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Abstract
Geometry is an integral part of greenhouse design. The Design of a greenhouse has fundamental impact on its efficiency. Greenhouse designs must take into consideration the prevailing climatic conditions of the location, with special consideration to the most limiting climatic factor. There has been a general disregard for design consideration of greenhouses that are used in the hot humid coastal Kenya, thereby leading to under performance of greenhouses in the region. In optimizing greenhouse designs for the study region, the Hortipro greenhouse model was modified to design nine greenhouse prototypes based on ventilation (25%, 50% and 75% of floor area) and height (4 m, 4.5 m and 5 m) variations. The nine prototypes were evaluated alongside the open field (the control) for their effect on growth, yield and quality of a tomato crop. The experiment was conducted at Mtwapa, in coastal Kenya, for two cropping cycles in 2018 using randomized complete block design. The results of the study showed that tomato plants grown in the open field received significantly (P ≤ 0.05) higher radiation than those in the greenhouse prototypes. An increase in the size of greenhouse ventilation caused significant (P ≤ 0.05) increase in the number of tomato fruit clusters per plant. Increase in greenhouse height caused significant (P ≤ 0.05) increase in tomato fruit yield. Greenhouse prototypes expressed significant (P ≤ 0.05) yield differences owing to varying heights. Based on the results of this study, it can be recommended that a suitable greenhouse for the humid coastal region of Kenya should have a height of 4.5 m or 5 m and ventilation that is 50% or 75% of the floor area, which corresponds to a greenhouse geometry that allows between 31o and 38.7o angle of incidence.
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Introduction
Protected cultivation is a technique of crop production that has been employed widely in the 21st century. Protected cultivation refers to production of crops under controlled environment. Controlled-environment agriculture has been developed and diversified over the years but greenhouses have remained dominant, making over 50% of all indoor installations [1]. The greenhouse concept was first used by Emperor Tiberius of the Roman Empire in 30 A.D to provide an everyday supply of his prescribed vegetable; cucumber [2]. This technology was later adopted by the Italian rich explorers in the 13th century who brought in exotic herbs and plants that would not survive the Italian winter [1].
The greenhouse technology is now used widely to produce high value crops as well as food crops to afford an all year round crop production [3]. The success of greenhouse production depends on many factors including greenhouse design, location, orientation, and geometry and cover material. Crop production structures must be well designed to suit the prevailing climatic conditions in order to maximize on the most limiting factor in that location [4]. There are various types of greenhouses based on shape but no single type is considered the best [5]. The greenhouse cover material can also enhance or limit productivity [6]. Greenhouse covering materials significantly influence dry matter production, yields and fruit qualitative characteristics. Insect net covers have been reported to give higher yields compared to photo selective film during dry periods [7]. Greenhouse productivity is further affected to a larger extent by the efficiency of light transmission permitted through the greenhouse cover material [8]. Greenhouse geometry similarly impacts on greenhouse performance to a large extent. Increasing greenhouse gutter height improves growing environment for greenhouse crops while appropriate ventilation design such as saw tooth and vented roof arch have had profound effect on reducing greenhouse air temperature [9]. The incidence angle affects the sun spread which in turn impacts on the hotness or coolness in the greenhouse [10]. [11] explains that when the sun is positioned directly overhead or 90° from the horizon, the incoming insolation strikes the surface of the Earth at right angles and is most intense. If the sun is 45° above the horizon, the incoming insolation strikes the Earth's surface at an angle. This causes the rays to spread out over a larger surface area reducing the intensity of the radiation.
The interaction between temperature and relative humidity in the greenhouse has a direct and significant effect on the growth, yield and quality of any crop grown in the greenhouse [12]. On the other hand humidity affects growth, pollination and flower setting in a greenhouse. [13] recommends relative humidity between 65 to 70% during pollination. Low relative humidity coupled with increased greenhouse temperatures induces physiological stress that decreases plant height, number of branches per plant, rate of leaf area expansion and leaf area index [14]. This also induces earlier flowering and fruit setting over open field plants [15]. It is therefore important that greenhouse designs take into considerations the climatic and geographical location to maximize on suitable combinations of insolation, relative humidity and temperatures for a favorable micro-environment. 
Passive tropical greenhouses have inherent design limitations which require proper consideration to be given to greenhouse air temperature control. [16] reported excessive heat in conventional greenhouses in the coastal region of Kenya as among the reasons why greenhouses in the region record poor performance resulting in slow uptake of the technology. [9] established that a greenhouse temperature between 28oC and 32oC is optimal for most greenhouse crops and that a variation exceeding 5oC - 6oC has a negative impact on greenhouse performance. Inappropriate designs in the hot humid coastal region of Kenya have been identified as the major reason leading to 90% yield reduction compared to low technological know-how that causes 80% yield reduction in greenhouses in the lake region of Kenya [17,16]. This study sought to design and evaluate greenhouse models that would promote suitable micro-climate to enhance crop yields in the hot humid coastal region of Kenya. 
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Experimental site
The experiment was conducted at Mtwapa, 18 km North of Mombasa County in Kenya. The site was located at a Latitude of 3˚ 56’ S; Longitude of 39˚ 44’ E and an altitude of 25 m above Sea Level. 
Weather of the experimental location during the study period
Appendix 1 shows the radiation, temperatures and average rainfall received in the two years of the project.

Design and construction of the greenhouse prototypes
Nine prototypes of Pwani greenhouses were designed through a combination of heat balance and ventilation models as described by [18]. The heat balance method uses angle of inclination to manage greenhouse air temperature while ventilation model is based on variation of ventilation size and positioning of the vent based on floor area to manage air circulation and greenhouse air temperature as guided by [19].The nine prototypes measured 5 m long and 4 m wide. Height was varied at 4 m, 4.5 m and 5 m while ventilation was varied at 25%, 50% and 75% of floor area (Table 1). The height-ventilation combinations were adopted to generate nine (9) prototypes which were coded Pwani 1-9, with the given specifications. The geometry of the nine greenhouse prototypes allowed for incident angles of 21.8o to 38.7o (Table 1). The top cover material used was UV-coated Polythene 205µ adopted from the Hortipro commercial greenhouses. The greenhouse frame was made of metal round pipes. The sides were covered with insect net of 50 mesh size. The vent was also covered with insect net of 50 mesh size.



Table 1:	Layout of the experiment
	Treatment 
	Treatment code
	Height (m)
	Vent size (m)
	Ventilation %
	Incident angle (o) 
	Light intensity (%)

	Open field
	OF
	-
	-
	-
	90
	100

	Pwani 1
	P1
	5.0
	2.0
	75
	38.7
	62.5

	Pwani 2
	P2
	4.5
	1.0
	25
	21.8
	37.1

	Pwani 3
	P3
	4.0
	1.5
	50
	31.0
	51.5

	Pwani 4
	P4
	5.0
	1.0
	25
	21.8
	37.1

	Pwani 5
	P5
	4.0
	2.0
	75
	38.7
	62.5

	Pwani 6
	P6
	4.0
	1.0
	25
	21.8
	37.1

	Pwani 7
	P7
	4.5
	1.5
	50
	31.0
	51.5

	Pwani 8
	P8
	4.5
	2.0
	75
	38.7
	62.5

	Pwani 9
	P9
	5.0
	1.5
	50
	31.0
	51.5


Key: OF = Open field, P1 – P9 = Greenhouse prototypes

The prototypes were fabricated based on the design shown on Figure 1. 
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Figure 1:	General design of the greenhouses


Establishment of the experiment
The nine fabricated greenhouse design prototypes were considered the main treatments and were set-up under a randomized complete block design, replicated three times. The greenhouse design prototypes were characterized by recording daily temperature, relative humidity, and incident and transmitted radiation for 90 days. To establish design suitability for the hot humid coastal climate, 20 potted tomato seedlings of Anna F1 cultivar were planted into each of the prototypes and the greenhouse design effect on the growth, yield and quality of the tomato crop was evaluated. Data on plant height (cm), number of fruit clusters and fruit weight were measured weekly.

Light intensity was calculated by the formula by [12] as shown below:



where LI = Light Intensity (%) and A = Angle of incidence.

Preparation of soil media
The experiments were established in pots using sterile forest soil. This is because the soils at the KALRO Mtwapa Centre are heavily infested with nematodes and Ralstonia solanacearum that causes bacterial wilt disease [16]. The characteristics of the forest soil used are as shown in Table 2. 

Table 2:	Characteristics of Gede forest soil used in the experiment
	Type of soil  
	Texture 
	pH CaCl2
	EC (SM/CM)
	%C
	%N
	P
	K
	Ca
	Mg

	
	
	
	
	
	
	--------------- (ppm) ---------------

	Pleistocene lagoon sandy clay
	sandy clay
	5.90
	0.04
	0.66
	0.06
	2.72
	49.25
	694.45
	217.86


Source: KEFRI, 2016

The soil was first mixed with cattle manure at 1:1 ratio. The mixture was then drenched with Carbosulfan (Marshal®) 250E at 25mls per liter of water in order to kill soil pests. The mixture was allowed to drain for 2 days before covering with clear double layer polythene for 4 weeks to solarize as described by [20]. Separately tomato seedlings were being raised in trays filled with coir dust for three weeks when they were ready for transplanting.

Planting and crop management
One seedling was transplanted into each pot spaced at 90cm x 100cm and kept 50cm away from the edges of the greenhouses to avoid interference by re-radiation of the cladding polythene cover. The seedlings received Di-ammonium Phosphate (DAP) composed of 18% Nitrogen and P2O5 46% basal fertilizer during transplanting at the rate of 50kg ha-1. Each greenhouse was planted with 20 potted tomato seedlings. The crop was top dressed with Calcium Ammonium Nitrate (CAN) comprised of 27% N; (13.5% N-NO3- and 13.5% N-NH4+) at 100kg ha-1; 28 days after transplanting (DAT), and supplemented with Calcium and Magnesium foliar feed fortnightly at a rate of 1ml per liter equivalent to 2.0% N, 3.2% Ca, 1.2% Mg, and 0.1% Fe. The tomato plants were watered using drip irrigation initially at 0.5L/day in the first week and gradually increased to 2L/day 4 weeks after transplanting. Frequency of irrigation was based on moisture values read using a tensiometer. Critical moisture level was pegged at 40%. Care was taken not to saturate the soil or reach critical water stress level. 
The experiment was carried out in two repeat trials in 2018. Treatments were laid out in a randomized complete block design, with three replications, and tested against an open field control. All agronomic practices were held constant for all the treatments. 

Measurement of parameters
Data was collected from 10 plants in the middle rows of the greenhouses. Plant height was measured every 7 days using a cotton string and a meter rule. Plant height data was taken till the 90th DAT. The number of days the tomato plants took to produce the first flower in each treatment was recorded. The number of fruit clusters per plant and the number of fruits per cluster were determined every week for 90 days from the date of transplanting. Measuring fruit weight: Fruits from each sample plant were later harvested and weighed using a Salter® electronic weighing balance (Bilston, England). 

Measuring TSS
Tomato fruit was crashed with a crucible and pestle to produce juice. The percent total soluble solids were measured by dropping an aliquot of tomato juice on the prism of Abe refractometer (Hanna Instruments Inc, Rhode Island (USA)). The TSS value was read off from the refractometer and presented in o Brix. 

Measuring greenhouse air temperature and relative humidity
To measure greenhouse air temperature and relative humidity, digital thermos-hygrometers were installed at the middle of each greenhouse design prototype. The temperature and relative humidity in each of the treatments were monitored throughout the growing season and data recorded daily for 90 days. 

Data Analysis
Data collected was analyzed using the SAS software, Release 8.2 [21]. Data was subjected to analysis of variance and where there was significant result, mean separation was done through the LSD0.05 method. Regression analysis was done to establish relationship between greenhouse temperature and relative humidity.
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Results
The study revealed that the Pwani greenhouse design prototypes had significant (P ≤ 0.05) effect on relative humidity (RH) inside the greenhouse and greenhouse air temperature (Table 3). Temperatures within the greenhouse prototypes P7, P8 and P9 were significantly (P ≤ 0.05) higher than those in the open field. The relative humidity within the Pwani greenhouse prototypes were 8-27% lower than that in the open field. Among the greenhouse prototypes, the relative humidity within prototypes P3, P4, P5, P6, P7, P8 and P9 was 10-21% lower than that within prototype  P1 and P2 which were close to the open field condition. 

Table 3:	Effect of greenhouse prototype on greenhouse air temperature and relative humidity 
	Greenhouse prototype
	Temperature (0C)
	RH (%)

	OF
	30.33 f
	74.80 a

	P1
	32.78 e
	69.17 b

	P2
	34.44 d
	64.87 bc

	P3
	35.89 c
	61.93 cd

	P4
	36.89 bc
	59.29 de

	P5
	37.76 ab
	57.93 def

	P6
	38.27 ab
	56.36 ef

	P7
	38.62 a
	55.61 ef

	P8
	38.66 a
	55.45 ef

	P9
	38.66 a
	54.69 f

	LSD0.05
	1.446
	4.510


Means within columns followed by same superscript are not significantly different at P=0.05
Key: OF = Open field, P1 – P9 = Greenhouse prototypes

There was a negative linear relationship between relative humidity and greenhouse temperature (Figure 2).

Figure 2:	Relationship between temperature and relative humidity within the greenhouse


Tomato plants grown in the open field received significantly (P ≤ 0.05) higher radiation than those in the greenhouse prototypes. Similarly, the radiation transmitted through the tomato canopy was significantly (P ≤ 0.05) higher for plants grown in the open field than for plants grown in the greenhouse prototypes. However, tomato plants absorbed similar amounts of radiation irrespective of whether they were grown in the open field or in the greenhouse prototypes (Table 4).



Table 4:	Effect of greenhouse prototype on radiation dynamics within the greenhouse 
	Greenhouse prototype
	Radiation received at
the top of canopy
	Radiation transmitted through the crop
	Radiation absorbed

	
	---------------------------------------- (W/M/S2) ------------------------------------

	OF
	1,642.8 a
	1,359.7 a
	527.1 a

	P1
	1,039.5 b
	   661.9 b
	517.0 a

	P2
	1,027.4 b
	   652.0 b
	469.8 a

	P3
	   893.8 b
	   569.1 b
	463.7 a

	P4
	   976.8 b
	   512.4 b
	444.4 a

	P5
	   905.5 b
	   510.4 b
	429.1 a

	P6
	   928.1 b
	   499.0 b
	412.4 a

	P7
	   981.4 b
	   435.7 b
	324.8 a

	P8
	   865.0 b
	   420.7 b
	283.1 a

	P9
	   852.2 b
	   388.5 b
	231.9 a

	LSD0.05
	206.89
	284.47
	360.97


Column means followed by same superscript are not significantly different at P=0.05.
Key: OF = Open field, P1 – P9 = Greenhouse prototypes


Influence of greenhouse prototype on the growth of tomato plants
There was a significant (P ≤ 0.05) interaction effect of greenhouse height and ventilation (Table 5). The response of plant height to ventilation was influenced by greenhouse height. At greenhouse heights of 4.0 and 4.5 m, an increase in ventilation from 25% to 75% had no significant effect on plant height. However, at a greenhouse height of 5.0 m, tomatoes grown in prototypes with 50% ventilation were significantly shorter that those at ventilation of 75%. However, tomato plants grown in greenhouses with ventilation of 25 and 50% grew to the same height irrespective of the greenhouse height. Tomato plants grown in greenhouses with a ventilation of 75% were significantly shorter when the greenhouse height was 4.0 or 4.5 m than when the height was 5 m.

Table 5:	Effect of greenhouse height and ventilation on tomato plant height 
	Greenhouse
Height (m)
	Ventilation (%)

	
	25
	50
	75

	
	----------------------------------- (cm) -----------------------------------

	4.0
	72.8ab
	73.0ab
	68.8b

	4.5
	73.0ab
	69.2b
	67.8b

	5.0
	72.8ab
	67.2b
	76.7a

	LSD0.05 = 5.99
	
	
	


Means followed by same superscript are not significantly different at P = 0.05

Influence of Greenhouse prototype on yield and yield components of tomato crop
Neither greenhouse height nor ventilation size had any significant effect on the number of days tomatoes took from transplanting to flowering. At 50 and 75% ventilation, an increase in greenhouse height from 4.0m to 5.0 m had significant (P ≤ 0.05) reduction effect on the number of days to fruit set. Tomato plants grown in the greenhouse prototypes P1, P2 and P4 had significantly (P ≤ 0.05) higher number of fruit clusters per plant (3.3-3.8) than those grown in the open field (2.7) (Table 6). P4 had significantly (P ≤ 0.05) higher number of fruit clusters per plant than P3, P5, P6, P7, P8 and P9. In addition, the study showed that ventilation had significant (P ≤ 0.05) effect on the number of fruit clusters per plant (Table 7). Tomato plants grown in greenhouse prototypes with ventilation of 25 and 75% had significantly (P ≤ 0.05) higher number of fruit clusters per plant (3.3) than those grown in the prototypes with a ventilation of 50% (2.9).

Table 6:	Effect of greenhouse prototype on the number of fruit clusters per plant
	Greenhouse prototype
	Number of fruit clusters per plant

	OF
	2.7 c

	P1
	3.3 ab

	P2
	3.3 ab

	P3
	2.9 bc

	P4
	3.8 a

	P5
	3.0 bc

	P6
	3.1 bc

	P7
	2.9 bc

	P8
	3.3 b

	P9
	2.9 bc

	LSD0.05
	0.46


Means followed by same superscript are not significantly different at P = 0.05.
Key: OF = Open field, P1 – P9 = Greenhouse prototypes


Table 7:	Effect of ventilation on the number of fruit clusters per plant
	Ventilation (%)
	Number of fruit clusters per plant

	25
	2.9 b

	50
	3.4 a

	75
	3.2 a

	LSD0.05
	0.26


Means followed by same superscript are not significantly different at P = 0.05

The results showed that greenhouse prototype had no significant effect on the number of tomato fruits produced per cluster. Further, greenhouse height and ventilation had no effect on the number of tomato fruits produced per cluster.
The Pwani greenhouse prototypes caused an increase in the content of titratable acidity (TTA) in tomatoes compared to the open field. Fruit acidity was significantly (P ≤ 0.05) higher in tomato grown in P2 than in tomato grown in the open field or in P1, P3, P4, P5, P6, P7, P8 and P9. Similarly, the results showed significantly (P ≤ 0.05) higher levels of total soluble solids (TSS) in fruits of tomato grown in the Pwani greenhouse prototypes than in those grown in the open field (Table 8).

Table 8:	Effect of greenhouse design on titratable acidity and Brix of tomato fruits
	Treatment
	Titratable Acidity (%)
	TSS (OBRIX)

	OF
	0.38c
	3.99d

	P1
	0.45b
	3.93d

	P2
	0.53a
	4.47bc

	P3
	0.46b
	4.68ab

	P4
	0.45b
	4.29bcd

	P5
	0.44b
	4.42bc

	P6
	0.44bc
	4.22cd

	P7
	0.42bc
	4.64ab

	P8
	0.47b
	4.91a

	P9
	0.31d
	4.54abc

	LSD0.05
	0.0581
	0.3924


Means within columns followed by same superscript are not significantly different at P= 0.05. 


Yield of tomato
The results of the study showed that cropping season had a significant (P ≤ 0.05) effect on fruit production in tomato. Tomato plants grown during the first cropping season produced significantly (P ≤ 0.05) higher yield of fruits per plant (978.7-998.9 g) than those grown in the second season (674.0-688.4 g). The results showed significant (P ≤ 0.05) interaction effect of cropping season and greenhouse height on the yield of tomato (Table 9). While tomato plants grown during the first cropping season gave statistically similar yield (957-1045 g per plant) irrespective of greenhouse height, those grown in greenhouses of 5.0 m height produced higher fruit yield (811 g per plant) than those grown in greenhouses of 4.0 m height (588 g per plant) in the second cropping season.



Table 9:	Effect of cropping season and greenhouse height on the yield of tomato 
	Cropping season
	Greenhouse height (m)

	
	4.0
	4.5
	5.0

	
	----------------------------- (g per plant) ------------------------------

	1
	1045.4a
	974.1ab
	957.1ab

	2
	587.6d
	690.6cd
	811.4bc

	LSD0.05 = 174.10
	
	
	


Means followed by same superscript are not significantly different at P = 0.05
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Characterization of the microclimatic conditions inside the Pwani greenhouse prototypes
The study established that incident radiation in the open field was higher than the incident radiation recorded in all the Pwani greenhouse prototypes. This is highly attributed to the solar radiation and light interception effect caused by the greenhouse cover material used. The 205µ polythene is designed to reduce greenhouse temperature and intercepts light allowing an average of 80% light to reach the crop [22]. The impact of this micro-climatic finding will be observed in the later parts of this study results showing how each of the greenhouse design prototypes affected growth and yield of the tomato crop.
Thermal energy is the main environmental factor influencing rate of development of plants [23]. Solar radiation directly affects heat and light reaching the earth, affecting growth of plants [24]. [23] observed that these factors are modified by changing the geometry of the greenhouse or the type of cover film. Greenhouse geometry directly influences the natural ventilation of the greenhouse, which occurs mainly by the combined action of wind and buoyancy forces [25]. Most of solar radiation incident on a greenhouse is absorbed by the cover and the humid air, plants and soil within the greenhouse [26]. 
The study established minimum difference in incident radiation and greenhouse temperature among the designed Pwani greenhouse prototypes. This can be explained by [10] findings that light rays striking at angles less than 30° from the vertical cause smaller overall transmission. The Pwani greenhouse prototypes’ incident angles ranged between 21o to 38.7o depicting minimal margins for any significant difference to be observed on their effect on various growth and yield parameters. This is true to the extent that significant difference was observed between open field and the Pwani greenhouse designs which showed a difference of at least 50o in the angle of incidence. [27] corroborates this when he established that sunlight with an incident angle of 90° tends to be absorbed, while lower angles tend to be reflected.

Greenhouse microclimate on growth, yield and yield components of tomato
Warm temperature coupled with low levels of relative humidity in the low greenhouse height interfered with efficient aerodynamics thereby increasing heat stress to the plants. Heat stress is known to affect plant height [10,28]. [29] reported that heat stress suppresses plant growth because a lot of energy is used by the crop to produce phyto-hormones that counter the negative effects of increased temperatures.  
The change in greenhouse design did not cause change in radiation interception and light transmission recorded in the nine prototypes. [30] observed that there was direct proportional growth of plants as light increased and since the perceived PAR transmitted through the inclination of the greenhouses was not significantly different among greenhouse prototypes, growth trends were also bound to be insignificantly different. [31] identified solar incident angle as a factor that influences the efficacy of solar radiation in greenhouse production.
Temperature is the primary factor that controls plant development with an optimal pegged at 32oC -37oC [32]. This explains why plants flowered quicker when grown under warm than those grown under cooler conditions. In this study, the temperature in the open field was 9oC lower than that within the greenhouses, leading to a 3-days delay in the setting of fruit in tomato grown under open field conditions. Early maturity is influenced by high temperatures [15]. Tomato plants grown inside a greenhouse hasten first flowering, first fruiting and maturity compared to the plants grown in the outside under natural condition [15]. The period taken to fruit setting was influenced by cropping season, greenhouse height and level of ventilation. Provision of ventilation in the Pwani greenhouse prototypes enhanced air circulation in the passive greenhouses, creating favourable microclimatic conditions within the structures. [28] reported that provision of ventilation improves the microclimatic conditions through the perfect chimney effect. [12] asserted the best greenhouse humidity at 60% and temperatures up to 36oC as the most suitable in promoting growth and yield of tomato. Pwani 3 and Pwani 4 greenhouse prototypes had a temperature-humidity ratio of 36.0oC/60.% and this equilibrium is probably the reason why best growth and yield parameters were recorded in this greenhouse. This ratio is in agreement with the temperature-humidity ratios reported by [17]. Greenhouse conditions encouraged more fruit clustering than open field conditions. Greenhouses with temperatures between 32oC and 36oC encouraged more fruit clusters than those with temperatures above 36oC. This is in agreement with the findings by [12] who established a temperature–humidity balance of 36oC and 60% as most suitable for greenhouse production. They further reported that the net assimilation rate of tomato plants improves between 25oC to 30oC. Temperatures above 32oC affected fruit setting while temperatures above 37oC affected pollen Production and germination.
There is a strong relationship between plant height and number of fruit clusters in tomatoes [33]. Pwani greenhouse prototypes encouraged more fruit clusters than the open field. Improving ventilation in those greenhouses increased the number of fruit clusters per plant. This is necessary in enhancing microclimate in passive greenhouses. The number of fruits borne per cluster is an important component of the total yield of tomato. Abiotic interventions including temperature controls should be done before the plant gets to the reproductive stage.
Any temperature variation after plants enter the reproductive stage does not affect dry matter accumulation in the aerial part of the tomato plant. The warmer temperatures (38oC) in cropping cycle 2 had negative effect on fruit numbers per cluster, probably because of reduced pollination. [34] reported that higher than optimal temperatures (˃36oC) may cause pollen sterility, leading to the development of fewer fruits. The effect of heat on tomato grown in the open field was demonstrated by the shorter plants, fewer fruit clusters and fewer fruits per cluster than on plants grown in the greenhouses. Tomatoes from the Pwani greenhouse prototypes P2, P3, P5 and P8 had higher Brix levels and higher total titratable acidity levels than those from the open field. High brix/titratable acidity ratios have higher acceptability levels by consumers [35]. High temperatures during plant growth causes heat stress that induces the production of abscisic acid (ABA) [29]. Abscisic Acid significantly increases glucose and fructose concentrations in tomato fruit tissue [36,37]. 
The experiment to validate the superiority of Pwani greenhouse prototype against the Hortipro greenhouse did not establish any significant differences in tomato yield and its components. This can be attributed to the greenhouse geometry which did not differ much in shape, size and cladding material. It is likely that the micro-climate created in the commercial greenhouse and the Pwani greenhouse prototypes did not vary significantly from one another. The results however indicated that ventilation could impact on tomato fruit clustering. Ventilation is known to have a bearing on the control of internal temperature in greenhouses and their related oxidative roles [38]. 
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Conclusion and recommendations
The study showed that greenhouse height and ventilation are key variables to consider in designing a suitable greenhouse for the hot humid climate of coastal Kenya. This study demonstrated a positive response of a tomato crop to greenhouse height and size of ventilation. It can be recommended that a suitable greenhouse for the humid coastal region of Kenya should have a height of 4.5 m or 5 m and ventilation that is 50% or 75% of the floor area. This corresponds to a greenhouse geometry that allows between 31o and 38.7o angle of incidence. 
It is also recommended that further evaluation of the Pwani greenhouse prototypes should be done in the warmer season to elucidate resilient performance trends in the region. In designing suitable greenhouses for the hot humid coastal climate, it is important to consider cover material that will reduce incident solar radiation to make passive greenhouse farming effective.
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APPENDICES

Appendix 1. Weather data at the Mtwapa site
Weather data at Mtwapa in 2017
Weather data at Mtwapa in 2018
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2017 Jan Feb Mar Apr May Tun Tul Aug Sep Oct Nowv Dec
Maximum Temp. 321 320 329 314 28.9 293 291 286 29.0 29.9 303 309
Minimum Temp. 239 241 252 25.2 235 236 228 227 223 23.2 238 236
Average Radiation 242 244 256 21.9 14.6 7.6 169 187 213 234 201 222
Average Rainfall 0.0 11.7 90.3 2085 5714 539 133 648 1331 937 197.0 819

Source: Mtwapa Meteorological Field Station
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Maximum Temp. 305 31.9 318 30.7 29.1 28.7 280 285 29.1 29.6 310 319
Minimum Temp. 229 234 24.0 244 233 22.7 226 22.1 229 232 236 242
Average Radiation 208 26.2 20.3 196 15.2 16.1 150 19.2 208 23.7 256 235
Average Rainfall 120 12 98.3 241.1 516.4 1043 59.5 40.0 1226 201.1 237 37.7

Source: Mtwapa Meteorological Field Station
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