outbreaks. 

Such typologies would be completely sealed and controlled to ensure safe food production 

amid epidemics. 

 

2.4 Current Vertical Farming Developments 

 

According to many publications, vertical farming stands to drastically alter the way in which 

food of the future will be produced. In fact, great research effort has been put into theorising 

about how vertical farms would be integrated into cities.  

Therefore, much scientific work on the subject matter remains largely theoretical. There is a 

lack of quantitative and systematic analyses of the technology and costs involved in existing 

and operational vertical farms (Kalantari et al., 2017).  Cho (2015) attributed this shortage to 

the short time span that these commercial farms have been in operation. The owners have had 

no incentive to collect and record operational data. Furthermore, due to competitive reasons, 

owners are reluctant to reveal too much information. Van der Schans et al. (2014) reported 

that, because urban agriculture is driven by people who may not always have an agricultural 

background, it is developing as a rather informal sector. The result has been that new 

developments in urban agriculture, and their associated data, have not always been recognised 

and recorded by the formal knowledge system. According to Hallock (2013), the first type of 

vertical farm that was considered commercially viable was the rooftop greenhouse. These types 

of vertical farms have been popular commercially, but indoor vertical farms are also gaining 

traction. Depending on size, the capital costs of these vertical farms range from 1 to 4 million 

dollars. 
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2.5 Productivity Measurement 

 

The productivity of an entity can be defined as the ratio of a quantitative measure of its outputs 

to a quantitative measure of the inputs used to obtain those outputs. It can be determined for a 

wide range of production scales- from a single farm to multiple farms on a national level.  

(Mechri et al., 2017). Productivity can be used to assess the efficiency with which a production 

system operates. The outputs can be quantified using physical or financial terms, whilst the 

inputs are the resources used in the entity to produce outputs. Two kinds of measures are used 

to determine productivity: Total Factor Productivity (TFP) and Partial Factor Productivity 

(PFP) (Dhehibi et al., 2015). 

 

Dhehibi et al. (2015) define TFP as a ratio determined by averaging the total outputs produced 

relative to the average inputs used. In TFP determination, the various inputs used in production 

are accounted for in one measure. According to Murray and Sharpe (2016), determining TFP 

is instrumental for assessing the economic growth of an entity in the long period. In fact, TFP 

can only be interpreted when it is expressed in terms of growth rates. Meaningful 

interpretations cannot be defined for TFP level measurements. 

 

In contrast, PFP can be determined in terms of growth rates and absolute levels (Murray and 

Sharpe, 2016). When determining PFP, the outputs produced are related to a single input, i.e., 

it is a ratio of the outputs produced relative to a single input (Gray et al., 2011). In practical 

analyses of productivity, PFP measures can provide more information to an analyst compared 

to TFP measures. This is because with PFP measures, analyses can be focused on single inputs 

of interest to determine the efficiency with which they are used (Murray, 2016). 
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3. DISCUSSION AND CONCLUSIONS 

As conventional methods of food production continue to face challenges, such as degradation 

of land and water resources, the effects of climate change and land resources competition, other 

methods of food production need to be explored. This is especially required in order to meet 

food demands for the rapidly growing global population. The use of vertical structures for food 

production offers a potential approach to future food security concerns. Vertical farming makes 

use of artificial inputs, such as growing structures, growing media, nutrient solutions and grow 

lights to mimic natural growing conditions. This allows the farmer varying degrees of control 

over growing conditions. 

 

Of the three options available for conducting vertical farming, hydroponics is currently the 

most commonly used. This is mainly due to its simplicity and lower capital costs as compared 

to the other two options. However, aquaponics and aeroponics have potential to overtake 

hydroponics in terms of popularity with advances in technology and gains in technical skills. 

It may further be argued that with sufficient technical resources, these technologies would be 

superior to hydroponics. Unlike hydroponics, aquaponics facilitate the production of two 

commodities from one system. The presence of fish also reduces input costs as waste is used 

to supply plants with nutrients. Aeroponics, on the other hand, use much lower volumes of the 

nutrient solution, which further adds to reduced reliance on water resources. The technical 

complexities inherent to aquaponics and aeroponics can be expected to be simplified as more 

experience is gained either through research or their commercial development. 

 

It is further predicted that technological advances will also favour dominance of the aeroponic 

delivery of the nutrient solution to plants over the other nutrient delivery techniques. Its main 

advantage being the highly reduced use of water and the nutrient solution. Another contender 

is the NFT. Both techniques facilitate the simultaneous provision of nutrients and oxygen to 

the roots. With the other techniques, nutrient solution delivery and aeration are achieved in 

separate steps or the addition of air pumps is required. Although the wick system is simple to 

use, its commercial use is highly unlikely. This is mainly because it can only be used with a 

limited variety of plants, which would be restrictive to farmers. 
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Because no soil is used in vertical farming, artificial growing media are used to root plants. 

Important growing media properties are resistance to insects and diseases, inertness and 

difficulty to break down. Adequate moisture retention and aeration properties also affect 

growing media quality. Currently, commonly used growing media cannot be reused, meaning 

that they must be disposed of after each growing cycle. This opposes the concept of minimising 

the impact of food production on the environment associated with vertical farming. However, 

this can be viewed as an opportunity rather than a challenge. Instead of being discarded, used 

growing media could be recycled or repurposed or, growing media materials could be 

synthesised in a way that would allow reuse.  

 

In cases where vertical farming is conducted indoors, sunlight can be augmented with or 

completely replaced by grow lights. LEDs facilitate high levels of control which means they 

can be manipulated to suit a grower’s specific needs. Currently, LEDs have high capital costs 

but these are expected to decrease as more indoor farmers use them. 

 

Many studies promote the idea of future food production through vertical farming. Its reduced 

reliance on inputs such as water, land, fertilisers and favourable climatic conditions is a major 

reason for its advocation. Even though there seems to be enthusiasm about vertical farming, 

many published works are based on theoretical analysis. There is a shortage of published 

quantitative data based on established vertical farms.  

 

For instance, a very important aspect of vertical farming is the structures on which plants are 

anchored. As seen in Figures 3.10 to 3.13, the shape in which these structures are configured 

influences their land productivity. However, detailed evaluations of vertical farming structures 

and their comparison with conventional planting are limited. Thus, there exist gaps in literature 

comparing the outputs per input of the different farming systems. While it is argued that 

planting vertically can increase yields, there is a deficiency of thorough analyses quantifying 

the corresponding required inputs. 

 

 



 

 25 

This thorough analysis can be achieved by determining the agricultural productivity of vertical 

farming and comparing it with conventional farming. Whilst TFP can reveal significant 

information about the economic performance of an entity, its use has limitations. This is mainly 

because it can only be measured in growth rates and not absolute levels. Therefore, in 

comparing the productivity of vertical farming to conventional farming at experimental level, 

PFP is the better choice. By using PFP, analysis can be made about the individual contributions 

of the different inputs of the different growing systems. 

 

Use of the vertical plane to grow crops could provide an answer to many issues that are inherent 

to traditional farming practices. However, one of the biggest challenges of vertical farming are 

the high initial costs. Additionally, the increased control over growing conditions requires a 

constant supply of electricity and highly skilled labour. Despite these challenges, vertical 

farming has great potential for use in food production. Direct provision of nutrients to roots 

improves yield quality and quantities. Time to grow plants is also decreased. Yield quantities 

are further increased by the fact that plants are grown on multiple levels. Current research 

suggests that vertical farming has the potential to eventually replace conventional farming 

systems. However, there is a shortage of quantitative data based on experimental work or 

established vertical farms. Such information is needed to not only allow interested potential 

farmers to make informed decisions but to also aid in improving current technologies. 

Furthermore, research from established vertical farms or experimental work could be used to 

establish standards and regulations to ensure that vertical farming is implemented sustainably. 
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4. PROJECT PROPOSAL 

Use of the vertical plane for crop production provides a possible solution to environmental and 

social challenges that threaten future food security. There is potential for use of vertical 

structures for both small and large scale crop production.  

 

4.1 Problem Statement 

 

Environmental degradation, competition for land resources and increasing population numbers 

pose a threat to food security. Furthermore, extreme weather conditions, such as droughts, put 

a strain on the quantity and quality of crop production. The use of the vertical plane for food 

production is a topic of interest in both the research and commercial fields. However, scientific 

assessment of the performance of vertical farming structures against field production is scarce.  

 

4.2 Rationale 

 

Significant research effort has been put into exploring the concept of vertical farming and its 

future implementation. In fact, multiple arguments have been put forward as to why vertical 

farming may surpass conventional farming. Yet, substantial motivation for farming vertically 

has been largely based on theoretical analyses. If it is to be argued that vertical farming can 

reduce or eventually eliminate reliance on conventional farming, there needs to be more proven 

evidence either based on existing vertical farms or experimental work. This practical evidence 

would be useful for achieving the following: 

a) To provide quantitative information to potential vertical farmers to allow informed 

decision making. 

b) To provide more access to information about vertical farming technology to aid its 

improvement and optimisation.  

c) To aid in formalising the sector so that standards and regulations could be developed. 

These would ensure safe and sustainable vertical farming practices. 
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4.3 Research Questions  

 

Experimental work will be undertaken to answer the following research questions: 

a) What will be the difference in biometric attributes of plants grown vertically, using 

hydroponic structures, and those grown conventionally in soil? 

b) What effect will the addition of grow lights have on the biometric attributes of plants 

grown vertically and those grown conventionally in soil? 

c) How will the concentration of the nutrient solution affect the biometric attributes of the 

plants grown vertically, using hydroponic structures, and those grown conventionally 

in soil? 

 

4.4 Research Aims and Objectives 

 

The aim of the research is to provide a quantitative analysis of the performance of vertical 

hydroponic structures compared to conventional soil planting. The vertical hydroponic 

structures will be subjected to different treatments (as described in Section 6.6.1) to observe 

the effects on plant performance. Experimental research will be undertaken to satisfy the 

following objectives: 

a) To design and construct demonstrational vertical hydroponic structures in which plants 

will be grown.  

b) To quantify the difference in attributes for plants grown in soil and those grown in 

vertical hydroponic structures.  

c) To compare the agricultural productivity of growing plants using vertical hydroponic 

structures and growing plants conventionally using the soil. 
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4.5 Specific Hypotheses 

 

The following is hypothesised about the research objectives: 

a) No quantitative differences will exist in attributes for plants grown in soil and those 

grown in vertical hydroponic structures.  

b) There will be no difference in the agricultural productivity of the different growing 

methods. 

 

4.6 Methodology 

 

The experiment will comprise of the design and construction of the vertical structures and 

planting and growth of plants. The project will be carried out at the Ukulinga Research Farm 

and the College of Agriculture, Engineering and Science in Pietermaritzburg. 

 

4.6.1 Experimental design 

 

An experiment will be undertaken where plants will be grown indoors to assess the 

performance of hydroponic vertical structures. A factorial experimental design will be used. 

There will be three factors, each executed at two levels, which will be the growing method 

(vertical hydroponic vs horizontal soil), light provision (natural vs LEDs) and nutrient solution 

concentration (two different concentrations). The combination of these factors will result in the 

administration of eight treatments to the plants. The treatments will be administered randomly. 

Each treatment will be replicated three times.  Figure 6.1 in Appendix A is an illustration of 

the experimental design. Nutrient solutions that can be used for plant growth in hydroponics 

and in soil will be used to standardise nutrient input.  There will be two structures: one exposed 

to natural sunlight and the other supplied with artificial grow light in the form of LEDs. Both 

structures will be designed to facilitate the application of both varying and constant nutrient 

solution concentrations.  
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4.6.2 Crops and agronomic practices 

 

The crop that will be grown in the structures is Swiss chard (Beta vulgaris L. subsp. cicla.). 

Often referred to as spinach or spinach beet, Swiss chard is a leafy vegetable crop that is grown 

annually in South Africa. It is a relatively easy crop to cultivate that facilitates regular 

harvesting. Ideal temperatures for Swiss chard range between 7 and 24°C. Swiss chard is very 

nutritious, boasting high levels of vitamins and minerals (DAFF, 2011; ARC, 2013). Swiss 

chard was selected because it can be grown in a wide variety of soils, has versatile sowing 

periods and has a relatively short growing period which is between 8 to 10 weeks (Allemann 

and Young, 2008; DAFF, 2008).  

 

The experiment will be executed over 3 cropping seasons to evaluate the performance of the 

planting methods under different weather conditions. The first planting cycle will be from the 

19th of March until the 31st of May 2018. The following cycle will be from the 11th of June 

until the 20th of September. The last cycle will be from the 1st of October until the 10th of 

December 2018.   

 

To sample an adequate number of plants, there will be 20 plants per replication. This will result 

in a total population of 480 plants. Resulting in a population of 120 plants per structure and 

120 plants per plot for soil grown plants. This number will exclude plants that will be grown 

around the plot borders to account for border effects for soil-grown plants. Plant spacing will 

be 15 cm and row spacing will be 60 cm. 

 

Diatomaceous earth will be used for pest control. It is a mineral based pesticide composed of 

33% silicon, 19% calcium, 5% sodium, 3% magnesium, 2% iron and other elements. Because 

it is a powder applied on the plant, it can be used for both hydroponic and soil growth in indoor 

and outdoor planting. Trichoderma, a beneficial fungus that protects against diseases, will be 

used for disease control. It grows on the roots of the plant, fighting against bacteria and fungi 

that cause diseases. It can be used in hydroponic and soil growing. 

A nutrient solution suitable for hydroponic and soil use will be administered to the plants. Two 

concentration levels will be used: 5g per litre and 10g per litre for both hydroponic and soil 
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growing. The nutrient solution comprises of Potassium 13%, Sulphur 7.5%, Calcium 7%, 

Nitrogen 6.5%, Phosphorus 2.7% and Magnesium 2.2%. It also contains Molybdenum, Zinc, 

Boron, Copper, Manganese and Iron.  

 

4.6.2.1 Measurements 

Partial Factor Productivity will be determined for the different growing methods. The PFP 

measures that will be calculated are labour, energy and land productivity. As the experiment 

progresses, biometric variables will be measured to assess the differences between plants 

grown in the soil and those grown in the hydroponic vertical structures. Non-destructive 

measurements will be taken weekly. Table 6-1 details the plant variables that will be measured. 

These variables will then be used, with the aid of equations, to derive:  

a) the Absolute Growth Rate (AGR), 

b) the Relative Growth Rate (RGR), 

c) the Crop Growth Rate (CGR), 

d) the Net Assimilation Rate (NAR), 

e) the Leaf Area Index (LAI), 

f) the Leaf Area Ratio (LAR), and  

g) Hectare Equivalents (HE). 

 

Table 6-1 Plant variables that will be measured and the required equipment 

Variable Equipment needed 

Total plant dry weight Scale and oven 

Leaf dry weight Scale and oven 

Leaf  length and width Ruler 

Plant height Ruler 

Leaf count NA 

Ground surface area Ruler 
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4.6.3 Structural components selection 

 

Decision matrices were used to select different components of the vertical structures. Criteria 

that the components had to satisfy were generated. The generated criteria were considered for 

the purposes and duration of the experiment. The criteria were given weights between 1 and 10 

according to their importance. Scores from 1 to 3 were then assigned to the different component 

options. The scores indicated how well the options satisfied the criteria from poorly, 

satisfactorily to well, respectively. The option receiving the highest score was then selected.  

Table 7-1 to Table 7-4 in Appendix B in Chapter 7 are the decision matrices that were used to 

select the best components for the design. Table 4-2 summarises the best solutions for the 

different components of the structures. 

  

Table 4-2 The selected best options for the different components of the structures 

Component Best solution 

Water delivery system NFT 

Shape of the structures Vertical PVC pipes 

Frame material PVC pipes 

Growing medium Rockwool 

 

4.6.4 Project costs and plan. 

The money required to purchase materials for the structures will be obtained from sponsorship 

funds from the Agricultural Research Council. Table 8-1 in Appendix C in Chapter 8 is the 

project budget. As previously stated, the project will comprise of three stages. The project plan 

for the execution and completion of the project tasks is detailed in Appendix E.   
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6. APPENDIX A: EXPERIMENTAL DESIGN 

 

 

Figure 6.1 Experimental design diagram where Rn indicates the number of replications that 

will be performed
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7. APPENDIX B: DECISION MATRICES 

 

Table 7-1 Decision matrix for the selection of a water delivery system  

 Drip system Ebb and flow NFT Aeroponics 

Criteria Weight Score Weighted 

Score 

Score Weighted 

Score 

Score Weighted 

Score 

Score Weighted 

Score 

Cost 9 1 9 2 18 2 18 1 9 

Simplicity 7 1 9 2 18 2 18 1 9 

Maintenance 5 2 10 3 15 3 15 1 5 

Control 

requirements 

8 1 8 2 16 3 24 1 8 

Root access to 

air 

9 2 18 2 18 3 27 3 27 

Total   54  85  102  58 
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 Wick system Deep water culture Explanation 

Criteria Weight Score Weighted 

Score 

Score Weighted 

Score 

 

Cost 9 3 27 2 18 Wick systems have simple designs and so are 

very economic. 

Simplicity 7 3 27 2 18 Aeroponic systems are very complex and 

require high technical design. 

Maintenance 5 3 15 2 10 Due to its few and simple components, the wick 

system has low maintenance requirements. 

Control 

requirements 

8 2 16 2 16 Aeroponic systems require high degrees of 

control because of increased plant sensitivity 

and design 

Root access to 

air 

9 1 9 1 9 NFT expose part of the root to air to allow 

sufficient oxygen access.   

Total   94  71  
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Table 7-2 Decision matrix for the selection of the shape of the structure 

 A-Frame Horizontal pipes Vertical pipes  Explanation 

Criteria Weight Score Weighted 

Score 

Score Weighted 

Score 

Score Weighted 

Score 

 

Support 

requirements 

8 3 24 1 8 2 16 The A-frame design 

doesn’t require additional 

support. 

Space 

maximisation 

9 2 18 2 18 3 27 Vertical pipes can be made 

high and allow multiple 

plant rows per pipe. 

Maintenance 8 2 16 2 16 3 24 Vertical pipes can be 

moved, removed and 

replaced from the support 

structure easily. 

Total   58  42  67  
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Table 7-3 Decision matrix for the selection of the frame material 

 PVC pipes  Wood Metal Explanation 

Criteria Weight Score Weighted 

Score 

Score Weighted 

Score 

Score Weighted 

Score 

 

Cost 5 2 10 3 15 1 5 Wooden planks would be the most 

inexpensive option. 

Weight 6 3 18 2 12 2 12 PVC pipes are much lighter and would be 

easy to move around if needed. 

Resilience 8 3 24 1 8 3 24 Wood frames placed outside may be 

negatively affected by bad weather 

conditions.  

Ease of 

maintenance 

7 3 21 1 7 1 7 PVC pipe frames can be disconnected 

and reconnected. This would allow easy 

maintenance.  

Total   73  42  48  
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Table 7-4 Decision matrix for the selection of growing medium 

 Perlite Vermiculite Rockwool Clay pellets Explanation 

Criteria Weight Score Weighted 

Score 

Score Weighted 

Score 

Score Weighted 

Score 

Score Weighted 

Score 

 

Aeration 8 1 8 2 16 3 24 2 16 Perlite dries up very quickly. 

Water 

retention 

8 2 16 1 8 3 24 3 24 The water retention properties 

of vermiculite are too high. 

Use on its 

own 

5 1 5 1 5 3 15 3 15 Vermiculite and perlite are 

often used together due to 

their opposing aeration and 

moisture retention properties.  

Total   29  29  63  55  
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8. APPENDIX C: BUDGET 

 

Table 8-1 Project budget 

Project Budget 2017-2018 

  

Income 

Details Amount 

ARC living expenses R90 000 pa 

ARC project related money R20 000 pa 

UKZN fee remission R 26 220 

Expenses 

Details Amount 

Residence costs R25 899 pa 

Living costs R64 101 pa 

School fees R 26 220 

Project structures R25 000 
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9. APPENDIX D: FINAL DESIGN ASSEMBLY 

 

 

Figure 9.1  Final assembly drawing of the structures
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10. APPENDIX E: PROJECT PLAN         

 

Figure 10.1  Plan for the project 
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