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ABSTRACT 

South Africa has one of the rising economies on the African continent, but faces great 

challenges as to how to reduce its dependency on a coal powered industry, improve 

outdated agricultural methods, reduce poverty and create awareness of the use of 

renewable energy amongst low income communities. 

The research led to the design and development of a prototype Modular Solar Powered 

Aquaponics System. The system makes use of solar energy such as photovoltaics 

(PVs) to generate electricity and solar thermal energy to heat the aqueous medium. 

The use of this renewable energy improves the prototype’s environment, encouraging 

fauna and flora to flourish for human consumption. The prototype combines an intense 

vegetable and fish farming production system which has the ability to reduce water and 

land usage as compared to traditional farming methods.  

The system successfully yielded a healthy growth of leafy vegetables. Experiments 

showed that in four weeks’ time, lettuce grew 130 mm, ruby chard 170 mm, spinach 

180 mm, rocket 300 mm and cherry tomatoes 515 mm. Lettuce grew particularly quick 

in this system, where it took 35 days to mature to harvest compared to 50 days when 

grown by conventional farming methods. 

The fish growth was carefully monitored and compared to the Von Bertalanffy growth 

model with results indicating that the growth rate reduced to almost zero after about 

400 days, with the fish reaching a mass and a length of about 470 g and 27 cm, 

respectively, which conforms to the model’s predicted values of mass = 426 g and 

length = 27 cm. 

The PV system proved reliable and could sustain the load of 1352 Wh/day for the 

operation of the aquaponics pump and the four hours of night lights. The energy output 

from the stand-alone PV system was monitored over an eight-day period during the 

winter, whereby clear, cloudy and worst-case stormy weather was experienced.  An 

average energy of 1167 Wh/day was recorded for this period. This average slightly 

underperformed the design criteria of 1352 Wh/day; however, the shortfall was carried 

by the two days’ autonomy built in the batteries’ storage capacity. 

The design of the SWH system proved to be adequate during clear sunny days, but 

lacked capacity during adverse weather conditions (prominent in winter months). It was 

possible to maintain a temperature close to the required 29° C at the outlet of the 

collector during ideal weather conditions. Maintaining an average flow rate of 1.78 l/min 

proved adequate to allow most of the water (~750 l) to pass through the solar collector 
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in one day (~7 hours of sunlight). During winter months, the model predicted a smaller 

increase in temperature, where the temperature of the water could be raised from 15° 

C to an average of 19.1° C, with a maximum of 23.4° C just after midday. 

A pilot system (of which the design is not covered in this thesis) was erected at a low-

income community near CPUT: The Africa Community Project (ACP), a non-profit 

organisation, runs an early childhood development program (ECP) which caters for 125 

toddlers, youth and community members. The pilot system currently consists of 4 x 

1000 litres capacity fish tanks and a total grow-bed area of 18 m2. In spite of minor 

difficulties, it has yielded good crop growth and has been accepted as a significant 

activity by the community. The community supplies crops harvested from the pilot 

system, such as green and red leaf lettuce, spinach, mint and basis, to a company 

called Pure Good Food on a monthly basis.   

This research endeavoured to address the possibility of combining existing with new 

technologies to empower low-income communities. The research has led to the filing 

of an SA patent (PA161202P, filed on 17 August 2015). 
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CHAPTER ONE: INTRODUCTION 

1.1 Agriculture, energy and sustainable livelihoods in South Africa 

The South African Western Cape Finance Minister, in his budget speech, mentioned 

that economic growth and development is critical to improve living standards and socio-

economic conditions in South Africa (SA) (Meyer, 2018). The continuously growing SA 

population desperately needs a sustainable means of food production. 

In the agricultural sector, outdated farming methods are heavily dependent on synthetic 

fertilisers which reduce soil fertility (Mulvaney et al., 2009). The abuse of fertilisers can 

cause major damage to the environment. Fertilisers run off into rivers and pollute 

groundwater. Large doses of nitrogen are released into the atmosphere as nitrous 

oxide, a greenhouse gas 300 times more powerful than carbon dioxide. SA’s outdated 

farming methods are now heavily dependent on these synthetic fertilisers (Goldblatt, 

2011).  

In addition, SA’s agriculture is reliant on the scarce water resource which amounts to 

about 50% of the country’s capacity (SA Yearbook, 2008). As the recent drought in the 

Western Cape further exacerbated water scarcity, a more conservative approach to 

water usage for agricultural purposes needs to be addressed (Rawlins, 2019). 

New farming methods could require more energy input. SA’s energy producer Eskom 

is battling to supply the needs of the country with recent blackouts being a common 

occurrence (Fin24, 2019a). The power utility, reliant on burning fossil fuel, is struggling 

to keep abreast financially (Fin24, 2019b). It is imperative that focus be directed to the 

use of clean energy and educating people on the use of it. 

The bulk of SA citizens live under the breadline with few opportunities for education on 

producing sustainable livelihoods. Nako (2010) explains that there is an ever-

increasing need to encourage low-income communities to educate themselves in 

science and technology as well as about developing an industry and welfare without 

dramatically increasing the traditionally based fossil fuel energy consumption (Bah & 

Azam, 2017).  

It is therefore necessary to source alternate methods of farming that are more 

sustainable and environmentally friendly. The vision of the Cape Peninsula University 

of Technology (CPUT), which has been espoused by the author, is at the heart of 

technology education and innovation in Africa. The author wishes to create awareness 

in low-income communities about the effectiveness of renewable energy (RE) and the 

self-sustainability of alternate farming methods. The Modular Solar Powered 
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Aquaponics System (MSPAS) has the potential to harness RE in the form of solar 

thermal energy using photovoltaics (PV) panels. The MSPAS, the system under 

investigation, is enhanced by the usage of sustainable energy. 

1.2 Aquaponics 

Aquaponics can briefly be explained as a combination of hydroponics and aquaculture. 

The hydroponics unit is used to grow vegetables or plant life and the aquaculture unit 

is used for the breeding of aquatic organisms such as fish or shellfish (Goddek & 

Keesman, 2018). The fish and plants live together with symbiotic benefits that maximise 

the use of nutrients and minimize the waste of valuable resources such as water (Kyaw 

& Ng, 2017). According to Belton et al. (2014), fish cultivation through aquaculture has 

expanded rapidly in recent years. Aquaculture helps the smoothing out of seasonal 

variabilities in consumption. The hydroponics unit filters the water which contains the 

building blocks for the nutrients required by the plants, and in so doing, cleans and 

oxygenates the water for the aquaculture unit (Love et al., 2015). Aquaponics has the 

potential to alleviate the problem of poor food security. 

1.3 Food security 

Food pricing is vastly dependent on water, energy and food production cycles (Gulati 

et al., 2013). The value chain of food production, processing, packaging and distribution 

requires the input of energy and water. Environmental changes and constant increase 

in population growth impose heavy strains on these three resources (food, energy, 

water). Developing countries account for 95% of the world’s population growth. As SA 

is regarded as a developing country, the rise in food prices in the country is on par with 

the global trend (Merwe, 2011). SA is food self-sufficient, or near food self-sufficient, 

with the ability to import when shortcomings occur, but with the growth in population 

and rapid urbanization, food security is a growing concern (du Toit, 2011). 

Implementing MSPAS into rural or sub-economic communities in SA could alleviate the 

strain on energy, water and food resources. Teaching such communities about RE and 

new optimized farming methods such as aquaponics could usher in sustainable 

livelihoods. This would be beneficial in reducing poverty and the need for urbanization. 

Aquaponics has been around for many centuries: combining fish and vegetable 

production into an integrated system is far from new. Ancient precedents for integrated 

aquaculture include the Chinampas of Mexico and the integrated rice paddy systems 

across parts of Asia (Figure 1.1). 
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Figure 1.1: Ancient practice of aquaponics farming methods (Milkwood, 2014) 

The cycle of nutrients in aquaponics systems differs from traditional soil farming due to 

the presence of the fish. In aquaponics, fish supply the nutrients through their waste 

(faeces and urine). In a functioning aquaponics system, new supplemental nutrients do 

not need to be added as in traditional soil farming. More can be read on aquaponics 

from Graber and Junge (2009) regarding the nutrient recycling from fish waste water 

treatment by vegetable production. In recent times, aquaponics has grown in popularity 

as ‘backyard farming’ but more and more farmers are looking to upscale this to a 

sustainable financially viable option (Figures 1.2 & 1.3). 

 

Figure 1.2: Backyard aquaponics (Aquaponichowto, 2009) 

 

Figure 1.3: Commercial aquaponics (Aquaponichowto, 2009)  
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There are various types of aquaponics farming methods: root floating technique 

(RAFT); Nutrient Film Technique (NFT); and the ebb and flow media-filled grow-bed 

system. 

The RAFT employs floating Styrofoam wherein the plants are accommodated. This 

tank is normally separate from the fish tank. Water continuously circulates from the fish 

tanks, through filtration components, to the raft tanks. The beneficial bacteria live in the 

raft tank and throughout the system. The extra volume of water in the raft tank provides 

a buffer for the fish, reducing stress and potential water quality problems – one of the 

significant benefits of the raft system. 

The NFT grows plants in long narrow channels. A thin film of water continuously flows 

down each channel, providing the plant roots with water, nutrients and oxygen. As with 

the raft system, water flows continuously from the fish tank, through filtration 

components, through the NFT channels where the plants are grown and then back to 

the fish tank. A separate bio filter is required as the quantity of circulating water is 

minimal and not beneficial for bacteria to live in. In addition, the plumbing used in a 

hydroponic NFT system is usually not large enough to be used in aquaponics as 

clogging of pipes due to organic waste poses a problem. While NFT aquaponics shows 

potential, presently it is used less than the other two methods. 

A media-filled bed system uses gravel, perlite or another media for the plant bed. This 

bed is periodically flooded (also known as the ebb and flow technique) with water from 

the fish tank. The water is then siphoned back to the fish tank. All waste generated, 

such as fish excretion, uneaten food and other solids, is broken down within the plant 

bed. This method uses the fewest components and no additional filtration, rendering it 

simple to operate (Nelson & Pade, n.d.). 
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The media-filled bed system was employed in the prototype (Figure 1.4). Water is 

allowed to fill in the grow-bed until it touches the plant’s roots, then automatically 

siphons away. These cycles are continuously repeated, thus enticing the plant’s root to 

grow faster. 

 

Figure 1.4: Flood and drain (Hambrey, 2013) 

The flood and drain process is facilitated by a bell siphon which regulates water levels 

in the grow-bed. 

Bell siphoning uses principles of physics and atmospheric pressure; it does not need 

any external energy input (Japanaquaponics, 2019). Fox et al. (2010) describe how to 

make a bell siphon; these principles were applied to the one placed in the prototype 

grow-bed. The siphon action and water cascading across the grow-bed promote the 

oxygenation of the water which is required for the fish or aquatic species. 
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The bell siphon fitted in the prototype’s grow-bed consists of a both ends open vertical 

standpipe for the water to drain into (Figure 1.5). Around it is the bell pipe with slits for 

water flow at the bottom and an air tight cap on top. This outer pipe, called the siphon 

pipe, sits over the standpipe. Bell siphoning in aquaponics regulates the water height 

in the grow-bed. The standpipe determines the highest level the water can reach before 

it siphons. 

 

Figure 1.5: Bell siphon (Pattillo, 2017) 

Bacteria (Nitrosomonas and Nitrobacter) play an important role in aquaponics systems, 

as they are responsible for nitrifying ammonia (toxic to fish) into nitrate which is safe to 

consume by plants. The Nitrosomonas create nitrites from their consumption of the 

ammonia. However, Nitrites are still toxic to fish so Nitrobacter is needed, which 

consume the nitrites to create the nitrates, the nutrients required for plant growth to 

excel (Figure 1.6). 

 

Figure 1.6: Nutrient cycle (Somerville et al., 2014) 
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Many of the nutrients may take some time before they accumulate to significant levels 

in the system. When starting up an aquaponics system, it is important to choose plants 

or vegetables that are not high nutrient users. Leafy plants such as spinach, lettuce 

and spring onions have quick growth in aquaponics (Figure 1.7). The RSA and 

Department of Agriculture Forestry and Fisheries (2012) insist that tomatoes are the 

second most essential planted vegetable in South Africa after potatoes. Tomatoes 

contribute up to 24% of the total vegetables in the country, showing great potential for 

specialised aquaponics farming. 

 

Figure 1.7: Cherry tomato bush and leafy vegetables in aquaponics environment 

The aquaculture reservoirs of the prototype will house the fish. Rakocy et al. (2012) 

identify types of tilapia, koi, catfish, carp, shrimp and crayfish as suitable inhabitants in 

an aquaponics system. 

Tilapias are the most widely cultivated fish species reared in aquaponics systems 

(Rakocy et al., 2012; Love et al., 2015; Mchunu, Lagerwall & Senzanje, 2018b). Two 

species are available in SA, namely Nile tilapia (Oreochromis niloticus) and 

Mozambican tilapia (Oreochromis mossambicus). 
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Nile tilapia (Oreochromis niloticus), with a weight of approximately 79 g, are known as 

fingerlings. An adult tilapia will weigh approximately 813 g, taking about 28 weeks to 

reach this weight. The Nile tilapia species, intended for breeding, need the water to be 

in the range of  27-30° C for proper growth (Somerville et al., 2014). 

 

Figure 1.8: Nile tilapia (Somerville et al., 2014) 

Mozambican tilapia (Oreochromis mossambicus) can be found in all but fast-flowing 

waters as they grow well in standing waters. They are tolerant of fresh, brackish or 

marine waters and even higher salinity concentrations. They are a resilient species and 

can tolerate a wide range of temperate fluctuations from 15ºC to 42ºC (Skelton, 2001). 

 

Figure 1.9: Mozambican tilapia (Somerville et al., 2014) 

Water quality for these fish is important. The recommended practice is to keep the pH 

between 7.0 and 7.5, ammonia (<0.6 mg/l), Nitrite (<1  mg/l), temperature (24-29° C) 

and oxygen (4-6 mg/l) as described by Rakocy (1989) and Somerville et al. (2014).  
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1.4 Renewable energy 

The sun is one of the most predictable and reliable sources of RE available to Earth. 

According to Prasad and Snow (2005), it is estimated that one hour of solar energy 

received by the earth is equal to the total amount of energy consumed by humans in 

one year. This energy is eco-friendly and inexhaustible (Buker & Riffat, 2015). 

Ironically, though, sub-Saharan Africa has an abundance of RE resource yet only 30% 

of the population have electricity (Brew-Hammond & Kemausuor, 2009). Solar energy 

released by the sun is in the form of radiant light that can be harnessed using a wide 

range of technologies such as photovoltaics for electrical generation and solar thermal 

energy for heating.  

Energy radiated from the sun is split into visible light, infrared light and ultraviolet light. 

Irradiation, the measure of energy flow (energy density) of sunlight per unit of area, is 

measured in kilowatt hours per square meter. Location, season, weather conditions, 

and the amount of sunlight are all factors which affect solar irradiation (Liang & Xia, 

2005). One of the most promising renewable energy technologies is PV power. PV 

power is a means of producing on-site electricity from the sun without any concern for 

environmental harm. The focus on solar water heating and PV collectors will be 

discussed in more detail in the following sections. 

1.4.1 Solar energy: SA’s major renewable energy source 

SA is situated in one of the best sunspots on the earth, ideal for PV and concentrated 

solar powered (CSP) plants (Pan & Dinter, 2017). In fact, SA has one of the highest 

potential of solar energy at its disposal (Aliyu et al., 2018). SA receives eight to 10 

hours of sunshine per day. The DoE (2014) published that a nationwide average of 

2500 hours of sunshine per year yields 4.5 to 6.6 kWh/m2 of radiation. Global horizontal 

irradiation (GHI) is vital for energy yield calculations and performance for PV 

technologies. The GHI (kWh/m²/a or W/m²) is the total amount of irradiation, consisting 

of a direct (beam) and a diffuse (scattered) portion that reaches a horizontal area. The 

inclined GHI (global tilted irradiance – GTI) is used primarily for power approximation 

determinations related to a solar PV or a solar water heater (SWH) with a fixed inclined 

angle. The solar irradiance is represented by the GHI and/or the direct normal 

irradiance (DNI). The GHI for SA is in the region of 2 300 kWh/m²/a (Solargis, 2019), 

demonstrating the promising potential for high-yield use of PV and SWH systems  

(Figure 1.10). DNI is an important parameter for energy yield calculation and 

performance assessment of concentrating solar power (CSP) and concentrator solar 

photovoltaic (CPV) technologies. The DNI for SA is in the region of 2 900 kWh/m²/a. 
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This is important for global irradiation received by tilted or sun-tracking PV modules 

(Figure 1.11) (Solargis, 2019). 

 

Figure 1.10: Global horizontal irradiation for SA (Solargis, 2019) 

 

Figure 1.11: Direct normal irradiation for SA (Solargis, 2019) 

  



 11 

1.4.2 Historical and modern harvesting methods of solar energy 

Solar Heating: Long before PV was introduced, solar thermal energy was harvested 

by the Greeks in the 5th century B.C. They designed their homes to capture the heat 

of the sun’s rays during winter. In the 1760s, the Swiss scientist Horace de Saussure 

built a prototype insulated box with a glass cover which became the baseline for 

modern solar collectors used to heat water (Figure 1.12) (Butti & Perlin, 1980).The 

glass cover easily allows the radiation from the sun’s rays to pass through and a black 

body inside the box absorbs and transforms this radiation into heat energy which gets 

trapped in the insulated box. Some heat is lost by conduction through the glass cover. 

 

Figure 1.12: De Saussure’s hot box 1760’s (Butti & Perlin, 1980) 

Solar water heating, one of the most popular solar thermal systems, accounts for 80% 

of the solar thermal market worldwide (Wang et al., 2015). Modern solar flat plate 

collectors can operate at low to medium temperatures less than 100° C and can 

therefore be used for a wide variety of domestic hot water applications (Figure 1.13)  

(Kalogirou, 2004). The main component of the solar thermal system is the solar 

collector, also known as the solar water heater/collector (SWH).  

 

Figure 1.13: Schematic of modern flat plate solar collector (Alternative energy, 2019b) 



 12 

During the 20th century, the development of evacuated solar tube collectors proved to 

be a more efficient method for harvesting solar energy. This was achieved by 

minimising the heat losses caused by conduction and convection (Figure 1.14)  (Sabiha 

et al., 2015). The evacuated tube collector is generally more expensive due to a more 

complex manufacturing process than the flat plate collector. The evacuated tube 

collector, however, is more effective per unit area than the flat plate collector and 

requires a smaller installation area. 

 

Figure 1.14: Solar glass tube with vacuum envelope (Alternative energy, 2019a)  

Photovoltaics: PV is the conversion of light energy into electrical energy (Yilmaz et 

al., 2015; Sampaio & González, 2017). A typical PV system consists of solar panels 

comprised of a number of solar cells. PV, when operating, does not generate any 

pollution and creates no greenhouse gas emissions. The cells are largely manufactured 

from silicon which is in abundance in the Earth’s crust. 

Stand-alone and grid-connected PV systems have been in use since the 1990s. They 

were first mass-produced in 2000, when German environmentalists and the Eurosolar 

organisation received governmental funding for a ‘ten thousand roof’ programme (Palz, 

2014). Typical rooftop PV arrays are shown in Figure 1.15. Advances in technology 

and an increased manufacturing have reduced the cost while increasing the reliability 

and efficiency of PV installations (Swanson, 2006; Bazilian et al., 2013). 

 

Figure 1.15: Rooftop PV array (Yang et al., 2019) 
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The most common type of PV collectors available are mono-crystalline silicon, poly-

crystalline silicon and thin film amorphous silicon. Crystalline (mono- or poly-) PV 

panels are readily available for home and business use. These types of solar panels 

account for 90% of PV market share as opposed to the 10% market share for the thin 

film solar panels. While crystalline panels come in a variety of shapes and sizes, the 

rectangular shape is the most common (El Chaar et al., 2011). 

1.4.3 Orientation of solar energy collector panels 

The solar constant (energy from the sun per unit time received on a unit area) outside 

the atmosphere of the earth has been determined to be 1367 W/m2 with an uncertainty 

of about 1% (Duffie & Beckman, 2013). 

To get the maximum productivity out of solar energy, collectors must be angled towards 

the sun. The optimum angle varies throughout the year, depending on the seasons and 

location (Figure 1.16). 

 

Figure 1.16: Sun’s rays at summer and winter solstice (Schroeder, 2011) 

As the sun is continually moving throughout the day, to optimise the energy received it 

would be ideal to track the sun minute by minute. However, sun tracking devises are 

expensive and consume additional energy. If space is not a problem, the purchase and 

installation of more fixed panels would be a more cost-effective solution than tracking 

(Vermaak, 2014). 
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1.5 Research questions 

This research aims at answering the following questions: 

 Is the integration of renewable energy to power an aquaponics system possible? 

 Will the system be able to run sustainably off-grid? 

 Compared to conventional aquaponics, will the integration of renewable energy 

technology produce similar harvesting outputs? 

 Can this system be implemented in a low-income community and will it be possible to 

transfer technical aspects of the system’s operation so that the community can operate 

it autonomously?  

1.6 Statement of research problem 

Tessema et al. (2014) recognise the importance of access to sustainable energy in 

rural, sub-Saharan poverty-stricken populations. Globally, the traditional fishing 

industry is experiencing a downward trend, while aquaculture has increased over the 

recent past and is demanding more energy. Belton et al. (2014) contend that the growth 

of aquaculture activity reduces the pressure on fisheries and eases the problems 

associated with vegetable seasonal variety. 

This study will attempt to develop a modular solar powered aquaponics system 

(MSPAS) prototype, assembled using commercially available aquaponics and 

renewable energy equipment.  

1.7 Research aim and objectives 

The aim of the research was to demonstrate the amalgamation of solar energy and 

aquaponics systems for potential application in low income and remote communities in 

South Africa. 

The objectives in support of the research were as follows: 

Aquaponics: The concept of the aquaponics system was demonstrated. 

Photovoltaic electricity generation: Experimentally it was demonstrated that solar 

energy can provide sufficient electricity to supply the pump (water re-circulation 

system) and for night-time illumination with light emitting diodes (LEDs). 

Solar water heating: It was demonstrated that solar energy can provide thermal 

energy to improve the water temperature conducive to and beneficial for fish breeding. 
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Social: A pilot plant, placed in a low-income community, proved an adequate method 

of technology transfer and was accepted as an improvement in food security. 

1.8 Significance and justification of this work 

The research seeks to address the development of a sustainable and secure future for 

low-income communities in the Western Cape region of SA, which can then be 

expanded to other regions and nations. Considering the complex relationship between 

water, energy and food, it is imperative to find sustainable and affordable food 

production methods for SA (Gulati et al., 2013). Aquaponics powered with RE is one 

farming method that encompasses all of the attributes of the combination and could 

alleviate some of the problems associated with poverty and food security. 

Aquaponics is an evolving closed-system food production technology that integrates 

recirculating aquaculture with hydroponics. Rizal et al. (2018) refers to the benefits of 

aquaponics by discussing its social, environmental and economic impacts in different 

potential settings. He concludes that there are limited reliable empirical data available 

on energy use, accidents, repairs and social change pertaining to the technology.  

Mchunu, Lagerwall and Senzanje (2018a) suggest that aquaponics in SA is still at its 

infancy in terms of popularity and size of the productions systems. Lapere (2010) 

indicates that while aquaculture is the fastest-growing type of food production in the 

world, SA is lagging behind in efforts to boost the industry. It is accepted, however, that 

aquaponics has the potential to address food security challenges. According to Badiola 

et al. (2018), the main issues of recirculating aquaculture systems are poor designs 

and absence of skilled people taking responsibility for water quality and mechanical 

problems. The author sees this as an opportunity to work with a low-income community 

where such systems can be built and growth in expertise mutually developed. 

Fuller (2007) indicates that there has been a continued interest in using passive and 

active solar technologies to reduce the conventional energy required to maintain water 

temperatures in small recirculation aquaculture systems, but with little available 

information to guide the designers of such systems. One of the requirements in the 

aquaponics system is to maintain a good water temperature for the fish to grow; 

exploring solar heating technologies for this purpose would be valuable. 

RE systems, including electricity generation by using PV and solar water/environment 

heating, using various collector types in combination with aquaponics will be 

investigated. The optimisation of these collectors and integration of RE into aquaponics 

farming methods is novel and unique to low-income communities. 
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1.9 Delineation of the research 

The following delineations pertain to this research: 

 The research was exclusively focused on the technical aspects of the development of 

a prototype MSPAS and did not digress into the social study impacts of impoverished 

communities. The pilot system implemented in the community was with the assistance 

of the author; however, its design is not covered in this research, but a brief description 

of the performance and impact in the community appears in Chapter Five. 

 The quality of the produce, such as plants and fish, was not analysed and does not 

form part of this research. However, rudimentary experiments were conducted to 

showcase proof of concept. 

 The results of this research are only viable for the Cape Town region in South Africa; 

however, the methodology could apply to other regions. 

1.10 Ethical considerations 

The research encompassed the use of live fish and therefore animal ethical clearance 

was obtained at faculty and university levels (Appendices A & B).  

The concept requires fish to be added to the MSPAS. The transportation and 

environment of the fish need to be comfortable and conducive to minimise stress build-

up in the fish.  

Berka (1986) highlights a few conditions to be adhered to when dealing with the 

environment and transportation of live fish:  

 The fish required for transportation are to be healthy and in good condition. 

 The fish must be starved for at least a day prior to transporting. Fish with a full digestive 

track require more oxygen and produce excrement which consumes the dissolved 

oxygen in the water. 

 Water temperature differences should not be greater than 12-15° C with respect to 

species and size of fish.   

 Adequate levels of dissolved oxygen are critical for stress-free transport.  

 Good quality water is required when transporting fish. The stock density and time 

anticipated for transport both play a role in maintaining good quality water. Toxic 

ammonia and CO2 produced by the fish affect the pH level. Consequently, the water’s 
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pH levels should be monitored prior to and during the transport of fish, especially if long 

distances are involved. A pH level of about seven (7) to eight (8) must be maintained. 

The Belhar Community Centre is, currently farming with tilapia, has agreed to assist 

with the growth experiments of fish to be added to the MSPAS prototype at CPUT BV 

campus. This document will serve as a guideline for the transportation and welfare 

monitoring of the fish.  

1.10 Thesis outline 

The thesis comprises six chapters as outlined below: 

Chapter One: Consists of a general introduction and background information about 

RE resources on Earth and more specifically in SA. There are also introductions into 

the historical background of the two technologies, RE and aquaponics. Various 

components are identified and explained. It also describes the motivation for the work 

and objectives of this thesis. Literature reviewed are intertwined throughout the thesis 

when pertinent to the research conducted.  

Chapter Two: Contains the description of the MSPAS and the design of the 

components for the prototype. 

Chapter Three: Consists of the experiments conducted when testing some of the 

components of the prototype, the overall performance of the MSPAS and the results 

obtained thereof. 

Chapter Four: Consists of the discussion of experimental results. 

Chapter Five: Describes the engagement of the low-income community during the 

implementation of the pilot MSPAS and contributions made to scholarly and general 

communities. 

Chapter Six: Consists of the conclusion and recommendations. 
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CHAPTER TWO: DESCRIPTION OF THE MODULAR SOLAR POWERED 

AQUAPONICS PROTOTYPE AND THE DESIGN OF ITS COMPONENTS 

2.1 Aquaponics prototype section’s design 

The MSPAS consists of aquaponics (aquaculture and hydroponics) and renewable 

energy (RE) modules. 

The following section presents a brief understanding as to what is required to design 

an aquaponics system, building on the development of the prototype. This study does 

not cover an in-depth analysis of nutritional development of the plants and fish. Instead, 

the emphasis is on the enhancement of the system’s sustainable energy usage applied 

to aquaponics.  

A brief description of the prototype aquaponics design follows. Aquaponics farming 

methods can be complex as fish have different nutrient requirement to that of plants. It 

is important to balance the amount of fish and fish feed with the hydroponics area 

(Lennard, 2012). Rakocy et al. (2012) and Lennard (2012) address the nutrient flow in 

aquaponics solutions. The conversion of fish waste generated by bio fluid excretion to 

nutritional base for the plants is described by the microbial component responsible for 

the nitrogen transformation process. This process allows the cleansing of the water by 

transforming ammonia into a nitrate form suitable for plant uptake (Mchunu, Odindo & 

Muchaonyerwa, 2018). 

 Aquaculture section:  

As illustrated in the schematic and the isometric view, the components numbered (in 

brackets) comprise the aquaculture section (Figures 2.1 & 2.2).  

The design embodies an aquaculture section consisting of two 500 litre reservoirs 

which are used for breeding fish. The top reservoir (1) also known as the grow-out tank 

can hold 500 litres of water with an overflow that leads to the grow-bed. This reservoir 

is used as a grow-out tank for larger fish. The bottom reservoir (2) also known as the 

sump tank contains a minimum of 250 litres of water, which increases after the siphon 

effect takes place in the grow-bed (6). The water, which increases to about 400 litres 

in the sump tank after every siphon, is continuously pumped from the sump tank to the 

grow-out tank via the submersible pump (5). The sump tank is used to grow fingerlings 

to a large enough size before placing them into the grow-out tank. 

The two reservoirs are connected by means of pipes. Reservoir (1) is fitted with a float 

valve (3) which is used to provide make-up water to the system when required. The 
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water to the system is provided via the municipality’s mains. Once the system is filled 

to capacity, it operates as a closed looped system whereby the submersible pump (5) 

located in the sump tank (2) pumps water continuously to the grow-out tank (1). The 

flow rate is controlled by a valve (7) located at its exit. The stand-pipe (4) in reservoir 

(1) allows for the overflow of the water, carrying the dissolved waste of the fish to the 

hydroponics grow-bed filtration unit (6). In other words, this overflow water carries the 

relevant building blocks for developing nutrients to support and stimulate plant growth. 

Solid waste generated by the fish, together with the unconsumed excess food which 

concentrates at the bottom of the reservoirs, can also be removed by drain valves 

located at their base. This excess waste can be manually redistributed to the grow-bed 

(6). The reservoirs (1 & 2) can be insulated with any suitable insulation material (not 

shown on the schematic, Figure 2.1). The insulation limits the energy expended to heat 

the water in maintaining temperatures that facilitate fish growth. The open tops allow 

for oxygen absorption through the water surface and access to the aquatic species for 

their feeding and growth monitoring. Reservoir (1) requires temperature control 

whereby heating is provided by a flat plate solar water heater (SWH) (10). The water 

circulates directly through the SWH. The temperature is controlled by a valve (11) 

located at its exit which can regulate the flow rate and thus control the water’s 

temperature. Thermocouples are attached to measure and monitor temperature 

variations within the system. 

 

Figure 2.1: Aquaponics system schematic 
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Figure 2.2: Aquaponics Isometric view (some components omitted for clarity) 

 Hydroponics section  

The grow-bed (Hydroponics filtration unit) (6) consists of a reservoir 1.2 m x 1.8 m x 

0.5 m deep (standard cattle trough) which is filled with lightweight expanded clay 

aggregate (LECA) to an approximate height of 300 mm. The LECA has a low bulk 

density between 300 to 600 kg/m3 and tends to float when flooded with water. A 50 mm 

layer of building stone (19 mm) covers the LECA to weigh it down. 

The grow-bed (6) filters the water that is re-circulated by gravity back to the sump tank 

(2). A covering (9) made of metal straps supporting a transparent material over the 

grow-bed creates the greenhouse effect suitable for stimulating plant growth. The 

cleansed water is siphoned from the hydroponics grow-bed (6) via the bell siphon (8) 

into the sump tank (2). 

This conditioning and recycling of water minimises the loss of the valuable (water) 

resource. The pump required to circulate the water is powered by electricity generated 

by harvesting solar energy. 
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2.2 Renewable energy section’s design: optimisation and sizing 

While developing the prototype, the focus was on how to optimise and size the 

renewable energy section (RE), which consisted of PV panels, the SWH and 

associated equipment. 

The concept of the prototype integrates the use of solar energy and employs 

technology such as photovoltaics (PV) to generate electricity, and a flat plate collector 

to heat the water as illustrated above in the schematic diagram and the isometric 

drawing (Figures 2.1 & 2.2). 

The flat plate SWH (10) is connected to the grow-out reservoir (1) to supply heat for 

the water. Two PV modules (12) are coupled to a battery bank consisting of deep cycle 

12 V batteries (14). The controller (13) regulated the charge to the deep cycle batteries 

(14). An inverter (15) delivers the necessary power to the pump (5) and during the night 

for lights (16) suspended over the fish reservoirs to attract insects, the natural food for 

the fish when caught on the water’s surface. 

By powering the system with RE, it could be located where grid power is not available; 

however, if necessary, it would operate when connected to the conventional grid. 

In accordance with recommendations, the following factors were considered when 

designing the stand-alone PV system. However, some of these factors apply to the 

SWH and its associated equipment, i.e. the entire RE module (Wang & Lu, 2015). 

 The location and conditions of the environment where the system is located, regarding, 

for example, sufficient exposure to solar radiation. 

 The number of hours per day for the system’s operation. 

 Whether the output voltage required from the PV should be AC or DC. 

 The power demand (including losses) to size the system accordingly. 

 A decision on the amount of energy that should be stored (in batteries) to allow for 

conditions of un-available solar radiation. 

 The selection of a charge controller to protect the batteries. 

 The selection of the inverter to convert DC to AC. 

 The electrical cable size requirement. 
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2.2.1 Optimising the solar energy collectors’ orientation for Cape Town 

It would be Ideal to continuously adjust the orientation of the solar collectors, tracking 

or facing the sun throughout the year, to optimise the collection or harnessing of the 

available solar energy.  

The governing equations to obtain optimum angles for the PV panels and the SWH to 

face the sun have been dealt by a number of researchers (for example, Duffie & 

Beckman, 2013). The author chose a more direct and user-friendly method. 

Using an online solar calculator, the following optimal solar noon conditions were 

determined for the Cape Town area, showing the sun’s height on a monthly basis 

(Table 2.1 & Figure 2.3) (solarelectricityhandbook, 2019).  

Table 2.1: Tilts for solar panels Cape Town, north facing (in degrees from the vertical) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

72° 64° 56° 48° 40° 32° 40° 48° 56° 64° 72° 80° 

 

 

Winter 

 

32° angle 

 

Spring/Autumn 

 

56° angle 

 

Summer 

 

80° angle 

Figure 2.3: Optimum seasonal angles for Cape Town (solarelectricityhandbook, 2019) 

To determine the annual optimum tilt angle for Cape Town, a weighted average of the 

seasonal angles was taken with the conservative approach to favour winter.  The 

calculation resulted in an angle of inclination with respect to the vertical of 52.7° 

(Appendix C).  The angle is very close to 50° (with respect vertical) obtained by Bekker 

(2007) for achieving the highest minimum daily energy (HMDE) through the year for 

Cape Town. Based on the calculation and Bekker (2007), the solar energy collectors 

of the MSPAS prototype were positioned at 50° (relative to the vertical). This angle also 

favoured the design of the prototype, keeping it compact and modular.  

Tracking would require considerable expense which could be a burden to low-income 

communities during the start-up phase. Instead, it was decided orientate the solar 

collectors at a fixed angle (Figure 2.2). 
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A basic tracking mechanism was developed for testing the prototype that could bolt 

onto the existing MSPAS frame should it be required at a later stage. At the time of 

testing, it was decided to place the experimental apparatus at an angle an of 30° to the 

horizontal which was in line with harnessing the highest yearly energy (HYE) for this tilt 

angle in Cape Town (Bekker, 2007). This angle would be more favourable should 

tracking be applied.  

 Components of the tracking mechanism 

The tracking mechanism consists of the frame, motor drive (adapted 12 V car jack 

components), channel relay board, an Arduino programmable microprocessor, light 

sensor, two limit switches and a 12 V DC power supply. Figure 2.4 illustrates how the 

control components are connected for the tracking mechanism. 

 

Figure 2.4: Schematic illustration of the tracker control system 

 The frame of the tracking mechanism 

The frame can be mounted on the existing structure (Figure 2.5). It consists of a metal 

structure that allows for unilateral solar tracking. The lifting/top frame is for mounting 

the PV module which is hinged to the base frame. The tracking motion is powered 

through the adapted 12 V car’s jack, driving the threaded screw which is controlled by 

Arduino equipment. 

 

Figure 2. 5: Tracking frame 
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 Powering the motion of the tracking mechanism 

The 12 V DC car jack was dismantled and its electric motor was incorporated in the 

tracking mechanism. The car jack comes standard with a 1:52 reduction gearbox 

capable of moving the top frame when tracking the sun (Figure 2.6). The motor’s 

maximum working current is 10 A which is supplied from the battery bank via the relay 

board. The motor’s rotational direction is controlled through this relay board by 

switching the polarity of the power supplied to the motor terminals when the tracker’s 

top frame must move up or down. The drive screw push and pulls the caster and link; 

its action swings the top frame around the pivotal hinge point (Figure 2.5). The manual 

crank handle is supplied as standard equipment in case of prolonged power failure or 

equipment malfunctioning. 

 

Figure 2.6: Motor drive 

 The relay board 

The relay board consists of four relays (Figure 2.7). The relays require a small five V 

signal at 30 mA to activate the contacts, which are rated at 12 V and 10 A. The signal 

voltage is sent directly from the Arduino microprocessor. The four relays are used to 

switch the high voltage, high current electrical supply from the battery bank to the 

electric motor. Two of the relays switch the negative power supply and two relays switch 

the positive power supply.  
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By cross wiring the relay outputs to the motor driver’s terminals, it was possible to 

activate one pair of relays to drive the motor clockwise and the other pair of relays to 

drive the motor anti-clockwise. 

 

Figure 2. 7: Relay board 

 The Arduino microprocessor 

The Arduino microprocessor was programmed to read the signals from light sensors 

and limit switches, and based on a logic sequence, send output signals to the relay 

board to move the motor clockwise, anti-clockwise or not at all (Appendix D, open 

source code). 

 

Figure 2.8: Arduino uno board (Badamasi, 2014) 

 The light sensors 

The light sensor is a set of two photo resistors separated by a partition that will cast a 

shadow on one of the photo resistors if the sensor is not perfectly aligned with the sun 

(Figure 2.9). If one photo resistor sees more sunlight than the other, the signal from the 

sensor to the Arduino microprocessor will be unbalanced and therefore the Arduino 

microprocessor will know which direction to move the motor until the light sensor signal 

is balanced again. 
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Figure 2.9: Light sensor and its positioning on the PV panel 

The two photo resistors are connected to the Arduino’s five V power supply in parallel 

(Figure 2.10). Directly after each photo resistor, a ‘signal’ wire branches off to two of 

the Arduino’s analogue inputs. This signal allows the Arduino to read and compare the 

voltages after each photo-resistor. A standard 10K resistor is connected after each 

photo resistor to protect the Arduino from short circuit in the case of the photo resistor’s 

resistance being low when exposed to intense sunlight. 

 

Figure 2.10: Internal wiring of the light sensor 

 The limit switches 

Two limit switches are used in the system to send signals to the Arduino. This indicates 

to the Arduino when the tracker is fully open or fully closed (Figure 2.11). The limit 

switch has a set of normally closed contacts and a set of normally open contacts. The 

positive power cables that supply the motor with power from the relays run through the 

normal close contacts of the limit switches; therefore, when the limit switch is activated 

it breaks the circuit feeding power to the motor drive. The motor stops closing or 

opening when it reaches the limit. The normally open contacts send a low voltage signal 

to the Arduino microprocessor when the limit switch is activated. This signal is used in 

the programme code to stop sending opening or closing signals to the relay board. 
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Figure 2.11: Showing the connection on the limit switches 

 The power supply 

The MSPAS battery bank consists of a 24 V bank made up of four 12 V batteries, two 

pairs connected in series and then connected in parallel. To power the motor, a supply 

from the battery bank connections between the two batteries in series produce 12 V. 

  



 28 

2.2.2 PV system design  

In order to maintain a symbiotic relationship between the plants and fish, the 

requirement of constant circulation of water in the aquaponics section was provided by 

using a 55 W submersible pump. Two four (4) W light emitting diode (LED) lights were 

positioned over the aquaculture tank. These lights operated for a period of four hours 

nightly.  

The submersible pump chosen, which requires a power supply from a 220 voltage, is 

readily available, reliable, robust and cost effective. The only disadvantage of choosing 

AC equipment is that an inverter is required. However, it was imperative to use reliable 

technology to minimise the risk of failure and fatality to the fish, which would happen if 

the circulation of water failed and dissolved oxygen ran out.  

 Sizing of the PV array 

Solar irradiance/radiation: The quantity of power per unit area coming from the sun 

is known as irradiance. The energy produced by a photovoltaic module is directly 

related to the availability of solar energy, which in turn is dependent on geographical 

location (El Mays et al., 2017).  

In sizing the PV system, the sum of the electrical energy load, supplemented by the 

various losses described in Table 2.2, was required. The minimum number of irradiation 

hours available to meet this requirement was chosen as the shortest daylight hours 

during winter months.  

 Electrical load 

Pump:  55𝑊 × 24ℎ = 1320 𝑊ℎ 

LED Lights: 4𝑊 × 2 × 4ℎ =  32 𝑊ℎ 

( 𝐿𝑅) =  1320 +  32 =  1352 𝑊ℎ  

Where:  𝐿𝑅  is the total Watt hour load required per day. 
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 Considering the various losses from PV panels 

Temperature losses: The high temperatures that the PV panels attain are mainly due 

to exposure to high solar radiation and heat absorbed from the ambient surrounds 

(Michael et al., 2015). PV panels are normally specified at 25° C and radiation at 1000 

W/m2 (Ceylan et al., 2014; Micheli et al., 2015). The cell voltage decreases by 

approximately 2.2 mV with every 1° C increase in temperature. The efficiency of the 

crystalline PV energy generating cells drops by 0.5% (Moharram et al., 2013). For 

crystalline modules, a typical temperature reduction in efficiency could be in the range 

of 11% (Court & Ramon, 2001). 

Soiling of the PV panels: Dust accumulation, leaves, bird droppings and dirt can 

cause soiling of solar panels. This accumulated dirt causes shading of the cells and 

thus reduces the available power generation. Annual losses caused by this soiling 

range from 1.5 to 6.2% depending on the location of the PV plant (Maghami et al., 

2016). 

Tilt losses: The energy output from a PV module, made from crystalline silicon cells, 

is maximum if the sunlight is incident with a perpendicular angle on it (Maghami et al., 

2016; Loschi et al., 2015). Some of the most important factors potentially impacting the 

output from the PV systems are dependent on the installation of their components. For 

example, some are related to the cables, the orientation of the panel and the mismatch 

of equipment. These losses should be kept at minimum, but it is difficult to keep them 

below 3% for any PV system. An average reduction factor for these losses is 95% 

(Court & Ramon, 2001).  

Ageing or degradation losses: Manufacturers of PV panels (crystalline silicon 

modules) typically provide a warranty period ranging from 20 to 25 years (Kuitche, 

2013). Manufacturers consider a PV module degraded when its power reaches a level 

below 80% of its initial power (Wohlgemuth et al., 2005). Considering degradation as 

an output loss factor, which will only become a full reality at the end of a warranty 

period, is in fact over sizing the panel at the design stage. 
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The PV loss factors are summarised Table 2.2. 

Table 2.2: Photovoltaic loss factors 

 Efficiency Losses 

Temperature loss 0.89 11% 

Soiling 0.94 6% 

Tilt 0.95 5% 

Ageing 0.80 20% 

Using the information listed in Table 2.2, the PV total loss factor was determined: 

𝑃𝑉 𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 = 0.89 × 0.94 × 0.95 × 0.8 = 0.64 

 PV generator factor 

The PV generator factor (𝑃𝑉𝑔𝑓 ) taking into account losses and average daylight hours 

of irradiation (normally during winter months) was determined using Equation 2.1. 

𝑃𝑉𝑔𝑓 = 𝑆𝑙 × 𝑇ℎ𝑟𝑠     (2.1) 

Where:  𝑃𝑉𝑔𝑓  PV generator factor 

𝑆𝑙   PV losses factor 

𝑇ℎ𝑟𝑠  Average daily winter irradiation hours (5.5 hrs) 

𝑃𝑉𝑔𝑓 = 0.64 × 5.5 = 3.35 

 Determining the number of PV panels 

The total power required from the PV panels was determined using Equation 2.2. 

𝑃𝑎 =
𝐿𝑅

𝑃𝑉𝑔𝑓
      (2.2) 

Where:  𝑃𝑎   Total array power required 

𝐿𝑅  Load required per day 

𝑃𝑉𝑔𝑓  PV generator factor 

The total power required of the PV panel was determined 

𝑷𝒂 =
𝟏𝟑𝟓𝟐

𝟑.𝟑𝟓
= 𝟒𝟎𝟑. 𝟓𝟖 𝑾. 
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The number of panels required was determined by dividing the total power required by 

the power available for the selected PV panel. The commercially available PV panels 

have a nominal output power of 235 Wp. Table 2.3 shows the selected PV panel 

specifications. 

𝑃𝑛 =
𝑃𝑎

𝑊𝑝
      (2.3) 

Where:  𝑃𝑛  Number of panels required 

𝑃𝑎   Total power required 

𝑾𝒑 PV panel’s rated power 

From Equation 2.3, the number of PV panels required is as follows: 

𝑷𝒏 =
𝟒𝟎𝟑. 𝟓𝟖

𝟐𝟑𝟓
=  𝟏. 𝟕, 𝒉𝒆𝒏𝒄𝒆 𝒔𝒆𝒍𝒆𝒄𝒕 𝟐 𝒑𝒂𝒏𝒆𝒍𝒔 

Table 2.3: Selected PV panel specifications 

Rated power (Pmax) 235 Wp 

Rated voltage (Vmp) 30 V 

Rated current (Imp) 7.83 A 

Open circuit voltage (Voc) 37 V 

Short circuit current (Isc) 8.25 A 

 

 Battery sizing 

Deep cycle batteries: In this application, deep cycle batteries were used to store and 

supply energy when required.  

Flooded lead acid batteries, the more common battery type, have been developed for 

more than 150 years. Having proven their reliability in the automotive industry, they 

have found their way into renewable energy storage systems. In applications similar to 

this one, the use of deep cycle batteries is prominent but it does have drawbacks. 

During the charge cycle, these batteries vent hydrogen and oxygen gasses to the 

atmosphere and therefore need to be topped-up with distilled water on a regular basis, 

therefore requiring constant maintenance (Tantichanakul et al., 2013). More modern 

types incorporate valve regulated lead-acid batteries (VRLA) which are sealed 

batteries. These batteries have pressure-relieve valves that allow gases to escape 

when internal pressures are exceeded. Gases are recaptured during the charge cycle 
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and recombined with the electrolyte, minimising water losses (Tantichanakul et al., 

2013). VRLA batteries were the obvious and clear choice. 

Maintaining the correct state of charge (SoC) is important as the life of the battery is 

dependent on it (Marom et al., 2015). The life span of a battery is determined through 

its depth of discharge. The depth of discharge is the fluctuation between the 

discharging and charging of the battery from fully charged to 20% discharge and vice 

versa. As the depth of discharge increases, subsequently the life of the battery 

decreases. The standard depths of discharge vary: in practice the common rate of 80% 

for deep cycle batteries could give a seven to eight year life expectancy (El Shenawy 

et al., 2017). For the selected VRLA battery, the depth of discharge of up to 70% is 

feasible (Appendix E). Battery loss factors range from 80 to 85% (Kulworawanichpong 

& Mwambeleko, 2015; El Shenawy et al., 2017). 

The calculation for the battery was done with the provision of two days of autonomy. 

Batteries are assumed to be fully charged at the start-up. During adverse weather 

conditions (the charge will be minimal due to low solar irradiation) or possible mishaps 

such as failure of ancillary equipment, the battery will be able to supply power for two 

days without receiving any charge. In the work of Kulworawanichpong and 

Mwambeleko (2015), one of the arguments was that it would be uneconomical to 

design a rural stand-alone PV house system for two or three autonomous days since 

there will always be sunshine available to supply charge to the batteries throughout the 

year. However, in the case of the MSPAS, the lives of the fish are at stake. The author 

has therefore decided to apply two days of autonomy to rectify a mishap or find an 

alternative power source.  

Battery calculation (24 V output): 

 Assumed two days of autonomy  

 Load of 1352 Wh/day as previously determined 

 Depth of discharge of 70% (Appendix E) 

 Battery loss factor of 80% (Kulworawanichpong & Mwambeleko, 2015) 

𝐼𝐵 =
𝐿𝑅

𝐿𝐵×𝐶𝐷×𝑉𝑛𝐵
× 𝑛𝑎𝑑     (2.4) 

Where:  𝐼𝐵  Battery capacity in Ah 

𝐿𝑅  Total Watt-hours per day used by appliances 

𝐿𝐵  Battery loss factor 

𝐶𝐷  Depth of discharge 
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𝑉𝑛𝐵  Nominal battery voltage 

𝑛𝑎𝑑   The number of days of autonomy (number of days that the 

system operates should there be no power produced by the PV panels) 

The battery capacity required for the 24 V system was found to be as follows: 

𝑰𝑩 =
𝟏𝟑𝟓𝟐

𝟎.𝟖 𝑿 𝟎.𝟕 𝑿 𝟐𝟒
× 𝟐 =   𝟐𝟎𝟏 𝑨𝒉. 

Readily available VRLA lead-acid deep cycle batteries rated at 12 V and 100 Ampere 

hours were selected. The schematic diagram in Figure 2.12 depicts a typical 12 V 

batteries set-up for a 24 V 200Ah output. 

 

Figure 2.12: Typical 12 V batteries set-up for 24 V 200 Ah output 

 Charge controller selection 

The success of any off-grid PV system depends to a large extent on the long-term 

performance of the batteries. For a system to operate well and have a long lifetime, the 

batteries must be charged properly and maintained at a high level of charge. A charge 

controller’s function is to regulate the voltage and current from the solar arrays to the 

battery to prevent overcharging and over discharging (Kulworawanichpong & 

Mwambeleko, 2015). According to Leonics  (n.d.), a microgrid expertise specialist 

company, the standard practice for sizing a solar charge controller is to take the short 

circuit current (𝐼𝑠𝑐) of the PV array and multiply it by 1.3. (system losses are taken to 

be 30%). 

The charge controller size was determined using Equation 2.5. 

𝐼𝑐𝑐 = 𝑛𝑝𝑣 × 𝐼𝑠𝑐 × 1.3     (2.5) 

Where: 

𝐼𝑐𝑐   Charge controller’s rating 

𝑛𝑝𝑣  Number of PV panels  



 34 

𝐼𝑠𝑐   Short circuit current of the PV array/panel (Table 2.3) 

1.3 Energy lost in the system standard practice (Leonics, n.d.) 

The capacity that the charge controller required was found to be: 

𝐼𝑐𝑐 = 2 × 8.25 × 1.3 = 21.45 𝐴. 

A standard 24 V charge controller was selected that could handle 30 A. 

 Inverter selection 

An inverter was included in the stand-alone solar PV system to convert the DC into AC 

electricity. The inverter must meet two requirements: peak (or surge) power and 

continuous power. Some appliances, particularly those with electric motors, need a 

much higher power level at start-up than they do when running (Foster & Ghassemi, 

2010). 

The inverter size should be 25-30% bigger than the total Watts of appliances. In case 

of an electric motor or compressor, the inverter size should be a minimum of three 

times the capacity of the appliances and must be added to the capacity of the inverter 

to handle surge current during starting (Leonics, n.d.). 

The total wattage that the inverter would require to maintain the electrical load had to 

be determined. A start-up rating of three (3) was assigned to the class of machine 

(centrifugal pump) in use in the system; this accounts for the momentary spike in power 

required to start the pump. The efficiency of the inverter was assumed to be 90% 

(Fouad et al., 2017). 

Pump power: 𝟓𝟓 𝑾 ×  𝟑 (𝒔𝒕𝒂𝒓𝒕𝒖𝒑 𝒓𝒂𝒕𝒊𝒏𝒈) =  𝟏𝟔𝟓 𝑾 

Lights:  𝟒 𝑾 × 𝟐 × 𝟏. 𝟑 = 𝟏𝟎. 𝟒 𝑾 

Where 1.3 is the industry practice/system loss (Leonics, n.d.) 

The inverter size was determined using Equation 2.6 

𝑃𝑖 =
∑ 𝑃𝑇

𝜂
      (2.6) 

Where:  𝑃𝑖 Inverter’s power 

𝑃𝑇  Watts used per day by the equipment 
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assuming/applying an Inverter efficiency of 90%: 

𝑷𝒊 =
𝟏𝟔𝟓 + 𝟏𝟎. 𝟒

𝟎. 𝟗
= 𝟏𝟗𝟓 𝑾 

A standard 200 W inverter which can accept 24 V direct current supplied by the battery 

bank and deliver an output of 220 V and alternating current at a frequency of 50 Hz, 

would suffice. A 1500 W invertor was secured which was greatly oversized; however, 

this inverter was reasonably priced and readily available. 

 The power cable sizing for the PV system 

Selecting the correct size and type of wire would enhance the performance and 

reliability of the PV system. Voltage drop through incorrectly sized cables is one of the 

most common faults of an electrical system.  

The cross sectional area of the DC cable was determined by using the online calculator 

for the various components, as described in Table 2.4 (Solar-wind, 2019). Sizing is 

based on maximum cable length and electrical current requirements. 

Table 2.4: PV panel specifications 

Cable size between PV 

and charge controller 

𝑰 = 𝟐𝟏. 𝟒𝟓 𝑨 𝒍 = 𝟏. 𝟓 𝒎 𝑨𝒄 = 𝟒 𝒎𝒎𝟐 

Cable size between charge 

controller and battery 

𝑰 = 𝟑𝟎. 𝟎𝟎 𝑨 𝒍 = 𝟏. 𝟓 𝒎 𝑨𝒄 = 𝟒 𝒎𝒎𝟐 

Cable size between battery 

and inverter 

𝑰 = 𝟔𝟗. 𝟒𝟒 𝑨 𝒍 = 𝟏. 𝟓 𝒎 𝑨𝒄 = 𝟏𝟎 𝒎𝒎𝟐 

Cable size between 

inverter and the AC load 

𝑰 = 𝟔. 𝟖𝟐 𝑨 𝒍 = 𝟑 𝒎 𝑨𝒄 = 𝟏 𝒎𝒎𝟐 
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2.2.3 SWH design 

The temperature of the water for the tilapia fish to grow optimally is between 25 to 30° 

C (Elfeky, 2019). To improve the control of the temperature of the water, a conventional 

flat plate solar energy collector was selected (Table 2.5) based on a readily available 

SWH that could fit the prototype. The design covers the performance of this SWH, 

taking into consideration a typical day in summer and winter. The initial calculations 

were used to predict the performance of the collector by considering thermosiphon 

induced flow through the collector. The results proved that the temperatures required 

were obtained during summer with a slight improvement of the water temperature 

during the winter months (further expanded in the paragraphs below Figure 2.13). 

According to Rakocy et al.  (2004), fish consumed more feed at 29° C as opposed to 

24° C (U.S. Virgin Islands summer and winter water temperatures). It was decided to 

use forced (pumped) water supply, regulating the flowrate to obtain the required 

constant 29° C output from the SWH. 

Table 2.5: Flat plate solar collector specifications 

Part number SBS1.5 V 

Appeture mrea 1.45 m² 

Dimensions (L x W x H) (mm) 1840 x 840 x 76 

Absorber Copper - ultrasonically welded 

Header material 22 mm copper tube 

Riser material 9.53 mm copper tube 

Glass cover - low iron clear 

tempered glass 

4 mm 

Frame 0.65 mm aluminium grade 5052 

Insulation 50 mm glass wool 

Absorber coating Selective black chrome coating 

 

 SWH flat plate collector performance 

The following section deals with the prediction of the performance of the chosen SWH. 

By making use of existing software such as PVSyst v6.5 and Kolektor v2.2, data was 

obtained for the ideal summer and winter day. A summer day is characterised with high 

irradiation and low-moderate wind speeds whereas a winter day has low irradiation and 

high wind speeds. 
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 Meteorological Data 

Meteorological input data for summer and winter was obtained from the PVSyst (Tables 

2.6 & 2.7). This software provides typical hourly ambient temperatures and wind 

speeds and is able to compute GHI on an inclined plane (40° to the horizontal) over a 

12-hour period. 

Table 2.6: Summer day with high irradiation and low-moderate wind 

Time 

Solar 
irradiation 

(W/m2) 

Ambient 
temperature 

(° C) 

Wind 
speed 
(m/s) 

6:00 66,7 15,3 1,6 

7:00 201,2 16,8 1,2 

8:00 444,1 18,5 2,2 

9:00 668,1 20,2 2,9 

10:00 848,8 21,7 4,2 

11:00 962,7 23 4,5 

12:00 999,1 24,1 4,2 

13:00 967 24,9 3,4 

14:00 866,5 25,3 3,4 

15:00 700,5 25,5 3,6 

16:00 482,1 25,2 3,8 

17:00 241,9 24,6 4,8 

18:00 74,7 23,6 4,3 

Table 2.7: Winter day with low irradiation and high wind 

Time  

Solar 
irradiation 

(W/m2) 

Ambient 
temperature 

(° C) 

Wind 
speed 
(m/s) 

6:00 0 11,6 6,4 

7:00 0,7 11,9 8,6 

8:00 31,6 12,2 6 

9:00 64,4 12,6 7,3 

10:00 105,8 13,3 7,9 

11:00 139,2 13,9 7,9 

12:00 116,8 14,1 6,9 

13:00 246,4 14,8 6,6 

14:00 191,5 15,2 6,6 

15:00 165,2 15,3 7,3 

16:00 76 15,1 7,6 

17:00 35,7 14,8 7,6 

18:00 0,3 14,8 6,9 

 

 Kolektor 

The data from PVSyst, together with dimensions and characteristics of the SWH, were 

the input for the Kolektor software to compute the heat transfer loss coefficients for 

conduction, convection and radiation (Matuska & Zmrhal, 2009) (see Appendix F for 

Kolektor details). Also, the following conditions for the system and environment were 

included as input data: 
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A constant mass flow rate of 0.008 kg/s (Hamed et al., 2014) 

A constant inlet water temperature of 20° C for summer and 15° C for winter 

A constant relative humidity of 66% for summer and 70% for winter  

 SWH’s performance prediction 

From the results obtained through the use of the Kolektor and PVSyst, results could be 

predicted, firstly by making use of the steady-state energy balance Equation 2.8: 

𝑄𝑢 = 𝐺𝐴𝑎(𝜏𝛼) − 𝑈𝑡𝐴𝑔(𝑇𝑎𝑏𝑠 − 𝑇𝛼) −  𝑈𝑏𝐴𝑏(𝑇𝑎𝑏𝑠 − 𝑇𝑎)  (2.8) 

Where:  𝑄𝑢 Useful energy gain of the SWH 

𝐺  Solar radiation absorbed by the solar collector (W/m2) 

𝐴𝑎 Aperture area, 𝐴𝑏 is the bottom area; A𝑔 is the gross area of the 

collector (m2) 

𝜏 Solar radiation transmittance of the collector’s cover (glazing) 

𝛼 Solar radiation absorptance of the collector’s absorber 

𝑈𝑡  ,  𝑈𝑏 Top and bottom collector’s overall heat transfer loss 
 coefficient due to conduction, convection and radiation (W/m2K) 

𝑇𝑎𝑏𝑠 Mean absorber plate temperature (K) 

𝑇𝑎 Ambient temperature (K) 

The overall heat transfer loss coefficient for the top section (facing the sun) of the 

collector can be expressed in terms of its conduction, convection and radiation 

coefficients as follows: 

𝑈𝑡 =
1

1

(ℎ𝑝𝑔+ℎ𝑠𝑔) 
+

1

ℎ𝑣 
+

1

(ℎ𝑝𝑎+ℎ𝑠𝑎) 

     (2.9) 

Where: ℎ𝑝𝑔 is the natural and forced convection at the exterior surface of 

 glazing 

ℎ𝑣     heat conduction through the glazing  

ℎ𝑠𝑔 radiation between the surface of glazing and sky 

ℎ𝑝𝑎 radiation between absorber and interior surface of the glazing 

ℎ𝑠𝑎 natural convection between absorber and interior surface of 
 the glazing 

Heat transfer coefficients for the bottom of the collector can be determined in a similar 

way. 
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The predicted results for the output water temperature from the SWH were determined 

as depicted on the graph for both summer and winter conditions (Figure 2.13 & 

Appendix G for input data analysis). 

 

Figure 2.13: Predicted output temperature for summer and winter days 

The predicted values in Figure 2.13 indicate that outlet temperatures of the water can 

reach up to 49° C which is greater than 29° C required for the tilapia. To circumvent 

this, the flow rate through the SWH can be adjusted according to the solar radiation, 

which fluctuates throughout the day. This can be achieved by using the hand control 

valve and pump to regulate the water flow through the SWH. 

A slight increase in temperature was noticed during winter, where water temperature 

could be raised from 15° C to an average of 19.1° C, with a maximum of 23.4° C just 

after midday. Thus, an auxiliary water heater is recommended to supplement the 

shortcomings during winter months.  

The following section will discuss the necessary adjustments required to maintain a 

constant 29° C for the outlet water temperature from the SWH. 
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 Controlling the water flow rate through the SWH 

The following analytical modelling demonstrates how to determine the volumetric flow 

rate through the SWH to maintain a constant water temperature output of 29° C. The 

analytical model was used and compared to experimental data. 

The following section is a snapshot of the modelling for a specific time (solar noon) in 

summer. Figure 2.14 shows the ambient conditions that could affect the performance 

of the SWH. 

 

Figure 2.14: Effects of ambient conditions on the performance of the SWH  
(Wang et al., 2015) 

 

The condition chosen for the sample calculation, as shown here, were those of solar 

noon on a summer day which provided the following data: 

Incoming solar  radiation    𝐺𝑠 = 999.1 𝑊/𝑚2 

Collector area       𝐴 = 1.45 𝑚2   

Ambient temperature      𝑇𝑎 = 24.1 ℃ = 297.25 𝐾 

Glass temperature     𝑇𝑔 = 26 ℃ = 299.15 𝐾 

Inlet water temperature    𝑇𝑖𝑛𝑙𝑒𝑡 = 20 ℃ = 293.15 𝐾 

Outlet water temperature    𝑇𝑜𝑢𝑡𝑙𝑒𝑡 = 29 ℃ = 302 𝐾 

Wind Speed      𝑢𝑤 = 4.2 𝑚/𝑠  

Glass transmittance- absorptivity product   𝜏𝛼 = 0.874 

Glass emissivity      𝜀 = 0.85 

An energy balance was used to determine the thermal energy gained by the water in 

the collector: 

�̇�𝑤 = �̇�𝑐𝑜𝑙 − (�̇�𝑐𝑜𝑛𝑣 + �̇�𝑟𝑎𝑑)      (2.10) 

Where: �̇�𝑤 Heat gain in the water 
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 �̇�𝑐𝑜𝑙  Heat gain in the collector 

 �̇�𝑐𝑜𝑛𝑣 Heat loss by convection 

 �̇�𝑟𝑎𝑑 Heat loss by radiation 

The incoming solar radiation impinging on the collector plate considering optical and 

absorptive losses: 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =  𝐺𝑠(𝜏 𝛼)𝐴       (2.11) 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =  (0.874)(999.1)(1.45) 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 = 1257.53 𝑊 

To determine the heat transfer loss by convection above the collector: 

�̇�𝑐𝑜𝑛𝑣 = ℎ𝑐𝐴(𝑇𝑔 − 𝑇𝑎)       (2.12) 

The heat transfer coefficient is determined by using an empirical model (Watmuff & 

Proctor, 1977) developed by winds speeds less than 7 𝑚/𝑠: 

ℎ𝑐 = 2.8 +  3.0 𝑢𝑤       (2.13) 

ℎ𝑐 = 14.6 𝑊/𝑚2 𝐾 

The heat loss from convection Equation 2.12 was determined to be: 

�̇�𝑐𝑜𝑛𝑣 = 14.6(1.45)(299.15 − 297.25) 

�̇�𝑐𝑜𝑛𝑣 = 40.2 𝑊 

To determine the heat transfer loss by radiation: 

�̇�𝑟𝑎𝑑 = 𝜀𝜎𝐴(𝑇𝑔
4 − 𝑇𝑠𝑘𝑦

4 )      (2.14) 

The sky temperature is determined by using model developed by Swinbank (1963): 

𝑇𝑠𝑘𝑦 =  0.0552𝑇𝑎
1.5       (2.15) 

𝑇𝑠𝑘𝑦 = 282.89 𝐾 

The heat transfer loss from radiation Equation 2.14 was determined to be: 

�̇�𝑟𝑎𝑑 = (0.8)(5.670 × 10−8)(1.45)[(299.15)4 − (282.89)4] 

 �̇�𝑟𝑎𝑑 = 104.46 𝑊 

The total heat transfer losses neglecting conduction loss through the glazing is 

determined by: 
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�̇�𝑙𝑜𝑠𝑠 = �̇�𝑐𝑜𝑛𝑣 + �̇�𝑟𝑎𝑑       (2.16) 

�̇�𝑙𝑜𝑠𝑠 = 144.66 𝑊 

The heat gain to the water can be calculated as follows: 

�̇�𝑤𝑎𝑡𝑒𝑟 = �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 -�̇�𝑙𝑜𝑠𝑠      (2.17) 

�̇�𝑤𝑎𝑡𝑒𝑟 = 1112. 87𝑊 

The mass flow rate required to maintain the water at 29℃ is  

�̇�𝑤𝑎𝑡𝑒𝑟 = �̇�𝑤𝑎𝑡𝑒𝑟𝐶𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)     (2.18) 

The density of water is a function of the water temperature and can be expressed as: 

𝜌 = 1.0005776 × 103 − 7.0629371 × 10−2𝑡𝑤 − 3.5666433 × 10−3𝑡𝑤
2   

          (2.19) 

The specific heat capacity of water is also a function of the water temperature and 

can be expressed as: 

𝐶𝑝 = (4.2152727 − 1.6342424 × 10−3tw + 1.651515 × 10−5𝑡𝑤
2 ) × 103 

          (2.20) 

�̇�𝑤𝑎𝑡𝑒𝑟 =  
1112. 87

𝐶𝑝 ( 302 − 293)
 

�̇�𝑤𝑎𝑡𝑒𝑟 = 0.02958 𝑘𝑔/𝑠  

To obtain the flow rate in litres per minute: 

�̇� =  
�̇�𝑤𝑎𝑡𝑒𝑟

𝜌
 × 1000 × 60      (2.21) 

�̇� =  1.79 𝑙/𝑚𝑖𝑛 

 

The predicted results for the volumetric flow rate to maintain the 29° C are presented 

in Table 2.8. 
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Table 2.8: Design flow rate for summer 

Time 

Solar 
irradiation 
(W/m2) 

Ambient 
temperature 
(° C) 

Wind 
speed 
(m/s) 

Flow rate 
(l/min) 

6,00 66,7 15,3 1,6 Na 

7,00 201,2 16,8 1,2 0.1972 

8,00 444,1 18,5 2,2 0.676 

9,00 668,1 20,2 2,9 1.12 

10,00 848,8 21,7 4,2 1.48 

11,00 962,7 23 4,5 1.74 

12,00 999,1 24,1 4,2 1.79 

13,00 967 24,9 3,4 1.78 

14,00 866,5 25,3 3,4 1.61 

15,00 700,5 25,5 3,6 1.22 

16,00 482,1 25,2 3,8 0.79 

17,00 241,9 24,6 4,8 0.233 

18,00 74,7 23,6 4,3 Na 

It should be noted in Table 2.8 that at 6:00 and 18:00, the solar radiation would be too 

low to obtain the desired water outlet temperature. 
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CHAPTER THREE: THE MSPAS EXPERIMENTS 

3.1 Aquaponics experimental set-up 

This chapter covers the various experiments undertaken to validate the design 

parameters discussed in Chapter Two. These experiments included aquaponics 

experimental set-up, solar collector orientation, PV equipment performance and SWH 

capacity of the MSPAS. 

3.1.1 Experimental set-up of the aquaponics section 

The main components of the aquaponics section of the MSPAS comprised the 

hydroponics and aquaculture sections. The equipment, content and function are 

explained in the paragraphs that follow and Figure 3.1 shows the schematic layout of 

the aquaponics (combination of hydroponics and aquaculture) system. 

 

Figure 3.1: Aquaponics schematic 

 Hydroponics grow-bed 

The hydroponics grow-bed was filled with LECA to a depth 300 mm. The top layers of 

LECA were mixed with building stone (19 mm) to weigh it down (Figure 3.2). Water 

filled the crevices between the LECA and stone to just below the stand pipe opening of 

the bell siphon.  
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A constant flow rate (18 l/min) of water was allowed via the overflow from the 

aquaculture grow-out reservoir for the experiment. 

  

Figure 3.2: Hydroponics grow-bed  

 Siphon 

The ebb tide was regulated by the siphon located in the grow-bed. The flow rate of the 

water entering the grow-bed triggered a siphon action at intervals of 11 minutes. The 

dimensions of the siphon are shown in the schematic diagram, Figure 3.3. 

 

Figure 3.3: The siphon 

 Vegetation growth 

Seedlings were planted in the prototype MSPAS with growth rate monitored by weekly 

height measurements (Figure 3.4).  
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Tomato, spinach, lettuce and basil seedlings were planted in the grow-bed and their 

growth was measured once weekly with a steel ruler. 

  

Figure 3.4: Method of measuring plant growth 

 Fish growth 

Prior to adding the fish, the system stood for two weeks to remove chemicals, such as 

chlorine, normally found in municipal water. This also allowed sufficient time for the 

bacteria to develop in the hydroponics porous LECA. 

Monitoring the fish growth rate was carried out by attaching a control tank to the existing 

pilot system wherein the fish were added (Figure 3.5). A 20 x 20mm PVC grid was 

placed at the bottom of the tank. The procedure was to take photos on a regular basis 

to determine the growth (size of the fish). This procedure alleviated unnecessary stress 

on the fish if required to temporarily remove them from the tank to measure their length. 

 

Figure 3.5: Fish photographed swimming over the ‘background’ grid in the control tank 
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Fish were carefully weighed prior to commencing the experiment. Ten fish with a total 

weight of 250 g were placed in the control tank. The fish feed was also weighed so that 

a feed-to-weight ratio was applied according to Table 3.1. 

 

Figure 3.6: Fish and feed weight 

Table 3.1: Tilapia growth and feeding rate 

 

After the anticipated completion of the growth period, the fish were carefully weighed 

and measured. 
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Prior research showed growth rates of tilapia fish in an aquaponics system (Rakocy et 

al., 2012). Male mono-sex Nile tilapia were stocked at 77 fish/m3 and Red tilapia at 154 

fish/m3 (Table 3.2). 

Table 3.2: Fish growth rate (Rakocy et al., 2012) 

Tilapia Harvest weight 
per tank (kg) 

Harvest weight per 
unit volume (kg/m3) 

Initial 
weight 
(g/fish) 

Final 
weight 
(g/fish) 

Growth 
rate 

(g/day) 

Survival 
(%) 

Nile 480 61.5 79.2 813.8 4.4 98.3 

Red 551 70.7 58.8 512.5 2.7 89.9 

 

The plants and fish and the livestock were borrowed from the Pilot Project implemented 

at the community centre in Belhar (nearby the CPUT campus). Issues relating to fish 

welfare and transportation from the community centre to CPUT’s Bellville campus are 

contained in a document in Appendix H. 
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3.2 Sun path orientation for experiments of solar collector alignment 

The sun paths for winter and summer conditions were determined by online software, 

with Figures 3.7 and 3.8 illustrating the sun path for winter and summer, respectively 

(Sunearthtools, 2019). The yellow line indicates the sun track daylight hours specific to 

the area where the MSPAS was located. 

 

Figure 3.7: Sun’s path at CPUT’s Bellville campus for winter (Sunearthtools, 2019) 

 

 

Figure 3.8: Sun’s path at CPUT’s Bellville campus for summer (Sunearthtools, 2019) 
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3.1.1 The basic operation of the tracker 

The tracker was designed to automatically align the photovoltaic panel with the sun. A 

cost-effective mechanism was developed to be deployed at low-income communities 

in the future. Standard off the shelf equipment was sourced and adapted to develop 

the tracking system that controls the PV panel to track the sun from sunrise till noon 

and thereafter remain stationary till sunset. At sunrise, the light sensor was triggered 

and elevated the panel to face the sun. 

 

Figure 3.9: Operation of PV panel solar tracker 

3.1.2 Experimental procedure for tracking vs stationary PV 

The experiment was set up at CPUT to compare the performance of a stationery PV 

panel/solar collector to one that was tracking. 

The data in Tables 3.3 and 3.4 were downloaded to assist in setting up the test and 

understanding the location of the sun relative to the position where the test was being 

conducted. 

Table 3.3: Sun position (Sunearthtools, 2019) 

Sun position Elevation Azimuth Latitude            Longitude 

20/05/2015   
20:45 | GMT1 

-36.14°  271.14°  33.93242
05° S  

18.640644
6° E  

Twilight Sunrise Sunset Azimuth 
Sunrise 

Azimuth 
Sunset 

twilight -0.833° 07:33:59 17:49:40 66.37°  293.74°  

Civil twilight -
6° 

07:07:07 18:16:29 70°  290.12°  

Nautical 
twilight -12° 

06:36:41 18:46:55 73.95°  286.19°  

Astronomical 
twilight -18° 

06:06:50 19:16:45 77.72°  282.43°  

Daylight hh:mm:ss diff. dd+1 diff. dd-1 Noon 

20/05/2015 10:15:41 -00:01:16 00:01:19 12:41:49 
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Table 3.4: Sun position day tracking (Sunearthtools, 2019) 

Date 20/05/2015 | GMT1 

Coordinates -33.9324205, 18.6406446 

Location Engineering Way, Bellville South Industrial, 
Cape Town, 7530, South Africa 

Hour Elevation Azimuth 

7:33:59 -0.833° 66.37° 

8:00:00 4.03° 62.67° 

9:00:00 14.57° 53.17° 

10:00:00 23.75° 41.83° 

11:00:00 30.9° 28.13° 

12:00:00 35.19° 12.09° 

13:00:00 35.93° 354.77° 

14:00:00 32.98° 338.03° 

15:00:00 26.86° 323.36° 

16:00:00 18.39° 311.14° 

17:00:00 8.32° 300.99° 

17:49:40 -0.833° 293.74° 

One of the two identical PV panels was mounted onto the single axis solar tracker. The 

solar tracker was aligned with the sun throughout the testing procedure. According to 

the literature, a fixed solar collector in South Africa facing north, with a tilt angle of 30⁰ 

to the horizontal, should be able to capture 98% of the maximum annual solar insolation 

(Le Roux, 2016). The highest yearly energy (HYE) can be obtained for this tilt angle in 

the Cape Town area (Bekker, 2007). During winter months, as this angle would 

represent the worst-case scenario, it was decided to set up the tracking experiment at 

this angle. The entire mechanism was set up north facing tilted 30° (with reference to 

the horizontal) to align with the zenith angle (Figure 3.10). The fixed collector was also 

set up north facing and tilted at 30° to the horizontal throughout the test.  

 

Figure 3.10: Solar tracking set-up at CPUT Bellville campus 

At sunrise, the tracking mechanism was opened to its maximum position and then 

slowly closed as it tracked the sun moving across the sky until approximately solar 

noon. At this point the tracking mechanism was at its maximum closed position.  
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3.2 Solar photovoltaic electricity supply experiment: introduction 

This section describes the design and assembly of the equipment with relevant 

instrumentation and the experimental protocol used for the PV experiment. The aim of 

the experiment was to validate that the PV system would provide electricity for the 

pump and lights needed in the MSPAS. The pump had to run continuously (24 hrs) 

while the lights had to be on for a duration of four hours at night. 

3.2.1 Experimental set-up and equipment used 

The PV system’s main components included PV panels, a charge controller, four deep 

cycle lead acid batteries, an inverter, submersible pump and two light emitting diode 

(LED) lights. The components and their function are explained in the paragraphs that 

follow; Figure 3.11 shows the schematic layout of the system. 

 

Figure 3.11: Schematic illustration of the PV system 

 The PV array 

In the prototype PV system, there are two polycrystalline PV panels connected in 

parallel (SETSOLAR M2200P, Appendix I). The dimensions of each panel are 1480 x 

991 mm, with a panel area of 1.47 m2. The maximum peak power per panel chosen 

was 235 Wp. The combination of the two panels can produce up to 470 Wp. 
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 Battery storage and use 

The 24 V battery bank installed in the PV system consisted of four deep cycle 12 V, 

100 Ah lead acid batteries, made by Ceil Power Safe ATX (Figure 3.12 & Appendix E 

for specification). Two batteries connected in series constitute a 24 V string whereby 

the two strings were connected in parallel to the charge controller. 

 

Figure 3.12: Prototype battery bank 

These batteries have a standard rating of 100 Ah @ 20 hr rate, meaning that the battery 

will discharge after 20 hours if a 5 A load is applied continuously. Reserve capacity 

minutes (RCM) for these batteries, also referred to as reserve capacity (RC), has a 

minimum stated electrical load; it is defined as the time (in minutes) that a 12 V lead-

acid battery at 27° C will continuously deliver 25 A before its voltage drops below 10.5 

V. The recommended charging current is 10 A for this type of battery. 

 Protecting the batteries 

The PV array was connected to a charge controller to prevent damage to the batteries 

and prolong their life expectancy. 

The Steca PR 3030 12/24 V PWM charge controller was employed to control the 

charging and discharging of the batteries (Figure 3.13 & Appendix J for specifications).  

 

Figure 3.13: Steca PR 3030 12/24 V 
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As the charge controller has an automatic voltage detection feature, it was therefore 

important that the battery bank be connected prior to connecting the PV array. This 

was to ensure that the charge controller detects the correct system voltage (24V) and 

to set the operating parameters accordingly. This charge controller consumed a current 

less than four mA for its own operation and could manage a current of up to 30 A. 

 DC to AC conversion 

An inverter was connected to the battery bank to convert the DC to AC voltage supply 

as required to power the submersible pump and LED lights.  

The most appropriate choice was a pure sine wave inverter which could run motors 

more efficiently. The pure sine-wave inverter KS-1500P (pictured in Figure 3.14 & 

Appendix K for specifications), 1500 W 24 V, was connected to the battery bank to 

convert the 24 V DC to 240 V AC. 

 

Figure 3.14: KS-1500P 1500 W 24 V inverter 

 AC submersible pump 

The submersible pump model was a B.I.C.I.S.A 2500. It had a power rating of 55 W 

and could deliver water to a maximum head of 2.5 m and a flow rate of 2000 l/h. 

 

Figure 3.15: Submersible pump 
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 AC LED lights 

The 2 x LED lights each had a power rating of four (4) W, input voltage 230 V/240 V, 

input current 65 mA, luminous flux of 320 in the warm white light spectrum. 

 

Figure 3.16: 4 W LED light bulb 

 Lights’ timer switch 

The ‘Major Tech’ 24-hour programmable timer acquired could handle loads up to 3500 

W, 16 A, operating temperature -10 to +40° C with an accuracy of ±1 minute per month. 

The timer was set to switch on the lights at 8:00 pm and off at 12:00 pm daily. 

 

Figure 3. 17: Programmable timer 

3.2.2 Instrumentation for the PV experiment 

In this section, a brief description of the instrumentation used to measure the PV 

system’s performance is provided. 

 Data Logger 

Voltage drop readings across the shunts were recorded using a data logger (Agilent 

34972A, Figure 3.18). The 34972A features 6.5 digits (22 bits) of resolution, 0.004% 

basic DC V accuracy, and ultra-low reading noise with scan rates of up to 250 

channels/sec. 

 

Figure 3.18: Agilent data logger model 34972A 
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 Shunt 

Two shunts were connected to the PV system to measure the incoming power from the PV 

array and power consumed by the load. The type of shunt supplied was from Murata Power 

Solutions 50 A 50 mV. The 50 mV output was connected to the Agilient data logger to 

compute the power supplied and consumed. 

 

Figure 3.19: 50 A 50 mV shunt 

 Battery tester 

The TestMate battery tester assessed the state of health, state of charge and CCA 

capability of the 12 V batteries used. 

 

Figure 3.20: Battery analyser 

 Clamp meter 

The amperage drawn from the various components was measured with the Iso-Tech 

(ICM 136R) clamp meter. The accuracy typically for DC is between 0A~60A is ±1.5% 

and for AC ±1.9% as specified at 23℃ ±5℃ and ≦ 80% R.H. 

 

Figure 3.21: Clamp meter 
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3.2.3 Battery bank autonomy experiment 

An experiment to ascertain how long the batteries could last without any charge was 

performed in the laboratory (Figure 3.22). 

 

Figure 3.22: Battery autonomy set-up 

The following measurements were recorded: 

 Battery’s charge state at the start and end of the experiment. 

 Voltage drop across the shunt. 

 Power consumed by the inverter in a stand-alone state. 

 Pump’s voltage requirement (the pump ran continuously). 

 Voltage supplied to the lights (the light switch timer was set to activate at 20:00 and 

switch off at 24:00). 

3.2.4 PV system experimental procedure 

All the equipment and instrumentation described in sections 3.2.1 and 3.2.2, 

respectively, were connected to the MSPAS prototype and the experiment started. 

 The light switch timer was set to activate at 20:00 and switch off at 24:00. 

 The submersible pump was switched on and ran continuously. The submersible pump 

feeds water from the sump reservoir to the upper reservoir as explained in the 

aquaculture section of Chapter Two. 

 The data logger was set to record readings of incoming solar power at the PV array 

and power consumed, or drawn, from the battery bank via the shunts. 

 Pump operation and water levels were monitored regularly. 
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3.3 Solar water heating experiment: introduction 

This section describes the procedure, components, equipment and instrumentation that 

were used for the solar water heating experiment. This experiment was to validate the 

predictions from the analytical model. 

The aim of the experiment was to investigate the capability of the SWH panel to heat 

the water to a temperature of 29° C (daily) as required for the fish. The SWH 

experiment, forming part of the aquaculture section, was isolated from the hydroponics 

section. The focus was on the performance of the SWH during sunny, partly cloudy and 

cloudy conditions. The tests were conducted between December 2018 and March 

2019. 

3.3.1 Experimental set-up 

The MSPAS equipment used for the experiment comprised the flat SWH panel, feed 

water tanks/reservoirs, a top tank, submersible pump and throttle valve. Figure 3.23 

shows the test rig schematic and Figure 3.24 a photograph of the actual set-up. The 

components and their function are explained in the paragraphs that follow. 

The water flow rate through the SWH panel had to be controlled to obtain the desired 

temperatures at the outlet. Two feed water tanks (reservoirs 1 and 2) were filled with 

municipal water (together contained 800 litres). It was required that this amount of water 

circulated at least once per day through the SWH panel. 

 

Figure 3.23: Schematic illustration of the SWH set-up 
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The warm water exiting the SWH panel was collected in the top tank (reservoir 3). Upon 

reaching its capacity (usually just after midday) the water was drained back to the feed 

water tank (reservoir 2) where it originated from, and remained there until the following 

day. The submersible pump was then manually relocated from reservoir 2 to the feed 

water reservoir 1 and together with the throttling valve ensured that water was fed at 

the required flow rate through the SWH panel to reach the desired temperature. The 

process continued until the tank ran empty or there was insufficient solar radiation to 

heat the water to the required temperature. 

 

Figure 3.24: SWH experimental set-up 

Type T thermocouples were attached at various locations on the SWH panel, such as 

on the absorber fins, absorber riser tubes, glazing, bottom of the panel and suspended 

between the glazing and absorber. Thermocouples were also placed at the inlet and 

outlet of the footer and header tubes of the absorber, all reservoirs and suspended in 

the air to measure ambient conditions. Figure 3.25 shows the attachment of the 

thermocouples to the absorber riser tube and glazing. The thermocouple’s end was 

immersed in a blob of heat transfer paste which was covered with a piece of masking 

tape and then sealed off by epoxy resin.  

 

Figure 3.25: Thermocouple set-up 
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3.3.2 Instrumentation for the SWH experiment 

In this section, a brief description of the equipment used to measure the system’s 

performance is provided. The temperatures of the ambient, the inlet and outlet of the 

water at the SWH panel, and plate were measured. Also, measurements of the solar 

incident radiation, wind speeds and the flow rate of water through the system were 

obtained. 

 Temperature measurements 

The various temperatures (mentioned above) were measured using type T 

thermocouples. The type T thermocouple, illustrated in Figure 3.26, known as copper 

constantan (55% copper & 45% nickel), produces a relatively high sensitivity of about 

43 μV/˚C.  

These thermocouples have a good resistance to corrosion and moisture. Its tolerance 

class is superior to other thermocouples where type T thermocouple accuracy is 

standard +/- 1.0° C. This accuracy can be improved by re-calibration by using the two-

point calibration method. 

 

Figure 3.26: T Type thermocouple 

 Thermocouple calibration 

As a standard procedure in the laboratory, all the thermocouples were individually 

tested using the data logger, prior to connecting them in their positions. The data logger 

was configured to read T-Type thermocouples that automatically convert the millivolt 

potential difference to temperature. The thermocouples were connected to the data 

logger circuit board as shown in Figure 3.27.  

 

Figure 3.27: Agilent data logger circuit board (24 channel multiplexer) 
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The thermocouples were checked at the boiling point of water, and at close to 0° C. 

The high temperature was measured using a kettle filled with water which was allowed 

to boil with its lid open. The thermocouple was immersed into the boiling water and the 

temperature read off the data logger. All the thermocouples were within the expected 

range of 100° C at sea level (Figure 3.28). The low temperature was measured by filling 

a bucket with water and ice, and the results recorded were within the expected range 

of 0° C.  

 

Figure 3.28: Thermocouples Inserted in boiling water in the kettle 

 

Figure 3.29: Thermocouple’s calibration in water and ice mixture in a bucket 

The thermocouples were found to be within a maximum error of 0.4° C or 0.4% within 

the working range of 0 to 100° C.   
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 Measurement of water flow rate through the SWH 

A flow meter was installed at the outlet of the header tube of the SWH (Figure 3.30). 

The flow meter uses a pinwheel to measure liquid flow rate by generating a pulse every 

2.25 ml flow rate.  

 

Figure 3.30: Flow meter 

Flow rates through the meter were verified with a beaker, collecting water and timed 

with a stop watch. The beaker, made by Searle to British Standard 604, has a maximum 

permitted error between 0.8% and 2%. Flow rates were recorded in litres/minute (l/min). 

 

Figure 3.31: Beaker collecting water flowing through a device 

 Flow rate calibration through the pump and siphon 

To calibrate the flow rate of the pump and siphon, the two-bucket method was set up, 

whereby the submersible pump was employed to circulate water between the two 

buckets, and a valve was used to regulate the flow rate (Figure 3.32).  
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A variable area flow meter was installed and its output data was verified by the beaker 

and stop watch method prior to its use in the two-bucket method described above 

(Figure 3.33).  

 

Figure 3.32: Flow rate test calibration set-up 

 

Figure 3.33: Flow rate measurement using beaker, stop watch and variable area flow 
meter 

Table 3.5: Typical results using beaker and stop watch and variable flow meter 

Time taken to fill five 
litre beaker (seconds) 

Calculated 
flow (l/h)  

Flow meter 
reading (l/h) 

59.88  300,6 300 

35.66 504,8 500 

17.78 1012,3 1000 

11.84 1520,2 1500 

8.95 2011,2 2000 
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 Wind speed measurement 

Wind speed was measured by making use of the hand held Kestrel 2000 anemometer, 

having a range of 0.6 – 40 m/s with a 0.1 m/s resolution (see Appendix L for the 

certificate of conformance). 

 

  

Figure 3.34: Anemometer 

 Solar radiation measurement 

Solar radiation was measured using a solar power meter (TES-1333). This meter is 

commonly used in meteorology, solar radiation measurement, solar power research, 

physics and optical laboratories and was determined as suitable for this study. The 

accuracy is typically within ±10 W/m2 [±3 Btu / (ft2 x h)] or ±5%, whichever is greater in 

sunlight; additional temperatures induced error ±0.38 W/m2/℃ [±0.12 Btu / (ft2 x h)/℃] 

from 25℃. 

 

Figure 3.35: Solar radiation meter 

 Data logger 

Temperatures and flow rate readings were recorded using a data logger (Agilent 

34972A) also described in the SWH experiment (section 3.2.2). 
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3.3.3 Solar water heating experimental procedure 

The tests began in the mornings and lasted until the late afternoons. The cold water 

was fed through the inlet of the SWH panel via a 55 W submersible centrifugal pump. 

The flow rate of the water through the solar panel was regulated by a throttling valve 

which was throttled to obtain the desired water temperature at the SWH panel’s outlet 

(Figure 3.36). 

 

Figure 3.36: Throttling valve 

Prior to commencing the experiment, the following was ensured: 

The SWH panel’s glass aperture was clean, free from dust, dirt or bird droppings and 

the feed water reservoirs 1 and 2 were filled to a total capacity of 800 litres of clean 

municipal water. 

The following steps, as discussed in paragraph 3.3.1, describe the experimental 

procedure: 

1. The submersible pump was positioned in reservoir 1 and switched on. 

2. The flow rate of the water was regulated by adjusting the control valve. The 

desired temperature was reached at the outlet of the SWH panel. The water was 

collected in reservoir 3. Note: When reservoir 3 is filled reservoir 1 should be empty 

and water can then be siphoned from reservoir 3 back to reservoir 1. 

3. When reservoir 1 became empty, the pump was placed in reservoir 2 and the 

water in reservoir 3 was siphoned in reservoir 1 where it remained until the following 

day. 

4. The process continued with the pump in reservoir 2 pumping water through the 

SWH panel at the correct flow rate to yield the desired temperature. The test ended 

when reservoir 2 emptied, or if insufficient radiation could not heat the water to the 

required temperature. 
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5. At the end of the experiment the water from reservoir 3 was siphoned back to 

reservoir 2. Both reservoirs (1 & 2) were left full and ready for testing on a different 

occasion. 

Note: Heating the water as it flows through the SWH panel is dependent on the incident 

solar radiation on the glass aperture of the SWH and can only be adjusted once 

sufficient radiation is received. Therefore, incident radiation readings should be taken 

at 30-minute intervals on the hour by placing the pyrometer perpendicular to the glass 

aperture of the SWH (Figure 3.37 shows the SWH mounted just below the PV panel in 

the same plane). 

 

Figure 3.37: Pyrometer reading 

Similarly, all relevant temperature, water flow rate and wind speed readings should be 

taken at 30-minute intervals on the hour. Place the anemometer perpendicular to the 

glass aperture to measure the updraft (Figure 3.38). The updraft is caused by natural 

wind and/or convection from heat dissipated by the panel. 

 

Figure 3.38: Anemometer reading  



 67 

CHAPTER FOUR: DISCUSSION OF RESULTS 

4.1 Overview 

The project culminated in the experimental study described in Chapter Three which 

attempted to assess the functionality and performance of the MSPAS. The experiments 

were conducted in the courtyard at CPUT’s Mechanical Engineering department. The 

1st experiments determined the growth rate of leafy greens. The 2nd determined the 

optimum solar collector orientation towards the sun, and included some basic tracking 

in the morning hours. The 3rd experiment determined the autonomy of the batteries or 

the expected time these batteries could operate without receiving any charge. The 4th 

experiment determined that the PV system could power the MSPAS continuously. The 

5th experiment determined whether the SWH system could provide the necessary 

heating capacity to the aqueous medium. 

4.2 Growth rate of leafy greens 

In four weeks, the lettuce grew 130 mm, the ruby chard grew 170 mm, the spinach 

grew 180 mm, the rocket grew 300 mm and the cherry tomatoes grew 515 mm. The 

lettuce was harvestable just after 35 days compared to 50 to 60 days when planted in 

soil (Organised seeds, 2013). The chard, rocket and tomatoes grew notably quicker 

than the specified harvest time when planted in soil (Figure 4.1). 

 

Figure 4.1: Plant growth rates  
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4.3 Growth rate of fish 

Growth rate of fish, model explanation: Recently, a range of growth models to 

describe the size and the mass of fish as a function of time have been developed 

(MacNeil et al., 2017). In this work, the model that uses equations to display the size 

and mass during the lifespan of an orgasm, developed by  Von Bertallanff (1957), was 

adopted. The von Bertalanffy growth function (VBGF) is an expression of fish growth 

whereby the size-at-age data can theoretically be used to estimate fish growth rates 

(Renner-Martin et al., 2018). Following on that, what is known of the generalised Von 

Bertalanffy growth model (GVBGM) for the mass of the fish (during their lifespan) was 

used (Essington et al., 2001): 

𝑚(𝑡) = 𝑚∞ (1 − 𝑒𝑥𝑝 (− (
𝑘

3
) . (𝑡 − 𝑡0)))

3

    (4.1) 

Where 𝑚 is the mass of the fish; 𝑡 is the time in days; 𝑚∞ is the full-grown mass of the 

fish; 𝑘 is the energy loss constant; and 𝑡0 is the age at which 𝑚 = 0 .  

The GVBGM can be expressed in terms of fish length through the length–mass 

relationship since empirical evidence for fish suggests that the mass may be related to 

length (da Costa et al., 2018). 

 In this work the mass of the fish was approximated by the third power of their length 

similar to what was reported previously in the literature (Essington et al., 2001). An 

expression for the length of the fish (during their lifespan) was obtained (Essington et 

al., 2001): 

𝐿(𝑡) = 𝐿∞ (1 − 𝑒𝑥𝑝 (− (
𝑘

3
) . (𝑡 − 𝑡0)))     (4.2) 

Where 𝐿 is the length of the fish; and 𝐿∞ is full grown length. 

This form of the GVBGM is noteworthy in that it is equivalent to the empirically derived 

growth curve most commonly used in growth studies (Essington et al., 2001). 

Growth rate of fish, results and discussion: Equations 4.1 and 4.2 were used with 

data of the fish grown at the MSPAS (Figure 4.2a & b). From an aquaculture 

perspective, the maximum mass and length (i.e., 𝑚∞ and 𝐿∞) of the fish species used 

should be known, especially as these values influence the variance (De Graaf & Prein, 

2005). In the present study, a value for 𝑚∞ and 𝐿∞ of 426 g and 27 cm were used, 

respectively. The fish will reach a mass of about 400 g and a length of ~ 26 cm in about 
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nine (9) months, after which a slow growth was observed, both experimentally and 

theoretically (Figure 4.2a & b). The results indicated that the growth rate reduced to 

almost zero after about 400 days, with the fish reaching a mass and length of about 

470 g and 27 cm respectively, which conforms to the model’s value of 𝑚∞  =  426 𝑔 

and 𝐿 ∞ =  27 𝑐𝑚.  

 

Figure 4.2: Mass- and length-at-age data of fish grown at the MSPAS (a) fish mass and 

(b) fish length. For both figures, the best fitting GVBGM is indicated by the solid lines 
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4.4 Orientation experiments of solar collector 

Figure 4.3 presents the data (power produced at 15-minute intervals) by the tracking 

and fixed PV panels as described in Chapter Three section 3.1.2. The graphical format 

depicts the power produced by the panels, showing the advantage of tracking 

compared to that of the fixed PV collector. 

 

Figure 4.3: Comparative power output for stationary vs tracking collectors 

The results are in line with prior solar tracking literature (Al-Mohamad, 2004). An overall 

of 40% increase for the tracking panel was noted when compared to the stationary 

collector. However, it must be noted that tracking the sun requires energy, and with 

moving parts, regular maintenance (a level of sophistication not suited for the chosen 

or intended operating environment of a low-income community). Optimum, fixed sun 

facing angles can be allocated for the solar collectors based in the Cape Town area 

and their elevation could be adjusted manually to accommodate seasonal conditions. 
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4.5 PV experimental results 

This section covers the battery autonomous test and PV system design. 

4.5.1 Battery autonomy experiment 

The battery autonomy experiment was conducted to establish how long the system 

could run on battery power only. This will be useful to know in times when cloudy and 

sparse sun reaches the PV panels. It is important that the pump runs continuously so 

that the cycle balance remains constant and does not harm the fish (most vulnerable) 

in the system. The graph in Figure 4.4 depicts the overall voltage drop and current 

consumed during the experiment. The pump ran continuously and the lights were 

switched on for four hours nightly. 

 

Figure 4.4: Battery capacity 

The following results were noted: 

 At the start of the experiment, the solar charge controller indicated the state of charge 

(SOC) of the battery bank to be 97%. 

 The battery supplied power to the load for a total of 38 hrs. 

 The battery bank capacity used was determined to be 147 Ah just before the load 

disconnected. 

 At the end of the experiment, the charge controller switched off the load at 18% SOD. 

The design capacity for the battery bank was 200 Ah for a 24 V connection (Chapter 

Two Figure 2.12). A shortfall of ten hours was noted which could be attributed to losses 

such as ageing of the batteries (four years old) and the inverter being over specified 

and not operating at its efficient capacity range. Overall, these results were not too 

alarming as it was able to power the load for the duration of the experiments. 
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4.5.2 MSPAS PV system experiment 

The PV system’s experiment proved the functionality of the electricity supply to the 

load. According to  Bekker (2007), when charging batteries for a stand-alone PV 

system, the highest minimum daily energy (HMDE) calculation for a five-day period is 

required. This is enough time to simulate a system where batteries would be able to 

supply the load for five days with minimum recharging. It was decided to carry out the 

experiment over an eight-day period, during winter, to determine the worst-case 

scenario.  

Figure 4.5 depicts the PV array power generated over the eight-day period whereby 

clear, cloudy and worst-case stormy weather was experienced. An average energy 

input of 1167 Wh/day was recorded, for this is strongly dependent on the length of the 

period and the weather. This is a slight under performance compared to the design 

criteria of 1352 Wh/day. The stored energy capacity of the batteries was sufficient to 

supplement the shortcoming as demanded from the load. The load operated 

continuously. The PV panels collected adequate energy from the sun during the day to 

keep the batteries charged maintaining the load during the day, night and moderate to 

low solar radiance conditions. It was anticipated that in summer conditions the amount 

of energy produced by the PV array will supply the required load. 

 

Figure 4.5: PV system power performance 

Figure 4.6 shows the energy distribution a typical test period. The energy generated by 

the PV array was stored in the batteries and released on demand to the inverter. The 
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graph shows losses between the output energy from the inverter to that of the load. 

These losses could be attributed to the load operating at the lower efficiency band of 

the oversized inverter. The pump’s power factor was determined to be 55% (using the 

three voltmeters method) (Hambley, 2014). 

 

Figure 4.6: Energy system power performance 

Figure 4.7 shows a typical snapshot of the system’s power performance. The 

continuous running of the pump and periodic switching on and off of the lights were 

evident. The average load noted for the pump was approximately 38 W which was 

mainly due to its low power factor. 

 

Figure 4.7: Typical system power performance 

Meteorological data obtained from Meteo Cape Town (2018) yielded an average solar 

radiation value of 586 W/m2. The average daylight hours amounted to 7.24 hrs and the 

aperture total area of the array was 3.25 m2. The array produced 1.167 kWh as stated 

before. The total energy produced by the sun that was transferred to the array 

amounted to 13.8 kWh for this period. The efficiency for the PV array was determined 

to be 8.5%. 
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4.6 SWH experimental results 

The SWH experiments determined volumetric flow rates required to maintain the 29° C 

in the fish reservoirs and to see if the experimental results could validate the analytical 

predictions. Figure 4.8 depicts the conditions achieved where the experimental results 

are compared to the analytical data and the actual radiation values taken on the day. 

The experiment for the clear day showed a consistent radiation curve. This was 

expected as no clouds meant no shadows cast over the solar collectors. The highest 

radiation recorded for the day was 1070 W/m2 with an average radiation of 979 W/m2 

between 12:00 and 16:00. The average flow rate for this period was 1.78 l/min. 

 

Figure 4.8: Comparison of experimental and analytical results (clear day) 

The experimental and analytical data for the clear day showed a close correlation to 

one another making the analytical method fairly reliable for future predictions. It was 

possible to maintain a temperature close to the required 29° C at the outlet of the 

collector (Table 4.1). Due to temperature losses to the atmosphere and surrounding 

environment, a slight deviation of approximately 2° C can be noted in the temperature 

of the top reservoir to what is exiting the collector. The average temperature from 12:00 

to 16:00 was found to be 27.3° C in the top reservoir. 
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The flow rate of the water through the SWH could be adjusted accordingly (continuously 

or periodically) to harness the heat energy optimally throughout the day, for example 

via a control system (if developed in the future). Temperature losses in the top reservoir 

could be compensated for by adjusting the throttle valve accordingly.  

 

Table 4.1: Data collected on a clear sunny day 

 

 

The data collected for Figure 4.8 and Table 4.1 were for a clear sunny day, 06 March 

2019. 
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CHAPTER FIVE: COMMUNITY ENGAGEMENTS 

5.1 The low-income community Pilot Project 

The author assisted with the construction and development of the MSPAS Pilot Project 

at the Belhar Early Childhood Development Community Centre located in the Western 

Cape in SA, near CPUT. Equipment and processes proven successful on the prototype 

were implemented in the Pilot Project at the Belhar Community. Four fish tanks (total 

4000 l) and ten grow-beds (total area 18 m2) were erected (Figure 5.1). 

 

Figure 5.1: Pilot Project schematic lay-out 

Plants such as basil, cherry tomatoes, Italian parsley, mint, lettuce and spinach were 

planted and harvested on a regular basis (Figure 5.2). 

 

Figure 5.2: Grow-beds 

The four fish tanks at the community centre accommodate the tilapia fish. Harvests 

have not yet taken place, as fish are still in the growing stage (Figure 5.3). 
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Figure 5.3: Fish tanks 

The aquaponics pilot system was also used for educational purposes for the community 

centre’s children (Figure 5.4). 

The Belhar Community Centre sponsors an early childhood development programme 

for approximately 125 toddlers, aftercare for 25 scholars, and a small Internet access 

hub for community members. Toddlers are taught how to take care of the environment 

through the MSPAS pilot. The idea is to develop these toddlers into future 

environmentally friendly and self-sustainable individuals. Currently in this environment 

most children are facing a community riddled with drug abuse, poverty and 

unemployment. With the assistance of teachers, these children are taught how to 

germinate seeds, grow seedlings and later replant these seedlings into the MSPAS 

grow-out beds. They also assist with feeding the fish located in the MSPAS pilot which 

has a calming and caring effect on them (see Appendix K for progress report). 

 

Figure 5.4: Teaching activities at the community centre 

The acceptance of the technology of the Pilot Project, while remarkable within the 

community, has not been without challenges. For example, training on the RE system 

and failsafe devices had to established after one of the inverters was blown when the 

community members accidently overloaded the system with power tools. 
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5.2 Scholarly and general community outputs 

The research work on the prototype at CPUT in conjunction with the outcomes from 

the Pilot Project operating in the Belhar Community, yielded material that was 

publicized as cited below: 

1. F. Ismail, J. Gryzagoridis, O. Nemraoui and M.W. Schouw, Experimental 

Analysis of an integrated aquaponics and stand-alone solar photovoltaic system, 

International Conference on the Industrial Use of Energy (ICUE), Cape Town, RSA, 

2019, DOI 10.2139/ssrn.3638163 

2. Presentation: F. Ismail, Use of solar energy to enhance an aquaponics project 

at a low-income community, U6 international conference, Cape Town, South Africa, 

September 2018 

3. F. Ismail and J. Gryzagoridis, Optimising photovoltaic system by direct cooling 

and transferring heat to aquaculture medium to boost aquaponics food production in 

low income communities, International Conference on the Domestic Use of Energy 

(DUE), Cape Town, RSA, 2017, pp. 187-192, ISBN 978-0-9946759-2-7 

4. F. Ismail and J. Gryzagoridis, Sustainable development using renewable 

energy to boost aquaponics food production in low income communities, International 

Conference on the Industrial Use of Energy (ICUE), Cape Town, RSA, 2016, pp. 185-

190, ISBN 978-0-9946759-1-0 

5. F. Ismail and J. Gryzagoridis, Sustainable design; an example of Modular Solar 

Powered Aquaponics System, International Conference on Sustainable Energy for All 

by Design, Proceedings of the Lenses Conference, Cape Town, RSA, 2016, pp. 15-22, 

ISBN 978-88-95651-24-8 

6. Key note address at the Lenses international conference by F. Ismail 

(September 2016)  

http://www.lensesconference.polimi.it/keynote-and-invited-speakers/fareed-ismail-

south-africa/ https://www.youtube.com/watch?v=hqNXEP5rKQY 

7.  Presentation: F. Ismail, Sustainable development through engineering 

solutions: An example of Modular Solar Powered Aquaponics, Future Force 

Conference, hosted by The Dutch Minister of Defence and the Dutch Chief of Defence, 

World Forum, The Hague, Netherlands, 2017 

http://www.lensesconference.polimi.it/keynote-and-invited-speakers/fareed-ismail-south-africa/
http://www.lensesconference.polimi.it/keynote-and-invited-speakers/fareed-ismail-south-africa/
https://www.youtube.com/watch?v=hqNXEP5rKQY
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8. Presentation and discussions: F. Ismail, Sustainable development through 

engineering solutions: An example of Modular Solar Powered Aquaponics (A Project 

Overview), Regional Sharefair on Gender and Resilience (Women Resilience in 

Agriculture), hosted by UN Women, Nairobi, Kenya, November 2016 

9. Presentation: F. Ismail, Modular solar powered aquaponics, SATN 9th Annual 

international conference, Cape Town, South Africa, October 2016 

10. Presentation and lecture session on RE. F. Ismail, Modular solar powered 

aquaponics, 20th Habitable Planet Workshop, CPUT, Cape Town, South Africa, 2016 

11. Presentation and mini paper: F. Ismail, Modular solar powered aquaponics, 

SAIMECHE, Bellville, South Africa, 2015 

12. Exhibit model and presentation at side event: F. Ismail, Modular solar powered 

aquaponics, SAIREC, CTICC, Cape Town, South Africa, 2015 

13. Exhibited model at the Spice Mecca Radio 786 Ramadan Expo (5th-7th June 

2015). This led to a follow-up 30-minute Radio 786 broadcast. 

14. Newspaper publication: TANYA FARBER | 01 July, 2015. The Times visited the 

author at CPUT and the low-income community and published an article in print and 

on their website about this project. 

http://www.timeslive.co.za/thetimes/2015/07/01/Cape-scientist-creates-perfect-

miniature-world 

15. Presented (18 August 2015) the renewable energy powered aquaponics 

system to the CPUT Directors and visiting Professor Wilfried Zörner from Germany 

16. Author received CPUT Outstanding Community Project/Community Outreach 

Award 2015 

17. The acceptance of the technology and involvement by the community has been 

remarkable. They have been awarded South Africa’s Social Developmental 

Department first prize for their Early Childhood Development programme in the 

Western Cape Province (17 February 2016) and later the National first prize 

competition (04 May 2016).  
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The aquaponics unit has already provided a productive indication of vegetable yield 

where crops such as lettuce, ruby chard, rocket, spinach, tomatoes, cucumbers, 

cauliflower, cabbage and radish were successfully grown in the MSPAS. For example, 

in four weeks, the lettuce grew 130 mm, the ruby chard grew 170 mm, the spinach grew 

180 mm, the rocket grew 300 mm and the cherry tomatoes grew 515 mm. Lettuce grew 

particularly quicker in this system where it took 35 days to grow to harvest compared 

to 50 days when grown by conventional farming methods. The pilot system located in 

the community centre is currently producing a successful vegetable harvest and the 

community has embarked on small-scale entrepreneurship. The centre has partnered 

with a company called Pure Good Food and are now providing rotational crop harvest 

for this company. Harvest not sold is processed and fed to the children in the ECD at 

the centre. 

While fish harvest has not taken place yet, a good balance between the fish stock and 

vegetable growth is evident from the vegetable harvest produced thus far. The choice 

of farming with tilapia came to fruition after discussions with the community members. 

Tilapia look closest to fish found in the sea with which people in the Western Cape are 

familiar. The fish growth was carefully monitored and compared to the Von Bertalanffy 

growth model. The results indicated that the growth rate reduced to almost zero (0) 

after about 400 days, with the fish reaching a mass and a length of about 470 g and 27 

cm respectively, which conforms to the model’s value of mass = 426 g and length = 27 

cm, respectively. It is safe to recommend fish harvest (for fully grown fish) after a nine-

month growth period, where the mass of about 400 g and a length of ~ 26 cm can be 

expected. Popular retail outlets are currently selling tilapia, with the average fish weight 

about 300 g and priced at approximately ZAR 40/kg. This seem to be a popular plate 

size fish for a meal. According to the growth model, these fish took approximately six 

months to grow. 

The PV system proved to be reliable and able to sustain the load of 1352 Wh/day for 

the operation of the aquaponics pump and the four hours of night lights required during 

moderate to adverse weather conditions. An experiment was conducted prior to 

installing the PV system, whereby a comparison between the power produced by a sun 

tracking to a stationary panel showed a 40% advantage. However, tracking the sun 

requires the initial cost of moving parts and maintenance and thus is not suitable for a 

low-income community. It was decided to fix the panels at sun facing angle of 50° (with 

respect vertical), as suggested by Bekker (2007). This angle is most suited for 
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achieving the highest minimum daily energy (HMDE), for stand-alone fixed panel 

systems, throughout the year for Cape Town. The energy output for the stand-alone 

PV system was monitored over an eight-day period during winter, whereby clear, 

cloudy and worst-case stormy weather was experienced. An average energy of 1167 

Wh/day was recorded for this period. This average slightly underperformed the design 

criteria of 1352 Wh/day. The stored energy capacity of the batteries (designed for two 

days’ autonomy, but with a shortfall of ten hours due to aged batteries) was sufficient 

to supplement the shortcoming as demanded from the load. The load operated 

continuously and uninterrupted. Such stand-alone PV systems would be viable when 

implemented in aquaponics farming methods but also could be rolled out (with 

necessary modifications for greater power requirements) to socio-economically 

deprived communities where grid power is lacking or unavailable.  

The SWH system design proved to be adequate during clear sunny days but lacking in 

capacity during adverse weather conditions (prominent in winter months). The 

experimental and analytical data for the clear day showed a close correlation to one 

another, rendering the analytical method fairly reliable for future predictions. It was 

possible to maintain a temperature close to the required 29° C at the outlet of the 

collector during ideal weather conditions. Maintaining an average flow rate of 1.78 l/min 

proved adequate to allow most of the water (~750 l) to pass through the solar collector 

in one day (~7 hours of sunlight). During winter months, the model predicted a slight 

increase in temperature, where water temperature could be raised from 15° C to an 

average of 19.1° C, with a maximum of 23.4° C just after midday. Thus, an auxiliary 

water heater is recommended to supplement the shortcomings during winter months. 

The SWH system could be scaled up, but this would lead to a redundancy of power 

during the summer months; hence, the extra solar collectors would need to be isolated 

to prevent the water from overheating. Redundancies would also mean extra costs and 

will defeat the objective of keeping the system affordable. For now, the little 

improvement in heating the water during winter months will have to suffice until further 

developments can occur. 

Numerous problems were experienced as community members fiddled with the valve 

settings which regulated the flow rates within the aqueous medium. Training the 

community members had to take place as this was imperative to avoid accidents and 

damage. Members of the community also became overexcited and attempted to show 

initiative and inventiveness. For example, they added extra fish tanks to the pilot unit 

during one of the university’s holiday periods, while the author was away on holiday. 

This created an imbalance to the aquaponics system which resulted in too few plants 

available to filter the water. They also used underground water which had low levels of 



 82 

oxygen (1.9 mg/l) compared to the required five (5) mg/l. This resulted in some fish 

fatalities. Thankfully, as a result of additional training offered to community members, 

the system is currently performing well. 

The economics of aquaponics systems hinge on specific site conditions and markets. 

It would be inaccurate to make far-reaching generalisations since material costs, 

construction costs, operating costs and market prices vary by location. For example, 

an outdoor tropical system would be less expensive to build and operate than a 

controlled-environment greenhouse system in a temperate climate. Nevertheless, the 

economic potential of aquaponics systems looks promising based on studies as 

reported by Rakocy et al. (2012). The addition of the solar system will further enlarge 

the initial capital expenditure of the overall cost, but could be offset against the free 

energy to run the system over a period of time and could prove viable. This would make 

an interesting topic for future research. 

6.2 Recommendations 

One of the shortcomings of the system is to supply the required heat to the aqueous 

medium throughout the entire year in a cost-effective manner. Work has started on 

modifying existing PV panels to PV/T by direct cooling methods making use of the 

aqueous medium. In so doing, heat generated by the PV panel is absorbed into the 

aqueous medium and carried to the fish tanks, thereby extending the required 

temperature of 29° C during the late afternoons and even the winter months. More 

about this can be read in the authors’ publication (Ismail & Gryzagoridis, 2019). 

An automated flow control device needs to be developed that will allow the correct 

temperature control directly proportional to the sun’s radiation received on the SWH. 

Nutritional values of vegetables and fish can be investigated in the current existing 

system which can lead to other post graduate studies in different faculties. 

The social impact on the children at the community centre could also be monitored to 

determine the effectiveness of the exposure through fun learning techniques utilising 

the pilot system. 

An economic viability study of such systems could be conducted. Such a study should 

not only include the yield of produce but also the educational and technology transfer 

benefits to socio-economically deprived communities.  
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APPENDIX C: Weighted average for solar collector inclination 
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APPENDIX D: Tracking code for Arduino 

 

#include <Servo.h> // include Servo library  
 
Servo horizontal; // horizontal servo 
int servoh = 90; // stand horizontal servo 
 
Servo vertical; // vertical servo  
int servov = 90; // stand vertical servo 
 
// LDR pin connections 
// name = analogpin; 
int ldrlt = 0; //LDR top left 
int ldrrt = 1; //LDR top rigt 
int ldrld = 2; //LDR down left 
int ldrrd = 3; //ldr down rigt 
 
void set-up() 
{ 
  Serial.begin(9600); 
// servo connections 
// name.attacht(pin); 
  horizontal.attach(9);  
  vertical.attach(10); 
} 
 
void loop()  
{ 
  int lt = analogRead(ldrlt); // top left 
  int rt = analogRead(ldrrt); // top right 
  int ld = analogRead(ldrld); // down left 
  int rd = analogRead(ldrrd); // down rigt 
 
  int dtime = analogRead(4)/20; // read potentiometers 
int tol = analogRead(5)/4; 
 
int avt = (lt + rt) / 2; // average value top 
int avd = (ld + rd) / 2; // average value down 
int avl = (lt + ld) / 2; // average value left 
int avr = (rt + rd) / 2; // average value right 
 
int dvert = avt - avd; // check the diffirence of up and down 
int dhoriz = avl - avr;// check the diffirence og left and rigt 
 
if (-1*tol > dvert || dvert > tol) // check if the diffirence is in the tolerance else change 
vertical angle 
{ 
if (avt > avd) 
{ 
servov = ++servov; 
if (servov > 180) 
{ 
servov = 180; 
} 
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} 
else if (avt < avd) 
{ 
servov= --servov; 
if (servov < 0) 
{ 
servov = 0; 
} 
} 
vertical.write(servov); 
} 
 
if (-1*tol > dhoriz || dhoriz > tol) // check if the diffirence is in the tolerance else change 
horizontal angle 
{ 
if (avl > avr) 
{ 
servoh = --servoh; 
if (servoh < 0) 
{ 
servoh = 0; 
} 
} 
else if (avl < avr) 
{ 
servoh = ++servoh; 
if (servoh > 180) 
{ 
servoh = 180; 
} 
} 
else if (avl == avr) 
{ 
// nothing 
} 
horizontal.write(servoh); 
} 
delay(dtime); 
}  
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APPENDIX E: Battery specifications 
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APPENDIX F: SWH “KOLEKTOR” software application 
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APPENDIX G: SWH flat plate collector design summer and winter day 
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APPENDIX F: Weighted average for inclination of PV panels 
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APPENDIX H: Method of transporting fish 
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APPENDIX I: PV specifications 
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APPENDIX J: Charge controller specifications 
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APPENDIX K: Inverter specification 
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APPENDIX L: Anemometer  
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APPENDIX M: Community report 
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