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ABSTRACT 
 

Smallholder farmers in developing countries experience high-postharvest losses (PHL) 

estimated around 23% during the transportation of fruit and vegetables. This is due to the 

inappropriate storage facilities that are unable to maintain optimum environmental conditions 

which are specific to the fresh produce. This situation arises because smallholder farmers 

cannot afford the available mobile cooling technologies such as refrigerated trucks since they 

are energy-intensive which makes them have high running costs in addition to the associated 

high investment costs. Consequently, smallholder farmers resort to utilizing small vehicles to 

transport fresh produce without air conditioning to cool the environment. These vehicles 

usually have an environment mainly characterized by high temperature and low relative 

humidity which are undesirable conditions for fresh produce. The power supply is a great 

challenge for mobile cooling technologies. As the main energy source, mobile cooling 

technologies use petrol and diesel to power the systems. These energy sources are costly, 

rapidly depleting, and detrimental to the atmosphere. Renewable energy sources such as 

biomass, solar and wind energy are promising technologies to substitute fossil fuels to power 

cooling technologies. Using renewable energy sources reduces the high incurring costs of 

operating a cooling technology, which ultimately reduces the purchase or lease costs. Since 

there is high airflow on the road associated with moving vehicles, this study aims to design and 

develop a small wind turbine to power an evaporative cooling system (ECS) during the 

transportation of fruit and vegetables in KwaZulu-Natal. The design of the wind turbine is done 

with the assistance of the Blade Element Momentum (BEM) theory, QBlade and MATLAB 

Simulink modelling software. A prototype of the wind turbine was designed, developed and 

tested on a moving vehicle between Pietermaritzburg and Estcourt. The wind turbine is 600 

mm in diameter and made of three PVC pipe material blades connected by a 60 x 2 mm 

diameter mild steel plate hub protected by an 800 x 800 x 500 mm mild steel protective casing. 

The wind turbine was tested against three vehicle speeds of 60, 80, and 100 km.h-1, and the two 

opening levels, level 1 at 45° and level 2 at 80° relative to the louvre mechanism frame. The 

results of this study revealed that the power output is significantly influenced (p<0.001) by 

both the vehicle speed and louvre opening level. The power output of 113.4, 159.6 and 210.0 

W per hour was observed for the vehicle speed of 60, 80 and 100 km.h-1, respectively, on louvre 

opening level 1. Further, the power output of 142.8, 268.8 and 294.0 W per hour was observed 

for a wind speed of 60, 80, and 100 km.h-1, respectively on louvre opening level 2. This shows 
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that higher wind speeds (vehicle speeds) obtain higher power output which account for the 

small size of the wind turbine rotor. The maximum power of 294 W was obtained at a vehicle 

speed of 100 km.h-1 (27.78 m.s-1), for louvre opening level 2 which achieved a maximum power 

coefficient of 0.49. With the assistance of the 600 W, 230 VAC power inverter, these power 

outputs are sufficient to provide power to a 600 W load (ECS unit). A study of the wind turbine 

integrated with a 53 m3 evaporative cooler at the Ukulinga research farm was also performed 

to assess the capiability of the wind turbine to provide power to the cooling system. Grid 

electricity was used as a control measure to assess the performance of the wind turbine. The 

performance of the wind turbine and grid powered ECS unit was assessed by determining the 

temperature drop, the relative humidity increase and the cooling efficiency. The temperature 

inside the ECS unit varied between 24.65 – 31.87 ℃ with a temperature drop range of 2.85 ℃ 

to 10.59 ℃ from the ambient temperature while using the wind turbine as the power source. 

The relative humidity of the wind turbine-powered ECS unit ranged between 57.8 – 88.77 % 

with a relative humidity increase range varying between 21.66 – 29.04 %. For the grid-powered 

ECS unit, the temperature inside the storage unit ranged between 23.71 – 25.23 ℃. Then the 

temperature drop was found to be 3.91 – 15.75 ℃. While being powered by the grid the ECS 

unit, the inside relative humidity increase varied between 28.52 – 47.66 %. The cooling 

efficiency varied between 12.62 – 59.78 % and 14.26 – 55.93 % for the wind turbine and grid 

electricity power source, respectively. The wind turbine performance assessed in terms of the 

temperature drop and relative humidity increase control in the ECS unit was comparable to that 

observed with the grid electricity power source. Therefore, the designed wind turbine can be 

used as a primary or alternate source of electricity to power an ECS unit or any mobile cooling 

technologies when the wind turbine is correctly sized according to the power requirement of 

the cooling technology electrical components following the path used in this study.  
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1. INTRODUCTION 
 

Smallholder farmers have the potential to become commercial, but constraints along the supply 

chain such as quality deterioration and quantity loss cost them not only their fresh produce but 

profit  (Murthy et al., 2009; Elik et al., 2019). Moreover, this pressures them to sell faster to 

intermediaries at low prices to prevent fresh produce from deteriorating (Sibanda and Workneh, 

2020a; Sibanda and Workneh, 2020b). Smallholder farmers are defined as resource-poor 

farmers with regard to fertilizers, herbicides, water and labour (Louw and Jordaan, 2016). A 

further distinction of these farmers is the small farming land, low production volume and low 

capital input cost (Mpandeli and Maponya, 2014). In developing countries it is estimated that 

about 23% of post-harvest losses (PHL) of fruit and vegetables (FV) occurring during storage 

and transportation are mainly because of the absence of cooling technologies as reported by 

the International Institute of Refrigeration (IIR) in 2009 (Elik et al., 2019). Regardless of the 

challenges, smallholder farmers contribute to 80% of the FV production (Sibanda and 

Workneh, 2020a; Sibanda and Workneh, 2020b).  

 

Cooling is one of the conventional methods used to preserve perishable commodities in order 

to keep their quality whilst elongating the shelf life (Sibanda and Workneh, 2020a; Sibanda 

and Workneh, 2020b). Immediately after harvest, the farm produce begins to deteriorate due 

to fast metabolic rate caused by exposure to high ambient temperature and low relative 

humidity (RH) along the supply chain. This subjects the fresh FV to faster physiological, 

chemical and enzymatic changes than in a controlled micro-environment (Raut et al., 2019). 

Thus, introducing cooling technologies for FVs helps control the storage conditions by 

maintaining low temperatures and high relative humidity (RH) in the micro-environment 

around fresh produce to help keep their quality longer (Sibanda and Workneh, 2020b).  

 

Over the years, the population in urban areas has tremendously increased, with an estimated 

59.8% of the total South African population in 2008 residing in urban areas and recently 

67.35% in 2020, with an increase of approximately 2 - 2.5% each year (Louw et al., 2008; 

Maja and Ayano, 2021). Alongside this population growth in the cities, there is an associated 

food demand increase. This food demand must be met by the supermarket retail chain and agro-

processors whose fruit and vegetables (fresh produce) are supplied by large commercial farms 

and local or distant small-scale farmers. While commercial farmers have the resources to get 
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their produce to the market with the proper refrigerated transportation, smallholder farmers 

struggle to get their fresh produce to the market while maintaining its high quality using the 

appropriate cooling technology.  

 

Smallholder farmers transport FVs using open-air vehicles, which gives rise to the degradation 

of the fresh produce, putting them at a disadvantage with the market (supermarket) and may  

result in losing their contracts. Over time, this weakens the small-scale farmers’ link to the 

market. Various studies have shown that smallholder farmers can contribute massively to the 

supply chain of fresh produce, but due to the instability in their food quality and quantity, they 

have a fragile and strained relationship with the fresh produce market sector and agro-

processors (Louw et al., 2008; Magesa et al., 2020). As a result, smallholder farmers cannot 

grow in size nor become commercial. Food quality losses are caused by mechanical injury, 

mishandling during transportation, micro infections, wilting and fast ripening due to high-

temperature conditions and the absence of mobile cooling technology in the case of 

transportation (Louw and Jordaan, 2016). 

 

Various studies have shown that smallholder farmers struggle with the acquisition of an 

appropriate cooling technology to utilize during the transportation of FVs amongst other factors 

that may fuel food quality losses (Elik et al., 2019). Louw and Jordaan (2016), in one of their 

studies stated that some of the logistical and infrastructural risks along the supply chain include 

changes in transport, communication, degraded and undependable transport, physical 

destruction and labour disputes affecting transportation. In a study conducted by Mpandeli and 

Maponya (2014), it was found that small-scale farmers experience many challenges. These 

include being unable to acquire productive resources, the high price of inputs such as fertilizers 

and herbicides, difficulty in gaining market access and lastly, the cost of transport. Gogo et al. 

(2018) also mentioned in their study that most fresh produce loss is caused by absence of 

appropriate fresh produce preservation, post-harvest treatment and cold storage facilities, lack 

of proper transportation facilities, improper packaging, and lack of efficient food handling 

techniques. 

 

In developing countries food loss occurs mainly during the initial   stages of the supply chain, 

with slight loss during the consumption stage (Kitinoja et al., 2011). Amongst most researchers, 

cost and lack of appropriate cooling storage facilities and transportation are the most common 

challenges faced by smallholder farmers, thus a need to get into more detail and attempt to 
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resolve this ordeal for smallholder farmers. The issue of inappropriate transport presented along 

the supply chain is more evident in the study done by Cherono and Workneh (2020), where 

tomato fruits collected as a sample for research purposes were transported in trucks with no 

refrigeration over long distances from different areas in the Limpopo province to 

Pietermaritzburg in KwaZulu-Natal for pre-treatment and storage under ambient and cold 

storage conditions. The tomatoes were transported through different routes with different road 

conditions as well as climatic conditions, which proves the unavailability and relative 

unaffordability of mobile cooling technologies for long distance use. 

 

As previously mentioned, smallholder farmers are unable to acquire appropriate mobile cooling 

technologies to utilize during transit. Even a mobile cooling technology like the refrigeration 

system is out of reach for smallholder farmers because of high energy input and investment 

costs. This is because refrigerated trucks utilize the vehicle’s petrol or diesel to power its 

systems. In an attempt to make the cooling technologies available and affordable to smallholder 

farmers, the solution is to reduce the dependence of operating the cooling technology on the 

vehicle energy supply line and introduce renewable energy as a power source, thus reducing 

the incurring costs of the energy supply to the cooling unit (Njoroge et al., 2018). To resolve 

the energy supply crisis for existing cooling technologies, different authors have looked at the 

use of renewable energy sources to power cooling storage units. Solar and wind energy along 

with biomass are some of the renewable energy resources applicable for use in transportation 

(Benedek et al., 2018; Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). Then the 

potential cooling technologies used in transport include mechanical refrigeration, vacuum, 

hydro, forced-air and evaporative cooling (EC) system (Nkolisa et al., 2018a; Sibanda and 

Workneh, 2020a; Sibanda and Workneh, 2020b) 

 

Besides the fact that petrol and diesel are expensive and constantly on a price rise, fossil fuels 

have become unappealing to the world due to their significant carbon emissions resulting in 

extreme global warming and climate change which in turn affects the livelihood of the society 

(Singh and Ahmed, 2013; Kabir et al., 2018). Moreover, fossil fuels are depleting at an 

alarming rate, thus fuelling the drive for the implementation of renewable energy resources 

(RES) to power systems in transportation (Fontes and Freires, 2018; Hossain, 2020b). Unlike 

non-renewable fossil fuels, renewable energy (RE) resources are easily replenishable and 

abundant. RE resources are a clean energy source, mitigate climate change and, therefore, are 

environmentally friendly (Benedek et al., 2018). As part of the 17 Sustainable Development 
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Goals (SDGs) put together by the United Nations for Agenda 2030, goal 7 states the need to 

make available affordable, reliable, sustainable and modern energy for all since the impact of 

the previously stated challenges has been more prominent in the recent years (Nurunnabi et al., 

2020).  

 

While refrigeration is the most reliable and efficient cooling method, it is relatively expensive 

(Rai and Tassou, 2017; Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). As 

previously discussed, smallholder farmers cannot afford to transport their FVs using 

refrigerated trucks along the supply chain, instead, they resort to using farm bakkies to transport 

their farm produce (Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). This causes 

deterioration in the quality of fresh produce, thus resulting in high monetary losses for the 

sustenance of the farm business. Moreover, the storage capacity of most refrigerated trucks is 

considerably large for the volume of FV produced and transported by an individual smallholder 

farmer, which results in unnecessary extra expenses. Thus, the need to explore and develop 

other mobile cooling technologies to store FV since high PHL negatively affect food security. 

In total, PHLs are estimated to be around 30 - 50% throughout the value chain though it can 

vary with crop types and environmental conditions (Elik et al., 2019; Sibanda and Workneh, 

2020a; Sibanda and Workneh, 2020b).  

 

In the past few years, Sibanda and Workneh (2020a); Sibanda and Workneh (2020b) have been 

engaged in research specifically focused on the evaporative cooling system (ECS) as the 

solution to PHLs, and with all cooling technologies, they have found that continuous power 

supply is an issue. Refrigerated trucks utilize auxiliary diesel engines to generate energy to 

power their systems (Rai and Tassou, 2017). In approximation, vehicles contributes about 19% 

of global energy use and 23% carbon dioxide (CO2) emissions linked to energy. Vapour 

compression refrigeration systems alone account for roughly 40% of those greenhouse gases 

(GHGs) emissions in comparison to the total vehicle emission, whilst the cold chain 

individually consumes nearly 15% of the energy generated from fossil fuels worldwide 

(Stellingwerf et al., 2018).  

 

Provided the unfortunate circumstances that the transport sector is still heavily dependent on 

fossil fuels, there is a need to explore possible alternatives (García-Olivares et al., 2018). This 

then justifies the recent interest of different authors in the development of RE technologies 

such as solar panels and wind turbines (WT) (García-Olivares et al., 2018; Sibanda and 
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Workneh, 2020a; Sibanda and Workneh, 2020b). Wind turbines have great potential to 

generate energy in vehicles. Unlike large WT, which have been fully developed, the working 

principles of small wind turbines (SWT) in developing countries have been overlooked and 

lack development (Papi et al., 2021). Most evidently, wind energy and other RES are still 

underdeveloped for utility in powering cooling technologies and use in the transportation 

sector, thus requiring to be looked at to mitigate power and environmental challenges. The 

focus of this research is to design an energy technology that uses a renewable energy resource 

to generate electric energy that can be used to power a mobile cooling system independently 

from the engine. This is done to produce clean energy as well as relieve the engine of the energy 

load to power a cooling technology. Therefore, fighting against global warming and extreme 

climate change. 

 

Several authors have been involved in research that integrates RES, such as solar energy and 

biomass, into electrical/ mechanical systems (Anbazhaghan et al., 2005; Mansuri et al., 2016; 

García-Olivares et al., 2018; Nkolisa et al., 2018a; Sharma and Kumar, 2018; Hossain, 2020b). 

Mansuri et al. (2016) and  Nkolisa et al. (2018a) conducted studies where a solar system was 

used to provide power to the ECS for the storage of fruits and vegetables. The solar system has 

been incorporated into many other systems in the agricultural sector, like the solar borehole 

pumps and storage facilities, including cooling technologies (refrigerators) (Abdulateef et al., 

2009; Sharma and Kumar, 2018). In the study done by Nkolisa et al. (2018a), the Go Power 

solar panel was able to power the evaporative cooler. The system was able to produce 

satisfactory results, with the average cooling efficiency found to be 67.17%, a temperature 

reduction from 23.0 ℃ ambient temperature to 19.8% inside storage temperature and an 

increase in the relative humidity from 63.59% to 83.91%.  

 

Biomass energy has also been incorporated to power mobile systems, either as an independent 

or hybrid system (Anbazhaghan et al., 2005). Other cars even use biomass energy to run their 

engines. Even though biofuels may release carbon dioxide into the atmosphere, this tends to 

have a less environmental impact. As a result of this, biomass energy or biofuels are said to be 

carbon neutral, meaning that the amount of carbon dioxide emitted to the atmosphere during 

combustion is removed and compensated for during the growth of the energy crops. Other 

authors like Hossain (2020b) have investigated the possible use of small wind turbines on 

vehicles to replace combustion engines. Given that wind energy is abundantly available for 

moving vehicles, Sibanda and Workneh (2020a) have also recommended the integration of this 
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energy source into mobile cooling technologies. Ohlrogge et al. (2009) proposed the use of 

carbon-neutral energy sources such as solar, nuclear, wind, hydropower, and biomass for use 

to power vehicles. Even though wind energy integration into vehicles is picking up in order to 

replace fossil fuel-dependent engine, there is no literature available for the incorporation of 

wind energy technologies into existing mobile cooling technology as its power supply.  

 

The case study of this research will incorporate wind energy as the power supply to an ECS 

(Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). The ECS was developed to 

store perishable commodities for smallholder farmers (Nkolisa et al., 2018a; Sibanda and 

Workneh, 2020a; Sibanda and Workneh, 2020b). The aim of this research project is to design 

and develop a small wind turbine to power any cooling technology during the transportation of 

FV in South Africa. This report presents a critical review of literature on the evaporative 

cooling system, the wind energy conversion system and wind power generation parameters. It 

also discusses in detail the design of a SWT prototype and modelling of a SWT on MATLAB 

Simulink, testing and evaluating the design and performance parameters. The SWT design 

parameters include the WT swept area, blade shape and material. Then the important 

performance evaluation parameters for the WT include the coefficient of performance and tip 

speed ratio. The key research questions for this research are: 

(a) Will the designed wind turbine be able to supply sufficient electric power to the ECS? 
(b) What is the effect of varying wind speed on cooling efficiency? 
(c) What is the cut-in, optimal and cut-out wind speed of the small wind turbine? 
(d) What is the effect of very low and high wind speeds on power generation? 
(e) Is the cooling system able to continuously operate when the vehicle is stationary, and 

the wind turbine ceases energy generation? 
(f) What is the role of the surface area and shape of the turbine blades in power generation 

and cooling efficiency? 
 

This research project aims to design and develop a small wind turbine to power an evaporative 

cooler unit during the transportation of fruit and vegetables in KwaZulu-Natal. The objectives 

of this research are to: 

(a) Develop a small wind turbine that can run a portable evaporative cooler loaded on small 
vehicles for fruit and vegetables preservation for the smallholder farmers in KwaZulu-
Natal. 

(b) Design, optimize and model the wind turbine components using the blade element 
momentum (BEM) theory and MATLAB Simulink with special focus on rotor blade 
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parameters such as airfoil shape, chord length, wind speed, tip speed ratio, pitch angle, 
twist angle, wind speed, and swept area  

(c) Construct, test and evaluate the performance of a small wind turbine prototype, 
operated individually as well as integrated on an evaporative cooler unit. 

 

The hypothesis of this study is as follows: 

(a) The small wind turbine can adequately power a mobile evaporative cooler unit 
throughout a delivery trip. 

(b) The high wind speeds on the road account for the small size of the rotor and sufficient 
power is generated to power the evaporative cooling unit. 

 

1.1 Outline of Dissertation Structure  

 

This dissertation is classified into the following chapters: 

 

Chapter 1: Provides a general background on the study accounting for the justification of 

the research project.  

 

Chapter 2:  Provides an outline of the available cooling technologies and renewable energy 

sources. It critically reviews the literature on the evaporative cooling system, 

wind energy generation and the main components of the wind turbine design, 

including the turbine rotor, the blades, and the generator. 

 

Chapter 3: Discusses the modelling and simulation of the small wind turbine design using 

Blade Element Momentum theory, QBlade and MATLAB Simulink. 

 

Chapter 4: Discusses the prototype construction and testing of the small wind turbine. 

 

Chapter 5: Assesses the performance of the ECS unit powered by a wind turbine. 

  

Chapter 6: Presents the general conclusion of the study along with the suggested 

recommendations that can be made to improve the design in the study. 
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2. LITERATURE REVIEW ON COOLING TECHNOLOGIES AND 

RENEWABLE ENERGY SOURCES APPLICABLE TO THE COLD 

CHAIN 
 

This chapter discusses in detail the literature review on the topic under study with a specific 

focus on cooling technologies, renewable energy sources, wind energy and most importantly 

the components of the wind turbine technology. 

 

2.1 Cooling Technologies 

 

Most modern cooling technologies are advanced, but each is reserved for a selected type of 

fresh produce. They also require a high energy supply and have expensive initial and operating 

costs, making them unappealing to smallholder farmers (Sibanda and Workneh, 2020a; 

Sibanda and Workneh, 2020b). These cooling technologies include mechanical refrigeration, 

hydro, vacuumIAC and forced-air cooling, which ultimately can be transformed into mobile 

cooling technology (Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). Mechanical 

refrigeration systems use refrigerants to provide cooling. Usually, these refrigerants are 

expensive, have high energy requirements and are detrimental to the atmosphere. Overall, 

refrigerated systems’ initial purchase and running costs are relatively high. Using renewable 

energy as an alternative power source may help decrease the running/incurring costs of the 

refrigeration system and consequently reduce the leasing price. 

 

On average, the energy consumption is around 8.2 kW for a storage capacity that can 

accommodate 4 tons of fruits and vegetables (Zhu et al., 2019). Refrigeration systems can 

achieve an inside storage temperature of -20℃, -10℃, 0 ℃ and +12 ℃ (Tassou et al., 2012). 

Most times, refrigeration units operate at low temperatures, less than 10℃. Since some fruits 

and vegetables are sensitive to low temperatures, refrigeration is somehow less efficient for 

extending or improving the shelf life of these FVs. Instead, the fruit and vegetables are 

subjected to chilling injury, which is also a reason why smallholder farmers and farmers in 

general use bakkies or open-air trucks to transport their FV such as tomatoes, cabbages, and so 

on. 
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One of the cooling technologies applicable to vehicles is the evaporative cooling system. 

Evaporative cooling refers to a cooling method that utilizes water flowing in a cooling pad 

material to cool the outside air through the process of evaporation and transfer it inside the 

storage chamber, thereby lowering the FV’s temperature and increasing the RH with the help 

of an exhaust mechanism (Adekanye and Babaremu, 2019) Unlike other cooling systems, the 

ECS uses less electric power for mainly operating the water pump and fan. It also works well 

in hot, arid and remote regions, and most importantly, it has low initial investment costs 

(Tilahun, 2010b; Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). The energy 

consumption of an ECS can be approximated to 600 W for a storage capacity of 53.39 m3 

(Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). Similar to greenhouses, an 

evaporative cooling system is able to attain favourable environmental conditions inside the 

storage units.  

 

In an ECS, cooling occurs by passing ambient air over a wetted pad and the water evaporates, 

removing sensible heat along. ECS cools down air using the principles of evaporation. The less 

the RH, the more cooled air can be achieved by the ECS. ECS are divided into three types, 

direct evaporative cooling (DEC), indirect evaporative cooling (IEC) and indirect/direct 

evaporative cooling (IDEC) (Shirmohammadi and Gilani, 2019). The DEC, also known as a 

swamp cooler, refers to cooling whereby air passes through a wet cooling pad, which is cooled 

and humidified, resulting in reduced air temperature and increased RH because of added 

moisture. Oppositely to IEC, a secondary heat exchanger is utilized to cool the air, which 

prevents humidity from being added to the airstream thus, the RH remain unchanged 

(Shirmohammadi and Gilani, 2019). IDEC combines IEC and DEC, where a water-soaked pad 

and a secondary heat exchanger are used to prevent humidity from entering the controlled-

conditions space. IDEC systems use 60 – 70% less electricity than conventional refrigeration 

systems. 

 

Furthermore, ECS can be categorized into natural and forced ventilation evaporative coolers. 

Forced ventilation evaporative coolers have a suction fan to either draw in air from the outside 

to the evaporative cooler or from the ECS into the storage chamber. Whilst with natural 

ventilation, there is free movement of air between the ECS and the storage chamber without 

the assistance of a fan. DEC and IEC are highly efficient in hot and arid regions, negating the 

need for compressors in the cooling cycle. Temperature and RH are two critical parameters 

that need to be controlled to reduce PHL (Nkolisa et al., 2018a). Nkolisa et al. (2018a) 



 

13 

evaluated the performance of a low-cost ECS powered by a solar plate and the effect it has on 

the quality of FV in hot and arid regions. The ECS was able to achieve an inside temperature 

of 19.8℃ compared to 23℃ in ambient conditions, and a RH of 83.91% from 63.59% was 

achieved, with the average cooling efficiency at 67.17%. These results were found satisfactory 

given that this is a semi-humid area, the air is already saturated and based on literature, ECS 

performs very well in dry areas as cooling is achieved through the principles of evaporation. 

Overall, the system’s efficiency suggests that the cooling technology can store and maintain 

the quality of FV for longer and improve the shelf life.  

 

Another study by Sibanda and Workneh (2020a) evaluated the performance of indirect air-

cooling combined with an evaporative cooling (IAC + EC) system. The performance of an IAC 

+ EC system was high during the day, between 10h00 – 16h00 because of the high ambient 

temperature during these times which favours evaporation. An IAC + EC system can attain a 

temperature of around 10-15 ℃ inside the storage chamber and a RH of 90%, allowing for an 

increased shelf life of tomatoes from 3 to 15 days in hot and sub-humid regions (Sibanda and 

Workneh, 2020a; Sibanda and Workneh, 2020b). The study that was done by Sibanda and 

Workneh (2020a)  shows that the system was able to achieve an inside temperature of 15.7-

16.4 ℃℃. The RH inside the IAC + EC system was found to be between 89.6 – 93.8% for hot 

and sub-humid regions, which was deemed satisfactory because the recommended RH for FV 

ranges between 85 - 95%. Lastly, the IAC + EC system achieved an almost impeccable cooling 

efficiency, ranging between 88.04 – 95.6%. An ECS in arid regions performs similarly to an 

IAC +EC in hot and sub-humid regions. The energy consumption of the IAC + EC system was 

found to be 2.343 kW for body volume of 53 m3 with a storage capacity of 3.8 – 4 tons. 

 

Hydro cooling and vacuum cooling are cooling technologies mainly used as pre-cooling 

methods immediately after farm produce is harvested to cool it before the product is transferred 

into a secondary cooling technology used during transportation. Vacuum cooling is a batch 

processing method used for particular leafy food products such as lettuce and mushroom 

(Kitinoja and Thompson, 2010). During this process, the additional moisture contained by the 

fresh produce evaporates under vacuum, causing cooling. For example, vacuum cooling can 

reduce the temperature of lettuce from 25 ℃ to 1℃ in less than 33 minutes almost tripling the 

shelf life of lettuce from 3-5 days to 14 days (Zhu et al., 2019). The energy consumption of 

vacuum cooling is estimated at 0.51 kWh (Zhu et al., 2019). 
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Hydro cooling is a pre-cooling method that uses chilled water to cool perishable commodities. 

It has an energy consumption ranging between 0.67 kWh to 0.78 kWh for high and low flow, 

respectively (Zhu et al., 2019). Forced-air cooling method exposes packages of food in a cold 

room to high pressure on one side. The difference in pressure forces air through the packages, 

past the produce and in the process, removes sensible heat and offers cooling. For a body 

volume of 3.5 m3, storing 700kg, the energy requirement of a forced-air cooler is 2.9 – 3.5 kW 

(Kitinoja and Thompson, 2010). Table 2.1 shows the advantages, disadvantages, and 

characteristics of different cooling technologies. 
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Table 2.1 Summary of advantages, disadvantages and characteristics of different cooling technologies (Sibanda and Workneh, 2020b) 

Cooling 

technology 

Advantages  Disadvantages  Performance characteristics  References 

Evaporative 

cooling 

Low capital cost; high energy efficiency; 

environmental benign; low weight loss; low 

deterioration in quality; suitable for rural 

application, requires no special skill to 

operate; can be made from locally available 

materials; and easy to maintain.  

Requires constant water supply; no 

humidification, and high dew point; condition 

decreases the cooling capability; mineral 

deposits leading to pad and interior damage. 

Can maintain temperatures 10 – 15 ℃ below 

ambient; Can achieve relative humidity of 

90%; Can increase shelf life from 3 days to 15 

days. 

Typical cooling time is 40 – 100 h in passive 

cooling and 20 - 100 hours in fan-ventilated 

systems. 

Mordi and Olurunda 

(2003) 

Anyawu (2004) 

Basediya et al. (2011) 

Chaudhari et al. (2015) 

Tigist et al. (2011) 

Hydro-cooling Rapid cooling; prevents loss of moisture 

during cooling; cools and cleans the produce 

at the same time; simple and effective pre-

cooling method; high energy efficient.  

Not uniform may leave “hot spots"; not suitable 

for leafy produce; not suitable for products that 

do not tolerate wetting; not suitable for 

products that can be damaged by falling water; 

water left on surface can lead to fungus growth 

or discoloration; capital cost is relatively high; 

the equipment is not portable  

Cooling can be achieved in 20 – 30 min; water 

removes heat about 15 times more faster than 

air at typical flow rates and temperature 

difference; Refrigeration capacity of 1.4 kW  

cool 500kg produce per hour  to achieve 11 ℃ 

depression 

Wills et al. (2007) 

Brosnan and Sun (2001) 

Rennie et al. (2003) 

Prusky (2011) 

Vacuum cooling Rapid cooling achievable; distinct advantage 

over other cooling methods; cooling can 

achieve uniform cooling, gives highest energy 

efficiency; and hygienic since air only goes to 

the vacuum chamber; No potential for decay 

contamination; equipment is portable 

Very capital cost; limited application for large 

growers; causes weight loss in produce; only 

suitable for produce with high surface to 

volume ratio; works best only for produce like 

lettuce; cabbage, mushroom  

Rapid cooling; method and can achieve 

temperatures of 1 ℃; Can increase shelf life 

from 3 – 5 days at ambient days to 14 days 

when combined with cold storage at 1 ℃; For 

every 5.5 ℃ reduction in temperature there is 1 

% weight loss 

Turk and Celik (1993) 

Kim et al. (1995) 

Ito et al. (1998) 

Brosnam and Sun (2001) 

Rennie et al. (2003) 
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2.2 Renewable Energy Sources 

 

The adoption of renewable energy resource use in the transportation sector is an excellent yet 

challenging transition from fossil fuel-powered vehicles (Dominković et al., 2018; García-

Olivares et al., 2018). It is estimated that about one-third of the total energy consumption and 

one-fifth of the GHG emissions is due to the transport sector and its systems (Dominković et 

al., 2018; García-Olivares et al., 2018). As a result of all these negative impacts, researchers 

around the globe are looking for substitutes and alternative solutions to achieve a goal where 

fossil fuels are a thing of the past (García-Olivares et al., 2018; Stellingwerf et al., 2018; 

Hossain, 2020b). Amongst many renewable energy resources available, this study will only 

discuss those applicable to the transport sector, which include biomass, solar and wind energy 

(Benedek et al., 2018; Fontes and Freires, 2018; Sibanda and Workneh, 2020a; Sibanda and 

Workneh, 2020b) 

 

2.2.1 Biomass 

 

Biomass is considered one of the main substitutes for fossil fuels to provide energy in the 

transport industry because it helps reduce GHG emissions, although it is not completely clean 

(Liu et al., 2017). Biomass refers to any organic matter derived from plants or animals used as 

fuel to produce electricity, including manure, agricultural, forestry, and industrial matter 

(Fontes and Freires, 2018). Some crops, such as starch crops, switchgrass, reed canary grass, 

bamboo, etc., are purposefully grown for energy production (Liu et al., 2017). Unfortunately, 

energy crops cannot be grown fast enough to replace fossil fuels and has a low energy 

efficiency of less than 30 % (Liu et al., 2017). Growing these energy crops requires a large 

piece of land to match that equivalent to fossil fuels, thus resulting in high costs of production 

than fossil fuels. Anbazhaghan et al. (2005) developed and tested a biomass-powered 

absorption refrigeration system. They found the coefficient of performance (COP) to be around 

0.2 -0.35, with the lowest temperature obtained at -5 ℃. This system was able to decrease the 

carbon dioxide significantly thus proved to be environmentally friendly. As a result of shortage 

of cold storage facilities and unreliable power supply in rural areas of India, Panja and Ganguly 

(2019) developed a biomass and solar hybrid power system to the cold storage facilities for 

small-scale farmers. The system was found to be efficient, with a coefficient of performance 

(COP) between 0.7 – 0.82 and a chiller temperature around 8 – 10 ℃. 
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Biomass energy can be made available for use by vehicles in two ways, biofuels or bio-

electricity stored in batteries. Laser and Lynd (2014) conducted a study that concluded that 

both these ways are efficient in powering a vehicle. This energy type can be recovered through 

different processes, including direct combustion, gasification and pyrolysis, with the pyrolysis 

process being the most common method adopted. Biomass pyrolysis is the process used to heat 

organic material in the absence of oxygen and convert it into combustible gases and charcoal. 

Biofuels produced through pyrolysis have been found to be efficient in the transport sector to 

power the car as well as have near to zero carbon emission effect. Although biomass 

energy/biofuels are well known, and literature on the evaluation of the energy source is widely 

available, not much direct case studies where biofuel or bio-electricity was developed and 

tested in a vehicle in order to support and validate its use on vehicles can be found.  

 

2.2.2 Solar energy  

 

Solar energy is the most abundant, free and prominent energy source of all (Fontes and Freires, 

2018; Kabir et al., 2018). Solar energy is generated from the sun using technologies such as 

photovoltaic (PV) panels and concentrated solar power (CSP) (Kabir et al., 2018; Shahsavari 

and Akbari, 2018). PV panels convert sunlight radiation directly into electrical energy using 

semiconductors, whilst CSP utilizes high magnification mirrors to first concentrate solar 

energy before converting it into heat energy to drive a steam turbine that finally generates 

electrical power (Kabir et al., 2018). The African continent has the greatest potential for PV 

and CSP technologies’ energy generation since it consists of the sunniest places on the planet. 

The capacity of energy generation is mainly dependent on the size of the RE technology itself, 

and with transportation, space is very limiting therefore, researchers have to be more innovative 

in working on these technologies to generate enough energy to power the vehicle’s system and 

accommodate night travel (Hossain, 2020b).  

 

Olosunde et al. (2016) designed and developed a solar power evaporative cooling storage 

system (SPECSS to be utilized by rural smallholder farmers with no power supply to store 

fresh produce and improve its shelf life. The findings show that the 0.39 m3 storage system 

was able to store fruits and vegetables for a prolonged time at low power input. The SPECSS 

temperature varied between 7.8 – 15.4 ℃, while the RH ranged between 44 – 96.8%. The 

tomatoes’ shelf life was then extended from 6 days in ambient storage conditions storage 

without a cooling technology to 21 days in SPECS chamber storage conditions. Sharma and 
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Kumar (2018) designed and developed a movable refrigeration storage structure powered by a 

system of solar photovoltaic panels for the storage of fruits and vegetables. The solar system 

was able to generate an average of 2.07 kWh. Then the refrigerator achieved an inside storage 

temperature of 9 - 11 ℃ and relative humidity of 73 - 92 %. They found the solar-powered 

refrigerator helpful to the community with little to no power supply. Kumar and Bharj (2016) 

designed, constructed and tested a viable solar hybrid mobile cold storage system for the 

storage of perishable foods including vegetables, where there is an unreliable energy supply. 

The system was able to achieve a storage temperature of -8 ℃ for 7 – 8 hours from battery-

stored solar energy. 

 

2.2.3 Wind energy 

 

After solar energy, wind energy is known to be the fastest-growing and promising energy 

source in the world (Sibanda and Workneh, 2020a; Sibanda and Workneh, 2020b). Wind 

energy, like any RES, is a free, clean and readily available energy source, but the installation 

is very costly and has several challenges associated with transmission (Sumathi et al., 2015; 

Hossain, 2020b). Wind energy is the kinetic force of moving air per unit volume (Hossain, 

2020b). The wind turbine is the technology used to harness wind energy and convert it into 

electrical energy (Hossain, 2020b). According to the International Electrochemical 

Commission (IEC) 61400-2 Standard, SWTs are defined as those with a turbine rotor swept 

area of less than 200 m2, corresponding to a blade radius of less than 8 m and a power output 

below 50 kW (Wood, 2011). Power generation of a wind turbine installed in a vehicle has much 

great potential because of high windspeed readily availability (Hossain, 2020b). Hossain 

(2020b) designed, developed and implemented a small wind turbine on a small car to serve as 

its main power supply. The findings showed that the use of wind energy in a car is very 

functional. From the study, it was observed that a car moving at 10 km.h-1 can generate 8 kWh 

for an average wind speed of 2 km.h-1 (0.556 m.s-1). The energy generated is considered enough 

to run a car via battery storage since a standard car requires 20 kWh, which is provided by two 

hours of charging at 10 km.h-1, allowing the car to move for at least 200 km with the stored 

power. Table 2.2 shows the summary of the wind turbine performance studies performed by 

other researchers. While solar energy is a fairly known and developed renewable energy source 

in both the agricultural sector and road transport, wind energy is still rather in the introductory 

phase and requires development for integration into vehicles, in this particular case the mobile 

cooling units (Bharj, 2018; Njoroge et al., 2018; Rossetti et al., 2022). Therefore, it is important 
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to conduct research to develop, adopt and utilise this form of energy since it is free, abundant 

and easily available for moving vehicles. 

 

Table 2.2 Summary of the wind turbine performance studies by various researchers 

WT 

no. 

No. of 

blades 

Rotor 

diameter (m) 

Tip speed 

ratio 

Wind speed 

(m.s-1) 

Power 

(W) 

Power 

coefficient 

Authors 

1 3 4 6.5 5.5 650 0.445 Muhsen et al. (2019) 

 3 4 6.5 7 1180 0.4 Muhsen et al. (2019) 

2 3 3 - 7.5 616 0.35 Ozgener (2006) 

3 3 0.64  10 478.5 0.79 Tahir et al. (2019) 

4 3 1.6 - 12 600  Salih et al. (2012) 

 

2.2.4 Wind energy power 

 

Similar to solar energy, computations must be performed to size the generator and associated 

electrical components. Therefore, this sub-section discusses the wind energy power equation, 

the energy conversion system and battery power storage. More focus will be placed on 

explaining each variable within the power equation and how each affects the power generation. 

These variables include air density, swept area, wind speed and most importantly, the power 

coefficient. 

 

The Equation used to compute the aerodynamic wind power output produced by the wind 

turbine generator is given by Equation 2.1 (Schubel and Crossley, 2012; Bisoyi et al., 2013): 

 

 𝑃𝑃𝑇𝑇 = 1
2
𝐶𝐶𝑝𝑝(𝜆𝜆,𝛽𝛽)𝜌𝜌𝜌𝜌𝑉𝑉3                                                                                       (2.1) 

where 

 PT = Aerodynamic power output (W), 

 Cp = Power coefficient, 

 𝜆𝜆 = Tip speed ratio, 

 𝛽𝛽 = Pitch angle (°), 

 𝜌𝜌 = Air density (kg.m-3), 

 A = Swept area (m2), and 

 𝑉𝑉1= Undisturbed windspeed (m.s-1). 



 

20 

 

Normally, an increase in RH implies a possible increase in the air density, which could mean 

a potential increase in the power output. But the air density barely varies much in closed 

regions, thus, the air density is mostly assumed to remain constant. Unfortunately, the energy 

in the wind cannot be fully captured or harnessed by the wind turbine, therefore the introduction 

of the power coefficient concept. The power coefficient is a function of the blade pitch angle, 

𝛽𝛽(°) and the tip speed ratio, 𝜆𝜆. Given that the swept area of the rotor and air density remain 

constant, the value of Cp is dependent on 𝜆𝜆, which is determined by the blade design. The 

maximum value of Cp is equal to 0.593, which means the maximum power that can be extracted 

is 59.3% of that available in the wind (Bisoyi et al., 2013). This is called the Betz limit. Even 

in the absence of the drag effect, a horizontal axis wind turbine (HAWT) can never reach the 

Betz limit. Small wind turbines generally achieve a power coefficient of 0.4, while large wind 

turbines can get close to the Betz limit by 0.52.  

 

2.2.5 Energy conversion system  

 

The energy conversion system is the systematic path which energy takes from the source to the 

final power output described by a chain of interacting subsystems (Hossain, 2020b). In a wind 

turbine, kinetic wind energy is captured through the rotation of the turbine blades which is 

controlled by the amount of airflow, wind speed. This mechanical energy rotates the connecting 

shaft coupled to the electrical generator that ultimately produces the electric energy to power 

the electrical components of the system (Sumathi et al., 2015; Hossain, 2020b). The entire 

configuration of a small wind turbine is shown in Figure 2.1. In this particular case, a permanent 

magnet synchronous generator (PMSG) was used to convert mechanical energy into electrical 

energy. On this figure, the wind blew on the rotor which caused the rotation of the rotor. Then, 

the PMSG creates electrical energy due to this mechanical rotation which rotates the shaft of 

the generator. A battery is used to store the power and supply it to the loads. 
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Figure 2.2 Wind energy conversion sytems (Ofualagba and Ubeku, 2008) 

 

2.2.6 Electric generator 

 

An electric generator, also known as a dynamo, is a machine that converts mechanical energy 

into electrical power (Harrouz et al., 2016). Its operation relies on magnetic induction in the 

form of voltage arranged in two ways. Either a conducting coil is in a changing magnetic field, 

or the coil moves around the magnetic field. Most WT use a generator where the conducting 

coil is in a changing magnetic field. The mechanical force of the blades drives the rotor of the 

generator, creating a rotating magnetic flux inside the stator of the armature coil. The main 

types of industrial electric generators available on the market include the Squirrel Cage 

Induction Generators (SCIG), Doubly-Fed Induction Generator (DFIG), Permanent Magnet 

Synchronous Generator (PMSG) and Switched Reluctance Generator (SRG) (Harrouz et al., 

2016). The interest in SCIG has decreased while that of SRG is increasing, but both the SCIG 

and SRG are of low cost, low energy use and low maintenance. SCIGs have a poor starting 

torque and operate with fixed speed, but they are also more reliable and have good speed 

regulation. SRG, on the other side can withstand high-speed application and temperature, 

although it is difficult to control. 

 

DFIG and PMSG are the most common variable speed wind generators (Bisoyi et al., 2013; 

Harrouz et al., 2016). The PMSG is preferred for SWT since it can be connected directly to the 

turbine rotor without the gearbox. They can achieve a larger afir-gap flux density and stator 
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bore diameter, and an efficiency of 97% (Harrouz et al., 2016).  DFIG helps to lower noise and 

mechanical stress, it improves power quality and makes up for torque and power pulsation 

(Sathiyanarayanan and Senthil Kumar, 2014). When the power storage or supply is faulty, the 

DFIG can be blocked and then, after a while it automatically reconnects to the power network 

(Sathiyanarayanan and Senthil Kumar, 2014). One of the most prominent limitations of using 

the DFIG is that it requires a gearbox, making it prone to bearings and gear faults which 

ultimately means high maintenance. Figure 2.3 shows the different types of electric generators. 

 

 
Figure 2.3 Cross-sectional view of each wind electrical power generator type (Harrouz 

et al., 2016). 

 

2.2.1 Bridge rectifier 

 

A rectifier is an electrical device used to convert an oscillating two-directional alternating 

current (AC) power into a direct current (DC) power, which flows in only one direction (Sakui 

and Fujita, 1994; Lian et al., 2008). A bridge rectifier typically uses four or more diodes in a 

bridge circuit configuration to convert AC power into DC power (Saura et al., 2021). The 

rectifier can be either single or three-phase. Figure 2.4 shows the basic circuit of a three-phase 

bridge rectifier with the input being the AC power and the output being the rectified DC power.  
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Figure 2.4 Three-phase bridge rectifier circuit (Sakui and Fujita, 1994). 

 

2.2.2 Power inverter 

 

An inverter is used to convert DC power into an AC power as well as step-up battery energy 

from lower voltage to a high, suitable voltage of 220-230 V that can be utilised by electrical 

appliances (Soares-Ramos et al., 2021). Its function is the opposite of the rectifier. Electrical 

components utilise 230 VAC, therefore it is important to use the inverter when using a DC 

battery source in order to be able to utilise the electrical energy in it (Velasco et al., 2019). 

 

2.2.3 Battery power storage 

 

After electricity is produced by the electric generator, it can be utilized directly from the wind 

turbine or indirectly via a rechargeable battery storage (Hossain, 2020b).  Batteries are devices 

that store electric energy in an electrochemical form and deliver direct current power. The 

importance of the battery storage is to maintain voltage stability and consistency in energy 

supply regardless of fluctuating power output as a result of variable wind speed (Esmaili et al., 

2013; Amrouche et al., 2016). The battery also allows for a readily available energy source and 

storage of excess energy to use at a later stage in the case of events such as start-up energy 

requirement, low efficiency of the WT, traffic and awaiting loading or offloading. The most 

common battery types utilized for energy storage include the value-regulated lead-acid 

(VRLA) and Lithium-ion (Li-ion) batteries (Amrouche et al., 2016).  

 

The Li-ion battery has a greater capacity per unit volume compared to the VRLA battery, 

although it can differ between models and manufacturers (Amrouche et al., 2016). It is 

lightweight and has a fair lifespan. Most importantly, it has an energy efficiency of around 
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90%, and it is temperature tolerant, therefore possessing a high measure of safety (Dragičević 

et al., 2014). The VRLA battery is an improved version of the lead-acid battery. It is compact, 

low maintenance, has an efficiency of around 60%, and 90% of the material is recyclable. The 

most prominent drawback of a Li-ion battery is that it’s expensive and almost double the price 

of a lead-acid battery. The total power that the battery is required to store to cover a specific 

duration is presented on Equation 2.2.  Ohm’s law is used to determine the current rating needed 

to size the battery to give the required power storage as presented by Equation 2.3. 

 

 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝐴𝐴 ×  𝑡𝑡                                                                                                   (2.2) 

where  

 Ptot = Total power of the battery (Wh), 

 PA = Aerodynamic power output (W), and 

 t = Travel duration (h). 

 

 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑉𝑉 × 𝐼𝐼                                                                                                    (2.3)  

where 

 Ptot = Total power of the battery (Wh), 

 V = Battery voltage (V) 

 I = Battery current (Ah)  

 

2.3 Wind Turbine Power Generation  

 

The main parts of a SWT include a turbine rotor, electric generator, tail and support (Schubel 

and Crossley, 2012). A SWT does not require a gearbox since the rotors rotate at a windspeed 

significantly larger than the utility level turbine and can be directly coupled to their electric 

generators. In the case of an EC unit, the electric energy produced from the wind turbine is 

used to power the suction fan to draw air into the storage chamber, power the water pump for 

water circulation and the light bulbs in the storage chamber. (Workneh, 2010; Sibanda and 

Workneh, 2020a; Sibanda and Workneh, 2020b). This section critical reviews the literature on 

the WT parts, including the WT rotor geometry, rotor blades and electrical generator.  
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2.3.1 Turbine rotor geometry 

 

One of the main classifications of the wind turbine is based on the orientation of the shaft and 

rotational axis, namely the horizontal axis wind turbine (HAWT) and vertical axis wind turbine 

(VAWT) (Schubel and Crossley, 2012; Raj et al., 2016). HAWT has its shaft horizontally 

parallel to the ground, while VAWT has its shaft normal to the ground. HAWT is the most 

used wind turbine, generally used in regions where the airflow is in a constant direction, and 

the flow is not turbulent (Johari et al., 2018). Whilst VAWT can capture the wind in any 

direction and can operate in areas with high turbulence. Figure 2.5shows the horizontal and 

vertical axis wind turbine orientation. The rest of the wind turbine geometry is based on the 

turbine blades (Johari et al., 2018).  

 

 
(a) 

 
(b) 

Figure 2.5 Rotor geometries (a) horizontal and (b) vertical wind turbine (Goriounov, 

2013) 

 

2.3.2 Rotor blades design through Blade Element Momentum (BEM) theory 

 

The rotor is the most important part of the wind turbine design. Its design determines the 

amount of power that the wind turbine can harness from the approaching wind. The rotor is 

made of the hub and blades, as shown in Figure 2.6. A wind turbine rotor can be made of any 

number of blades depending on the manufacturer, which account for centrifugal body forces, 

the efficiency of electric energy generation, and aerodynamic efficiency (Schubel and Crossley, 

2012). Having few blades reduces drag, but two blades are unstable in the wind. Three blades 

have constant angular momentum and are able to harness optimum wind energy without 

additional mass and costs compared to four or more blades.  
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dimensional airfoils. Then the forces and moments on the blades can be computed separately 

and finally sum them up to attain the total forces and moments. On the other side, the second 

part of the BEM method, the momentum theory, presumes that wind turbines harnesses energy 

from incoming wind, thereby, the wind is subjected to losses in pressure and moment. The 

corrections on the BEM method make them applicable to wind turbines. The corrections 

include tip loss, hub loss, Glauert and Buhl empirical, skewed wake, and “3D” corrections. 

 

The most important design parameter of the wind turbine blades, the power coefficient, Cp can 

be calculated using either of these equations presented by Equation 2.4 and 2.5. 

 

           𝐶𝐶𝑝𝑝 =  𝑃𝑃
1
2𝜌𝜌𝐴𝐴𝑉𝑉

3                               or                        𝐶𝐶𝑝𝑝 = 4𝑎𝑎(1 − 𝑎𝑎)2                          (2.4) 

 

            𝐶𝐶𝑝𝑝 = 0.22 �116
𝛾𝛾
− 0.4𝛽𝛽 − 5� 𝑒𝑒𝑒𝑒𝑒𝑒

−12.5
𝛾𝛾                where 𝛾𝛾 = 1

1
𝜆𝜆+0.05𝛽𝛽−

0.035
𝛽𝛽3+1

                    (2.5) 

 

where  

 𝑎𝑎 = Axial induction factor, and 

 𝑎𝑎′ = Tangential induction factor. 

 

The axial and tangential induction factors can be determined using Equation 2.6 and 2.7, 

respectively. 

           𝑎𝑎 =  1
4𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛2𝜑𝜑
𝜎𝜎𝐶𝐶𝑥𝑥

+1
                                                                                                              (2.6) 

 

            𝑎𝑎′ =  1
4𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝜑𝜑𝐹𝐹𝐹𝐹𝐹𝐹𝜑𝜑

𝜎𝜎𝐶𝐶𝑦𝑦
−1

                                                                                                       (2.7) 

 

Where the inflow angle, 𝜑𝜑 is presented by Equation 2.8: 

 

             𝜑𝜑 = tan−1( (1−𝑎𝑎)𝑉𝑉1
(1+𝑎𝑎)𝜔𝜔𝜔𝜔

)                                                                                                 (2.8) 

 

The solidity factor is then given by Equation 2.9: 
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            𝜎𝜎 = 𝑐𝑐𝑐𝑐
2𝜋𝜋𝜔𝜔

           .                                                                                                           (2.9) 

 

Then, the hub-tip loss factor, F is: 

 

            𝐹𝐹 =  2
𝜋𝜋

cos−1(𝑒𝑒
−𝐵𝐵(𝑅𝑅−𝑟𝑟)
2𝑟𝑟𝐹𝐹𝐹𝐹𝑛𝑛𝜑𝜑 )                        (2.10) 

 

And finally the normal and tangential loads coefficient, Cx and Cy are given by Equation 2.11 

and 2.12, respectively. Figure 2.7 shows the airfoil blade section with the angles, forces and 

planes clearly defined. 

 

            𝐶𝐶𝑥𝑥 =  𝐶𝐶𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑 + 𝐶𝐶𝐷𝐷𝑐𝑐𝑠𝑠𝑠𝑠𝜑𝜑                                                                                         (2.11) 

 

            𝐶𝐶𝑦𝑦 =  𝐶𝐶𝐿𝐿sin𝜑𝜑 - 𝐶𝐶𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑                                                                                           (2.12) 

 

 

Figure 2.7 Blade element section with all angles, forces and planes on the blade 

element section defined (Berger and Kühn, 2015) 

 

Axial induction factors which were found higher than 0.4 using Equation 2.6 need to be 

recalculated using an equation by defined by Buhl (2005) as presented by Equation 2.13. 
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            𝑎𝑎 =  18 𝐹𝐹−20−3�𝐶𝐶𝑁𝑁(50−36𝐹𝐹)+12𝐹𝐹(3𝐹𝐹−4)
36𝐹𝐹−50

                                                                      (2.13) 

 

The angle of attack, AOA is then calculated using Equation 2.14: 

 

            𝛼𝛼 =  𝜑𝜑 −  𝛽𝛽                                                                                                             (2.14) 

where  

 𝛼𝛼 = Angle of attack, 

 𝜑𝜑 = Inflow angle, and 

 𝛽𝛽 = Pitch angle.  

 

Generally, an SWT requires a cut-in speed of 3 - 4 m. s−1 to operate, and at about 10-15 m. s−1, 

the maximum power is generated depending on the turbine rotor size. According to Barroso 

Montes (2011a),  the shut-down wind speed is around 25 m.s-1. Table 2.3 shows the cut-in, 

rated and cut-out wind speed observed by different researchers.   

 

Table 2.3 Summary of the cut-in, rated, and cut-out wind speed of small wind turbine 

Cut-in wind speed Rated wind speed Cut-out wind speed Author 

2.8 – 3 10 15 Tahir et al. (2019) 

5 - 25 Barroso Montes (2011b) 

2.4 12 18 Ozgener (2006) 

3.6 

4 

12 

12 

45 

25 

Hirahara et al. (2005) 

(Salih et al., 2012) 

 

Given that the directly measured wind speed from an anemometer as the vehicle travels is 

different from the wind speed in front of the wind rotor, if calculations of the power coefficient 

are performed using the measured wind speed, it will result in large errors. Moreover, these 

errors will result in computing an incorrect power output at a given wind speed. Therefore, the 

speed/velocity of incoming flow, W is expressed as the resultant of the undisturbed airspeed, 

𝑉𝑉1 and the rotational speed, 𝜔𝜔. The velocity of incoming flow, W, is represented by Equation 

2.15: 

 

            𝑊𝑊 =  �[(1 − 𝑎𝑎)𝑉𝑉1]2 + [(1 + 𝑎𝑎′)𝜔𝜔𝜔𝜔]2                                                                   (2.15) 
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Provided that |𝑎𝑎𝑛𝑛+1 − 𝑎𝑎𝑛𝑛| < 0.001 and |𝑎𝑎′𝑛𝑛+1 − 𝑎𝑎′𝑛𝑛| < 0.001 

where 

 W = Velocity of incoming flow (m.s-1), 

 𝑉𝑉1 = Undisturbed air speed (m.s-1),   

 𝜔𝜔 = Wind turbine rotational speed (rev.min-1), and  

 r = Radial distance from the hub to the blade element (m). 

 

Even more, the undisturbed airspeed is not simple to acquire for mobile systems. This is 

because it is a combination of airspeed and the vehicle’s travelling speed, giving resultant to 

the undisturbed apparent wind speed. Generally, the speed limits are 60 km.h-1 on a public road 

within an urban area, 100 km.h-1 on public roads outside an urban area which is not a freeway 

and 120 km.h-1 on a freeway (ArriveAlive, 2020). The undisturbed/apparent wind speed is 

given by Equation 2.16:  

 

            𝑉𝑉1 =  �𝑉𝑉𝑐𝑐2 + 𝑉𝑉𝑎𝑎2 + 2𝑉𝑉𝑐𝑐.𝑉𝑉𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼                                                                             (2.16) 

where 

 𝑉𝑉1 = Apparent/ undisturbed windspeed (m.s-1), 

 𝑉𝑉𝑐𝑐 = Vehicle speed (m.s-1), 

 𝑉𝑉𝑎𝑎 = Air velocity (m.s-1), and 

 𝛼𝛼 = True pointing angle (°). 

 

The true pointing angle of the wind is taken as 0° for upwind conditions and 180° for downwind 

conditions. The relationship between airspeed and change in air temperature is directly 

proportional, while that of airspeed and relative humidity is inversely related. In dry weather 

where the temperature is high, and relative humidity is low, the true airspeed is high and vice 

versa for cold and humid areas. This is because there is less air to put up resistance against any 

moving object. 

 

The chord length and twist angle of each blade element is computed using the Schmitz formula. 

Along with the airfoil section design, the chord lengths and twists angle define the basic shape 

of the rotor blades. The chord length and twist angle are given by Equation 2.17 and 2.18, 

respectively: 
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            𝑐𝑐(𝜔𝜔) =  16𝜋𝜋𝜔𝜔
𝑐𝑐(𝐶𝐶𝐿𝐿)𝐷𝐷

sin2(1
3

tan−1( 𝑅𝑅
𝜔𝜔𝜆𝜆𝐷𝐷

))                                                                           (2.17) 

 

            𝛽𝛽(𝜔𝜔) =  2
3

tan−1(𝑅𝑅
𝜔𝜔
1
𝜆𝜆𝐷𝐷

)                                                                                              (2.18) 

 

where  

 B = Number of blades, 

(𝐶𝐶𝐿𝐿)𝐷𝐷 = Design lift coefficient, 

 R = Radius of the rotor/ blade length (m), and 

 𝜆𝜆𝐷𝐷 = Design tip speed ratio. 

 

The design tip speed ratio (TSR) is then presented by Equation 2.19. 

 

            𝜆𝜆𝐷𝐷 =  ωR
𝑉𝑉1

  = 
2𝜋𝜋𝑅𝑅.𝑁𝑁
60
𝑉𝑉𝑑𝑑𝑑𝑑𝐹𝐹

                                                                                                     (2.19) 

where 

 𝜔𝜔 = Rotational velocity (rad.s-1), 

 R = Radius (m), and 

 𝑉𝑉1 = Windspeed (m.s-1). 

  

Aerodynamic performance is important in the efficient design of blades. Two forces act on the 

WT, the lift force (𝐹𝐹𝐿𝐿) and drag force (𝐹𝐹𝐷𝐷). The aerodynamic lift is the force on the blades, 

which is responsible for the energy harnessed by the wind turbine required to maximize power 

generation. The drag force is the opposing force, giving rise to frictional resistance, and thus 

must be minimized for high energy efficiency. (Schubel and Crossley, 2012). The lift-to-drag 

ratio is found on the airfoil section performance catalogue dependent on the AOA.  

 

The values of the lift coefficient (CL), drag coefficient (CD), and the lift to drag ratio for before 

stall conditions are read off the wind turbine two-dimensional (2D) airfoil performance curve, 

which includes CL vs 𝛼𝛼, CD vs 𝛼𝛼 and CL/CD vs 𝛼𝛼. For optimal WT blades design, CL > CD and 

CD must be approximated to at least 1
10

 CL (Salibindla et al., 2020). The total lift force, 𝐹𝐹𝐿𝐿 and 

drag force, 𝐹𝐹𝐷𝐷 acting on the blades can be determined using Equation 2.20 and 2.21, 

respectively. 
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            𝐹𝐹𝐿𝐿 =  1
2
𝜌𝜌𝑐𝑐𝑊𝑊2𝐶𝐶𝐿𝐿                          or  𝐹𝐹𝑦𝑦 = B ∑ (𝑑𝑑𝐹𝐹𝑦𝑦)𝑖𝑖𝑁𝑁

𝑖𝑖=1                  (2.20) 

 

            𝐹𝐹𝐷𝐷 =  1
2
𝜌𝜌𝑐𝑐𝑊𝑊2𝐶𝐶𝐷𝐷                         or                           𝐹𝐹𝑋𝑋=B∑ (𝑑𝑑𝐹𝐹𝑥𝑥)𝑖𝑖𝑁𝑁

𝑖𝑖=1                     (2.21) 

 

where  

 𝑑𝑑𝐹𝐹𝑦𝑦 = (1
2
𝜌𝜌𝑊𝑊2𝑐𝑐 𝑑𝑑𝜔𝜔)𝐶𝐶𝑦𝑦 and  

  

 𝑑𝑑𝐹𝐹𝑥𝑥 =  (1
2
𝜌𝜌𝑊𝑊2𝑐𝑐 𝑑𝑑𝜔𝜔)𝐶𝐶𝑥𝑥. 

 

According to the BEM theory, lift and drag forces are computed individually from each blade 

element with thickness, 𝑑𝑑𝜔𝜔 and then summed up to give the total force loads by calculating 

each dFx and dFy. The torque and power of the wind turbine can then be calculated using 

Equation 2.22 and 2.23, respectively. 

 

            𝑑𝑑𝑑𝑑 = 𝜔𝜔 𝑑𝑑𝐹𝐹                                                                                                               (2.22) 

 

            𝑑𝑑𝑃𝑃 = 𝜔𝜔 𝑑𝑑𝑑𝑑                                                                                                              (2.23) 

 

            𝑃𝑃 = 𝐵𝐵 ∑ (𝑑𝑑𝑃𝑃)𝑖𝑖𝑁𝑁
𝑖𝑖=1                                                                                                     (2.24) 

 

Finally, the power coefficient can be determined from the aerodynamic power computed and 

the mechanical power. 

 

For 𝛼𝛼𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 < 𝛼𝛼 < 90°, Viterna and Corrigan proposed a post-stall model which is used to 

determine the lift and drag coefficient of a HAWT operating in the stall region. The Viterna 

and Corrigan is an extension to the BEM theory for post-stall conditions since the 2D airfoil 

sections do not fully accommodate all the angles where the wind turbine operates post-stall. 

 

            𝐶𝐶𝐷𝐷,𝑚𝑚𝑎𝑎𝑥𝑥 = 2.01;𝜌𝜌𝐴𝐴 > 50                                                                                        (2.25) 

 

            𝐶𝐶𝐷𝐷,𝑚𝑚𝑎𝑎𝑥𝑥 = 1.11 + 0.018𝜌𝜌𝐴𝐴;𝜌𝜌𝐴𝐴 ≤ 50                                                                    (2.26) 
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            𝐶𝐶𝐷𝐷 = 𝐵𝐵1 sin2(𝛼𝛼) +  𝐵𝐵2 cos(𝛼𝛼), 𝛼𝛼𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 ≤ 𝛼𝛼 ≤ 90°                                                (2.27) 

 

            𝐵𝐵1 =  𝐶𝐶𝐷𝐷,𝑚𝑚𝑎𝑎𝑥𝑥                                                                                                           (2.28) 

 

            𝐵𝐵2 = 1
cos(𝛼𝛼𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

. (𝐶𝐶𝐷𝐷,𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 − 𝐶𝐶𝐷𝐷,𝑚𝑚𝑎𝑎𝑥𝑥 sin2(𝛼𝛼𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠))                                                    (2.29) 

 

            𝐶𝐶𝐿𝐿 = 𝜌𝜌1 sin(2𝛼𝛼) + 𝐴𝐴2 cos2(𝛼𝛼)
sin (𝛼𝛼)

                                                                                   (2.30) 

 

            𝜌𝜌1 =  𝑐𝑐1
2

                                                                                                                   (2.31) 

 

            𝜌𝜌2 = �𝐶𝐶𝐿𝐿,𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 − 𝐶𝐶𝐷𝐷,𝑚𝑚𝑎𝑎𝑥𝑥 sin(𝛼𝛼𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠) cos(𝛼𝛼𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠)�[
sin (𝛼𝛼𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
cos2(𝛼𝛼𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

]                                  (2.32) 

 

where 

 AR = Aspect ratio between the blade length and tip chord, 

 𝛼𝛼𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 = inflow angle at stall onset (usually 15°), 

 𝐶𝐶𝐷𝐷,𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 = drag coefficient at stall onset, and 

 𝐶𝐶𝐿𝐿,𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 = lift coefficient at stall onset. 

 

Reynolds number, Re is important for the design and analysis of rotor blades. The Reynolds 

no. is a dimensionless value that helps to determine the aerodynamic data such as the lift 

coefficient, drag coefficient and the lift-to-drag ratio for a selected airfoil design. The Reynolds 

number is expressed by Equation 2.33:  

 

            𝐴𝐴𝑒𝑒 =  𝑊𝑊𝑐𝑐
𝜐𝜐

 = 𝜌𝜌𝑉𝑉𝑐𝑐
𝜇𝜇

                                                                                                        (2.33) 

where 

W = relative wind speed, 

  c = chord length, 

  𝜐𝜐 = kinematic viscosity of air, and  

  𝜇𝜇 = kinetic viscosity. 
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In the preliminary design, for simplicity, Re is approximated using the following formula 

defined by Equation 2.34. This is because the relative wind speed and tip chord length are 

unknown, although Equation 2.34 forces the author to make an assumption on the chord length. 

 

            𝐴𝐴𝑒𝑒 = 𝑉𝑉1. 𝑐𝑐. 70000                                                                                                   (2.34) 

where 70000 is the constant value for air measured in s.m-2 

 

The material used to make rotor blades is crucial in designing a high-functioning WT 

since they determine the fatigue and strength of the machine (Raj et al., 2016). The 

material used for the blades must be lightweight to reduce the aerodynamic drag force. 

One of the simplest and cheap material is the polyvinyl chloride (PVC) pipe. It is 

weather-resistant, light in weight and makes easy blade shaping, although it can be 

difficult to cut the right shape. The disadvantages of PVC pipes include the inability to 

determine the optimum twist angle, pitch angle and angle of attack. Wood, metals, glass 

fibre reinforced polymers (GFRP), natural fibre reinforced polymer (NFRP), carbon fibre 

reinforced polymers (CFRC), and nanocomposites are some of the other materials 

available for making rotor blades (Kale et al., 2015). GFRP and CFRC are preferred to 

metal due to their properties, but their dependency on petroleum-based resources is a 

drawback since they are rapidly depleting (Kale et al., 2015). NFRP is a good substitute 

to address this challenge, given that they are plant-based fibres reinforced with 

thermoplastic epoxy (Kale et al., 2015). CSP and GFRP are strong materials, but their 

brittle nature and the fact that they are expensive materials is a downside to their utility. 

The properties of three materials, CFRP, GFRP, PVC, epoxy and polyester are presented 

in Table 2.4. These properties include the modulus elasticity, tensile strength, yield 

strength, strength to weight ratio and other properties that are helpful in the selection of 

the material for optimum blade design.CFRP and GFRP have high strength to weight 

ratio and tensile strength. Table 2.5 shows the strengths, weaknesses, opportunities and 

threats (SWOT) analysis for blades material.  
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Table 2.4 Material properties of CFRP, GFRP and PVC 

Property CFRP GFRP PVC Epoxy Polyester 
Elastic modulus (N.mm-2) 228000 39300 3-4830 3810-5810 2068-4412 
Poisson’s ratio 0.32 0.39-0.41 0.4 0.29-0.34 0.65-0.75 
Tensile strength (N.mm-2) 1500-

3500 
480-1600 0.00123-

60.8 
23-85 42 

Yield strength (N.mm-2) 2500 2750-2875 28.0-57.4 91.33 85 
Thermal expansion 
coefficient 

2.99 x10-5 20-30 x10-6 28.0x10-6 10-13 x10-1 123.5 

Mass density (kg.m-3) 1500-
2000 

1490-1540 1130-1850 1100 1100 
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Table 2.5 SWOT Analysis of materials for rotor blades  (Kale et al., 2015) 

Materials  Strengths Weaknesses Opportunities  Threats 

NFRP • Environmental friendly  
• Compatible specific 

strength and specific 
stiffness 

• Can be formed into 
intricate shape  

• Suitable manufacturing 
process  

• Low cost of raw material 
and manufacturing  

• Hygroscopic in nature  
• Require coating material  
• Low range of working 

temperature  
• Less developed 

manufacturing process of 
raw material 

• Life and performance can 
be improved after 
lamination 

• Can also be as 
reinforcement in the 
NFRP 

• Recyclable 
• Increased interest and 

awareness towards clean 
energy & environmental 
issues  

• High crack growth rate 
will cause sudden failure  

• Change in length due to 
temperature, humidity 
and load, varies the 
stress concentration and 
load distribution at the 
interface  

Nano-

composites  

• Variability in properties as 
per type of material choice 

• Good dimensional stability 
• Can be formed into 

intricate shape  
• High range of working 

temperature  
• High specific stiffness and 

specific strength  

• High cost of raw material 
• It’s not readily available  
• Time consuming 

manufacturing process  
• Not eco-friendly 
• High energy consumption 

in the fabrication of 
material  

• Skilled workers required 
• Prone to coagulation and 

segregation of nano-
powder during fabrication 
of the nanocomposites 

• Can be used as coating 
material to reduce the 
effect of the impact of 
the dust particles 

• Can be used with NFRP 
to reduce the effect of the 
temperature, humidity 
and radiation  

• Recycling and 
sustainability is difficult  

• Repair cost after damage 
will be high 

• Failure analysis is 
difficult  

• Stress distribution is 
non-uniform  

• Life prediction is 
difficult  

• High thermal and 
electrical conductivity  
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2.4 Integration of Renewable Energy on Cooling Technologies and Vehicles 

 

The wind-solar energy hybrid has been researched for use in transportation but has not yet been 

fully developed (Merabti et al., 2019). Most of the previously performed wind turbine 

modelling has been either through MATLAB Simulink or Computational Fluid Dynamics 

(CFD). Hossain (2020b) performed an experiment in a small vehicle whereby the diesel power 

supply was replaced by the wind power supply to run the vehicle. The experiment was a 

success, and the vehicle was able to run efficiently using a wind turbine model from MATLAB 

Simulink, whereby one can adjust the power coefficient value according to the wind speed 

(Hossain, 2020b). A study was performed by Abdulateef et al. (2009), where it was concluded 

that a solar-powered ejector-driven refrigeration technology is not only suitable for providing 

energy to the cooling technology in remote areas for food preservation and medical storage, 

but it also mitigates energy and climate change crisis.  

 

2.5 Theoretical Framework 

 

This section discusses the wind turbine and evaporative cooling system performance 

parameters. 

 

2.5.1 Wind turbine performance parameters 

 

The performance parameters used to evaluate wind turbines include the power coefficient and 

tip speed ratio, which gives the performance curve (Bisoyi et al., 2013). The tip speed ratio (𝜆𝜆) 

defines the relationship between the rotor blade velocity and the relative wind velocity (Schubel 

and Crossley, 2012). It is an important design parameter from which other rotor dimensions 

are determined (Schubel and Crossley, 2012). Aside from the TSR, the power coefficient is the 

most important parameter used to measure the efficiency of the design and evaluate its 

performance.  

 

The most important design parameters that are considered for the wind turbine design include 

the surface area, blade pitch angle, angle of attack, material, weight, and environmental 

conditions such as wind speed and air density (Bisoyi et al., 2013; Raj et al., 2016). Figure 2.8 

provides a summary of the parameters for the wind turbine design.  
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2.6 Discussion and Conclusion 

 

The main drive for the great interest in the RES substitutes for utility in the agricultural sector 

is the growing energy needs for powering agricultural systems, in this particular case, the 

cooling technologies. Cooling technologies help to maintain the quality of agricultural produce 

long after they are harvested and increase its shelf-life three times more than in ambient storage 

conditions. This means the end consumers get quality products, and farmers do not experience 

high post-harvest losses than could potentially cause high loss of profit. Climate challenges 

brought by the use of fossil fuels in both the agricultural and industrial sectors have also played 

a great role in the urgency to review alternative energy sources. Wind energy, along with 

biomass and solar energy, are the major RES applicable to transportation. Although small wind 

turbines are still in the developmental phase for incorporation into small vehicles, their working 

principles are very similar to large wind turbines, meaning the same design concepts can be 

adopted by SWT. More advantageous is the fact that SWTs do not require complex control 

such as pitch control, yaw behaviour and the incorporation of a gearbox, instead the rotor and 

generator are directly coupled. The technology has proven to be efficient and reliable for use 

in transportation according to the recent research articles done by different authors to power 

and drive small vehicles and replace diesel/ petrol engine systems.   

 

The swept area and blade geometry design are crucial in obtaining the optimal and highest 

power supply from the wind turbine. Wind turbines can either have a fixed pitch (stall-

regulated) or an adjustable pitch (pitch-regulated). The stall control is the most used control for 

SWT and is relatively the simplest wind turbine control mechanism against damage. The BEM 

theory is the common method used for the design and optimization of the blade shape using 

2D airfoil. In addition to the BEM theory, the Viterna and Corrigan model can be used to 

determine the post-stall lift and drag coefficients provided that the angle of attack at which stall 

occurs is correctly defined. With lightweight materials, the drag force is reduced, and the WT 

can capture more energy, close to the Betz limit, 59.3%. The materials used for making rotor 

blades include wood, metals, glass fibre-reinforced polymers (GFRP), natural fibre-reinforced 

polymer (NFRP), and carbon fibre-reinforced composites (CFRC). Out of these, GFRP, CFRC 

and NFRP possess the great properties to withstand design wind load and are made to have less 

deformation. Doubly-Fed Induction Generator (DFIG) and Permanent Magnet Synchronous 

Generator (PMSG) are the best variable-wind speed electric generators available for energy 

generation. Then, when it comes to energy storage, Li-ion and VRLA batteries are the most 
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commonly used battery type because of their high energy efficiency, especially the Li-ion 

battery type. Although Li-ion batteries have a great capacity per unit volume, have a longer 

lifespan and are temperature tolerant compared to VRLA batteries, they are relatively 

expensive, and VLRA is highly recyclable and low maintenance, although it can differ between 

models and manufacturers (Amrouche et al., 2016).  

 

An evaporative cooling system is preferred to other cooling technologies because it has low 

installation and maintenance costs, is environmentally friendly, and most importantly, 

consumes a small amount of energy to power its subsystems. Compared to a refrigeration 

system, the EC system has less energy consumption. The ECS has a great performance in hot 

and sub-humid regions with low energy consumption that is around 0.6 kWh for 53 m3 storage. 

While a refrigeration system requires approximately 8.2 kWh energy supply to run a system of 

the same carrying capacity. Therefore, the ECS is a good cooling technology for 

implementation by smallholder farmers. Moreover, the refrigeration system uses refrigerants 

and compressors, which are harmful to the environment, and mostly, the refrigerated trucks are 

relatively of large size in relation to the perishable commodities transported by individual 

smallholder farmers. Vacuum and hydro cooling are just pre-cooling methods that require a 

secondary system for FV in transit for long distances. Vacuum cooling is specific to food 

produce, and thus, smallholder farmers who produce a variety of FV cannot utilise it. 

 

Tip speed ratio and power coefficient are the parameters used to measure the performance of 

SWT. Whilst the performance parameters considered for the ECS are the wet-bulb temperature 

and relative humidity, the design parameters of the wind turbine include the surface area, blade 

pitch angle, angle of attack, wind speed and air density. Although solar energy technologies 

have gained momentum in powering refrigeration systems in the transportation industry, not 

much literature has been done on the use of wind turbines to directly power cooling 

technologies used to transport fruits and vegetables in the cold chain. Therefore, the purpose 

of this literature review was to gather information on renewable energy sources, especially 

small wind turbines and the BEM theory which can be used to design and develop a small wind 

turbine prototype to supply power to a mobile cooling technology for smallholder farmers in 

order to reduce the running costs of purchasing or hiring a cooling technology. Through 

reducing the running costs, that is petrol and diesel costs used to run the cooling technology, 

farmers can be able to afford to hire mobile cooling technologies, which will reduce post-



 

42 

harvest losses. In this way farmers will be able to make profit from selling as well as from 

saving on fuel costs. 
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3. WIND TURBINE MODELLING USING BLADE ELEMENT 

MOMENTUM THEORY, QBLADE AND MATLAB-SIMULINK 
 

Abstract 

 

This study aimed to design and optimise the blades of a 600 W wind turbine by using the blade 

element momentum (BEM) theory and QBlade modelling software. MATLAB Simulink was 

also used to model the entire wind turbine, including all the associated electrical components. 

QBlade and MATLAB Simulink are two of the commonly used software for the analysis of 

wind turbines. The blade element momentum theory is employed mainly for the optimization 

of the chord length, twist angle and overall shape of the blade. Initially, the BEM method was 

used to perform the computations of the wind turbine design. Then, QBlade was used to model 

the small wind turbine with a power output rated around 600 W and the SG6043 airfoil section 

used for the design of the blades. This study was conducted using a small horizontal-axis wind 

turbine (HAWT) driven by a permanent magnet synchronous generator (PMSG). The 

important parameters considered for the design include air density, wind speed, rotor diameter, 

pitch, and twist angle. According to the BEM method, the required power output of 600 W for 

a design wind speed of 16.8 m.s-1, a design TSR value of 6 and a pitch  

 

angle of 7° is found at a rotor rotational speed of 3200 rev.min-1. The QBlade model showed 

that a SWT with a rotor diameter of 600 mm, a design tip speed ratio of 6 running at 19 m.s-1 

can generate electrical energy of 0.6 kW at a rotor rotational speed of 3200 rev.min-1, and the 

power coefficient was found at 0.45. Both the BEM theory and QBlade obtained similar results, 

showing that a rotational speed of 3200 rev.min-1 is required to produce 600 W of electrical 

energy with a diameter of 0.6 m. A power output of 611.8 W was produced using the model on 

MATLAB Simulink, with the wind speed at 16.8 m.s-1 and a pitch angle of 7°. The BEM theory 

and QBlade software help create a blade that harnesses the maximum amount of wind energy 

to generate the maximum electrical energy. The chord length, twist angle, pitch angle, design 

wind speed and rotor rotational speed obtained in these models are essential in developing a 

fully functional wind turbine prototype. 
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3.1 Introduction  

 

Specific modelling and simulation tools are used for the design of wind turbines. Amongst the 

many modelling tools available, the blade element momentum theory, QBlade, and MATLAB 

Simulink are some of the common tools used to model wind turbines (Alaskari et al., 2019; 

Noronha and Krishna, 2020). The blade element momentum theory is a mathematical model 

used to compute the basic parameters of the wind turbine design (Alaskari et al., 2019). QBlade 

and MATLAB Simulink are models used to design, simulate, and analyse the wind turbine 

performance. QBlade is a simple, easy-to-use open-source software that was specifically 

designed for wind turbine analysis (Koç et al., 2016). It is used for the design and real-time 

simulation of SWT, and it provides a performance curve for the power output, power 

coefficient, torque, thrust, the bending moment, measured against the wind speed, tip speed 

ratio and rotational speed (Alaskari et al., 2019; Bracco and Razzetti, 2022). The functionality 

of QBlade include airfoil design and analysis, lift and drag polar extrapolation, blade design 

and optimisation, and lastly turbine definition and simulation (Noronha and Krishna, 2020). 

On QBlade, the NACA foils data can be used or the airfoil data can be imported from the 

specially designed website even though it is limited experimental data (AirfoilTools, 2022). 

Based on the airfoil data, the software can produce the lift-to-drag ratio, lift coefficient, and 

drag coefficient versus the angle of attack curves (Bracco and Razzetti, 2022).  

 

Extrapolation of the imported airfoil data for post-stall operation in order to include the 360 

range angle of attack can be done using either the Montgomerise or Viterna method 

(Hassanzadeh et al., 2016). QBlade is able to design a blade with different airfoil sections and 

shapes for optimum blade design (Bracco and Razzetti, 2022). With the blade design and 

optimization part, the chord length can be optimised using the Schmitz, Betz, or linear method. 

Then the twist angle can be optimised using the optimum lift-to-drag coefficient, stall, and 

linear method for each blade element. QBlade uses the blade element momentum method for 

simulation of wind turbines and provision of real-time data (Alaskari et al., 2019; Suresh and 

Rajakumar, 2020). On the other side, MATLAB Simulink is part of the MathWorks package. 

It can be used to model and simulate the electric connections of a fully functional wind turbine 

system using mainly built-in blocks and programming with a customizable set of blocks. 

MATLAB Simulink is a relatively complex programming software that requires a bit of 

learning and understanding of the connections and electric systems. MATLAB Simulink 

permits one to specifical set up or code each of the electrical components of the wind turbine 
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electrical circuit (Quintal-Palomo and Dybkowski, 2019). MATLAB Simulink is able to 

produce the power output, rotational speed, voltage and current measurements as well as the 

power coefficient curves among many parameters it can generate. This study aimed to design 

and optimise a 600 W wind turbine using different modelling methods for the development of 

a fully functional wind turbine prototype. 

 

3.2 Wind Turbine Blade Design Using the Blade Element Momentum (BEM) Theory 

 

This section discusses the mathematical computations involved in the design of the small wind 

turbine using the BEM theory and Viterna and Corrigan model for the optimization of the blade 

design for the best possible performance. The International Electrotechnical Commission (IEC) 

61400-2 standard: Design requirements of a small wind turbine was used in the design of the 

structure to make it a safe and compatible design. This section discusses in detail the theoretical 

design of the wind turbine blades using the BEM theory, which outputs the total electric power 

generated by the wind turbine along with the power coefficients, which measures the efficiency 

of the design. The initial design parameters and assumptions of the calculations are presented 

on Table 3.1. 

 

An iterative procedure is required to compute the axial and tangential induction factor and 

eventually the power output and power coefficient. The steps are as follows: 

 

(a) Initially, set the values of a and a’ to zero, 
(b) Compute 𝜑𝜑 and AOA using Equation 2.8 and 2.14, respectively, 
(c) Obtain CL, CD and CL/CD using the computed AOA from standardised plots specific to 

the airfoil section and Reynold’s number, 
(d) Determine the tip-hub loss factor, chord length and solidity factor, assuming the twist 

angle to be zero, 
(e) Calculate the normal and tangential coefficient, Cx and Cy, 
(f) Reassign a and a’ values using Equation 2.6 and 2.7, 
(g) If a > 0.4, use Equation 2.13, 
(h) Once the a and a’ values are determined, calculate the axial and tangential forces acting 

on each blade element, and 
(i) Lastly, compute the torque and power output for each blade element. 

 

Table 3.1 Initial design parameters of the small wind turbine 
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Design parameters Value Units 

Wind turbine rated power output, P 600 W 

Design/rated design wind speed, Vdesign 12 m.s-1 

Number of blades, B 3 - 

Design tip speed ratio, 𝜆𝜆 6 - 

Air density, 𝜌𝜌 1.24 kg.m-3 

Rotor radius, R 0.3 M 

Design rotational speed, 𝜔𝜔 3200 rev.min-1 

Design Reynolds number, Re 200 000 - 

 

The apparent wind speed for a moving vehicle on the road ranges between 12 - 29 m.s-1 and 

possibly higher. Considering these high wind speeds, a movable louvre mechanism structure 

is used to reduce the undisturbed/apparent wind speed to a lower value that is suitable for wind 

turbine operation as seen from the range presented in Figure 3.1. This is because high wind 

speeds can potentially cause wear and tear on the blade surface, making the wind turbine fail 

in its original purpose or potentially be a safety hazard. From Figure 3.1, it is clear that the 

wind turbine reaches its highest performance between 10 – 15 m.s-1, and the cut-off speed is 

25 m.s-1. Outside of this range, the wind turbine ceases operating. Taking this into account, the 

convenient design wind speed is between 10 - 25 m.s-1. For the preliminary design, the wind 

speed is taken as 16.8 m.s-1, from an average wind speed of 12 m.s-1 as defined from the IEC 

61400-2 standard calculated using Equation 3.1: 

 

            Vdesign  = 1.4 Vave .........................................................................................              (3.1) 

            = 1.4 (12) 

             = 16.8 m.s-1 
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Figure 3.1 Power curve of a wind turbine (Cole, 2022) 

 

For the wind turbine blade design, the tip speed ratio, TSR, is taken as 6 since most small wind 

turbines have high performance at the TSR around 5-7. Then, the rotor diameter is fixed at 600 

mm. These are basic assumptions which are important in the wind turbine design. The first 

computation done after determining the design wind speed is determining the rotor/generator 

rotational speed and angular velocity. Using the assumptions and a design wind speed of 16.8 

m.s-1, the rotor rotational speed was calculated and found to be 3208.564 rev.min-1, while the 

angular speed, 𝜔𝜔 was found to be 336 rad.s-1 as shown by Equation 3.2 and 3.3, respectively.  

 

            𝜆𝜆 = ωR
𝑉𝑉1

 = 
2𝜋𝜋𝑅𝑅.𝑁𝑁
60
𝑉𝑉𝑑𝑑𝑑𝑑𝐹𝐹

                                                                                                            (3.2)           

            6 = 
2𝜋𝜋(0.3).𝑁𝑁

60
16.8

 

            N = 6∗16.8∗60
2𝜋𝜋(03)

 

                = 3208.564 rev.min-1 

 

            𝜔𝜔 = 2πN
60

 ..................................................................................................................... (3.3) 

                = 2𝜋𝜋(3208.564)
60

 

                = 336 rad.s-1 
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With a and a’ initially taken as zero, the design wind speed, V1 at 16.8 m.s-1 and the computed 

angular velocity, 𝜔𝜔 at 336 rad.s-1, the inflow angle, 𝜑𝜑 of the incoming airflow is calculated for 

different elements/segments along the blade using Equation 3.4. The sample calculations were 

done for the middle element at the radial distance, r equal to 0.15 m. The inflow angle was 

calculated and found to be 18.4° as shown by Equation 3.4. The inflow angle of each blade 

element is presented in Table 3.2. Then, with the inflow angle calculated at 18.4° from a radial 

distance of 0.15 m and the pitch angle at 7°, the angle of attack for the third blade element was 

calculated using Equation 3.5 and found to be 11.4 °. The angle of attack of the incoming flow 

for each of the blade elements is also presented in Table 3.2 for the entire blade length. 

 

            𝜑𝜑 = tan−1( (1−𝑎𝑎)𝑉𝑉1
(1+𝑎𝑎)𝜔𝜔𝜔𝜔

) ......................................................................................            (3.4) 

                = tan−1( (1−0)16.8
(1+𝑎𝑎)336∗0.15

) 

                = 18.4 ° 

 

            𝛼𝛼 =  𝜑𝜑 −  𝛽𝛽                                                                                                               (3.5) 

                = 18.435 – 7 

                = 11.4 ° 

 

Table 3.2 Inflow angle and angle of attack at different blade elements 

Element number r (m) 𝜑𝜑 (°) 𝛼𝛼 (°) 

1 0.05 45.0 38.0 

2 0.1 26.565 19.6 

3 0.15 18.435 11.4 

4 0.2 14.036 7.0 

5 0.25 11.310 4.3 

6 0.3 9.462 2.5 

 

Assuming that the chord length is between 0.05 m and 0.1 m and knowing the design wind 

speed to be 16.8 m.s-1, the Reynolds number was calculated using Equation 3.6. The Reynolds 

number for a chord length of 0.05 m and 0.1 m was found to be 58 880 and 117 600, 

respectively, as shown by Equation 3.6 and 3.7. In order to account for safety and extreme 

turbulence conditions on the road and ensure that the blades can withstand higher winds 
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imposed on the wind turbine structure, the Reynolds number is taken as 200 000 since from 

the preliminary design, the Reynolds number was calculated above 100 000 and the next curve 

at which the airfoil section data is available is for Re at 200 000. 

 

            𝐴𝐴𝑒𝑒 = 𝑉𝑉1. 𝑐𝑐. 70000 .................................................................................................... (3.6) 

                  = 16.8 * 0.05 * 70000 

                  = 58888 

 

            𝐴𝐴𝑒𝑒 = 𝑉𝑉1. 𝑐𝑐. 70000 ..........................................................................................           (3.7) 

                  = 16.8 * 0.1 * 70000 

                  = 117 600 

 

The next parameters which need to be determined are the axial and tangential induction factors, 

but firstly, some unknowns such as the tip-hub loss factor, solidity factor, lift coefficient, drag 

coefficient, and the normal and tangential loads coefficients must be calculated. The lift and 

drag coefficients were read off the CL vs 𝛼𝛼 and CD vs 𝛼𝛼 plots provided from the selected airfoil 

section catalogue (AirfoilTools, 2020). The airfoil section chosen for the wind turbine blades 

was the SG6043 airfoil section. The SG6043 section was specifically created for small wind 

turbines operating at a low Reynolds number with a 10% thickness. It has a high lift to drag 

coefficients which is good for small wind turbine and obtains high performance compared to 

the other airfoil section. Figure 3.2 shows the design and shape of the SG6043 airfoil section. 

Using Re at 200 000 and the inflow angle for each of the six elements, the CL, CD and CL/CD 

values were read from Figure 3.3, 3.4 and 3.5 for the SG6043 airfoil section. The CL, CD and 

CL/CD values are presented in Table 3.3 for each blade element along the blade length from the 

pre-determined angles of attack. Table 3.4 shows the legends used to define the plots in Figure 

3.3. 3.4 and 3.5 

 

 
Figure 3.2 SG6043 airfoil section design  

 

Table 3.3 CL, CD and CL/CD values for Re at 200 000 for each angle of attack at 

different blade elements operating post-stall and during stall conditions. 
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at stall found at 19°, the tip chord length at 0.0165 m, the lift coefficient at stall at 1.56 and the 

drag coefficient at stall at 0.14, the CL, CD and CL/CD values at AOA at 38.0° and 19.6° are 

determined using the Viterna and Corrigan model as Table 3.3. 

 

From the literature review, it was noted that the three blades wind turbine has high performance 

and stability without additional mass and costs to the design, therefore, the number of blades, 

N is taken as 3. Equation 3.8 was used to determine the tip-hub loss factor with the rotor radius 

taken as 0.3 m. For three blades, a rotor radius of 0.3 m, an inflow angle of 45° and a radial 

distance of 0.05 m from the hub, the tip-hub loss factor was found to be 57.295.  The values of 

F are presented in Table 3.5. 

 

            𝐹𝐹 =  2
𝜋𝜋

cos−1(𝑒𝑒
−𝐵𝐵(𝑅𝑅−𝑟𝑟)
2𝑟𝑟𝐹𝐹𝐹𝐹𝑛𝑛𝜑𝜑 ) .....................................................................................         (3.8) 

               =  2
𝜋𝜋

cos−1(𝑒𝑒
−3(0.3−0.05)
2(0.05)sin (45))      

               = 57.295 

 

Table 3.5 Tip-hub loss factor, F 

𝜑𝜑 (°) r (m) 

 0.05 0.1 0.15 0.2 0.25 0.3 

45.0 57.295 56.771 52.913 44.4 31.282 0 

26.565 57.296 57.251 56.021 50.437 37.72 0 

18.435 57.296 57.293 56.978 53.887 42.791 0 

14.036 57.296 57.296 57.221 55.639 46.553 0 

11.310 57.296 57.296 57.278 56.499 49.332 0 

9.462 57.296 57.296 57.291 56.914 51.388 0 

 

To compute the solidity factor, the chord length must be first determined. The chord length is 

computed using Equation 3.9 for each element. With the number of the blades taken as three, 

the TSR taken as 6, and the design lift coefficient taken as 1.17, corresponding to the maximum 

CL/CD, the chord length can be determined. Then the solidity factor is determined using 

Equation 3.10. The airfoil section design together with the pitch angle, chord length and twist 

angle give the overall shape of the wind turbine structure. In order to not complicate the design, 

the twist angle is assumed to be zero. The chord length for a radial distance of 0.15 m, a radius 
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of 0.3 m, and a design TSR of 6 was found to be 0.0246 m, while the solidity factor was found 

to be 0.0783. The chord length and corresponding solidity factors for the entire blade length 

are presented in Table 3.6. 

 

            𝑐𝑐 =  16𝜋𝜋𝜔𝜔
𝑐𝑐(𝐶𝐶𝐿𝐿)𝐷𝐷

sin2(1
3

tan−1( 𝑅𝑅
𝜔𝜔𝜆𝜆𝐷𝐷

)) ................................................................................  (3.9)  

    =  16𝜋𝜋(0.15)
3(1.17)

sin2(1
3

tan−1( 0.3
0.15(6)

))   

    = 0.0246 m 

 

            𝜎𝜎 = 𝑐𝑐𝑐𝑐
2𝜋𝜋𝜔𝜔

 .                                                                                                                   (3.10) 

                = 0.15(3)
2𝜋𝜋(0.15)

  

                = 0.0783  

 

Table 3.6 Chord length and solidity factor for different elements along the blade 

length 

Element no. r (m) c (m) 𝜎𝜎  

1 0.05 0.0480 0.4580 

2 0.1 0.0339 0.1620 

3 0.15 0.0246 0.0783 

4 0.2 0.0191 0.0455 

5 0.25 0.0155 0.0296 

6 0.3 0.0130 0.0207 

 

The normal and tangential loads coefficient, Cx and Cy are computed using Equation 3.11 and 

3.12, respectively. Table 3.7 shows the normal and tangential loads coefficient along the blade 

length. Then finally, the axial and tangential induction factors are calculated using Equation 

3.13 and 3.14 and reassigned values as shown in Table 3.7. 

 

            𝐶𝐶𝑥𝑥 =  𝐶𝐶𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑 + 𝐶𝐶𝐷𝐷𝑐𝑐𝑠𝑠𝑠𝑠𝜑𝜑 ....................................................................................... (3.11)         

       = 1.5cos (18.435) + 0.036sin (18.435) 

       = 1.434 

 

            𝐶𝐶𝑦𝑦 =  𝐶𝐶𝐿𝐿sin𝜑𝜑 - 𝐶𝐶𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑 .................................................................................         (3.12) 
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                  = 1.5sin(18.435) - 0.036cos (18.435) 

                  = 0.440 

 

            𝑎𝑎 =  1
4𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛2𝜑𝜑
𝜎𝜎𝐶𝐶𝑥𝑥

+1
 .................................................................................................         (3.13) 

               = 1
4(57.978)𝐹𝐹𝐹𝐹𝑛𝑛2(18.435)

0.0783(1.434) +1
 

               = 0.004906856 

 

            𝑎𝑎′ =  1
4𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝜑𝜑𝐹𝐹𝐹𝐹𝐹𝐹𝜑𝜑

𝜎𝜎𝐶𝐶𝑦𝑦
−1

 .................................................................................................    (3.14) 

                =  1
4(57.978)sin (18.435)cos (18.435)

0.0783(0.440) −1
   

                = 0.00050457 

 

Table 3.7 Normal loads coefficient, tangential loads coefficient, axial and tangential 

induction factor along the blade length  

Element no. F 𝜑𝜑 (°) Cx (Cn) Cy (Ct) A a’ 

1 57.296 0.458 2.537 0.580 00010039152 0.00232299 

2 57.293 0.162 1.493 0.565 0.005249289 0.00100012 

3 56.978 0.078 1.434 0.440 0.004906856 0.00050457 

4 53.887 0.045 1.343 0.319 0.004794476 0.00028639 

5 42.791 0.030 1.150 0.216 0.005137362 0.00019377 

6 0 0.021 0.989 0.151 1 -1 

 

The relative wind speed can now be determined. Given the design wind speed at 16.8 m.s-1, 

and the angular velocity at 336 rad.s-1, and the radial distance, the axial and tangential induction 

factors defined for each blade element are used to compute the relative wind speed of the 

incoming flow as shown by Equation 3.15. 

 

            𝑊𝑊 =  �[(1 − 𝑎𝑎)𝑉𝑉1]2 + [(1 + 𝑎𝑎′)𝜔𝜔𝜔𝜔]2               ..................................................  (3.15) 

                 =  �[(1 − 0.004906856)(16.8)]2 + [(1 + 0.00050457)(336)(0.15)]2               

                 =  53.124 
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The axial and tangential forces of the incoming flow on a blade element which essentially make 

up the lift and drag forces on the rotor blade, are calculated using Equation 3.16 and 3.17, 

respectively. Taking the air density as 1.2041 kg.m-3, the blade element thickness as 0.05 m 

and other variables defined for each blade element, the axial and tangential force is calculated. 

Table 3.8 shows the computed axial and tangential force for each blade element. 

 

            𝑑𝑑𝐹𝐹𝑥𝑥 =  (1
2
𝜌𝜌𝑊𝑊2𝑐𝑐 𝑑𝑑𝜔𝜔)𝐶𝐶𝑥𝑥 .......................................................................................... (3.16) 

                   = (1
2

(1.2041)(53.124)2(0.0246 )(0.05))(1.434)  

                   = 2.999 N 

 

            𝑑𝑑𝐹𝐹𝑦𝑦 = (1
2
𝜌𝜌𝑊𝑊2𝑐𝑐 𝑑𝑑𝜔𝜔)𝐶𝐶𝑦𝑦    ........................................................................................ (3.17) 

                   = (1
2

(1.2041)(53.124)2(0.0246 )(0.05))(0.440)  

                   = 0.920 N 

 

Table 3.8 Relative wind speed, axial force, tangential force, torque and power output 

for each blade element. 

Element no. r (m) W (m.s-1) dFx dFy dT (= rdFy) dP (=𝜔𝜔dT) 

1 0.05 23.668 2.052 0.469 0.023 7.878 

2 0.1 37.557 2.151 0.814 0.081 27.366 

3 0.15 53.124 2.999 0.920 0.138 46.392 

4 0.2 69.267 3.695 0.878 0.176 59.033 

5 0.25 85.663 3.931 0.738 0.184 61.955 

6 0.3 0 0 0 0 0 

Total  14.829 3.820 0.609 202.625 

 

From the tangential force, the torque that is required to move the generator shaft is calculated 

using Equation 3.18 for each blade element. Then the power output is calculated from the 

angular velocity and torque for each blade element using Equation 3.19. The power harnessed 

by each blade was found to be 202.625 W, then the total power output of the wind turbine 

generator for the design of three blades at a fixed pitch angle of 7° was calculated and found to 

be 607.877 W. This power output is enough to run an evaporative cooler unit with 53 m3 

volume. 
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            𝑑𝑑𝑑𝑑 = 𝜔𝜔 𝑑𝑑𝐹𝐹𝑑𝑑                                                                                                             (3.18) 

                  = 0.15 (0.920) 

                  = 0.138 N.m 

 

            𝑑𝑑𝑃𝑃 = 𝜔𝜔 𝑑𝑑𝑑𝑑                                                                                                              (3.19) 

                  = 336 (0.138) 

                  = 46.392 W 

 

            𝑃𝑃 = ∑ (𝑑𝑑𝑃𝑃)𝑖𝑖𝑁𝑁
𝑖𝑖=1          ..............................................................................................  (3.20) 

                = 202.625 W 

 

3.3 Modelling the Wind Turbine Blades using QBlade  

 

For this wind turbine design, QBlade was used to model and simulate the design of the small 

wind turbine adopting the BEM theory. QBlade is a software specifically designed for 

modelling and analysing wind turbines. The initial proceeding in QBlade modelling includes 

the selection of the type of wind turbine, which in this case is a horizontal axis wind turbine 

(HAWT). Then, the blade airfoil section, which is the SG6043 airfoil design was selected and 

imported from the airfoil catalogue into QBlade. The SG6043 airfoil section is displayed in 

Figure 3.6. 

 

 
Figure 3.6 SG6043 airfoil section design created on QBlade 

 

3.3.1 Modelling on QBlade 

 

After choosing the type of wind turbine, the most important thing to do was to define the 

analysis. The Reynolds number was set to 200 000, and then the mach number and Ncrit value 

were set to 0 and 9, respectively. The Ncrit value was set to 9 to represent the wind tunnel 

experiments that make data validation possible. Then the mach number was set to zero since 

there is no need to compare the speed of wind to that of sound. 
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After defining the analysis, the 360° polar is created. On this setting, the Viterna model was 

selected which was used to extrapolate the 2D airfoil data and make it available for a wide 

range of angles of attack, rather than limited to the angle of attack which is less than 20°. Table 

3.9 shows the HAWT blade design with a rotor made of three blades and a hub radius of 25 

mm. The position measured in metres represents the radial distance from the hub to the blade 

element. In total, there are eight blade elements that make up the blade length. The chord 

lengths developed theoretical using the BEM method were used to generate the blade design 

along with a pitch angle of 7°. For the first 25 mm, the circular foil was used which is joined 

to the hub. The rest of the blade design is the SG6043 airfoil. Figure 3.7 shows the blade 

elements along the blade length, clearly displaying the blade design. 

 

Table 3.9 Horizontal axis wind turbine blade design on QBlade 

Element 

no. 

Position 

(m) 

Chord 

length (m) 

Twist 

angle (°) 

Foil Polar 

1 0.000 0.020 0 Circular foil CD = 12   360 Polar 

2 0.025 0.020 0 Circular foil CD = 12   360 Polar 

3 0.050 0.048 15.09 SG6043 T1_Re0.200_M0.00_N9.0 360V 

4 0.100 0.034 5.28 SG6043 T1_Re0.200_M0.00_N9.0 360V 

5 0.150 0.025 0.91 SG6043 T1_Re0.200_M0.00_N9.0 360V 

6 0.200 0.019 -1.53 SG6043 T1_Re0.200_M0.00_N9.0 360V 

7 0.250 0.015 -3.08 SG6043 T1_Re0.200_M0.00_N9.0 360V 

8 0.300 0.013 -3.66 SG6043 T1_Re0.200_M0.00_N9.0 360V 

 

 
Figure 3.7 Blade length design showing the airfoil section of each blade element 
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From all the preceding settings, the maximum lift-to-drag ratio was easy to acquire and read 

off the CL/CD plot generated by QBlade, as presented in Figure 3.8. The maximum CL/CD value 

was found to be 97.21 at the angle of attack of 5°, which was then used to optimise the blade 

design. 

 

 
Figure 3.8 Lift coefficient, CL and lift to drag ratio, CL/CD versus angle of attack, 𝛼𝛼 

curves 

 

After defining the blade parameters, the HAWT blade geometry is optimised for the TSR of 6. 

QBlade then optimises the twist angle using the maximum lift-to-drag ratio found at the AOA 

equal to 5°. Then the chord length is optimised using the Betz limit. After modelling, the rotor 

simulation can then be performed, but first, the BEM parameters for the rotor simulation must 

be defined. The corrections considered for the blade design include the Prandtl tip loss, Prandtl 

root loss, 3D correction, Reynold drag correction and foil interpolation. The 3D correction is 

important for extrapolation since the SG6043 airfoil section is a 2D airfoil with a limited range 

of angle of attack operating in post-stall conditions taken from wind tunnel experiments. The 

air density, 𝜌𝜌 was set to 1.2041 kg.m-3 while the viscosity was set to 0.00001647. The results 
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from the rotor simulation are presented and discussed in the next section. Figure 3.9 shows the 

rotor designed using QBlade. 

 

 
 

Figure 3.9 Rotor blade design on QBlade 

 

3.3.2 Results and discussion 

 

This sub-section discusses the results obtained from the modelling and simulation of the wind 

rotor performed on QBlade. It reviews the relationship between wind speed, rotor rotational 

speed, the power coefficient, and power output.  

 

Figure 3.10 shows the power output estimated for each design wind speed using QBlade. The 

rotor simulation was done for the following design wind speeds including 12, 16.8, 19 and 25 

m.s-1. According to previous studies, the wind speed of 25 m.s-1 is the maximum value at which 

the wind turbine can operate without fail (Barroso Montes, 2011b; Salih et al., 2012). 

Considering the outcomes expected from this study, the results from Figure 3.10 show that the 

required power output of 600 W is achieved at a design wind speed of 19.0 m.s-1. This is greater 

than the design wind speed of 16.8 m.s-1 which was considered adequate during the power 

output computation using the BEM theory for the preliminary design. These results from 

QBlade modelling may imply that the BEM method overestimates the power output at a given 

design wind speed, although previous studies suggest that QBlade is a good modelling 

software. 
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Figure 3.13 Modelling of the wind turbine using MATLAB Simulink 

 

Figure 3.13 shows the wind turbine conversion system modelled using MATLAB Simulink. 

The main components of the model are the wind turbine, permanent magnet synchronous 

generator, rectifier, battery and inverter. The built-in wind turbine block accepts the pitch angle, 

wind speed and generator speed in per unit (pu) of the base wind speed as input parameters. 

Then the output is the torque in pu, which is fed into the permanent magnet synchronous 

machine/generator (PMSM). The wind turbine is a small horizontal axis wind turbine which is 

stall-regulated with a fixed pitch angle of 7°. The electric power output of the PMSM is set to 

be the rotational speed which is fed back or used as an input on the wind turbine block since 

the wind turbine rotor, and PMSM are directly coupled, meaning they move at relatively the 

same rotational speed. The base rotational speed in pu is 1.2, while the base wind speed is set 

at 12 m.s-1. A three-phase measurement block is used to measure the current and voltage 

flowing from the PMSM into the three-phase rectifier system which converts AC power output 

into DC power output which is then stored into a battery and used by the ECS unit. From Figure 

3.13, it can be seen that the rectifier is made up of the three pairs of diodes connected in series 
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for the three-phase power supply and has an inductance that smoothes out the rapidly pulsating 

voltage and current measurements for DC power storage. The overall input parameters include 

the generator speed, pitch angle and wind speed. Then, the output parameter is the electric 

power, rotational speed, current and voltage. Table 3.11 shows the electrical generator 

specification while Table 3.12 shows the input parameters in the MATLAB Simulink built-in 

wind turbine model. 

 

Table 3.11 Electrical generator specifications 

Parameter Units Value 

Rated power 600  W 

Max power 636  W 

Rated rotational speed 600  rev.min-1 

Rated voltage 12  V 

Output current AC - 

Generator type Three-phase permanent magnet 

synchronous 

- 

Efficiency  >75 % 

Service life More than 20 years - 

 

Table 3.12 Input parameters in MATLAB Simulink wind turbine model 

Input parameter Value  Unit  

Mechanical power 600 W 

Wind speed  16.8 m.s-1 

Pitch angle 7 ° 

 

3.4.1 Results and discussion 

 

Figure 3.14 shows the wind turbine power characteristic curve obtained from modelling the 

wind turbine block at a pitch angle of 7° on MATLAB Simulink. This curve shows the power 

output of the wind turbine that is produced at different wind speeds which is in pu of the 

nominal mechanical power of 600 W, while the turbine speed is in pu of the nominal generator 

speed. A power output of 611.8 W was produced using the model on MATLAB Simulink, as 

can be seen in Figure 3.13. The power output of 611.8 W was obtained at a design wind speed 
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of 16.8 m.s-1 and a pitch angle of 7°. These findings are comparable to the study done by 

Noronha and Krishna (2020) who used QBlade to model a 3 m diameter wind turbine and 

obtained a power output of 300 W at a wind speed of 5 m.s-1. 

 

 
Figure 3.14 Wind turbine power characteristic curve (pitch angle = 7°) 

 

From the simulation, both the rectifier and battery have a voltage which ranges between 

13.0903 - 13.0913 V. This finding indicates that there is no known voltage losses occurring 

between the rectifier and the battery. While the rectifier and battery rating is 13.09 V, voltage 

losses occur after passing the three-phase power inverter, and the voltage is reduced to 12.92 

V. This indicates that the voltage is lost (0.17 V) as it moves through electrical wires and the 

inverter with possibly additional losses from the PMSG. The recommendation is to make the 

wires as short as possible to reduce any voltage loss and provide the load with the required 

voltage 

 

3.5 Conclusion 

 

This study aimed to design, model and simulate the components of a 600 mm diameter small 

wind turbine using the BEM theory, QBlade, and MATLAB Simulink. The BEM theory was 
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mainly used to determine the chord lengths of the entire blade and determine the required 

rotational speed to meet the power requirement of 600 W. QBlade software was used to 

optimise the blade design by modelling the optimum wind speed, rotor rotational speed, and 

twist angle at which the power output of 600 W is obtained. The power coefficient was also 

observed with maximum power coefficient of 0.44. The QBlade model indicated a slightly 

higher wind speed of 19.0 m.s-1 compared to the initial design wind speed of 16.8 m.s-1 used 

for the BEM theory. Both the BEM theory and QBlade model indicated that a rotational speed 

of 3200 rev.min-1 was required to get 600 W. A 3200 rev.mim-1, 600 W PMSG is not available 

on the market, therefore a trade-off for a 600 rev.min-1, 600 W PMSG is made. Therefore, a 

600 rev.min-1, 600W permanent magnet synchronous generator can be used for the wind 

turbine prototype instead of a generator with 3200 rev.min-1 rotational speed. MATLAB 

Simulink modelled and simulated the electrical components more accurate and indicated 

voltage losses along the energy conversion system which are not identified on QBlade but are 

evident through the high design speed which is needed to produce 600 W compared to the 

initial design wind speed of 16.8 m.s-1. It is recommended to use the findings obtained for the 

chord lengths, twist angle and design wind speed to create a blade design and consequently 

develop a physical prototype of the wind turbine used to power any mobile cooling technology 

according to the power requirement. 
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4. DEVELOPMENT AND EVALUATION OF A PORTABLE SMALL 

WIND TURBINE  
 

Abstract  

 

This study aimed to develop and evaluate the performance of a portable, low-cost small wind 

turbine prototype with a 600 W permanent magnet synchronous generator (PMSG) designed 

to power a mobile cooling technology (evaporative cooler unit). The performance of the wind 

turbine was analysed through the power output and power coefficient it can attain as influenced 

by the vehicle speed and louvre opening level. The 600 mm rotor diameter wind turbine is 

made of three PVC pipe material blades connected by a 60 mm ∅ mild steel plate hub, and 

protected by a 800 x 800 x 500 mm mild steel protective casing. The treatment of the study are 

the three vehicle speeds which were set to 60, 80, and 100 km.h-1, and the two opening levels, 

level 1 at 45° and level 2 at 80° relative to the louvre mechanism frame. The data was analysed 

using Genstat 18.2.1 software for three replications which were collected over three weeks. 

The results showed that the power output is significantly influenced (p<0.001) by both the 

vehicle speed and louvre opening level. The power output of 113.4, 159.6 and 210.0 W per 

hour was observed for vehicle speed of 60, 80 and 100 km.h-1, respectively, for louvre opening 

level 1. However, the power output of 142.8, 268.8 and 294.0 W per hour was observed for a 

wind speed of 60, 80, and 100 km.h-1, respectively on louvre opening level 2. This shows that 

higher wind speeds (vehicle speeds) obtain higher power output which account for the small 

size of the wind turbine rotor. With the assistance of a 600 W, 230 VAC power inverter, this 

wind turbine is fully capable and sufficient to support a 600 W load (ECS unit). The maximum 

power coefficient obtained for this study was 0.49. The wind speed data obtained from direct 

measurement using the anemometer matched with the theoretical wind speed obtained using 

the apparent wind speed equation. It is recommended to integrate this small wind turbine into 

an evaporative cooler unit with a power requirement of 600 W to confirm the functionality of 

the entire system together. 

 

4.1 Introduction  

 

It has been identified that smallholder farmers are still experiencing trouble when it comes to 

affordable mobile cooling technologies or reefer units (Elik et al., 2019). This is because they 
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require high energy input for the transportation of fresh produce to the distribution or final 

selling point which increases the general transport costs (Van Duin et al., 2018; Telle et al., 

2022). Though an efficient mobile cooling technology like the refrigerator exist, it is almost 

out of reach by smallholder farmers who mostly stay in rural remote areas or areas far away 

from where they can access this type of technology for hire (Louw and Jordaan, 2016; Elik et 

al., 2019). For mobile cooling technologies, wind energy is one of the viable options for energy 

generation and power supply since there is an abundance of high wind speed created while the 

vehicle is in motion (Hossain, 2020a). Generally, because wind turbines have large rotor areas 

and a gearbox, they can accept and operate with low wind speeds (Ozgener, 2006; Muhsen et 

al., 2019). In this case where there is limited space that the wind turbine can occupy on the 

vehicle, the rotor size is also limited, therefore the wind speed has to be optimised as much as 

possible to obtain the required power output.  

 

Second to solar energy, wind energy is the fastest growing renewable energy (Akbari et al., 

2022). This is because it is a free, and abundant energy source with reasonable investment costs 

(Hirahara et al., 2005). Small wind turbines generate electricity from the wind energy. Small 

wind turbines are turbines that produce less than 50 kW associated with a rotor diameter of 8 

m (Wood, 2011; Evans et al., 2018). The wind turbine captures the wind energy using the rotor 

blades (Shoaib et al., 2019). The rotation of the rotor causes the mechanical movement of the 

generator shaft which feeds the electrical generator and produces electrical energy (Chong et 

al., 2021). The electrical generator outputs AC power which is converted into DC power by 

the rectifier to be kept in a battery storage (Shoaib et al., 2019). An inverter is then used to 

change the DC power to AC power (Chong et al., 2021).  

 

The material used to make the blades is important because it affects the power output (Garmode 

et al., 2022). Ideal materials for wind turbine blades are lightweight, heat resistant and have 

high tensile strength. Usually, glass and carbon fibre materials are used to make the rotor 

blades, but these are expensive and raises the selling price of a wind turbine in addition to the 

electrical generator costs (Garmode et al., 2022). In an attempt to lower the costs of the wind 

turbine, an alternative was sought, and a PVC pipe material solution was found. Common PVC 

pipe used for water circulation can be cut and used for wind turbine blades (Wahyudi et al., 

2022). PVC pipe material is a relatively cheap, lightweight and durable material to use for 

small wind turbines even though its performance is less than that of conventional blade 

materials such as epoxy, polyester, carbon and glass fibre reinforced polymer (Ceruti, 2019; 
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Garmode et al., 2022). Recent studies have shifted the focus of electrical generators from fixed 

wind speed generators to variable wind speed generators (Chong et al., 2021; Bracco and 

Razzetti, 2022). This is favourable since the wind speed in the atmosphere varies greatly and 

the power can be harnessed from different wind speed, meaning there will be continuous power 

supply.  

 

The doubly-fed induction generator (DFIG) and permanent magnet synchronous generator 

(PMSG) are both variable wind speed electrical generators (Saidi et al., 2018; Chong et al., 

2021). Unlike the DFIG, the PMSG is a direct drive generator, which eliminates the need of a 

gearbox for small wind turbines (Zhang et al., 2021). The PMSG outputs three-phase 

alternating current (Zhang et al., 2021). Literature shows little to no evidence of small wind 

turbines being used to harvest wind energy to power mobile cooling technologies while in 

transit. Even though research on small wind turbines being implemented on small vehicles to 

replace combustion engines is starting to gain momentum, no research can be found on cooling 

technologies using wind turbines.  

 

An evaporative cooler unit is available at Ukulinga Research farm that can be converted into a 

mobile cooling unit. The small wind turbine is to be integrated into it and assessed whether it 

can provide the electric energy input required. Sibanda and Workneh (2020a), designed and 

developed this affordable evaporative cooler for smallholder farmers. This unit requires less 

energy input than the one required by refrigerated units, which is used only to power the water 

pump, suction fan and lights, consuming approximately less than 600 W of energy per hour 

excluding the heat exchanger. It also has relatively low initial capital investment than other 

cooling technologies. This chapter discusses the airflow control and the methodology used in 

the design of the HAWT. It also includes a detailed description of the wind turbine design, the 

experimental tests and the discussion of the findings.  

 

4.2 Material and Methods 

 

This section details the design and development of the small wind turbine used to supply 

electric power to a mobile evaporative cooling system unit for the storage fruit and vegetables 

along the supply chain. 
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4.2.1 Study site and climatic data 

  

The study was conducted at Ukulinga Research farm at the University of KwaZulu-Natal 

(UKZN), Pietermaritzburg (PMB), KwaZulu-Natal, South Africa (-29°63’S” and 30°40’E at 

an altitude of 673 m above sea level). PMB is a town characterised by dry and sub-humid 

conditions at 52% relative humidity, an ultraviolet index of 5, an average temperature of 26 ℃ 

in January, 19 ℃ in June, and 33 mm of rain in a year. Pietermaritzburg has a minimum wind 

speed of 0.30 km.h-1 in the month of April, a maximum wind speed of 26.60 km.h-1 in the 

month of October and an average wind speed of 8.12 km.h-1 throughout the year. The wind 

turbine experimentation was conducted at Ukulinga research farm and on the road between 

Pietermaritzburg and Estcourt with the wind turbine mounted on a bakkie travelling at car 

speed ranging between 60-100 km.h-1. The part of the experiment performed on the road entails 

the small wind turbine being mounted on the bakkie top to test the real-time power output of 

the wind turbine.  

 

4.2.2 Design considerations and specifications  

 

This sub-section lists the design considerations which are looked at to ensure an efficient and 

functional design, as well as the design specifications that must be followed when designing 

the structure of the wind turbine. The design considerations are as follows: 

(a) The wind turbine must be able to continuously power the EC unit throughout the 
journey, 

(b) The design must be of low-cost and affordable for smallholder farmers, 
(c) The blade material should be lightweight and have high strength to withstand extreme 

wind loads conditions, 
(d) The wind turbine must be able to work with variable wind speeds,  
(e) The structure should have a safety protective casing for animals' safety, 
(f) The structure must also have a wind speed control mechanism to lower the extreme 

wind speeds experienced on the road, 
(g) The material must be non-corrosive and heat resistant, and 
(h) The wind turbine should be zero to minimum maintenance. 

 

 Then, the design specifications include that:   

(a) The power coefficient must be 0.40, 
(b) The rotor diameter must be less than 0.6 m, 
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at an angle of 7° to be receptive to the incoming wind. Table 4.1 shows the chord lengths for 

each section of the PVC pipe blades. These blades are lightweight, have high strength and can 

withstand heat deformation on its own but it is also well protected by the protective outer 

structure. The rotor is then coupled directly to the PMSG via a small stainless-steel shaft of the 

electric generator. The wind blows on the louvre mechanism, which can control the wind speed 

to a tolerable wind speed range of choice. The louvre mechanism has two opening levels. 

Opening level 1 and 2 have their slats positioned at 45° and 80° angles, respectively, relative 

to the main support of the louvre mechanism. When the wind hits the rotor, it causes the 

mechanical rotation of the blades and, consequently, the coupled generator shaft. Figure 4.4 

shows the wind turbine rotor and hub design. The PMSG then converts the mechanical energy 

into a three-phase alternating current (AC) electrical power. The three-phase AC power is then 

converted into a single-phase direct current (DC) power through the bridge-rectifier. This 

power is stored and used via the battery. The power inverter is used to convert DC to AC power 

after the battery and most importantly step up the voltage from 12 V TO 230 V that can be 

utilised by ECS unit. The rectifier and power inverter are connected via the battery terminals. 

A 12 V 105 Ah lead-acid battery is used to store and supply power for the evaporative cooler 

unit. This battery size can store and supply twice as much electrical power as needed by the 

ECS unit and, therefore, can cover two-hours travel even with setbacks along the trip. Figure 

4.5 shows the overall wind energy conversion system of the small wind turbine from the wind 

to electrical energy. Figure 4.6 and 4.7 show the design of a portable evaporative cooler unit 

powered by a small wind turbine that can be loaded on the back of a bakkie or made into a 

trailer.  

 

Table 4.1 Chord length for different sections of the PVC pipe blade length 

Section no. r (m) c (m) 

1 0.05 0.1440 

2 0.1 0.1017 

3 0.15 0.0738 

4 0.2 0.0573 

5 0.25 0.0465 

6 0.275 0.0390 
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            P = V x I .                                                                                                                   (3.1) 

            1200 = 12 x I 

            I =  1200
12

 

            I = 100 Ah 

 

 

 

 

 

                

Figure 4.4 Wind turbine blades made of PVC material with magnified hub design 

 

 
Figure 4.5 Energy conversion system of the small wind turbine 
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(a)                                                                           (b) 

Figure 4.6 (a) Isometric view and (b) inside of a designed portable evaporative cooler 

unit powered by a small wind turbine 

 

 
Figure 4.7 Side view of an ECS unit powered by a wind turbine mounted on a bakkie 

 

4.2.4 Wind turbine experimental design 

 

 The wind turbine experimental design had two treatments, the opening level of the louvre 

mechanism and the vehicle travelling speed as shown in Figure 4.8. The purpose of this design 
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Side view 

Figure 4.9 Small wind turbine prototype mounted on a bakkie 

 

Table 4.2 Generator specifications 

Parameter Value Units 

Rated power (W) 600 W W 

Max power (W)  636 W W 

Rated voltage 12  V 

Rated current AC - 

Rated rotational speed (rpm) 600  rev.min-1 

Top net weight 9.0  Kg 

Generator type Three-phase permanent magnet 

synchronous generator 

- 

Shaft material Stainless steel  - 

Shell material Cast iron - 

Protective grade IP54 - 

Working temperature -40 – 80 ℃ 

 

Table 4.3 Rotor specifications 

Parameter Value Units  

Rotor diameter 0.6  M 
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Rotor radius 0.275  M 

Hub 60  M 

Pitch angle 7 ° 

Design wind speed 16.8  m.s-1 

Tip speed ratio (TSR) 6 - 

 

Table 4.4 Technical specification of the turbine 

Parameter Value Units  

Nominal power output 600 W 

Start-up wind speed 4  m.s-1 

Rated wind speed 17.5 m.s-1 

Survival wind speed 33 m.s-1 

Rotor diameter 0.6 m 

Rotor rotational speed  600 rev.min-1 

No. of blades 3 - 

Generator type 3-phase permanent magnet synchronous 

generator 

 

Transmission Gearless direct drive  

Output type 230 VAC V 

 

4.2.5 Determination of the power output 

 

A multi-meter was used to measure the DC voltage and current of the wind turbine through the 

battery. The power output is then determined through the voltage and charge capacity of the 

lead acid battery as shown in Equation 4.1. 

 

 PA = CC x E                                                                                                      (4.2) 

where  

PA = Accumulated/ aerodynamic power (Wh), 

CC = Capacity charge (%), and 

E = Electrical energy of the battery (Wh). 
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4.2.6 Determination of the power coefficient  

 

The power coefficient is determined from the accumulated power obtained from the wind 

turbine testing. The mechanical/rated power output of the wind turbine and the power 

coefficient are used to assess the performance of the wind turbine as shown in Equation 4.2. 

 

 Cp = 𝑃𝑃𝐴𝐴
𝑃𝑃𝑇𝑇

                                                                                                              (4.3) 

where  

 Cp = Power coefficient, 

 PA = Accumulated/ aerodynamic power (Wh), and 

 𝑃𝑃𝑇𝑇 = Total power rating of the wind turbine (Wh). 

 

4.3 Data Collection and Analysis 

 

The wind speed data was collected using an anemometer while the DC voltage was measured 

through the battery after the rectifier. Genstat software was used for the statistical analysis of 

the data with a 95% confidence level. The graphs used to analyse the results were generated by 

Microsoft Office Excel spreadsheet (2016). The data collected include the wind speed at 

different louvre opening levels and the voltage generated by the wind turbine on the battery. 

The voltage was then used to calculate the power generated by the wind turbine through 

capacity charge estimation. The testing was done for three weeks with three replications. 

 

4.4 Results and Discussion 

 

This sub-section discusses the findings of the apparent wind speed testing along with the power 

output and power coefficient of wind turbine prototype. 

 

4.4.1 Relationship between vehicle speed and incoming wind speed 

 

This sub-section discusses the initial wind speed data collection and verification of the 

incoming wind speed through direct measurement and theory-based equations for determining 

the wind speed fed into the wind turbine rotor swept area. In this study the incoming wind 

speed is sometimes referred to as the apparent or undisturbed wind speed. 
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4.4.1.1 Direct wind speed measurement 

 

The wind speed data was recorded for the incoming airflow on the road at three different 

travelling vehicle speeds which are 60, 80 and 100 m.s-1. This wind speed serves as the 

undisturbed wind speed from which the wind energy is harnessed. The wind speed data is 

presented in Table 4.5. The wind speed varies along the road for a constant travelling speed, 

therefore, a range of values is presented instead of a single value for each vehicle travelling 

speed. The apparent wind speed ranges between 12 – 14 m.s-1 for a vehicle speed of 60 km.h-

1, 18 – 27 m.s-1 for a vehicle speed of 80 km.h-1 and 24 – 29 m.s-1 for a vehicle speed of 100 

km.h-1. This shows that the apparent wind speed is directly and closely related to the vehicle 

travelling speed. This may be due to wind fluctuations associated with the change in 

topography and terrain which act as obstructions along the road. A downward slope will cause 

an increase in airflow downhill, while going uphill will reduce the airflow. The airflow is high 

in low-lying terrains and elevated regions while it is low in high-rising terrains and depressed 

regions. The wind speed data collection was performed in Pietermaritzburg which is an in-land 

region of the province, thus if the data is collected in coastal areas it is inclined to record high 

wind speeds as the wind speed for that region is already high. As a result of the high wind 

speed that can be experienced by a travelling vehicle, a need for a mechanism to control the 

airflow is realised which is because a wind turbine generally has a cut-out wind speed of 25 

m.s-1  

 

Table 4.5 Wind speed data collection from a moving car at different vehicle travelling 

speeds 

Wind speed 

(m.s-1) 

Vehicle travelling 

speed (km.h-1) 

Vehicle travelling 

speed (m.s-1) 

Undisturbed/apparent 

wind speed (m.s-1) 

0.8 60 16.67 12 – 14 

0.8 80 22.22 18 – 27 

0.8 100 27.78 24 – 29 
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4.4.1.2 Theoretical wind speed  

 

The undisturbed wind speed was determined using the apparent wind speed equation, which is 

dependent on the airspeed, vehicle travelling speed and the true pointing angle. Table 4.6 shows 

the computed wind speed at different vehicle travelling speed and an air speed which is 

assumed to remain constant at 1.944 m.s-1. 

 

Table 4.6 Theoretic apparent wind speed 

Vehicle travelling speed  

(km.h-1) 

Vehicle travelling speed 

(m.s-1) 

Apparent wind speed  

(m.s-1) 

60 16.667 18.611 

80 22.222 24.166 

100 27.778 29.722 

 

The outcomes from both sub-section 4.4.1.1 and 4.4.1.2 are in agreement with one another and 

either method can be used to attain the apparent/undisturbed wind speed. In this study the 

incoming wind speed is replaced by the vehicle speed since the apparent wind speed is highly 

influenced by the vehicle speed. In transportation it is easy to relate to vehicle speed and use it 

to determine the wind speed required by the wind turbine. 

 

Table 4.7 shows the external and internal wind speed at three louvre opening level including 

the close louvre setting. These opening levels of the louvre mechanism were determined using 

the vacuum blower to calibrate the internal wind speed from the external wind that can then be 

feed into the wind turbine rotor. This was done to control the high incoming wind speed and 

ensure that the turbine blades do not break. It is also not easy for the PVC pipe blades to just 

bend because they are a small size. At opening level 0, the internal wind speed recorded was 

0.2 - 0.3 m.s-1 for every wind speed range. This is because the louvre slats were totally closed 

and did not permit airflow which is good when the wind turbine does not need to generate any 

more power. At opening level 1, the highest internal wind speed that can be obtained is 17.5 – 

27.0 m.s-1 from an external wind speed range of 27.0 – 35.1 m.s-1, corresponding to the wind 

speed measured for a vehicle travelling between 80 – 100 km.h-1 (22 - 27.78 m.s-1). On average 

it can be found that at opening level 1, the louvre mechanism can reduce the external wind 

speed by 5 m.s-1 to obtain the required internal wind speed.  At the opening level 2, the highest 
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recorded internal wind speed was 21.5 – 35.1 m.s-1 from an external wind speed of 27.0 – 35.1 

m.s-1. Opening level 2 can obtain an average reduction of wind speed by 2.4 m.s-1. This means 

there is less airflow control at opening level 1. Opening level 2 is great when there is a need to 

drastically reduce the incoming wind speed and opening level 2 is good for a small reduction 

of the incoming wind speed.  

 

Table 4.7 External and internal wind speed at different louvre opening level 

Louvre opening level External wind speed (m.s-1) Internal wind speed (m.s-1) 

0 (closed) 7.2 - 14.2  

15.0 – 26.5 

27.0 – 35.1 

0.2 – 0.3 

0.2 – 0.3 

0.2 – 0.3 

1 7.2 - 14.2  

15.0 – 26.5 

27.0 – 35.1 

2.9 – 9.4 

13.9 – 19.9 

17.5 – 27.0 

2 (fully open) 7.2 - 14.2  

15.0 – 26.5 

27.0 – 35.1 

6.5 – 11.3 

14.4 – 25.9 

21.5 – 35.1 

 

4.4.2 Power output of the wind turbine 

 

Figure 4.10 shows the effect of vehicle speed, different louvre opening level, and time on the 

average accumulated power generated by a small wind turbine with a rotor diameter of 0.6 m. 

The power output of the 600 W PMSG ranged between 8.4 – 294 W per hour for a vehicle 

speed of 60 and 100 km.h-1 (16.67 and 27.78 m.s-1), respectively. The findings obtained in this 

study are comparable to the results obtained by Ozgener (2006) who reported a power output 

of 616 W for a 1.5 kW wind turbine generator at 7.5 m.s-1 with a rotor diameter of 3 m and 

Tahir et al. (2019) who obtained 478.5 W for a 600W permanent magnet generator operating 

at 10 m.s-1 and a rotor diameter of 0.65 m. The difference in the findings may be due to the 

small size of the rotor diameter, the material used for the blade design (PVC) and the changing 

topography of surrounding areas along the road during testing. Another important factor that 

possibly affects the performance of the wind turbine is the torque or ease of rotation of the 

generator shaft which moved well but felt heavy. Although given these constraints, the 

generated power output can still meet the power requirement of a 600 W or less load through 
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the incorporation of a step-up power inverter. The battery power is supplied by the wind turbine 

which is measured through the voltage state of charge. The inverter then steps up the voltage 

in the battery from 12 V to 230 V, which then allows the wind turbine to provide the current 

that is required to meet the power requirement of a 33 W fan, a 290 W fan and a 180 W water 

pump. At a vehicle speed of 100 km.h-1 and louvre opening level 2, the power output of 294 W 

can cover relatively 9 hours with the assistance of the 230 V inverter which reduces the current 

required from the battery by increasing the voltage, thus allowing the power supply from the 

wind turbine to meet the power requirements of the ECS. Therefore, this power is more than 

capable of covering the estimated two-hour travel and even more.  

 

Figure 4.10 (a) shows the power output at different vehicle speeds. From the graph it can be 

seen that vehicle speed has a significant effect (p<0.001) on the power output of the wind 

turbine. The average power output ranged from 71.4, 105 to 129.4 W for a vehicle speed of 60. 

80 and 100 km.h-1, respectively averaged for both louvre opening level 1 and 2. The power 

output values obtained from the vehicle speeds of 80 and 100 km.h-1 are close. This proves that 

high wind speed account from the low swept area (0.283 m2) of the wind turbine rotor to give 

more power output. The wide range of the incoming wind speed values that affect the wind 

turbine energy generation are represented by the vehicle travelling speed since the apparent 

wind speed harnessed and used for power generation is highly dependent on the travelling 

speed.  

 

The cut-in wind speed was observed at 4 m.s-1 while the rated wind speed was observed at 17.5 

m.s-1. No cut-out wind speed was observed although the highest wind speed observed was at 

33 m.s-1. These observations are comparable to the study done by Barroso Montes (2011b) who 

observed a cut-in and cut-out wind speed of 5 and 25 m.s-1 respectively and Hirahara et al. 

(2005) who observed a cut-in wind speed of 3.6 m.s-1, a rated wind speed of 12 m.s-1 and a 

survival wind speed of 45 m.s-1. Also, the findings on this study are relatable to the results 

found by Salih et al. (2012) who observed a cut-in wind speed of 4 m.s-1, a rated wind speed 

of 12 m.s-1 and a cut-out wind speed of 25 m.s-1. No damage was observed on the overall wind 

turbine and the blades even though the wind turbine also operated at high wind speeds of more 

than 25 m.s-1 which is the common cut-out wind speed value for most research studies. 

 

Figure 4.10 (b) shows the effect of controlling the airflow into the wind turbine through the 

louvre mechanism. The average power output is 73.9 and 129.9 W for louvre opening level 1 
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and 2, respectively. This clearly shows that the opening level of the louvre mechanism has 

significant effect (p<0.001) on the power output of the wind turbine. The power output 

achieved from this study using different wind speed is far greater than depicted in this graph. 

This is because each of these values is an average for all vehicle travelling speeds. According 

to the author, the airflow in did not need interference because high wind speeds were required 

to generate high power output. But this design may be helpful in extreme wind conditions to 

control the incoming wind speed as well as protect the rotor and generator. This mechanism 

will help to reduce the wind speed and still be able to generate electrical energy in strong wind 

conditions. The louvre mechanism also helps lower the noise levels inside the wind turbine 

structure (Wahab et al., 2020). 

 

Figure 4.10 (c) shows the accumulated power observed at different durations for an hour. It 

can be seen that the accumulated power is directly related to time. There is a definite increase 

of the accumulated power output with growing time (p<0.001) although this can be affected by 

the change in topography and terrains as previously discussed on section 4.4.1.1. This simply 

shows that the amount of power generated by the wind turbine continuously increase with time 

as it accumulates. Figure 4.10 (d) illustrates the accumulated power output subjected to 

different louvre opening level and vehicle speeds. The accumulated power of 113.4, 159.6 and 

210.0 W per hour were observed for 60, 80 and 100 km.h-1, respectively, on louvre opening 

level 1. On louvre opening level 2, the power output observed in an hour was 142.8, 268.8 and 

294.0 W for a wind speed of 60, 80, 100 km.h-1, respectively. The graph depicted show that 

the vehicle speed of 100 km.h-1 achieves a high-power output compared to the other vehicle 

speed of 60 and 80 km.h-1. An increase in vehicle speed implies an increase in the wind speed.  

 

The findings of this study are comparable to the study done by Ozgener (2006) who obtained 

a power output of 616 W from a 1.5 kW wind turbine generator with a 3 m rotor diameter and 

a design wind speed of 7.5 m.s-1. Based on the results it can be seen that a substitute is made 

between the wind speed and the rotor diameter. Many authors such as Ozgener (2006), Salih 

et al. (2012) and Tahir et al. (2019) performed studies which analysed wind turbines with low 

wind speeds and large rotor sizes.  Salih et al. (2012) designed a 700 W wind turbine with a 

rotor diameter of 1.6 m which produced a 600 W electrical power at 12 m.s-1. In this study the 

600 W wind turbine was designed with a high design wind speed (16.8 -19.0 m.s-1) and small 

rotor diameter (0.6 m). This proves the initial prediction that the wind speed accounts for the 

small nature of the rotor. A clear decline can be seen in the power output generated between 
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45 – 60 min for louvre opening level 1. This is attributed to the slow-moving traffic that was 

by the tollgate which means the rotor was turning slow and stationary at some point. During 

the time that the generator is not generating electrical energy, the battery steps in and continues 

to supply power to the load (cooling technology). 

 

During the testing it was observed that the apparent wind turbine had no physical impact on 

the stability of the moving vehicle, although the wind turbine may have some slightly negative 

impact on the fuel efficiency and result in some aerodynamic drag because of the added weight. 

There is no need to prime or kickstart the generator. The wind turbine only needs less than 10 

seconds to start operating if the vehicle was stationary.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.10 (a) Effect of vehicle speed on accumulated power, (b)  Effect of louvre opening level on accumulated power, (c) Accumulated 

power over one-hour duration, (d)  Accumulated power over time for different vehicle speeds and louvre opening leve
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4.4.3 Power coefficient of the wind turbine 

 

Figure 4.11 shows the power coefficient determined for the different power output subjected 

to different louvre opening level and vehicle speed for a duration of one hour. The power 

coefficient ranged between 0.19 – 0.35 for louvre opening level 1 and 0.24 - 0.49 for louvre 

opening level 2. From Figure 4.11, it can be seen that the maximum power coefficient of 0.49 

is achieved at a vehicle speed of 100 km.h-1 and louvre opening level 2. These results are 

satisfactory since the maximum power coefficient achieved in this study is close but does not 

exceed the Betz limit at 0.59. The findings are comparable to the studies performed by authors 

such as Ozgener (2006) (0.35), and Muhsen et al. (2019) (0.4 – 0.445). This power coefficient 

of 0.49 is comparable to the maximum power coefficient of 0.44 obtained by QBlade. 

 

 
Figure 4.11 Power coefficient for different vehicle speeds 

 

Figure 4.12 shows the power coefficient as affected by the vehicle speed. The power coefficient 

improves with increasing vehicle speed. In this particular case louvre opening level 2 also had 

an effect on the power. The maximum power coefficient obtained in this study is 0.49. Salih et 

al. (2012) evaluated the power output of a 600 W wind turbine against the wind speed and 

found that the power output increases with an increasing speed up until the rated wind speed 

where it stabilises and produce the same amount of power until the cut-out wind speed. It is 

recommended to use to vehicle speed of 80 – 100 km.h-1 when transporting fresh produce with 

this wind turbine. Furthermore, it is suggested to lower the louvre opening level when there are 
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strong wind condition to prevent blades from breaking and still be able to generate electrical 

energy which is much needed by the cooling technology. 

 

 
Figure 4.12 Power coefficient for different vehicle speeds 

 

4.5 Wind Turbine Prototype Costs 

 

The total costs of the wind turbine is R11 412.88 including freight charges and R9056.57 

excluding freight charges, both with the exception of labour costs. This wind turbine is 

relatively cheap compared the 600 W wind turbines available on the market, therefore 

recommended for employment, especially for vehicle use since it considers road airflow 

conditions. 

 

4.6 Conclusion 

 

This study aimed to design and develop a low-cost, portable, small wind turbine prototype that 

can be used to power mobile cooling technology, particularly an ECS unit. The prototype 

component sizing was based on calculations performed using the BEM theory, QBlade and 

MATLAB Simulink. The small wind turbine incorporated a louvre mechanism to assist in 

controlling the wind speed at the front of the rotor. The outcome of this study revealed that the 

power output of the small wind turbine (0.6 m ∅) is highly influenced by vehicle speed and the 

louvre opening level which make up for the small size of the rotor. The highest average power 
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output achieved was 294.0 W at 100 km.h-1 for louvre opening level 2. With the use of a 230 

VAC step-up power inverter, the wind turbine prototype was a success since it was concluded 

to be able to continuously power a 600 W load. The maximum power coefficient obtained from 

this study was 0.49 which is a good indication that the system functions efficiently since the 

maximum power coefficient that can be achieved is 0.59 (Betz limit). As the final step of this 

study, it is recommended to integrate the wind turbine with a 600 W evaporative cooler unit to 

test the functionality of the entire system. 
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5. PERFORMANCE ANALYSIS OF AN EVAPORATIVE COOLER 

UNIT POWERED BY A WIND TURBINE 
 

Abstract 

 

The purpose of this study was to assess the capability of the wind turbine to continuously supply 

electrical power to operate a 600 W evaporative cooler unit, with the grid electricity used as a 

control. The 53 m3 ECS unit located at Ukulinga Research farm, Pietermaritzburg (-29°63’S” 

and 30°40’E) was used to store a 5 kg tomato fruit sample. The temperature and relative 

humidity were measured using the HOBOware data loggers positioned at different points 

around the ECS unit.  The amount of power produced by the wind turbine to operate the ECS 

unit was evaluated based on the temperature drop, the relative humidity increase as well as the 

cooling efficiency that the evaporative cooler can achieve compared to the grid-power that was 

used to run the same ECS unit. The temperature inside the ECS unit varied between 24.65 – 

31.87 ℃ with a temperature drop range of 2.85 ℃ to 10.59 ℃ from the ambient temperature 

while using the wind turbine as the power source. The relative humidity of the wind turbine-

powered ECS unit ranged between 57.8 – 88.77 % with a relative humidity increase range 

varying between 21.66 – 29.04 %. For the grid-powered ECS unit, the temperature inside the 

cooling unit fluctuated between 23.71 and 25.23 ℃. Then the temperature drop was found to 

be 3.91 – 15.75 ℃. While the power supply was provided by the grid, the inside relative 

humidity increase of the ECS varied between 28.52 – 47.66 %. The cooling efficiency varied 

between 12.62 – 59.78 % and 14.26 – 55.93 % for the wind turbine and grid electricity power 

source, respectively. Similar results were observed between the wind turbine and grid 

electricity power source. This proves that the wind turbine can be used as a primary or an 

alternate source of electricity to power cooling technologies provided that the wind turbine is 

appropriately scaled and designed to meet the required power input, from the blade design and 

optimisation to the selection of a generator and driving at a suitable vehicle speed to achieve 

the required power input. 

 

5.1 Introduction  

 

Fresh farm commodities are highly susceptible to spoilage if not stored under appropriate 

environmental conditions after being plucked from the mother stem (Sibanda and Workneh, 
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2020b). The loss of fruits and vegetables after harvest due to external or internal interference 

is termed post-harvest losses (PHL) (Mothapo, 2022). High post-harvest losses are a threat to 

food security and the livelihood of society (Porat et al., 2018). Most smallholder farmers who 

struggle with post-harvest losses are resource-poor and cannot afford a refrigerated truck. 

Authors such as Jain (2007), Olosunde et al. (2016), Nkolisa et al. (2018b), and Sibanda and 

Workneh (2020a) have adopted the principle of room cooling using an evaporative cooling 

system to offer an affordable storage facility for fruit and vegetable storage. These authors 

designed, developed, and tested the performance of different evaporative coolers and reported 

them to be able to reduce post-harvest losses in addition to being affordable. Some of these 

fixed evaporative coolers use grid electricity or solar energy. This study is focused on 

incorporating a wind turbine as the power source of a mobile evaporative cooler unit. Tomatoes 

(Solanum lycopersicum L.) are used as the test sample. Tomato fruit is an ideal test sample 

since it is one of the commonly grown, and highly perishable fruit worldwide, with a relatively 

short lifespan ranging around 2-3 weeks which can be reduce if the tomatoes are not stored 

appropriately and are exposed to unfavourable environmental conditions during transportation 

(Haile and Safawo, 2018).  

 

According to Mothapo (2022), smallholder farmers in KwaZulu-Natal experience about 76% 

PHL of their tomato harvest. The tomato fruit’s highly perishable nature causes it to have high 

postharvest losses. According to Cherono and Workneh (2020) and Sibanda and Workneh 

(2020a), the tomato fruit is also one of the most popular FV world-degenerativewide, coming 

second to potatoes because of its wide range of culinary uses and a worldwide appeal for meal 

preparation either as a salad, paste or processed into juice. Tomato is an important fruit because 

it helps improve the human immune system, prevents the development of regressive health 

conditions (Dorais et al., 2008; Ioannidi et al., 2009). The demand for the tomato fruit has 

increased as a results of these benefits, and the broad application of the tomato fruit. The 

general perishable nature of fresh produce is attributed to the fast metabolic rate it has after 

harvest. According to Cherono and Workneh (2020), fruits stored under ambient conditions 

deteriorate fast. Cooling is one conventional way used to preserve the quality of fresh produce 

while elongating its shelf-life (Munoz at al., 2017).  

 

In this study, the tomatoes were stored in an evaporative cooler unit to assess the quality after 

being powered by either the wind turbine or the grid and thus, ultimately assess the ability of 

the wind turbine to support the ECS power load. Wind energy is a free renewable energy, 
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therefore it is important to incorporate it into the ECS unit design to reduce the incurring costs 

and make it affordable to smallholder farmers. Most smallholder farmers are aware of the 

effects of not using cooling storages but the high purchase or hire costs they encounter cause 

them to prefer to transport their fruits and vegetable without any cooling unit (Raut and Gardas, 

2018). This exposes them to unfavourable conditions along the road such as exposure to high 

temperature and low relative humidity. Temperature and relative humidity are important 

parameters to consider when handling perishable commodities (Zhang et al., 2022). The ECS 

unit can store fresh produce at low temperature and increased relative humidity, therefore being 

able to maintain the quality of the produce as well as elongate the shelf-life of fresh produce 

(Tilahun, 2010a). Controlling the temperature and relative humidity during transportation may 

or may not have an immediate effect on the quality of fruits and vegetables. But it helps reduce 

the metabolic rate which may have a potentially detrimental impact afterwards in the future 

along the supply chain (Tongbram et al., 2020). Therefore, fresh produce cooling units are 

important during transportation (Kan et al., 2019; Tongbram et al., 2020).  

 

The main objective of the study is to test the functionality of the wind turbine coupled with the 

evaporative cooler unit and measure the wind turbine efficiency through temperature and 

relative humidity control inside the storage chamber of the evaporative cooler unit. The study 

specifications include that:   

(a) The reduction in storage temperature must be 10 – 17 ℃, and 
(b) The storage relative humidity must be between 85 - 95%. 

 

5.2 Material and Methods 

 

This section describes the make-up of the evaporative cooler unit integrated with the wind 

turbine energy conversion system along with the sample preparation. 

 

5.2.1 Study site and climatic data 

 

This study was conducted at the University of KwaZulu-Natal (UKZN), Ukulinga Research 

Farm in Pietermaritzburg (PMB), KwaZulu-Natal, South Africa (-29°63’S” and 30°40’E at an 

altitude of 673 m above sea level). PMB is a town characterised by dry and sub-humid 

conditions at 52% relative humidity, an ultraviolet index of 5, an average temperature of 26 ℃ 

in January, 19 ℃ in June, and 33 mm of rain in a year. Pietermaritzburg has a minimum wind 
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speed of 0.30 km.h-1 in the month of April, a maximum wind speed of 26.60 km.h-1 in the 

month of October and an average wind speed of 8.12 km.h-1 throughout the year. The testing 

at the Ukulinga research farm was conducted using a 53 m3 evaporative cooler unit erected on 

site which has power provided by the wind turbine and grid electricity. 

 

5.2.2 Description of an evaporative cooler unit powered by a wind turbine 

 

The evaporative cooler unit which is the selected cooling technology for testing has a 53 m3 

storage capacity that can store up to 3.8 tons of the test sample. It consists of a 33 W constant 

speed positive pressure fan, a 290 W fan used to for air transmission, and a 180 W water pump 

is used for water circulation. In total, the power requirement of the system is 503 W without 

accounting for the system losses. The design of the evaporative cooling unit is as described by 

Sibanda and Workneh (2019). Figure 5.1 shows the top view of the wind turbine connected to 

the evaporative cooler unit. The electrical energy moves from the electrical generator to the 

rectifier, then the battery and lastly to the power inverter before it goes to the evaporative cooler 

unit. The wind turbine and ECS are connected via the power inverter and the electric socket 

which provides the water pump and fans with electrical energy.   
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Figure 5.1 Top view of the evaporative cooler unit powered by the wind turbine 

showing different positions of the HOBO data loggers in the storage 

chamber. 

 

5.2.3 Sample preparation 

 

The tomato fruit test sample is shown in Figure 5.2. Temperature and relative humidity are 

recorded to assess the ability of the small wind turbine to power the ECS unit. These parameters 

will help to assess the quality of the tomatoes during transportation and therefore prove whether 

the wind turbine is competent to run the evaporative cooler unit. Two rounds of 

experimentation were done using different power sources, grid and wind turbine electrical 

energy. The experimentation duration is 2 hours for each power source.  

 

 
Figure 5.2 Temperature and relative humidity data collection with tomato sample 

using a HOBOware data logger sensor. 

 

5.3 Experimental Design 
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where 

𝑑𝑑𝑑𝑑𝑑𝑑,𝑎𝑎 = Dry-bulb temperature of ambient conditions (℃), 

 𝑑𝑑𝑤𝑤𝑑𝑑,𝑎𝑎 = Wet-bulb temperature of ambient condition (℃), and 

 𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐 = Dry-bulb temperature of inside air (℃). 

 

5.5 Results and Discussion 

 

This sub-section presents and discusses the results obtained from the testing of an evaporative 

cooler using wind turbine and grid electricity as a power source. The results presented include 

the temperature, relative humidity and cooling efficiency of the ECS unit.  

 

5.5.1 Temperature  

 

Figure 5.4 shows the temperature at different positions inside the evaporative cooler unit which 

was operated using wind turbine-generated electric energy power. The ambient temperature 

recorded during the experiment varied between 27.53 and 41.39 ℃. The inside temperature 

varied between 24.68 - 30.80 ℃, 24.68 - 31.87 ℃, and 24.65 – 31.33 ℃ at the inlet of the 

cooling unit from the ECS, around the tomato sample and at the outlet of the evaporative 

cooling unit. The findings in this study are in agreement with the temperature changes reported 

by Cherono and Workneh (2020) which varied between 15-26 ℃ and 15-31℃ in winter and 

summer seasons, respectively inside the truck during transportation. The appropriate 

temperature for tomato fruit storage facilities is 13-22 ℃. Therefore, the obtained temperature 

(24.65 – 24.68℃) is slightly higher by 2.8 ℃ from the required temperature (22.0 ℃). The 

graphs of the temperature inside the different positions of the ECS unit are closely lined which 

shows that the temperature inside the storage chamber is uniformly distributed. Unlike the 

refrigerator which maintains fixed internal temperature regardless of the ambient conditions, 

the ECS only offers a certain reduction in temperature, which is used to assess its performance.  

 

The difference in the inside and outside temperature was determined between the outside and 

inside conditions. The reduction in temperature as a function of the ambient temperature was 

determined and found to range between 2.85 – 10.59 ℃. Although these findings do not exactly 

match the desired temperature reduction range of 10 – 17 ℃, the maximum temperature drop 
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unit for loading. The cooling efficiency found in this study is low but comparable to that 

reported by Nkolisa et al. (2018b) who obtained a cooling efficiency of 67.17 %. Sibanda and 

Workneh (2020a) found a cooling efficiency ranging between 88.04 – 95.6 %. However, this 

cooling efficiency is higher than that obtained in this study. The difference in the cooling 

efficiencies may be caused by the exclusion of the heat exchanger which may have improved 

the operation of the IAC + EC system. Regardless of the difference of these cooling 

efficiencies, the acquired cooling technology is sufficient to conclude that the wind turbine is 

a viable energy source for mobile cooling units. The distinct shapes of the cooling efficiency 

graphs for the grid- and wind turbine powered ECS unit can be attributed to the different but 

consistent time zones that the testing was performed at due to time constraints. The cooling 

efficiency of the wind turbine powered ECS unit was high because it was taken when the 

temperatures were high and that of the grid powered ECS unit was taken when the weather was 

having a mix of high and low temperatures. When the time of the day is factored out, the 

cooling efficiencies obtained should be similar provided that wind turbine and grid’s only 

function is to provide electrical power and has no direct effect on cooling. 
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(b) 

Figure 5.8 Cooling efficiency of (a) the wind turbine powered ECS unit and (b) the 

grid powered ECS unit 

 

5.6 Conclusion  

 

Both the power supply sources are able to adequately provide the required power to the ECS 

unit. This is evident from the temperature drop and relative humidity increase from the stored 

tomato sample. The temperature drop varied between 2.85 – 10.59 ℃ for the wind turbine 

powered ECS unit and 3.91 - 15.75 ℃ for the grid powered ECS unit. The relative humidity 

increase ranged between 57.28 – 88.77 % and 77.10 – 89.11 % for the wind turbine and grid 

electricity energy source, respectively. Lastly, the cooling efficiency of the wind turbine 

powered ECS system varied between 12.62 – 59.78 % and that of the grid powered ECS system 

ranged between 14.46 – 55.93 %. 

 

From the findings in this study, it can be guaranteed that the electrical power generated using 

a wind turbine is adequate to operate the ECS unit which is not significantly different from the 

performance of the unit using grid electricity. This means that the wind turbine as a renewable 

energy alternative is a viable power source that can be used to power an evaporative cooling 

system or any cooling technology according to the power requirement of the cooling system. 

The ripening rate of sample tomatoes was reduced and tomatoes can be retained as marketable 

for an extended period without quality deterioration and therefore prolong their shelf life and 

smallholder farmers get more returns since consumers like to purchase good quality food. 
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6. CONCLUSIONS AND RECOMMEDATIONS 
 

6.1 Conclusion 

 

The literature review in Chapter 2 revealed that smallholder farmers struggle with high post-

harvest losses throughout the supply chain due to mishandling and unfavourable environmental 

conditions. This causes them to loss on market contracts as well as work on a loss. About 23 

% of these PHL occur during transportation. Reefer units are available for storage and 

transportation of fresh produce, but due to their expensive nature, these are out of reach for use 

by smallholder farmers who rather use vans to save on expenses. Therefore, the main purpose 

of this was to develop and evaluate a small, portable wind turbine that can supply power to the 

proposed portable/mobile ECS unit or any other cooling technology as means to reduce the 

incurring costs of operating the cooling technology. Consequently, this helps reduce the 

purchase or hire costs of the cooling unit since it eliminates the dependence of fuels.  

 

The use of small wind turbines on vehicles is a relatively new concept and there is limited 

literature on it. A moving vehicle gives rise to high wind energy on the road. This wind energy 

can be exploited to operate the wind turbine rotor and generate electrical energy. The literature 

reviewed for small wind turbine was on the general power output equation and its parameters. 

While air density does not have a significant effect on the power generation, the wind speed, 

swept area and power coefficient contribute greatly on the power generated. These parameters 

can be manipulated to obtain the required power output. The power coefficient is dependent on 

the tip speed ratio and pitch angle which are important for an optimum blade design. The Betz 

limit, approximated at 0.59 is the maximum power coefficient that a wind turbine can obtain. 

The permanent magnet synchronous generator (PMSG) and the doubly-fed induction generator 

(DFIG) are two of best variable speed generators since they can generate power at different 

wind speeds. Moreover, the PMSG can be directly coupled with the rotor, eliminating the need 

of a gearbox system. The BEM theory is employed for the design and optimisation of the blade 

with focus on each blade element. From this theory, the inflow angle, angle of attack, load 

coefficients, incoming flow and chord lengths were computed from which the maximum power 

output and power coefficient is obtained. 
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Chapter 3 focused on the BEM theory, QBlade and MATLAB Simulink modelling softwares 

which were used to adequately design the wind turbine blade and model the wind turbine 

system. The chord length for each section of the blade was determined for the SG6043 airfoil 

section using the BEM theory. QBlade further used the chord length to optimise the blade 

design while clearly defining the twist angles of each blade section that achieves maximum 

power. It was confirmed that a 600 mm diameter rotor requires a 3200 rev.min-1 to support a 

600 W load at a wind speed of 19.0 m.s-1. Due to the unavailability of the specified PMSG in 

the market, a 600 rev.min-1, 600 W PMSG was acquired. MATLAB Simulink was used to 

further model the rest of the wind turbine with the inclusion of the PMSG, three-phase rectifier, 

lead acid battery and the power inverter. The findings of MATLAB Simulink showed that a 

wind speed of 19.0 m.s-1 can achieve a power output of 611.8 W which validated the findings 

by QBlade. 

 

Chapter 4 focused on the wind turbine prototype assemble using a 12 V, 600 rev.min-1, 600 W 

permanent magnet synchronous generator. The furling mechanism was excluded in the design 

and a louvre mechanism was added to the design of the wind turbine along with a protective 

outer casing to control the airflow into the wind turbine. The vehicle speed and louvre opening 

levels were used as a treatment to assess the amount of power generated by each treatment 

combination. The maximum power output obtained was at a vehicle speed of 100 km.h-1 

matching a power coefficient of 0.49. With the incorporation of a 230 VAC power inverter the 

battery voltage can be stepped up from 12 V to 230 V and thus make the system be able to 

provide the current required to operate a 33 W constant speed positive pressure fan, a 290 W 

fan for air transmission, and a 180 W water pump. Therefore, the findings of this chapter 

showed that the power output obtained in this study can continuously supply power to a 503 

W load excluding electrical losses.  

 

The results showed that unlike the vehicle speed of 60 km.h-1 which recorded low values of the 

wind turbine power output, the vehicle speed of 80 km.h-1 achieved high power output values 

which closely related to the power output obtained at a vehicle speed of 100 km.h-1. Therefore, 

these findings suggest that in order to generate high power output, the vehicle speed of 80 and 

100 km.h-1 should be used to transport fresh produce.  Depending on the power output required, 

the louvre opening level can be opened on different levels to control the airflow into the wind 

turbine. The findings of this study validate that due to the size limitation of the rotor and 
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understanding the aerodynamic power output equation, the vehicle speed, which ultimately 

refers to the wind speed, has to be increased to meet the power requirement by the load.  

 

Chapter 5 focused on the integration of the assembled wind turbine prototype with the 53 m3 

ECS unit to assess its ability to continuously power the system. The grid electricity testing was 

used as a control measure. The cooling efficiency of 59.78 % and 55.93 % were obtained for 

the wind turbine-and grid-powered ECS unit, respectively. These cooling efficiencies were 

comparable and matched to the results obtained in other performance studies done by other 

researchers. This is proof that a wind turbine can successfully power an ECS system and other 

cooling technologies. This technology is also relatively affordable compared to the market 

value of a 600 W wind turbine. The wind turbine system can be easily modified to generate the 

required power of the load through using the BEM theory equation provided in this study and 

optimising the blade design through QBlade and lastly using MATLAB Simulink to model the 

entire wind turbine system together. Considering the abundance of wind energy for moving 

vehicles, the wind turbine can be adopted with definite success for any mobile cooling 

technology operation. 

 

6.2 Recommendations 

 

Based on the findings of this study, the following recommendations are suggested: 

 

1. Investigate the aerodynamic effect of the wind load on the mounted wind turbine and 
the vehicle. 

2. Perform the fatigue analysis of the blades to determine the life span of the PVC blades. 
3. Develop a trailed ECS unit powered by the wind turbine instead of a portable, bakkie 

mounted ECS unit. 
4. Investigate possible aerodynamic/drag effect of the wind turbine on overall 

performance of the vehicle and fuel efficiency 
5. Add a wire mesh or net at the back of the wind turbine as safety measure to ensure that 

in the case of the blades breaking or any other component it does not fly to the following 
vehicles and potentially cause accidents 

6. Automate the louvre mechanism to improve the ease of operation with the assistance 
of wind speed sensors. 
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7. APPENDIX 
 

Table 7.1 Lead-acid voltage and charge capacity (Beale, 2022) 

Voltage Charge capacity  

 

12.89 V 100% 

12.78 V 90% 

12.65 V 80% 

12.51 V 70% 

12.41 V  60% 

12.23 V 50% 

12.11 V 40% 

11.96 V 30% 

11.81 V 20% 

11.70 V 10% 

11.63 V 0% 

 

Table 7.2 Battery charge measurements 

Time 

(min) 

Voltage 

(V) 

Capacity 

charge (%) 

Electrical 

energy (Wh) 

Power (W) Accumulated 

power (W) 

0 11.7 10 60 0 0 

5 11.78 17 102 42 42 

10 11.86 23 138 36 78 

15 11.91 27 162 24 102 

20 11.94 29 174 12 114 

25 12 33 198 24 138 

30 12.07 37 222 24 162 

35 12.16 44 264 42 204 
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40 12.23 50 300 36 240 

45 12.3 54 324 24 264 

50 12.38 58 348 24 288 

55 12.45 64 384 36 324 

60 12.49 68 408 24 348 

65 12.54 72 432 24 372 

70 12.61 77 462 30 402 

75 12.66 81 486 24 426 

80 12.72 85 510 24 450 

85 12.79 91 546 36 486 

90 12.86 97 582 36 522 

 

Table 7.3 Average voltage readings at different opening levels of the louvre 

mechanism for different vehicle speed 

Louvre opening level Time (min) Vehicle speed (km.h-1) 

60 80 100 

1 0 12.20 12.2 12.2 

 15 12.22 12.23 12.27 

 30 12.25 12.29 12.35 

 45 12.30 12.34 12.41 

 60 12.35 12.42 12.46 

2 0 12.20 12.20 12.20 

 15 12.27 12.29 12.28 

 30 12.32 12.38 12.40 

 45 12.36 12.46 12.51 

 60 12.40 12.51 12.53 
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Table 7.4 Accumulated power of the small wind turbine with different louvre opening 

level subjected to different vehicle speeds 

Louvre opening 

level  

Time (min) Vehicle speed (m.s-1) 

60 80 100 

1 0 0.0(0.00)a 0.0(0.00)a 0.0(0.00)a 

 15 8.4(7.27)a 29.4(7.27)ab 54.6(7.27)bcd 

 30 42.0(7.27)bc 58.8(7.27)bcd 109.2(7.27)fgh 

 45 75.6(0.00)cde 100.8(37.80)efg 147.0(7.27)ijk 

 60 113.4(0.00)fghi 159.6(26.23)k 210.0(14.55)l 

2 0 0.0(0.00)a 0.0(0.00)a 0.0(0.00)a 

 15 58.8(7.27)bcd 84.0(14.55)def 63.0(0.00)bcd 

 30 121.8(7.27)ghij 138.6(21.82)hijk 138.6(0.00)hijk 

 45 151.2(54.92)jk 210.0(56.82)l 277.2(0.00)m 

 60 142.8(7.27)hijk 268.8(38.49)m 294.0(7.27)m 

 

 
(a) 

 
(b) 

Figure 7.1 (a) 1st level opening and (b) 2nd level opening of the louvre mechanism 
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Figure 7.2 Small wind turbine prototype 

 




