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ABSTRACT 

 

Development of small scale greenhouse facilities that are suited for the southern African 

agro-climatic conditions is one of the methods that can be adopted to help alleviate food 

insecurity and malnutrition in Southern African countries. Control of the internal 

environment for optimum conditions is achieved through side and/or roof vents in naturally 

ventilated facilities. Alternatively, fan-pad evaporative cooling may be used. Although 

natural ventilation is less costly and energy efficient, it has limited capacity to reduce the 

heat load in warm climate regions such as Southern Africa. Fan-pad evaporative cooling 

application is limited in sub-humid areas such as KwaZulu-Natal in South Africa. 

Comparison of fan-pad against natural ventilation in terms of crop growth and yield give 

conflicting results. In South Africa, fan-pad performed better than natural ventilation while 

in the tropical and Mediterranean climates, natural ventilation performed better. 

Greenhouse models for microclimate prediction that are available in literature were 

developed for greenhouses that are found in the northern hemisphere. There is limited 

literature on greenhouse facilities and microclimate modelling for the various agro-climatic 

conditions in Southern Africa. This presents a knowledge gap about greenhouse facilities 

which needs to be addressed in order for the Southern African countries to benefit from 

greenhouse technology and alleviate food insecurity and malnutrition. 
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1. INTRODUCTION 

 

Greenhouse production of crops is a branch of controlled environment agriculture that 

deals with modifying the aerial zone of crops’ environment (Jensen, 2002). It is one of the 

fastest growing agricultural systems in the world today (van Straten, 2011), driven by the 

demand for high quality fresh commodities such as vegetables, fruit, herbs and flowers in 

developed countries (van Henten et al., 2006; Waaijenberg, 2004). Small scale sustainable 

greenhouse facilities are amongst the controlled environment technologies that could assist 

developing countries to produce more vegetables even during the off-seasons to address 

malnutrition and food insecurity. In many of these countries, particularly in sub-Saharan 

Africa, it is estimated that 27 % of the population is undernourished (FAO, 2011). In South 

Africa, there are reports that 35 % of the population is faced with food insecurity (du Toit, 

2011) and 26 % live below the poverty datum line (Kollodge, 2011).The rapidly growing 

greenhouse industry offers income generation opportunities and initiatives aimed at 

poverty reduction among resource poor communities in developing countries. 

 

Greenhouse structures provide environmental conditions that are optimum for plant growth 

by protecting crops against adverse weather conditions such as rain, wind, hail, frost and 

from pest infestation (Bekker and Challa, 1995). The internal microclimate is dependent on 

the prevailing climatic conditions, the latitude and the design and functional characteristics 

of the greenhouse (van Straten, 2011; von Zabeltitz, 2011). The internal environmental 

parameters which are important for plant growth and development include temperature, 

relative humidity and air velocity (Bournet and Boulard, 2010). 

The most common method of internal microclimate control in greenhouse facilities is 

natural ventilation through roof and/or side vents. Another alternative is mechanical 

ventilation using fan-pad evaporative cooling systems. In South Africa, greenhouse 

internal environmental control is achieved through roof and/or side vents although fan-pad 

systems are gaining popularity (Maboko et al., 2010). The naturally ventilated greenhouse 

allows realization of economic yield at a lower production cost (Enoch, 1986). Although, 

the internal microclimate is easier to regulate in fan-pad systems since the fan speeds are 

rated, the high costs associated with them render them unaffordable to small scale resource 

poor farmers. Furthermore, the cooling efficiency of fan-pad systems is reduced when 
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external RH is high (Kumar et al., 2009), therefore, the use of these systems in sub-humid 

areas such as KwaZulu-Natal may not be cost effective. 

  

The roof and side ventilation systems commonly found in the markets today were 

developed to suit the agro-climatic conditions in the milder latitudes of the northern 

hemisphere (Garcia-Alonso et al., 2006). They may not have the capacity to effectively 

remove the high heat internal load typical of the tropical and subtropical regions. The 

mathematical models that are used for predicting the internal environment were also 

developed for the northern latitudes greenhouses and may not be applicable to greenhouses 

in other climates and greenhouses without calibration of coefficients and validation 

(Baptista et al., 2010).  

  

The open ended tunnel greenhouse is one alternative that can be investigated for 

application in sub-humid and sub-tropical areas. The tunnel greenhouse is the cheapest of 

all greenhouse facilities (Teitel et al., 2008a) and would, therefore, be affordable to small 

scale resource poor farmers. It also offers better ventilation and rate of heat and moisture 

removal due to the larger ventilation area offered by the two open ends. In sub-humid areas 

such as KwaZulu-Natal, this facility may show similar performance to the fan-pad systems 

in maintaining the required internal conditions. However, there is no indication in literature 

to suggest that this type of ventilation system has ever been considered especially in 

Southern Africa; therefore its performance has not been established. This information gap 

also suggests that the opportunities offered by the greenhouse industry for Southern 

African countries are not being exploited. There is therefore a need to generate data and 

information to assess its performance in comparison to other common systems such as the 

fan-pad evaporative cooler.  

 

The aim of this research project is, therefore, to analyse the two main microclimate 

parameters, viz. temperature, RH, in an open-ended and a fan-pad ventilated polyethylene 

tunnel. The ventilation rate, temperature and RH distribution pattern will also be modelled 

in order to optimize coefficients in existing models and validate them for application in 

both tunnels under South African agro-climate conditions. Moreover, in order to 

understand the performance of the two greenhouses in terms of crop growth, a tomato crop 
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will be grown and its growth and yield will be compared to establish the performance of 

the open-ended tunnel against the fan-pad system. 

 

2. GREENHOUSE TECHNOLOGY 

 

The main objective of controlled environment cultivation in the tropics and subtropics is to 

protect crops from rain, hail, wind and occasional frost. Greenhouse cultivation also 

ensures better yields and quality of produce as well as optimisation of irrigation water use 

(Mashonjowa et al., 2010a). In South Africa, greenhouse facilities are used for cultivation 

of high value crops to protect them against low relative humidity, extreme high and 

minimum temperatures and high solar radiation (Anon, 2012). The following sections 

discuss the internal greenhouse microclimate factors that are important for plant growth. 

 

2.1 Greenhouse Microclimate 

 

The most important climatic parameters inside the greenhouse are air temperature, air 

velocity, relative humidity, solar radiation and carbon dioxide concentration (Bournet and 

Boulard, 2010).These variables influence crop photosynthesis, evapo-transpiration, 

respiration and ultimately crop growth, yield and quality (van Straten, 2011). In addition, 

the uniformity and distribution of these parameters inside the greenhouse influences the 

uniformity of crop growth and development (Teitel et al., 2010). 

 

2.1.1 Solar radiation 

 

The incident solar radiation (ISRg) reaching the earth composes of ultraviolet, visible light, 

near infrared and far infrared radiations (Waaijenberg, 2004). Of these, photosynthetic 

radiation (PAR) in the 400-700nm wavelengths of the visible light spectrum provides the 

energy required for plant growth and pressure potential required for transpiration 

(Baxevanou et al., 2007). On the other hand, the near infrared radiation (NIR) in the 700-

3000nm wavelengths is converted to sensible and latent long wave heat radiation (LWR) 

upon entry into the greenhouse. Depending on the properties of the cover, some of the heat 

may be lost through the cover (LWRc), but most of the heat is reflected back into the 

greenhouse as shown in Figure 2.1, causing an increase in the internal greenhouse 

temperature (Baxevanou et al., 2007). This increase may be beneficial in cold regions and 
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in the subtropics during winter, but it is undesirable in the sub-tropics in summer time 

when solar radiation is mostly high (Mashonjowa et al., 2010b). If ventilation and cooling 

are insufficient, undesirable environmental conditions will be created inside the 

greenhouse and the crop evapo-transpiration demand may increase, possibly inducing 

water stress and inefficient use of irrigation water. 

 

 

 

 

 

 

 

 

 

Figure 2.1 Effect of solar radiation on the greenhouse. ISRg = incident solar radiation, 

LWR = long wave radiation, NIR = near infrared radiation, PAR = 

photosynthetic active radiation, LWRc = long wave heat radiation lost through 

the cover  

 

Ultra violet radiation (300-400 nm wavelengths) is not important in greenhouse 

microclimate, but it is important due to its negative effect on plastic films used as 

greenhouse covers. Ultra violet leads to accelerated deterioration of plastic films 

(Briassoulis et al., 2004) which results in the short life span of 2 to 3 years of plastic films 

used as greenhouse cladding  materials (von Elsner et al., 2000b). 

 

2.1.2 Temperature 

 

Temperature is the most critical environmental factor in greenhouse cultivation (von Elsner 

et al., 2000a; Albright, 2002). The internal air temperature is influenced by several factors 

including solar radiation, external air temperature and type of covering material used 

(Sethi, 2009). High incident solar radiation and external air temperature result in higher 

internal air temperatures. The highest temperatures have been observed around the middle 

of the day when solar radiation is at its maximum as shown in Figure 2.2 (Wien, 2009). 

Greenhouse cover 

ISRg 

PAR 

LWR 

NIR 

LWRc 
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Figure 2.2 Tunnel greenhouse internal and ambient air temperature variation with time    

(Wien, 2009). 

 

High internal air temperatures reduce crop growth, yield and quality of produce (Shen and 

Yu, 2002) and frost on the other hand can kill crops (von Zabeltitz, 2011). Most crops 

grown under controlled environment conditions thrive when average internal air 

temperature is between 17 and 27 °C (von Zabeltitz, 2011). The optimum daytime 

temperatures range between 22 and 28 °C and 15 to 20 °C at night. Temperatures below 12 

ºC or above 30 ºC negatively affect the growth, yield and quality of most fruit vegetables 

such as tomatoes and peppers (Castilla and Hernandez, 2007). According to von Elsner et 

al. (2000a), the risk of frost damage in greenhouses is minimal in areas where the 

minimum ambient temperature is above 7 °C.  Von Zabeltitz (2011) suggests that the 

absolute mean minimum temperature should be 0 °C and the mean maximums should 

range between 35 and 40 °C. 

 

In Southern Africa, internal greenhouse temperatures can be too high for optimum 

cultivation due to high solar radiation, particularly in summer. Maboko et al. (2010) 

observed maximum temperatures ranging between 38.0 and 44.2 °C in South Africa while 

(Mashonjowa et al., 2010a) observed 45°C in Zimbabwe. According to Bailey (2006), 

when maximum internal temperature exceeds 28 °C, cooling is required. When the highest 

average ambient air temperature is below 27 °C, ventilation is adequate to maintain the 

optimum temperature levels.  
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2.1.3 Relative humidity 

 

One of the aims of greenhouse cultivation is to increase the relative humidity while 

simultaneously reducing the vapour pressure deficit of the air (Kittas and Barzanas, 2007). 

For most greenhouse crops, ideal RH levels range between 60 and 90 % (von Zabeltitz, 

2011). Values below 60 % induce high transpiration rates leading to plant water stress, 

especially in young crops with low leaf area index (Bailey, 2006). González-Real and 

Baille (2006), observed a reduction in the growth rate of tomato fruit when the vapour 

pressure deficit was increased from 1.6 kPa to 2.2 kPa. On the other hand, RH values 

above 95 % reduce plant transpiration rate and limit nutrient transport to the plant organs. 

This increases the incidence of physiological disorders such as blossom end rot in 

tomatoes, sweet peppers and cracked tomato fruits (Yaoi et al., 2000; Gázquez et al., 2006; 

Max et al., 2009). High internal relative humidity can also result in increased incidence of 

fungal diseases when condensation occurs on the crop canopy (Bailey, 2006; Max et al., 

2009). In South Africa, the agro-climate is variable. Some areas are sub-humid, some are 

semi-arid and others experience climate conditions typical of the Mediterranean. This 

variation is an important factor in the selection of the greenhouse designs and microclimate 

management and necessitates the need to understand the performance of the greenhouses 

under these conditions. 

 

2.1.4 Air velocity  

 

Air velocity in the greenhouse is an important factor since the distribution of temperature 

and relative humidity follows the air flow pattern (Bartzanas et al., 2002; Li and Willits, 

2008). Non-uniform distribution of air velocity leads to non-uniform temperature and RH 

and consequently non-uniform crop growth, development and maturity (Bailey 2006).  The 

ideal greenhouse airflow rates ranges between 0.5 and 0.7 m.s
-1

 and air velocity values 

above 1 m.s
-1

 result in high transpiration rate and water stress (ASHRAE Handbook, 

2001). 
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2.1.5 Greenhouse heat energy balance 

 

The greenhouse heat energy balance on which the internal microclimate depends and 

which accounts for the variables discussed above has been expressed according to 

Equation 2.1 (Kumar et al., 2010) and Equation 2.2 (von Zabeltitz, 2011).  

 

TKeKTKQG CLSmo             (2.1) 

 

Where μ (dimensionless) is the greenhouse solar heating efficiency, Go (W.m
-2

) is the 

outside global solar radiation, ΔT (K) is the internal-external air temperature difference, Δe 

(Pa) is the internal and external water vapour pressure difference, KS (W.m
-2

 K
-1

) is the 

sensible heat transfer coefficient, KL (W.m
-2

 Pa
-1

) is the latent heat transfer coefficient, KC 

(W.m
-2

 K
-1

) is the overall heat transfer coefficient and Qm (W.m
-2

) is the soil heat flux. 

 

oPE

G

C
o qEfTCVT

A

A
uq             (2.2) 

 

Where τ (dimensionless) is the greenhouse transmittance, qo is the (W.m
-2

) is the outside 

global solar radiation, Cp (J.kg
-1

 K
-1

) is the specific heat capacity of air, ρ (kg.m
-3

) air 

density, ΔT (°C) is the internal-external air temperature difference, u (W.m
-2

 K
-1

) is the 

overall heat transfer coefficient, Ac (m
-2

) is the greenhouse surface area, AG (m
-2

) is the 

greenhouse floor area, E (dimensionless) is the ratio of energy used to evaporate water 

from the crop canopy to incoming solar energy, commonly referred to as the evaporation 

coefficient and f (dimensionless) is the area of greenhouse covered by the crop, known as 

the area factor and τ (dimensionless) is the greenhouse transmissivity. The value of E 

ranges between 0 and 1, depending on the RH of air entering the greenhouse through 

ventilation. In arid regions, E can have values greater than 1 when the energy in the 

incoming dry air is utilised in evapotranspiration (von Zabeltitz, 2011). According to 

Willits (2006), the evaporation coefficient is difficult to calculate and von Zabeltitz (2011) 

suggests the following values when the external air RH is not too low: 0 for an empty 

greenhouse, 0.5 if the greenhouse is half-cropped and 1.0 for a fully cropped greenhouse. 

The area factor f can be assumed to be 0.8 vegetables on ground beds, 0.8 for cut flowers 

on ground beds and 0.6-0.8 for potted plants on tables (von Zabeltitz, 2011). 
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3. VENTILATION AND COOLING IN GREENHOUSES 

 

Ventilation is an important design factor that assists in removing excess heat and gaseous 

pollutants and in maintaining relative humidity and CO2 at levels that promote active crop 

development (Baptista et al., 1999; Ould Khaoua et al., 2006). The rate at which the air 

exchange between the inside and the outside occurs influences the airflow pattern, 

distribution and uniformity of temperature and humidity, uniformity of plant growth, yield 

and produce quality (Boulard et al., 1997; Bartzanas et al., 2004; Sase, 2006). The 

following sections review the literature on natural ventilation and mechanical ventilation 

using a fan-pad evaporative cooling system. 

 

3.1 Natural Ventilation 

 

Natural ventilation is the cheapest, simplest and most energy efficient method of 

controlling the microclimate in greenhouse facilities as opposed to mechanical systems 

(Ould Khaoua et al., 2006; Flores-Velázquez et al., 2011). It is a direct result of the 

combined or singular effects of the wind forces and the buoyancy forces due to 

temperature difference between the inside and the outside environments (Boulard et al., 

1997; Kumar et al., 2009).  

 

 Natural ventilation is commonly achieved through the use of vent openings on the roof 

and/or side walls (Figure 3.1) along the main axis of the greenhouse (Teitel et al., 2008a; 

Bournet and Boulard, 2010), which can either be continuous or discontinuous (Figure 3.2). 

The ventilation rate depends on external wind speed and direction, temperature gradient 

between the inside and outside, presence or absence of insect-proof mesh screens, vent 

configuration and height of the crop growing in the greenhouse (Ould Khaoua et al., 2006).  

 

Figure 3.1Typical vent opening arrangement (a) roof and side openings (b) roll-up side 

vents (c) pivot-door side vents (After Bartzanas et al., 2004). 

(b) (c) (a) 
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Figure 3.2 Continuous and discontinuous vents along the main axis of a typical 

greenhouse. The shaded areas indicate the vent openings (after Boulard et al., 

1997). 

 

3.1.1 Effect of vent configuration on temperature and relative humidity 

 

The most common vent arrangement is side and/or roof vents, continuous or discontinuous 

along the main axis of the greenhouse (Bournet and Boulard, 2010). According to Boulard 

et al. (1997), the discontinuous vent openings have lower ventilation efficiency when 

compared to continuous vent openings when used in a Mediterranean climate.  

 

Kittas and Bartzanas (2007) and Teitel et al. (2008a) found that, in a mono-span 

greenhouse with continuous roll-up side vents, the air velocity was found to be higher 

close to the ground and lower close to the greenhouse cover. For a greenhouse with roof 

openings only, the air velocity was found to be highest at the vent opening and calmer 

conditions at the centre of the greenhouse (Teitel et al., 2008b). For a greenhouse with roof 

and side vents, air velocity was higher at the vent openings and almost constant throughout 

the greenhouse (Bartzanas et al., 2004). Boulard et al. (2004) also observed high internal 

air velocity closer to side opening vents than in the tunnel interior and higher internal RH 

at the centre of the greenhouse. The air temperature profile and RH there follow the air 

pattern with lower air temperatures and RH being observed at the vent openings than in the 

middle sections and in the corner areas of the greenhouse (Bartzanas et al., 2004). 

In addition, the internal air flow pattern induces vertical temperature and RH stratification 

in naturally ventilated greenhouses. Teitel et al. (2008a) observed a temperature difference 

of about 5 °C at a height of 0.15 m and 3 m above the floor (Figure 3.1) in a tunnel 
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greenhouse with continuous side vents. Teitel et al. (2008a) further observed high humidity 

ratio of about 18 g.kg
-1

 at a height of 1.1 m and the lowest value of about 16 g.kg
-1

 at 2 m 

height (Figure 3.2). Furthermore, the size of the ventilation area influences the internal 

microclimate. Boulard et al. (2004) observed an 18 % increase in internal RH for 7 % 

ventilation area as compared to an 11 % increase for an 18 % ventilation area in a side 

opening ventilated tunnel greenhouse. 

 

 

Figure 3.1 Time variation of temperature for a mono-span greenhouse on a typical day, ● 

0.15 m, ▲ 1.1 m, ▪ 2 m, ♦ 3m (Teitel et al., 2008a). 

 

 

Figure 3.2 Time variation of internal greenhouse humidity ratio at four different levels for 

a typical day in a mono-span tunnel greenhouse, ▪ 2 m, ♦ 3m, ● 0.15 m, ▲ 1.1 m 

(Teitel et al., 2008a). 
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3.1.2 Effect of wind speed and direction on internal air temperature and RH 

 

Natural ventilation depends on the wind and temperature difference to effect the air 

exchange between the inside and outside in greenhouse facilities. Buoyancy forces, which 

are a result of the internal and external air temperature difference result in an air density 

gradient between the two air streams (Flourentzou et al., 1998). Wind forces on the other 

hand create a pressure field at the vent openings (Boulard and Baille, 1995). Air exchange 

then occurs in response to these two factors. The wind and buoyancy forces seldom act 

singularly, but the wind effect is more dominant as a factor in the ventilation process when 

the external wind speed exceeds 1.5 m.s
-1

in roof and side ventilated facilities and (Boulard 

and Baille, 1995; Kittas et al., 1996). Kittas et al. (1996) suggests that when the external 

wind speed exceeds 1.5 m.s
-1

, the temperature effect can be neglected and ventilation rate 

is then considered as a factor of wind and vent opening area only. 

 

Greenhouse internal air velocity and ventilation rate have been found to be high in high 

wind areas than in low wind areas (Boulard et al., 1997). Ventilation rate varies linearly 

with increase in wind velocity (Kacira et al., 2004; Teitel et al., 2008a).Teitel et al. 

(2008b) investigated the effect of wind direction in a multi-span roof ventilated greenhouse 

on ventilation rate. It was concluded that, for all wind directions, the air velocity inside the 

greenhouse was higher close to the ground and the cover, but lower at the centre of the 

structure. Fatnassi et al. (2009) on the other hand suggested that wind direction has some 

degree of influence on the ventilation rate and on the distribution of temperature and RH. It 

was concluded that the ventilation rate in a tunnel greenhouse with side vents is higher 

when wind direction is normal to the openings as compared to oblique and parallel flows. 

 

3.1.3 Effect of crop height on internal air temperature and RH 

 

In addition to vent arrangement, it has been found that the presence of a crop and its 

development stage influence the ventilation rate and distribution of temperature and RH. 

Boulard et al. (1997) investigated six different greenhouses in the Mediterranean region 

and found that the presence of crops reduced the ventilation rate by up to 28%. This was 

observed to be of importance with tall crops such as tomatoes in greenhouses with side 

vents where the plants obstruct the flow of air (Katsoulas et al., 2006). Fatnassi et al. 
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(2009) observed that the ventilation rates of 1 m and 2.13 m tall tomato crops were reduced 

by 46-48 % and 72-85 % when compared to that of small plants respectively. This was in a 

single span side ventilated tunnel greenhouse in the South of France. 

 

In addition to influencing the ventilation rate in greenhouses, crop density and height also 

result in variation of air temperature in the greenhouse. Soni et al. (2005) observed that 

young single spaced (17 000 plants.ha
-1

) had a higher vertical temperature variation than 

mature double spaced crops (33 000 plants.ha
-1

). In addition, it was also observed that the 

lowest temperature was within the plant canopy while the air space above the plants was 

hotter (Soni et al., 2005; Teitel et al., 2008a) as shown in Table 3.1. The lower canopy 

temperature was attributed to crop canopy cooling through transpiration and the higher 

temperatures in the greenhouse air space were attributed to accumulation of lighter warmer 

air in the space above the crop and inefficient ventilation by side and roof vents. 

 

Table 3.1 Vertical variation of temperature in an empty greenhouse, in young single 

spaced, mature double spaced tomato crop and on a typical rose crop. 

Crop stage and 

density 

Temperature (°C) at different heights above the 

greenhouse floor  

Reference 

Height (m) 0.15 0.5 1.0 1.1 1.5 2.0 2.5 3.0 

Empty  36.9 36.0  38.4 38.4 41.5  Soni et al. (2005) 

YS (tomato)  34.3 34.2  37.0 37.3 40.5  Soni et al. (2005) 

MD (tomato)  24.3 26.7  29.1 30.5 32.5  Soni et al. (2005) 

1.2 m roses 28.2   30.9  31  39.8 Teitel et al. (2008a) 

YS = young single-spaced tomato plants, MD = mature double-spaced tomato plants  

 

3.1.4 Effect of insect-proof screens on internal air temperature and RH 

 

One of the reasons for cultivating crops under enclosed covers is to eliminate pests and 

pest-borne diseases. In naturally ventilated structures where climate control is achieved 

through vent openings, porous plastic screens are used to prevent entry of insects into the 

greenhouse (Bartzanas et al., 2002; Klose and Tantau, 2004; Valera et al., 2006). The 

efficiency of the screen in excluding pests from greenhouses depends on the dimensions of 

the openings between the threads of the screen mesh (Valera et al., 2006) and the choice of 
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the screen to use depends on the pests to be eliminated (Teitel, 2007). The mesh screen 

openings have to be smaller than the pests being targeted (Klose and Tautau, 2004; 

Katsoulas et al., 2006), with smaller mesh sizes targeting small insect pests and coarser 

mesh sizes for larger pests (Teitel et al., 2009). 

 

In spite of their usefulness, insect-proof screens have been found to have a negative effect 

on the ventilation rate, temperature and RH inside the greenhouse. The mesh screens 

reduce the ventilation area (Valera et al., 2006) and provide extra resistance to the 

transport of heat, momentum and mass into and out of the greenhouse (Bartzanas et al., 

2002). The resulting pressure drop reduces the internal air velocity and ventilation rate 

resulting in increased internal greenhouse temperature and RH and a possible increase of 

the incidence of plant diseases (Teitel, 2007).  

 

It can be deduced from the above literature review that the common vent arrangements 

(roof and/or side wall vents), crop density and effect of insect screens induce marked 

variation of temperature and relative humidity in the greenhouse. This variation of the 

microclimate defeats one of the purposes of controlled environment cultivation, i.e. 

uniformity of growth, yield and quality. As stated by Fatnassi et al. (2009) and Bournet 

and Boulard (2010), there is a need for development of alternative ventilator configurations 

that would improve the distribution of the microclimate parameters and improve the 

efficiency of ventilation particularly in warm climate regions such as Southern Africa.  

 

3.2 Fan-pad evaporative cooling and ventilation 

 

Fan-pad evaporative cooling is effective in improving the greenhouse microclimate by 

reducing the temperature and increasing the RH especially in hot and dry environments 

(Bailey, 2006; Kumar et al., 2009). In fan-pad ventilation systems, ambient air is forced to 

pass through a wet porous media on the wall of the greenhouse (Kittas et al., 2001). Upon 

contact with the wet pad, sensible heat of the air stream is converted to latent heat, cooling 

the air to the wet bulb temperature of the incoming air stream. Conversely, the RH is 

increased and depending on efficiency of cooling, the air can approach saturation levels 

(Mutwiwa et al., 2007; Fuchs et al., 2006; Max et al., 2009). 
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The internal greenhouse temperature and RH distribution profile between the pads and the 

fan are influenced by ventilation rate, crop transpiration, soil evaporation, cover shading, 

efficiency of evaporative cooling and the heat loss coefficient of the cover (Kittas et al., 

2003). However, temperature and RH respond more rapidly to changes in ventilation rate 

and solar radiation (Kittas et al., 2003; Kittas et al., 2005) than to the other factors. High 

ventilation rates seem to induce higher internal temperature reductions and high solar 

radiation result in lower temperature reduction (Fuchs et al., 2006; Willits, 2003).  

 

Lopez et al. (2010) investigated two fan-pad ventilated greenhouses; one with a 2.2 m tall 

tomato crop while the other one was kept empty. It was observed that there was a greater 

air temperature reduction in the greenhouse with the tomato plants than in the empty one. 

This can be attributed to additional cooling of the greenhouse interior due to crop 

transpiration (Max et al., 2009). There was also more uniform distribution of temperature 

in the presence of crops as a result of airflow dispersion by the crop. This results in mixing 

of the incoming air stream with the greenhouse air and a more uniform microclimate. The 

above observation may be important when crops are still at the early development stage 

and their transpiration rate is low (Willits, 2003). 

 

It has been observed that there is heterogeneity in the microclimate parameters in fan-pad 

evaporative cooled greenhouses. Internal air temperatures and RH vary horizontally and 

vertically (Li and Willits, 2008; Mutwiwa et al., 2007; Oz et al., 2009; Lopez et al., 2010), 

which is a factor when placing temperature sensors for microclimate control (Li and 

Willits, 2008). The horizontal air temperature gradient depends on the distance between the 

inlet at the pad section and outlet at the fans. Lowest air temperatures were observed at the 

pads section and increased progressively along the length of the greenhouse (Kittas et al., 

2005) as shown in Figure 3.3. Kittas et al. (2003) observed internal air temperature 

differences of up to 8°C at noon between the pad and fan sections in a 60 m long 

greenhouse and Oz et al. (2010) observed 6 °C in a 24 m long greenhouse between the pad 

and the fan sections. The horizontal variation also seems to be highest around the middle of 

the day when solar radiation is highest. Increasing the ventilation rate of the greenhouses 

reduces the temperature gradient, thus increasing the efficiency of cooling for fan-pad 

systems (Willits, 2003).  
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Figure 3.3 Horizontal variation of temperature in a greenhouse equipped with a fan-pad 

cooling system (After Kittas et al., 2003) 

 

Vertical temperature gradients were observed by Kittas et al. (2001), Kittas et al. (2003) 

and Li and Willits (2008). These variations depend on the presence or absence of a crop 

and on the ventilation rate. The presence of a tall crop reduces the spatial variation in the 

vertical and horizontal planes (Willits, 2003; Lopez et al., 2010) due the cooling effect of 

the crop canopy through transpiration (Bailey, 2006). Low vertical temperature variation 

was observed when the ventilation rate was high in a greenhouse with 1.71 m tall tomato 

crop (Li and Willits, 2008). The spatial distribution of air water content depends on the 

presence of crops inside the greenhouse. Without a crop, the air water content was found to 

be highest at the pads, decreased progressively along the length of the greenhouse and was 

lowest at the fans (Kittas et al., 2001; Kittas et al., 2003). In the presence of crops, the 

humidity ratio was found to increase progressively, with the lowest values observed at the 

pads and highest values at the fans (Willits, 2003; Lopez et al., 2010). This is due to the 

fact that the air picks up additional moisture from the crop canopy as it passes through the 

greenhouse. 

 

Night time internal temperatures are low in the greenhouse as heat accumulated in the 

greenhouse during the day is lost to the cooler external environment through the 

greenhouse cover (von Zabeltitz, 2011). RH on the other hand tends to increase at night. 

The greenhouse cover has been found to be the coolest surface on the greenhouse 

environment and crop canopy is the warmest (Piscia et al., 2012), which results in 

Out 

Pad 

Middle 
Fan 
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condensation of water on the inside of the cover if the cover is cool enough. This increases 

the incidence of fungal disease attack on crops (Piscia et al., 2012). 

  

4. GREENHOUSE MODELLING 

 

Predicting the internal greenhouse ventilation and microclimate is a useful means of 

establishing the response of the microclimate parameters to changes in the external 

environment (Litago et al., 2005; Baptista et al., 2010). These predictions facilitate design 

of better ventilation and cooling systems, better management of crop growing regimes and 

better control of the internal microclimate (Abdel-Ghany and Kozai, 2006; Kumar et al., 

2010). It also generates useful information that facilitates the use of automated controls for 

advanced ventilation and cooling systems (Baptista et al., 2010).  

 

Predicting the ventilation rate and internal microclimate can be achieved through field 

experiments or through simulations using mathematical models (Abdel-Ghany and Kozai, 

2006; Kumar et al., 2010). Simulations are preferable to experimentation because they are 

repeatable, quick, flexible and cheaper (Wang and Boulard, 2000). As stated by Kumar et 

al. (2010), models are specific for greenhouse type, crop and climate region. Therefore, 

models developed for certain areas and greenhouses cannot be used directly without 

calibration through optimization of coefficients and validation through field experiments 

(Baptista et al., 2010). This is an important factor especially for naturally ventilated 

systems which are dependent on external wind speed and temperature gradient for 

microclimate. 

 

4.1 Natural Ventilation Modelling  

 

The greenhouse environment is a complex interaction of heat energy and water vapour 

transfers that occur between the greenhouse, external environment and the crop 

physiological activities and responses to the internal environment (von Elsner et al., 

2000a). Because of this complex nature of the greenhouse system, predicting the 

microclimate variables is a difficult task (Litago et al., 2005). 
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Most greenhouse models in use today were developed for and are adapted to greenhouses 

common to the northern hemisphere in which ventilation is achieved by roof, sides or a 

combination of roof and side wall openings (Boulard and Baille, 1995; Boulard et al., 

1997). They account for the wind and temperature effect on the air exchange rate. These 

models can either be homogenous or heterogeneous (Abbes et al., 2010) and both are 

discussed in detail sections 4.1.1 and 4.1.2. 

 

4.1.1 Heterogeneous modelling 

 

Heterogeneous modelling makes use of the relatively new concept of computational fluid 

dynamics (CFD) which is based on three-dimensional numerical analysis of the 

conservation of mass, energy and momentum equations (Bartzanas et al., 2002; Kittas and 

Bartzanas, 2007; Hong et al., 2008). CFD facilitates non-steady characterization of the 

ventilation process, temperature, RH and internal air flow distributions (Ould Khaoua et 

al., 2006). It involves selection of a control volume encompassing the greenhouse and its 

immediate surroundings and dividing this control volume into a finite number of grid cells 

to form a fluid mesh (Ould Khaoua et al., 2006; Kittas and Bartzanas, 2007; Flores-

Velázquez et al., 2011). The flow characteristics of each fluid cell are described by its 

density, velocity and energy status due to its position at any time t according to the general 

Equation 4.1: 

 

S
z

W

y

V

x

U 2)()()(
     4.1 

 

where U, V and W refer to the three velocity components and Γ is the diffusion coefficient, 

Φ represents the concentration of the transported quantities which can be mass, energy, 

temperature or chemical factor in the flow field, SΦ is known as the source term and Λ 

denotes the velocity gradient (Bartzanas et al., 2002; Ould Khaoua et al., 2006; Flores-

Velázquez et al., 2011). 

 

The density of the grid volume influences the accuracy and precision of the simulation 

results. A denser grid provides more accurate predictions than a coarse grid (Kittas and 

Bartzanas, 2007). CFD has found wide application in different types greenhouse facilities. 

It has been used to investigate the effects of different vent arrangements on the distribution 
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of temperature and air flow pattern at the crop canopy level by Ould Khaoua et al. (2006) 

and dehumification using a heating system (Kittas and Bartzanas 2007). Teitel et al. 

(2008b) used it to investigate the effect of wind direction on the microclimate distribution 

and ventilation rate, while Teitel et al. (2009) used it to establish the effect of insect screen 

mesh inclination and porosity on the microclimate distribution. Hong et al. (2008) used it 

to establish the efficiency of ventilation in different types of greenhouse facilities and 

Flores-Velázquez et al. (2011) used it to analyze the microclimate of a mechanically 

ventilated greenhouse. 

 

CFD has been found to be superior to homogenous modelling since it can describe the non-

homogenous behaviour of the ventilation and environmental factors, both inside and 

outside the greenhouse (Teitel et al., 2008b; Bournet and Boulard, 2010). In spite of its 

superiority, CFD modelling is complex since it accounts for most of the components that 

make up the complex greenhouse system and involves more parameters (Baptista et al., 

2010). It requires extensive knowledge of fluid dynamics and a detailed knowledge of the 

non-steady, non-uniform climatic variables and crop parameters. It also requires large 

computer processing and storage capacities (Abbes et al., 2010; Torre-Gea et al., 2011), 

which is compounded by the need for a more concentrated grid if accurate predictions are 

to be realised. Moreover, CFD predictions are not always accurate due to the fact that in 

real greenhouses, the structure and the plants do not always receive equal amounts of solar 

radiation heating as assumed in CFD simulations (Teitel et al., 2008b) and the temperature 

may be underestimated (Sapounas et al., 2008). 

 

4.1.2 Homogenous modelling 

 

Homogenous models are based on the energy balance of the greenhouse and assume steady 

state conditions and uniform distribution of the greenhouse microclimate (Kittas and 

Bartzanas, 2007). These models are useful in investigating the general behaviour of the 

greenhouse response to environmental control techniques imposed on the facility. They are 

also simple and involve fewer parameters, but are also less accurate (Abdel-Ghany and 

Kozai, 2006). Two types of homogenous models have been developed for estimating 

general state of greenhouse environment. The first type of models were developed from 

Bernoulli’s equation and they estimate the internal temperature based on the overall air 
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exchange rate through the vent openings of the greenhouse (Molina-Aiz et al., 2009) and 

are summarised in Table 4.1.  

 

Boulard and Baille (1995) developed Equation 4.2 for estimating the ventilation rate in 

temperature and wind driven ventilation of greenhouse facilities equipped with only roof or 

side openings. The first part of the equation under the square root represents the 

temperature-driven ventilation and the second part accounts for the wind effect (von 

Zabeltitz, 2011). Papadakis et al. (1996) suggests that when the external wind speed 

exceeds 1.8 m.s
-1

, the temperature effect on the ventilation rate is smaller as compared to 

the wind effect in roof of side ventilated greenhouse. Kittas et al. (1996) suggested 1.5 m.s
-

1
 as the threshold below which temperature effect is negligible in roof ventilated structures 

and then ventilation rate can be estimated from Equation 4.3. For greenhouse structures 

with side and roof vent openings, the ventilation rate can be estimated using Equation 4.4 

(Boulard et al., 1997) and Equation 4.5 (Kittas et al., 1997). Both models account for wind 

and temperature effects on the ventilation rate. According to Kittas et al. (1997) the 

temperature effect is insignificant when u/ΔT
0.5

 is less than one in roof and side ventilated 

greenhouses.  

 

Table 4.1 Summary of the ventilation models 

Model Eq. 

No 

For Effect Reference 
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4.5 RS TW Kittas et al. (1997) 

Eq. no = equation number, R/S = roof or side vents only, RS = roof and side vents, TW= 

temperature and wind effect acting together, W = wind effect acting alone. 
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Where V (m
3
.s

-1
) is the ventilation rate, A is the vent area (m

2
), Cw (dimensionless) is the 

wind coefficient, Cd (dimensionless) is the discharge coefficient, g (m.s
-2

) is the gravity 

constant, ΔT (Kelvin) is the internal-external air temperature difference, To is the external 

air temperature (Kelvin), H (m) is the vent opening height, uw (m.s
-1

) is the external wind 

speed, Hc (m) is the vertical distance between the centrelines of the side and roof vents, Ar 

(m
2
) is roof vent area and As (m

2
) is the side vent area. The dimensionless coefficient ε can 

be calculated according to: 

 

5.02 )1)(1(
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A
b                (4.7) 

The wind and discharge coefficient, Cw and Cd are descriptive values of each type of 

greenhouse (Baptista et al., 2010). The discharge coefficient Cd, accounts for the pressure 

drop that occurs at the vent openings due to effect of insect screens (Roy et al., 2002) and 

air friction (Albright, 1990). The values for Cd range between 0.6 and 0.8 with an average 

of 0.66 for different types of buildings and these are shown in Table 4.2 (Roy et al., 2002).  

Insect-proof screens can reduce the Cd values in greenhouse by as much as half (Montero 

et al., 1997; Kittas et al., 2002).The wind coefficient Cw, accounts for wind pressure on air 

flow at the vent opening (Albright, 1990). According to von Zabeltitz (2011), Cw depends 

on the wind speed and has been found to decrease with wind speed. Values for different 

sizes of greenhouse are shown in Table 4.3 and Cw seems to be independent of the 

greenhouse size since there is small variation in the Cw value for a large range of 

greenhouse sizes and types (Boulard, 2006).  

 

Both Cd and Cw can be determined by fitting experimental data to the models (Boulard and 

Baille, 1995; Boulard et al., 1997; Baptista et al., 2010, Mashonjowa et al., 2010a). In 

screened vent openings, the discharge coefficient Cd can also be determined from 

Equations 4.8 and 4.9, where ks is the screen pressure loss coefficient, Cs is the insect-proof 

screen discharge coefficient and Co is the vent opening discharge coefficient due to friction 

(Teitel, 2007; Teitel et al., 2008a).  
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Table 4.2 Discharge coefficients (Cd) values for different type of openings (After Roy et 

al., 2002) 

Discharge coefficient 

(Cd) 

Ventilator type Reference 

0.6-0.8 Building, rectangular Brown and Solvason (1963) 

0.67 Building, rectangular De Gids (1978) 

0.6 Building, rectangular Bruce (1982) 

0.65-0.7 Greenhouse, roof vents Bot (1983) 

0.63 Building, vertical, rectangular Hellickson and Walker (1983) 

0.6-0.7 Building, vertical, rectangular Timmons et al. (1984) 

0.65 Building, vertical Bois(1988) 

0.61 Building, vertical, rectangular Zhang et al. (1989) 

0.65-0.75 Greenhouse, roof vents De Jong (1990) 

0.65 Building, rectangular Randall and Patal (1994) 

0.61 Building, rectangular Vandaele and Wouters (1994) 

0.644 Greenhouse, continuous roof vents Boulard and Baille (1995) 

 

Table 4.3 Wind Pressure coefficients (Cw) for different greenhouse sizes (After Bailey, 

2000; von Zabeltitz, 2011). 

Wind Pressure Coefficient 

(Cw) 

Greenhouse area (m
2
) Reference 

0.10 416 (two span) Boulard and Baille (1995) 

0.14 179 (single span) Kittas et al. (1995) 

0.071 900 (tunnel) Kittas et al. (1996) 

0.13 416 (two span) Papadakis et al. (1996) 

0.09 204 (four span) Baptista et al. (1999) 

0.11 38 700 (sixty span) Bailey (2000) 
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The above stated models do not account for the effects of the crop physiological processes 

such evapo-transpiration and respiration or solar radiation effect nor do they account for 

the heat lost from the greenhouse through the greenhouse cover. They also have no 

capacity for estimating the internal greenhouse RH. However, they have been used 

extensively to establish the performance of vent configurations in different agro-climatic 

regions and have been found to perform satisfactorily (Boulard et al., 1997; Roy 

et al., 2002; Katsoulas et al., 2006; Ganguly and Ghosh, 2009; Mashonjowa et al., 2010a).  

 

The second set of models attempt to characterise the internal greenhouse temperature 

and/or RH by accounting for most of the heat and mass transfer processes that occur in the 

greenhouse. A summary of these models is presented in Table 4.4. 

 

Equations 4.10, 4.11 and 4.12 were developed and validated from experimental data by 

Impron et al. (2007) to predict the greenhouse average internal air temperature Ti (Kelvin), 

air vapour pressure ei (Pa) and crop canopy temperature for side and roof ventilated 

structures. The heat and mass transfer that occur between the crop canopy, greenhouse air 

and the outside environment through ventilation and the greenhouse cover accounted for in 

developing the model. 

 

Ganguly and Ghosh (2009) developed and validated Equation 4.13 for predicting the 

internal greenhouse temperature profile for a greenhouse with both side and roof vents. In 

this model, only the heat generated in the greenhouse from solar radiation absorption by 

the crop canopy, greenhouse floor and greenhouse cover and the heat transfer that occurs 

through ventilation due to temperature and wind effects are considered. This model does 

not account for the cooling effect due to crop evapo-transpiration and respiration nor the 

solar heat gain of the greenhouse and thus has no capacity for predicting the internal RH. 

 

Equations 4.14, 4.15 and 4.16 are a system of linear equations developed and validated by 

Kumar et al. (2010) for predicting the average greenhouse air temperature, crop canopy 

temperature and the internal air vapour pressure from which RH can be determined. The 

model considers the heat gain of the greenhouse from solar radiation absorbed and 

transmitted by the crop canopy, greenhouse cover and ignores the soil heat flux.  
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Table 4.4 Summary of internal temperature (T) and RH models.  

Model Eq. No PC Reference 
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Eq. No = Equation number, PC = Predictive capability, AVP = air vapour pressure, Ti = 

internal air temperature, Tc = crop canopy temperature 

 

Where Te (Kelvin) is the external temperature, Ti (Kelvin) is  the greenhouse internal air 

temperature, Tc (Kelvin) is  the crop canopy temperature, Pi  (W.m
-2

) 
 
is the solar radiation 

absorbed by the greenhouse cover, hCiec (W.m
-2

.K
-1

) is the
 
convective sensible heat loss 

coefficient between the greenhouse interior and exterior through the greenhouse cover, 

hCiev (W.m
-2

.K
-1

) is the convective sensible heat loss coefficient due to ventilation, hCci 

(W.m
-2

.K
-1

) is the convective heat transfer coefficient between the crop canopy and the 

greenhouse interior, hLie (W.m
-2

.K
-1

) is the latent heat transfer coefficient between the 

greenhouse interior and exterior due to ventilation, λ (J.kg
-1

)  is the latent heat of 

vaporisation, Eci (kg.m
-2

.s
-1

) is the crop transpiration, S (W.m
-2

) is the global solar 

radiation, ei, (Pa) is the internal greenhouse vapour pressure, ee (Pa) is the outside vapour 

pressure, mg (kg) is the greenhouse air mass, U (W.m
-2

.K
-1

) is the overall heat transfer 

coefficient, Ac (m
2
) is the total area of the greenhouse cover, mv (kg.s

-1
) is the air flow rate, 

Cp (J.kg
-1

.K
-1

)
 
is the specific heat capacity of air, QA (W) is the total available heat flow 

rate, ΔTfe (Kelvin) is the temperature difference between the crop canopy and the external 

air, Go (W.m
-2

) is the global solar radiation received by the greenhouse, µ (dimensionless) 
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is the solar heating efficiency,  Ks (W.m
-2

.K
-1

) is the sensible heat transfer coefficient, KL 

(W.m
-2

.K
-1

)is the latent heat transfer coefficient, Kc (W.m
-2

.K
-1

) is the overall heat transfer 

coefficient between the greenhouse interior and exterior,  ΔT (Kelvin) internal-external 

temperature difference, Δe (Pa) refers to the vapour pressure difference between 

greenhouse interior and exterior, Rn (W.m
-2

) is the net solar radiation inside the 

greenhouse, ILA (dimensionless) is the leaf area index, ra (s.m
-1

) is the aerodynamic air 

resistance, rs (s.m
-1

) is the  stomatal resistance, Do (Pa) is the external vapour pressure 

deficit, δ(Ti,o) (Pa.K
-1

)is the slope of saturation vapour pressure, ΔTfo is the difference in 

temperature between external air and the crop canopy and ρ is the air density in kg.m
-3

. 

 

These models account for the solar radiation heat input into the greenhouse, effect of 

ventilation and crop physiological processes such as evapo-transpiration and respiration on 

the microclimate and heat loss from the greenhouse through the cover. They also have 

boundary conditions which are variable depending on the model developer and are 

summarised in Table 4.5. The boundary conditions used in developing Equations 4.10, 

4.11 and 4.12 are solar radiation, sky temperature and external air temperature (Impron et 

al., 2007). The boundary conditions for Equation 4.13 developed by Ganguly and Ghosh 

(2009) are not stated, however, the model was developed based on the assumption that a 

portion of the incoming solar radiation is absorbed by the floor and the crop canopy, heat 

gain by the structural members is negligible and that greenhouse temperature will continue 

to rise until equilibrium is reached. The boundary conditions set for Equations 4.14, 4.15 

and 4.16 are solar radiation, external air temperature and external wind speed. The model 

further assumes that in the greenhouse internal climate is homogeneous, heat storage by 

structural members including greenhouse cover is negligible and heat gain by the soil is 

negligible (Kumar et al., 2010).  

 

As a result, similarly with dynamic models, these models have high input parameter 

requirements and are quite complex. However, unlike the dynamic models, they have no 

capacity to describe the internal air temperature and RH profiles, but rather the overall 

average values only. 
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Table 4.5 Summary of the boundary conditions and assumptions made in developing the 

steady state equations for temperature and RH predictions. 

Boundary 

conditions 

Assumptions Reference 

1. Rn 

2. Ts 

3. To  

1. Greenhouse cover is a single plastic film  

2. Heat gain by the greenhouse cover, 

structural members, crop canopy and soil 

surface are negligible 

Impron et al. (2007) 

N/F 1. Heat gain by structural members is 

neglected  

2. A certain fraction of incoming solar 

radiation is absorbed by the floor and 

crop canopy  

3. Greenhouse temperature continues to 

rise until equilibrium is reached 

Ganguly and Ghosh 

(2009) 

1. Rn 

2. To 

3. u 

1. Homogenous greenhouse microclimate 

2. Heat storage capacity of cover and 

structural members is negligible 

3. Soil heat gain is negligible 

Kumar et al. (2010) 

 

4.2 Fan-Pad Evaporative Cooling Modelling  

 

Kittas et al. (2003) developed a model based on the energy balance of the greenhouse for 

predicting the internal temperature profile along the length of the greenhouse using 

Equation 4.17. The model considers the ventilation rate, solar heat gain and long wave 

radiation of the greenhouse, crop transpiration and the air cooling effect due to evaporation 

of water from the evaporative cooling pads. The soil heat flux and evaporation are 

neglected.   
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where Tin(x) (°C) is the internal greenhouse air temperature at a distance x (m) from the 

evaporative cooling pad,  To (°C) is the external air dry bulb temperature, Tow (°C) is the 

external wet bulb temperature,  η (dimensionless) is the evaporative cooling efficiency, 

Tpad (°C) is the  dry bulb temperature of air leaving the evaporative cooling pad, A1
 

(dimensionless) is a coefficient to account for the solar heat load of the greenhouse, A2 

(dimensionless) is a coefficient to account for the effect of the solar radiation on the  crop 

canopy,  τ (dimensionless) is the solar energy transmissivity of the greenhouse cover, α 

(dimensionless) is the solar radiation factor, Rg (W.m
-2

) is the outside solar radiation, ρ 

(kg.m
-3

) is the air density, V(m
3
.s

-1
) is the ventilation rate, L (m) is length of the 

greenhouse, Cp (J.kg
-1

. °C
-1

) is the specific heat capacity of the air and Kc (W.m
-1

.°C
-1

)is 

the greenhouse heat loss coefficient.  

          

The heat loss coefficient Kc and the dimensionless solar radiation factor α are determined 

by optimization from experimental data. This model was tested in an empty greenhouse 

and the correlation of measured and predicted internal air temperature values, R
2
, was 

found to be 0.91. The parameters α and Kc were found to be 0.45 and 4.2 W.m
-2

. °C
-1

 

respectively (Kittas et al., 2003). The model was also tested by Sapounas et al. (2008) in a 

greenhouse with a tomato crop and R
2
was found to be 0.77 with a percentage error of up to 

7.6 %. 

 

Ganguly and Ghosh (2007) developed and validated Equation 4.21 for predicting the 

greenhouse internal air temperature under steady state conditions. The model assumes that 

the ventilation is efficient in removing the heat load in the greenhouse. Comparison 

between Equation 4.21 and 4.17 showed that 4.21 had better predictive capability than 

4.17, which was attributed to the fact that Equation 4.17 ignores some of the greenhouse 
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external surfaces and thus under-estimates the solar heat gain of the greenhouse (Ganguly 

and Ghosh, 2007) 
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Tx (Kelvin) is the internal air temperature at a distance x (m) from the evaporative cooling 

pad, Ta is the external dry bulb air temperature (Kelvin), Tpad (Kelvin) is temperature of air 

leaving the evaporative cooling pads, A is a coefficient to account for the solar heat load of 

the greenhouse, B is a coefficient to account for the heat loss through the greenhouse 

cover, C (dimensionless) is the fraction of floor area covered by the crop, α 

(dimensionless) is the plant absorptivity,  and ItcN  (W.m
-2

)is the total solar radiation heat 

flux on the north cover and ItcS (W.m
-2

)is the total solar radiation heat flux on the south 

cover, P (m) is the half perimeter of the cover, U (W.m
-2

.K
-1

)is the total heat transfer 

coefficient of the greenhouse, H (m) is the greenhouse height, the ventilation rate, V (m
3
.s

-

1
), is the rated fan flow rate, ρ (kg.m

-3
) is the air density, Cp (J.kg

-1
.K

-1
.°C) is the specific 

heat capacity of air and Id (Wm
-2

) is the diffuse solar radiation intensity. The dimensionless 

shading factors Sc and Sw are assumed to be 1.0 for non-shaded greenhouses and 0.0 for 

roof and side shaded greenhouse facilities.  

 

Fuchs et al. (2006) developed and validated Equations 4.24 and 4.25 for predicting the 

average greenhouse air temperature and humidity, which is expressed in the form of 

vapour pressure. These models are based on the assumptions that there are no leakages in 

the greenhouse, air entering the greenhouse passes only through the cooling pad and the 

fans provide efficient air exchange to rid the greenhouse of excess heat. The model further 

assumes that the greenhouse is in a warm climate region therefore there is no artificial 
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heating system and that the crop is fully developed with a leaf area index greater than two. 

The effect of crop transpiration in reducing the air temperature and increasing the relative 

humidity is accounted for using Equation 4.26. Fuchs et al. (2006) further tested the model 

on a 2 year old rose crop and R
2
 was found to be 0.82 and 0.85 for temperature and vapour 

pressure respectively. 
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Ti (°C) is the greenhouse internal air temperature, Tc (°C) is  the crop canopy temperature, 

Tp (°C) is the temperature of air leaving the evaporative cooling pad, Rx (s.m
-1

)is 

ventilation resistance of the greenhouse, Rn (W.m
-2

) is the net radiation of the crop foliage, 

E (W.m
-2

) is the latent heat flux from the crop, ei (kPa) is the greenhouse air vapour 

pressure, eo (kPa) is the external air vapour pressure, ep, (kPa) is the  vapour pressure of air 

leaving the evaporative cooling pad,  e(Tc) (kPa) is the saturated vapour pressure at the  

crop canopy, ρ (kg.m
-3

) is the external ambient air density, γ (kPa.K
-1

) is the psychrometric 

constant, ra (s.m
-1

) is the total convective resistance and rs (s.m
-1

)is crop foliage resistance 

to water vapour diffusion.  

 

5. COMPARISON OF NATURAL AND FAN-PAD EVAPORATIVE 

COOLING AND VENTILATION 

 

Both fan-pad cooling and natural ventilation systems have disadvantages and advantages, 

but, as stated by Teitel et al. (2010), knowing performance strengths and limitations of 

both systems does not necessarily imply an easy choice. The following sections compare 

the performance of natural ventilation and fan-pad evaporative cooling in maintaining the 
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temperature and RH inside greenhouses. The effect both systems have on crop growth and 

yield will also be discussed. 

 

5.1 Comparison between Natural and Fan-Pad Evaporative Cooling and 

Ventilation on Temperature and RH  

 

Evaporative cooling is effective for temperature and humidity control especially in dry and 

hot areas. In humid and sub-humid areas, this effectiveness can be hampered by low 

vapour pressure deficit (Kumar et al., 2009) and at RH values greater than 60 % there is 

little benefit derived from using evaporative cooling (Fuchs et al. 2006). Moreover, the 

internal microclimate is easier to control and predict since the microclimate is less 

dependent on the external conditions and ventilation rate is regulated by rated fans (Kittas 

et al., 2005; Flores-Velázquez et al., 2011). In spite of these advantages, fan-ventilation 

systems are expensive to install, maintain and operate. They have high water and power 

consumption rates (Teitel et al., 2010) and need an adequate and constant supply of 

electricity and good quality water (Bailey, 2006).Teitel et al. (2010) observed that 3-4 kW 

was required to run two fans and a water pump per day in a greenhouse with 69 m
-2

 floor 

area and 0.3-0.4 m
-3

.day
-1 

water supply to wet the pads during a Mediterranean summer.  

 

Natural ventilation has low equipment installation and maintenance costs and energy 

requirements (Kittas and Bartzanas, 2007) and is a simple method for controlling 

greenhouse microclimate (Teitel et al., 2010; Flore-Velazquez et al., 2011). However, the 

microclimate and ventilation rates are less predictable because natural ventilation is 

entirely dependent on external climate parameters that are notoriously variable (Willits and 

Li, 2005). The ventilation rate and microclimate are also influenced by insect-proof screens 

(Valera et al., 2006; Teitel, 2007), vent openings configuration (Katsoulas et al., 2006; 

Kittas and Bartzanas, 2007) and crop height (Fatnassi et al., 2009). Consequently, natural 

ventilation may not always be sufficient in maintaining desirable ventilation rates and 

microclimate parameters, especially in high solar radiation latitudes (Bailey, 2006).  

 

Comparison between natural and fan-pad ventilation systems has shown that greenhouse 

temperatures in fan-pad systems are consistently lower than in naturally ventilated 

greenhouses and ambient air. Conversely, RH is higher in fan-pad systems than in natural 
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ventilated greenhouses (Willits and Li, 2005; Mutwiwa et al., 2007; Max et al., 2009; 

Maboko et al., 2010) as shown in Table 5.1. In addition, temperatures in the naturally 

ventilated greenhouse tend to fluctuate around ambient air temperatures (Teitel et al., 

2007) especially during the day. At night, Max et al. (2009) observed no significant 

differences between the temperatures in the fan-pad system, natural ventilation system and 

ambient environments, with the fan-pad switched off.  

 

Table 5.1 Observed temperatures and relative humidity in naturally ventilated and fan-pad 

cooled greenhouses  

Natural Ventilation Fan-pad Cooling and 

Ventilation 

Reference 

VC Tmax 

(°C) 

RH (%)/ 

VPD (kPa) 

Tmax (°C) RH (%)/  

VPD (kPa) 

 

Side wall  44.2 N/O 38.0 N/O Maboko et al. (2010) 

Roof and side 32.1 1.2 kPa 29.0  0.4kPa Mutwiwa et al. (2010) 

Roof and side  40.0 73 % 32.0 93 % Max et al. (2009) 

Roof and side  30.9 68 % 26.8 78 % Teitel et al. (2007) 

N/O = not observed, VC = vent configuration, Tmax = maximum observed internal air 

temperature, VPD = internal vapour pressure deficit. 

 

5.2 Comparison of Natural Ventilation and Fan-Pad Ventilation on Crop Growth 

and Yield 

 

Several researchers give conflicting results of vegetative growth and yield for crops grown 

in naturally and fan-pad ventilated greenhouses. Willits and Li (2005), Max et al. (2009), 

Mutwiwa et al. (2007) reported faster growth and higher yields with higher marketable 

yields from a naturally ventilated than fan-pad ventilated greenhouses. Tomato plants in a 

naturally ventilated greenhouse were found to be 25.9 cm taller than those in a fan-pad 

system even although the temperature was higher in the natural ventilated greenhouse 

(Mutwiwa et al., 2007). Max et al. (2009) observed that for the first 4 weeks, tomato plant 

growth was faster in fan-pad than in the naturally ventilated greenhouse,  after which, 

plants in the naturally ventilated greenhouse started growing faster and accumulating 

higher number of trusses per plant than in the fan-pad greenhouse. Teitel et al. (2007) 
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observed higher number of harvested rose stems per plant in a naturally ventilated 

greenhouse than in a fan-pad evaporatively cooled one. In addition, there were more 

defects such as blossom end rot and cracked fruit reported in fan-pad grown tomatoes than 

in naturally ventilated ones (Max et al., 2009). 

 

Although there is limited peer-reviewed literature on the performance of natural ventilation 

against fan-pad evaporative cooling for Southern Africa, Maboko et al. (2010) reported 

higher total and marketable yields in fan-pad evaporative cooling system than in a 

naturally ventilated greenhouse in South Africa. A total yield of 6619 g.plant
-1

 with 88 % 

marketable yield was recorded in the fan-pad ventilated greenhouse compared to 3978 

g.plant
-1

 total yield 59 % marketable yield recorded in the naturally ventilated greenhouse. 

In addition, the naturally ventilated greenhouse had a higher number of cracked fruits when 

compared to the fan-pad ventilated greenhouse. These results conflict with those reported 

by other researchers mentioned in the preceding paragraph. 

 

Produce harvested from naturally ventilated structures have been observed to be 

significantly smaller, in size, than those from fan-pad ventilated structures (Willits and Li, 

2005; Max et al., 2009; Maboko et al., 2010). Max et al. (2009) observed that 9.8 % of the 

tomato fruit harvested from the naturally ventilated greenhouse were undersized, as 

compared to 6.1 % harvested from the fan-pad ventilated greenhouse. Teitel et al. (2007) 

observed that, on average, the stem length, bud length and diameter of rose flowers grown 

in a naturally ventilated greenhouse were 34.0 cm, 2.21 cm and 1.88 cm respectively as 

compared to 41.3 cm, 2.03 cm and 2.41 cm stem length, bud length and diameter 

respectively in a fan-pad ventilation system.  

 

The conflicting results could be due to the different climatic conditions under which the 

experiments were conducted as well as the different vent configurations as shown in Table 

5.1. Maboko et al. (2010) conducted his experiments in Pretoria, South Africa, Mutwiwa et 

al. (2007) and Max et al. (2009) both under a tropical climate and Teitel et al. (2007) in a 

Mediterranean climate. This emphasises the dependence of greenhouse microclimate on 

climate and greenhouse design. It also raises questions about the effectiveness of naturally 

ventilated facilities developed for the milder climates in the northern hemisphere 

performance under the warmer Southern African conditions. The different results could 
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also be due to different levels of heat tolerances between the different cultivars grown in 

different agro-climatic conditions. Abdelmageed and Gruda (2009) observed that heat 

resistant tomato cultivars tend to perform better under high air temperature conditions, as 

compared to heat sensitive cultivars. This is an important factor which needs to be 

considered when comparing greenhouse crops. Heat tolerant cultivars may therefore 

perform better in a naturally ventilated tunnel than in an evaporatively cooled tunnel 

(Maboko et al., 2010).  

 

6. DISCUSSION AND CONCLUSION  

 

The microclimate conditions that are important for crop growth are solar radiation, 

temperature, RH, internal air velocity and CO2 levels. Of these environmental factors, 

temperature and relative humidity are the most critical parameters which can be controlled 

to ensure optimum growth conditions and improved yields. These factors are functions of 

latitude, climate and ventilation system of a greenhouse. Natural ventilation is the most 

common method of internal environmental control since it is less costly and more energy 

efficient. The common side and/or roof ventilation system in naturally ventilated structures 

was developed for the milder environmental conditions prevalent in the northern 

hemisphere (Boulard et al., 1997). The internal microclimate has been observed to be 

variable, with higher air velocity at the vent openings and calmer conditions at the centre 

of the greenhouse. The internal air temperature and RH, which tend to depend on the 

internal air flow pattern, are also non-uniform, thus creating non-optimum growth 

conditions. Because of this variation, the crop growth and yield may also be variable.  

 

Although there is limited peer-reviewed literature on greenhouse ventilation systems for 

any of the variable agro-climatic conditions in Southern Africa, the performance of the 

roof and/or side naturally ventilated structures may be hampered by high solar radiation 

and external temperatures that is characteristic of Southern Africa. Maboko et al. (2010) 

and Mashonjowa et al. (2010a) both stated high non-optimum internal air temperatures in 

naturally ventilated greenhouse facilities.  

 

The fan-pad evaporative cooling and ventilation system may be used as an alternative 

system to natural ventilation for modifying the micro-environmental conditions in 
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greenhouse structures. However, this system has high installation, operational and 

maintenance costs associated with it, (Ould Khaoua et al., 2006; Flores-Velazquez et al., 

2011) and in humid and sub-humid areas such as the coastal areas of KwaZulu-Natal, its 

performance may be limited by high relative humidity (Kumar et al., 2009). Comparison 

between these two systems shows that fan-pad evaporative cooling maintains lower 

internal temperatures and higher relative humidity levels than natural ventilation using roof 

and/or side ventilators. The temperatures in naturally ventilated structures are often above 

or fluctuate around external ambient air conditions. Although the relative humidity in the 

naturally ventilated greenhouse is consistently lower than in the fan-pad evaporative 

cooled system, it falls within the optimum range recommended for greenhouse crops.  

 

Different researchers report conflicting crop growth and yield results from these two 

systems. Although extensive research on greenhouse facilities has not been done in 

Southern Africa, investigations conducted in South Africa indicates that crops grown in a 

fan-pad evaporative cooled and ventilated greenhouse grew faster and produced higher 

marketable yield than in a naturally ventilated greenhouse (Maboko et al., 2010). 

Investigations conducted in countries in the northern hemisphere indicate that although the 

naturally ventilated facilities produced smaller sized produce, the produce was of better 

marketable quality than in the evaporative cooled facilities (Teitel et al., 2007; Max et al., 

2009). Although it is possible that the difference in the quality of produce could have been 

due to varying cultivar heat tolerance levels, the internal microclimate also has a profound 

effect on the quality of the crop. The conflicting results clearly illustrates the dependence 

of the internal environmental microclimate conditions on the external environmental and 

the need to develop structures that are less expensive and are more suited for the variable 

agro-climate conditions in the Southern African region.  

 

Models developed for prediction of the greenhouse internal microclimate are climate and 

greenhouse specific (Kumar et al., 2010). Heterogeneous models, which make use of 

computational fluid dynamics, facilitate the characterization of the non-uniform nature of 

the greenhouse microclimate.  Homogenous models, based on the energy balance of the 

greenhouse, assume steady state conditions and uniform distribution of the greenhouse 

microclimate (Abdel-Ghany and Kozai, 2006). Of the homogenous models, ventilation 

models have found wide application in investigating the ventilation performance of 
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different vent opening configurations. These models can also be used to establish the 

internal air temperature, but have no capacity to predict RH.  Homogenous models 

developed for predicting the internal air temperature and RH have high input parameter 

requirements, but cannot predict microclimate parameter distribution. This has limited their 

application as compared to ventilation models and models based on CFD.  

 

Models developed for predicting the microclimate in fan-pad evaporatively cooled 

facilities have the capacity to predict the horizontal air temperature profile between the 

evaporative cooling pad and the fan pad sections. These models have no capacity to 

describe vertical stratification of air temperature nor can they characterize the distribution 

of RH. It is apparent that the greenhouse air water content distribution is difficult to predict 

mainly because of its dependence on the crop evapotranspiration and respiration as well as 

the ventilation of the greenhouse. 

 

In conclusion, the current ventilation configuration on greenhouse structures is more 

suitable for mild climatic conditions where solar radiation and external air temperatures are 

lower. In the warmer climates, these facilities may underperform and produce non-

optimum crop growth conditions. Models for predicting the internal microclimate are 

greenhouse specific and agro-climate specific and thus cannot be applied in other areas 

without calibration through optimization using experimental data. There is limited peer-

reviewed literature on the performance of natural ventilation systems as compared to the 

more expensive fan-pad evaporative cooling system in providing optimum crop growth 

conditions under various agro-climate conditions, most particularly in Southern Africa. 

This lack of information could mean that non-optimum choices are being made by farmers 

when selecting which greenhouse to use. Therefore, it is imperative to generate data on 

greenhouse microclimate in Southern Africa which can be used to inform the selection and 

development of appropriate ventilation system suited for the various Southern African 

agro-climates. 
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7. RESEARCH PROJECT PROPOSAL 

 

In South Africa, 26 % of the population live below the poverty datum line (Kollodge, 

2011) and 35 % face food insecurity (du Toit, 2011). Similarly, 27 % of the population in 

sub-Saharan countries are malnourished (FAO, 2011). Small scale commercially oriented 

agriculture and technology transfer have been identified as some of the options that can be 

used for income generation and in combating food insecurity (Altman et al., 2009). 

Greenhouse technology is one of the fastest growing food production systems in the world 

today (van Straten, 2011) and the development of small-scale greenhouse structures can be 

used to produce fresh produce for income generation and to combat and alleviate 

malnutrition and food insecurity. 

    

Greenhouse internal temperature and RH are the critical environmental factors that affect 

crop growth and quality (Bournet and Boulard, 2010). Control of these factors is 

commonly achieved through natural ventilation using side and/or roof openings on the 

structure. Another alternative is to use fan-pad evaporative cooling systems. Roof and/or 

side vents can sometimes be inefficient in removing the internal heat load especially in 

areas with high solar radiation such as in most sub-Saharan countries. Efficiency of cooling 

using fan-pad evaporative cooling on the other hand maybe limited by high relative 

humidity in sub-humid areas such as in the KwaZulu-Natal region. This is more so since 

most of the greenhouse facilities in the global market were developed and are adapted to 

the milder agro-climatic conditions prevalent in the northern hemisphere. In South Africa, 

the most common ventilation system used is natural ventilation, although the fan-pad 

evaporative cooling is gaining popularity (Maboko et al., 2010).  

 

In spite of the income generation, poverty and malnutrition opportunities offered by 

greenhouse facilities in Southern Africa, very little research on their performance has been 

carried out. There is a need to generate data and information that can assist in selecting the 

most cost-effective greenhouse facility that provides the required crop growth 

environment. There is also a need to adapt models which can be used in design of 

ventilation systems and microclimate management under Southern African conditions. 
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7.1 Aims and Objectives 

 

The objective of the research is, therefore, to generate data and information on an 

alternative ventilation system (open ended tunnel) and to compare its internal environment 

to that of a fan-pad evaporative cooled greenhouse in a sub-humid area. The specific aims 

of this study are: 

 

1. To compare the internal air temperature and RH inside an open-ended and fan-pad 

evaporatively cooled greenhouse tunnels, 

2. To model the air temperature and RH through optimizing model coefficients  and 

then validate the models using the experimental data that will be obtained for both 

greenhouse tunnels, and 

3. To evaluate the performance of two greenhouse tunnels with different ventilation 

systems (fan-pad and natural) on tomato growth, yield components and fruit 

quality. 

 

7.2 Materials and Methods 

 

The following sections describe the research site, greenhouses, materials and methods 

required. It also outlines the health, safety and ethical considerations of the research as well 

as the schedule to be followed.  

 

7.2.1 Experimental site 

 

The research will be conducted at the University of KwaZulu-Natal Ukulinga Research 

Farm which is situated in Pietermaritzburg, South Africa (29.67 ° S and 30.40 ° E, 840 m 

above sea level). The average maximum air temperature ranges from 20.6-27.8 °C while 

the average minimum temperature ranges between 6.0-16.4 °C. The daily average RH 

ranges between 61.1-75.3 % and solar radiation ranges from 15.1-27.8 MJ.m
-2

.day
-1 

(Schulze, 1997).   
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7.2.2 Greenhouses 

 

Two identical greenhouses tunnels with floor areas of 144 m
2
 and ridge height of 3.5 m 

will be used for the research. Both greenhouses are 18 m in length and have a floor width 

of 8 m. They have an east-west orientation and are 4.4 m apart. Greenhouses tunnels are 

made of galvanized steel frame covered with 200 μm ultra-violet treated low density 

polyethylene film. The naturally ventilated tunnel is open ended and the open ends are 

covered with black and white Knittex
®
 40 insect screen netting. The other is fan-pad 

evaporative cooled with a 0.1 m x 5.3 m x 1.15 m Celdek
®
 wet-wall on the east side. The 

wet wall is placed 0.95 m above the floor. On the west side, the tunnel has a 1.13 m, 1100 

W single speed fan, placed 0.95 m from the floor as shown in Figure 7.1. 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Schematic diagrams of the greenhouses. 

 

7.2.3 Experimental design  

 

The experiment consists of two greenhouse ventilation system treatments (fan-pad 

evaporative cooling and open-ended natural ventilation) without replications. Internal 

temperature and RH will be measured using six data loggers placed in grid form along the 

centre of each greenhouse. On the horizontal plane, two data logger per set will be placed 

3 m from the west and the east ends and the other two at the centre of the greenhouse, 6 m 

from the other two sets. On the vertical plane, the first level of data loggers will be placed 

1.15 m above the greenhouse floor and the next level 1.15 m below the roof, with one at 

each level. This arrangement was selected in order to facilitate observation of the vertical 

8 m 8 m 
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cover 

18 m 
18 m 

3.5 m 

Wet wall 

Fan 

Insect mesh screen 

8 m 
8 m 



 

38 

 

and horizontal stratification and non-homogeneity of the internal temperature and RH 

distribution.    

 

For monitoring crop growth in the two greenhouses, tomato seedlings will be raised in the 

greenhouses. The tomatoes will be planted in double rows with inter-row and intra-row 

spacing of 0.5 m and 1.2 m between the double rows (Maboko et al., 2010). The plants will 

be numbered and 20 samples per greenhouse will be randomly selected from the numbered 

lot for measuring plant height and yield (Gázquez et al., 2006).  

 

7.2.4 Measurements of temperature and relative humidity 

 

The greenhouse internal air temperature and relative humidity in each tunnel will be 

measured using six digital data loggers (Hobo
®
 Pro v2 optic data loggers) with temperature 

and RH sensors (Lopez et al., 2010) throughout the growing season of the tomato crop. 

The temperature sensors have a measurement capacity of temperature ranging between -40 

and 70 °C with accuracy of ±0.2 °C.  The RH sensor enables monitoring the RH between 0 

and 100 % with ± 2.5 % accuracy. The internal temperature and RH will be logged every 

10 minutes (Litago et al., 2005) and the measurements averaged hourly. The external 

climate variables will be obtained from a local meteorological weather station situated 

60 m from the greenhouses.  

 

7.2.5 Greenhouse modelling 

 

The following section describes the procedures that will be used in the process of 

modelling of conditions. Ventilation models will be used to predict the internal 

temperature in the naturally ventilated tunnel. Several of these models are available as 

stated in the literature review and all of them will be tested to determine which one best 

predicts the environmental conditions inside the open-ended tunnels. The dimensionless 

coefficients Cw and Cd will be optimized by fitting the experimental data to the selected 

existing models (Mashonjowa et al., 2010a).  

 

For the fan-pad evaporatively cooled tunnel, the internal temperature profiles will be 

determined according to Kittas et al. (2003), Fuchs et al. (2006) and Ganguly and Ghosh 
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(2007), as described in the literature review. The coefficients α and Kc in Kittas et al. 

(2003) equation will be optimized by fitting the experimental data to the models. The other 

parameters required for the development of the models will be obtained from literature. 

Following optimization, the predicted values will be validated using experimental data 

using the coefficient of correlation according to Shukla et al. (2008). 

 

7.2.6 Tomato agronomic parameters and yield data collection 

 

Four different tomato cultivars will be grown simultaneously in the two greenhouses by 

raising the tomato plants from seedlings. Two tunnel cultivars (Bona and Star 9037) and 

two field hybrid cultivars (Star 9009 and Heiz 1370) will be planted one plant per 10 litre 

plastic bags using potting soil. Drip irrigation will be used to supply water and nutrients to 

the plants according to Maboko et al. (2010). 

 

Plant growth will be measured in terms of plant height, total leaf area, relative growth and 

vegetative dry matter accumulation as described by Max et al. (2009), number of days to 

first flowering, flower bud number per cluster and fruit number per cluster as described by 

Uzun (2007). Destructive sampling will be performed fortnightly on 4 randomly selected 

plants per greenhouse (Kittas et al., 2012) for measuring vegetative dry matter 

accumulation, leaf area and relative growth. Total yield will be monitored by weekly 

harvesting of fruit at breaker stage (Riga et al., 2008) and measuring fruit number and fruit 

mass per plant (Uzun, 2007) and fruit dry mass using the freeze drying method as 

described by Chang et al. (2006). Yield will also be assessed in terms of marketable and 

non-marketable yield as described by Max et al. (2009) by assessing the tomato fruits for 

blossom end rot, cracks,  mis-shapen, under-sized (less than 50g), diseased or otherwise 

damaged. 

 

7.2.7. Fruit quality assessment 

 

At harvest time, fruit quality will be assessed in terms of fruit size using a vernier calliper 

as described by Tigist et al. (2012), fruit firmness using a penetrometer, total soluble solids 

using a reflectometer, dry matter content as described by Mazuela et al. (2012) and pH as 

described by Franco et al. (2009). 
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7.3 Data Analysis 

 

Statistical analysis of the microclimate data, crop growth parameters and yield component 

data will be analysed using the unpaired student t-test (Ruxton and Colegrave, 2003) for 

comparing two sets of normally distributed data with the SPSS statistical software 

computer package. The non-parametric statistics will be used to determine level of 

significance of the data (Shukla et al., 2008). 

 

7.4 Resource Planning 

 

Funds for the research project have been secured from the UKZN Strategic Funding 

Scheme and the following resources will be required for the research project to be carried 

out: computer, telephone, transport, tomato seedlings, fertilizers and pesticides, Hobo
®

 

temperature and RH loggers, irrigation and fan-pad automated controllers, fertigation 

equipment, drying oven, weighing balance, leaf area meter, SPSS statistical analysis soft 

ware and protective clothing. 

 

7.5 Health, Safety, Environmental and Ethical Considerations 

 

The research is not expected to contravene any health, safety and environmental laws. 

Protective clothing in the form of masks, gloves and overall will be required when 

handling fertilizers and pesticides. 

 

7.6 Research Project Schedule 

 

The research project is expected to take 18 months according to Table 7.1. The literature 

review and the project proposal have been completed and are part of this report. The 

project is expected to be completed by June 2013. 
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Table 7.1 Research project schedule  

Research Project 

Deliverables (2012-2013) M A M J J A S O N D J F M A M J J A 

Literature Review and 

Research Proposal                                     

Corrections                                      

Data Collection                                     

Data Analysis                                     

Thesis Write-up                                     

Draft Submission                                     

Corrections                                     

Final Submission                                     
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