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A B S T R A C T   

Production of vegetables for fresh consumption in arid regions usually takes place in greenhouses with evapo
rative cooling during the warm months of the year. In this period, water use for cooling easily exceeds irrigation 
water use. The purpose of this paper is to investigate how far water use for evaporative cooling can be lowered by 
adapting design elements of the greenhouse and the evaporative cooling system. In a greenhouse trial in a desert 
environment, in Riyadh (KSA), two different greenhouses: one traditional and one modified, both equipped with 
a pad and fan system, have been compared in terms of productivity and water use with main focus on water use 
for cooling. The modified greenhouse design resulted in about 14% higher fresh weight production and more 
than 40% water saving was achieved on evaporative cooling. The climate and water use data recorded during the 
trial were used to validate a greenhouse climate simulation model including pad and fan cooling. Then, we used 
the validated model in a scenario study and we quantified the effect of each one of three design elements on use 
of cooling water. It was shown that the extracted air temperature has a major influence on water use for cooling. 
Increasing the extracted air temperature with 4 K resulted in about 27% saving in water use for cooling. The 
latter was done by repositioning of the exhaust fans in order to take advantage of the vertical air temperature 
gradient in the greenhouse. Additionally, a 5% higher cooling efficiency of the pad wall could yield an extra 12% 
water saving for evaporative cooling. Finally, the greenhouse cover-to-ground area ratio was also found to affect 
the water use for cooling. In summary, we have shown that there is much scope for saving on water use for 
evaporative cooling by improving design of greenhouses and of the cooling system, and that a good greenhouse 
climate model can be a useful tool in this process. The findings of the current research provide clear guidelines 
for the construction of more water efficient evaporatively cooled greenhouses.   

1. Introduction 

Fresh vegetable production needs to be increased in the upcoming 
years to ensure a healthy diet for everybody (Krishna Bahadur et al., 
2018). Although plentiful solar radiation would seem to provide 
semi-arid and arid regions with great potential for agricultural opera
tions, it is the high temperature which does not, as it typically rises 
above optimal values. This is the case for most of Saudi Arabia, with an 
average yearly sun radiation sum of 7.6 GJ m-2 and mean monthly 
maximum temperatures between 39 ◦C and 46 ◦C for at least 5 months 
each year. When such values occur, relative humidity does not exceed 
20%, being less than 10% during the day, particularly in the central 

region of the country (Al-Helal et al., 2004). This is the reason why 
vegetable production in Saudi Arabia takes place in greenhouses 
equipped with evaporative cooling, usually pad and fan systems 
(Al-Helal et al., 2004, 2007). Of course the dry climate of the country 
ensures a large effect: under the aforementioned typical weather con
ditions an evaporative cooling system can reduce the air temperature by 
more than 20 K while increasing the humidity, thus creating a favorable 
climate for vegetable production. Evaporative cooling has been shown 
to deliver conditions more favorable than natural (or even forced) 
ventilation also in less dry conditions than deserts, for instance the is
land of Cyprus (Nikolaou et al., 2019). 

However, evaporative cooling is attained at the expense of large 
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amounts of water. Fuchs et al. (2006) demonstrated that the amount of 
water consumed in such systems easily exceeds the water use for irri
gation, whenever ambient relative humidity is lower than about 50%. 
Hence, the cooling process is the major component of water use in 
greenhouses in Saudi Arabia, as well as in other arid or semi-arid re
gions. Sabeh et al. (2011) reported 4 times higher water consumption for 
(evaporative) cooling (62 L) than for irrigation (15 L) per kg of produced 
tomatoes during their experiment. Given the fact that water is a scarce 
and valuable resource in the arid and semi-arid regions, the importance 
of water efficient production systems is crucial. It is impossible to 
overstate the importance of efficient water use in Saudi Arabia, a 
country covered by 95% by desert, with an average of 114 mm rainfall 
per year. Yearly withdrawals add up to an astounding 1056% of its total 
renewable water resources (Napoli et al., 2018), with (fossil) ground
water accounting for the rest. The worrying rate of depletion of 
groundwater resources, 88% caused by agriculture, was indicated by 
FAO (2017), which observed that the water used in agriculture in 2017 
was 3 times more than in 1980 (FAO, 2008). 

Several factors ensure that greenhouses have a higher water use ef
ficiency than open field production (Stanghellini, 2013). Scientific 
research and technological developments during the last years have 
resulted in new growing techniques and new greenhouse designs that 
reduce water use (Katsoulas et al., 2015). A closed irrigation loop allows 
drain re-use, and it can reduce the use of irrigation water and fertilizers 
by 20–30% compared to an open irrigation system (Stanghellini et al., 
2003). As water use for evaporative cooling is the major component of 
water use in greenhouses in dry regions, research should also focus on 
reducing water use for cooling. 

Carefully maintained pad walls that are not clogged and variable 
speed fans are reported to reduce the water use for cooling in pad and 
fan systems (Al-Helal et al., 2004, 2007; Kittas et al., 2003; Sabeh et al., 
2011, 2007; Sethi and Sharma, 2007). However, to the knowledge of the 
authors, there is no published scientific research showing a detailed 
comparison of the effect of different greenhouse designs on water use for 
evaporative cooling by pad and fan systems in arid regions. 

The current paper evaluates the options for reducing water use of pad 
and fan cooling systems, by improving the design of the greenhouse and 
the cooling system. In particular, we focus on means to increase the 
efficiency of the cooling system by extracting air from the greenhouse at 
the highest possible temperature, and on how both the ratio of cover-to- 
ground area and the cooling efficiency of the pad wall affect cooling 
water use. This is done through simulation studies, supported by infor
mation obtained from greenhouse trials at the National Research and 
Development Center for Sustainable Agriculture (Estidamah), in Riyadh, 
Saudi Arabia. The Estidamah research center, a cooperation of the Saudi 
Government, the company SABIC, King Saud University and Wagenin
gen University and Research, is in operation since late 2016 with the 
primary goal to carry out research on water saving techniques and 
greenhouse design adapted to the Saudi climate conditions. 

2. Materials and methods 

The data collected during an experiment in 2 different greenhouse 
compartments in Estidamah were used to validate a greenhouse climate 
simulation model including pad and fan cooling. Thereafter we ran a 
scenario study to predict the effect of three design elements on use of 
cooling water. The elements that were considered are: (a) the exhaust air 
temperature as a direct result of the positioning of the exhaust fans, (b) 
the greenhouse cover to ground ratio and (c) the cooling efficiency of the 
pad wall. 

2.1. Greenhouse experiment 

2.1.1. Greenhouses and climate control equipment 
The experiment was carried out in two different greenhouse com

partments in Estidamah research center in Riyadh (24.7◦N, 46.7◦E). The 

first greenhouse compartment (similar to the typical design of the re
gion, from now on named Lower-Technology and indicated as L) is a 
single plastic tunnel (40 m × 8 m of which 288 m2 is growing area in 5 
crop rows, gutter height 3 m and total height 5.4 m), covered with 
polyethylene film and equipped with a pad and fan system consisting of 
a cellulose pad wall (8 m × 2 m × 15 cm) and 3 fans with capacity of 
15,000 m3 h− 1 each, adding up to a total air exchange capacity equal to 
140.6 m3 m− 2 h− 1 (equivalent to a maximum of 33 volume exchanges 
per hour). The fans are “on-off” controlled and they can be operated 
independently from each other. Two of the three fans are placed 2 m 
above the ground and the third 1.6 m higher than the other two 
(Fig. 1A). 

The second greenhouse compartment (Medium-Technology and 
indicated as M) is a Venlo type greenhouse, (40 m × 12 m of which 
432 m2 is growing area in 8 crop rows, gutter height 6.5 m, ridge height 
7.3 m and span width 4 m) covered with standard horticultural 
tempered glass. The greenhouse compartment is part of a bigger 
greenhouse complex and is equipped with rail pipe heating system, high 
pressure fogging system (0.4 L m− 2 h− 1), shading screen (50% shading 
percentage) and a pad and fan system consisting of a plastic pad wall 
(12 m × 3 m × 15 cm) and 6 frequency-controlled fans with capacity of 
15,000 m3 h− 1 each. The total air exchange capacity reaches 187.5 m3 

m− 2 h− 1, equivalent to 27 volume exchanges per hour. All the fans are 
placed 5 m above the ground. The ground is covered with white 
reflective plastic foil (Fig. 1C and D). 

The fans in both greenhouses were extracting air, that was drawn in 
through the pad wall at the other end of the greenhouse. This “depres
sion” operation is much more common (and usually more efficient) than 
the opposite version. 

The transmissivity of both greenhouses was determined by 
comparing values of 2 calibrated PAR sensors, one placed at a not 
shaded place outside the greenhouse and the other moved with constant 
speed (0.5 m s− 1) along the crop lines at the height of the crop wire. 
Each sensor was logged every 2 s. The average transmissivity of the L 
greenhouse was 48%, whereas transmissivity of the M greenhouse was 
62%. The higher transmissivity of the M greenhouse in comparison to 
the L is mainly the result of both different covering material and less 
construction elements per unit ground area. Additionally, the cover of 
the M greenhouse was frequently cleaned with a roof washer machine to 
remove the accumulated dust; this operation could not be applied on the 
cover of the L greenhouse, which did enhance the difference in trans
missivity between the two greenhouses. 

2.1.2. The crop 
The crop was a round tomato (Solanum Lycopersicon L.) variety 

(“Tone Guitar” from Seminis), for loose harvest. The plants were sown 
on 27th January 2019, transplanted in the greenhouse on 24th February 
and the first harvest took place on 5th May. The experiment was finalized 
on 23rd December 2019. In both greenhouses the plants were grown on a 
hydroponic system (using stone wool as substrate) that allowed drain 
collection (Fig. 1B and D). All plants were grown on a high wire system 
with a stem density of 5 stems per m2. The marketable weight of each 
harvest (twice a week) was recorded for the each greenhouse, excluding 
the side rows. 

2.1.3. Climate and fertigation control 
The climate and fertigation control as well as the data collection 

were arranged through a greenhouse process control computer (Horti
MaX MultiMa). In each greenhouse there were 3 ventilated measuring 
boxes to record the temperature and humidity values, all placed in one 
middle crop row. The first measuring box (Sensor 1) was placed 5 m 
away from the pad wall; the second measuring box (Sensor 2) was placed 
in the middle of the crop row; and the third one (Sensor 3) about 5 m 
away from the exhaust fans (Fig. 2). All three measuring boxes were 
maintained at the height of the top of the crop. The average of the three 
measuring boxes was used by the climate computer for control purposes 
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and also in this study as (mean) greenhouse air temperature. 
The temperature in both greenhouses was maintained between 25 

and 28 ◦C during the day and between 18 and 20 ◦C during the night. 
The relative humidity was fluctuating between 65% and 85% during the 
day depending on the operation of the pad and fan system and the status 
of the crop. The cooling setpoint was set at 26 ◦C during the day and 
19 ◦C during the night period with small variations for crop steering 
purposes. Fogging in the M greenhouse was used only at the beginning of 
the growing season to increase humidity. During the night, the relative 
humidity was maintained around 75–80%. The shading screen in the M 
greenhouse was only used during the first two months of the trial, 
whenever global radiation exceeded 800 W m− 2. 

The irrigation water including liquid fertilizers was supplied through 
drip irrigation in both greenhouses. The pH and EC of the irrigation and 
drain, as well as the concentration of each individual macro and micro 
nutrient were monitored on a regular basis to ensure that the crop would 
not face any deficiency. The irrigation supply was based on external sun 
radiation, starting with smaller amounts (about 0.5 cc per m2 per Joule) 
and increasing gradually to follow the growth of the crop (reaching 
about 3 cc per Joule for a fully grown crop). 

The irrigation water for all greenhouses and the water used in the 
fogging system was treated with a reverse osmosis unit. The collected 

drain from the greenhouses was disinfected (UV disinfection unit) and 
reused. 

2.1.4. Calculation of water consumption and water use efficiency 
The water use (WU) of the greenhouses was calculated as the water 

input to the system minus the amount of recovered and re-used water: 

WU = Wi + Wpw + Wf − Wd [L m− 2 time− 1] (1)  

where the water supplied for irrigation (Wi), the water supplied to (and 
evaporated by) the pad walls (Wpw) for cooling purposes and the water 
used by the fogging system (Wf) (where applicable) are the input water 
flows. The recovered and reused water consisted of the collected drain 
water (Wd). All aforementioned water flows are measured with flow
meters connected to the process control computer and all data are 
recorded digitally with an accuracy of 1 L. 

2.2. Simulation study 

The dynamic greenhouse climate simulation model KASPRO (De 
Zwart, 1996) was used to compute the water use for the pad and fan 
cooling system. 

KASPRO simulates the greenhouse climate as well as the energy and 

Fig. 1. View of the greenhouses where the described experiment took place. The L plastic tunnel from outside (A) and inside (B) and M glass Venlo greenhouse (C and 
D) where the exhaust fans are placed high above the crop (C). 
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mass fluxes, based on the computation of all relevant heat and mass 
balances. The heat balances include both the convective and radiative 
processes. The mass balances include both exchange processes of gases 
(air, water vapor, etc.) and phase changes such as canopy transpiration 
(Stanghellini, 1987), condensation on cold surfaces and evaporation. 
KASPRO can simulate a full-scale greenhouse based on the construction 
elements, greenhouse equipment such as heating, cooling, screening, 
lighting and misting, different covering materials and their properties 
(transmissivity, reflectivity, emissivity), crop type (climate re
quirements and characteristics e.g. leaf area and transpiration), set 
points for inside climate and the outside weather conditions of a given 
location. A replica of commercially available climate controllers is used 
to control greenhouse climate. The output of the model includes climate 
variables, and energy and mass fluxes. 

First, the model was validated with the measured climate and water 
use data for both greenhouses, for the period of the experiment. Then, 
the model was used in desk studies to compute the effect on water use of: 
(a). the temperature of the air extracted by the fans; (b). the cover sur
face to ground ratio of the greenhouse and (c). the (cooling) efficiency of 
the pad wall. 

2.2.1. The pad and fan module of the simulation model 
By simulating the greenhouse climate with the aid of the local 

weather conditions, the crop and the applied climate strategy, the model 
can calculate the water evaporation from the pad wall for a given time, 
based on the energy balance: 

WUPW ⁢ ∙ ΔHVAP⁢ ∙ ρW ⁢ = ΔTPW ⁢ ∙ CV ⁢ ∙ ρAIR⁢ ∙ φ (2)  

where: WUPW (L m− 2) is the amount of water evaporated from the pad 
wall per greenhouse area; ΔHVAP (kJ kg-1) is the latent heat of vapor
ization of water; ρW (kg L− 1) is the water density; CV is the specific heat 
of air (kJ kg− 1 K); ρAIR (kg m− 3) is the air density and φ (m3 m− 2) is the 
air flow through the pad wall per unit ground area. ΔTPW (K) is the air 
temperature drop at the two sides of the pad wall, calculated as the 
difference between the temperature (dry bulb) of the air outside (Tout) 
and of the air leaving the pad wall inside the greenhouse (TPW): 

ΔTPW = TOUT − TPW (3) 

The temperature of the air leaving the pad wall (TPW) is calculated 
based on the cooling efficiency (η) of the pad wall and the outside 
weather conditions, namely temperature (TOUT) and humidity: 

η =
TOUT − TPW

TOUT − TOUT,WB
(4)  

where TOUT,WB is the wet bulb temperature of the outside air (ASAE, 
1995; Kittas et al., 2003). The cooling efficiency of the pad wall is an 
input for the model. 

Finally, the net cooling effect of the pad wall (PCOOL [W m− 2]) is the 
amount of sensible heat removed from the greenhouse air. This is pro
portional to the temperature difference (ΔTPF (K)) of the outlet air 
(leaving the greenhouse through the fans, TF) from the inlet air (going in 
through the pad wall, TPW) (Eq. 6): 

PCOOL = ΔTPF ∙ ρAIR ∙ CV ∙ φ (5)  

ΔTPF = TF − TPW (6) 

The calculation of the outlet air temperature (TF) is crucial as it af
fects the cooling effect and thus the water use of the system. Given the 
fact that in greenhouses equipped with pad and fan systems, tempera
ture differences are usually observed over the horizontal and vertical 
direction (Kittas et al., 2003; Nikita-Martzopoulou et al., 2008), TF 
might differ from the average greenhouse air temperature (TIN). The 
model used in the present study, KASPRO, is a “stirred tank” model 
which does not account for spatial temperature differences. Therefore a 
correction factor (Outlet Temperature Above Mean / OTAM (K)) was 
included in the model and added to the mean greenhouse air tempera
ture (TIN) to account for these spatial temperature differences (Eq. 7). 
This correction factor is a user input. In the present study, the value of 
OTAM is estimated from in-situ measurements (see Section 2.2.2 below) 
and it is assumed constant. 

TF = TIN + OTAM (7)  

2.2.2. Determination of the input parameters for the model validation 
As the cooling efficiency of the pad wall and the OTAM are required 

inputs for the model, they were estimated, through additional mea
surements, carried out with the use of wireless sensors (Wireless Value 
BV). During one week in July 2019, air temperature was monitored at 
different heights and locations of the greenhouse (Fig. 2). Specifically, 
four sensors were placed a few centimeters in front of the pad wall. The 
average of these four measurements was used as the TPW. Four sensors 
were placed in the middle of the greenhouse (at the same location where 
the second measuring box was placed) and spread over the vertical 

Fig. 2. Graphical representation of the permanent (measuring boxes shown in green) and temporary additional (wireless, shown in blue) sensors placement in a cross 
section of a greenhouse. The green patterned rectangle represents the crop area. The exact dimensions of greenhouse length (L), height and fan position are different 
for the 2 analyzed greenhouses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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direction so that the lowest was about 30 cm above the gutter, the next 
one in the middle of the height of the canopy, the third one at the top of 
the canopy (next to the greenhouse measuring box) and the highest one 
50 cm and 1 m above the top of the crop in the L and M greenhouse 
respectively. The highest sensor measured the temperature at the area 
above the crop so it was placed higher in the M greenhouse where this 
area is much larger than in the L. Finally, one sensor was placed in front 
of each exhaust fan for the determination of the exhaust air temperature 
(TF). The average value of in total three sensors in the L greenhouse and 
six sensors in the M greenhouse was considered as TF. 

The value of OTAM was calculated (based on Eq. 6) as the difference 
of TF from greenhouse air temperature (TIN). The latter was the average 
measured value of the three measuring boxes hanging along one middle 
crop row at the top of the crop. 

The pad wall cooling efficiency was calculated based on Eq. (4) 
where TPW was obtained from the additional measurements described 
above and TOUT from the weather station of the greenhouse. 

As both the OTAM and the pad wall cooling efficiency are constant 
parameters in the model, the average of the values obtained during the 
analyzed period was finally used as input for the simulations. 

2.2.3. Scenario studies 
After model validation, the simulation study aimed to quantify the 

effect of three factors related to the greenhouse design and operation, 
namely the OTAM, the greenhouse cover to ground area and the cooling 
efficiency of the pad wall, on the water use by the pad and fan system. 
Therefore, three groups of scenario simulations were conducted. In each 
group of simulations only the studied factor varied between the simu
lations and all the other model parameters were not changed. 

As shown in Eqs. (5)–(7), the value of OTAM directly affects the 
cooling effect of a certain amount of extracted air. It can be easily 
concluded that higher values of OTAM require less air exchange to 
obtain a desired cooling effect. Therefore, the amount of incoming air 
and the water use by the pad wall is reduced. The exact effect of OTAM 
on water use by the pad and fan system was shown by calculating 25 
scenarios of the same cropping season, whereby the value of OTAM was 
increased from 0 to 12 K with a step of 0.5 K and maintained constant 
per scenario. All the other inputs (greenhouse and equipment charac
teristics, climate control setting, crop) were the same in all scenarios. 
The described scenarios were performed for both the L and M 
greenhouse. 

In both the measured and simulated data, the cooling requirements 
and the water use are expressed per m2 of greenhouse area. Taking into 
account that a greenhouse in the studied weather conditions is heated up 
via both radiative (solar radiation) and convective heat transfer between 
its cover and the (usually warmer) outside environment, the ratio of 
cover to ground area also affects the amount of energy that has to be 
extracted per m2 and therefore the water use. In practice, this means that 
we expect the cooling requirements (per unit ground area) of a single 
tunnel or single span greenhouse to exceed the cooling requirements of a 
multi tunnel or multi span greenhouse. Ten simulations for each type of 
studied greenhouse type (L and M) were performed were the parameter 
cover to ground area in the model was adapted to correspond to 
greenhouses with 1 (single) to 10 (multi) tunnels or spans. 

Finally, the cooling efficiency of the pad wall affects the water use of 
the cooling system. For both greenhouses simulations with cooling ef
ficiencies varying from 0.3 to 1 with a step of 0.05 were performed to 
quantify the effect of pad wall’s cooling efficiency on water use. 

3. Results 

3.1. Greenhouse climate 

Despite the harsh weather conditions in Saudi Arabia, in both 
greenhouses the evaporative cooling systems managed to maintain 
greenhouse air temperature and humidity in the desired range. A pad 

wall can theoretically (efficiency 100% according to Eq. 4) cool the air 
up to the wet bulb temperature. Under the dry weather in Riyadh area 
(Fig. 3A) the wet bulb temperature was on average 8 K (winter) to 20 K 
(summer) lower than the dry bulb temperature, explaining why the pad 
and fan systems were well capable to maintain the greenhouse air 
temperature in the desired range, up to 14 K lower than outside on 
average (Fig. 3B). 

Air temperature and humidity were for the most time similar in both 
greenhouses. During the early summer period the temperature in the M 
greenhouse was maintained 0.7–1 K higher than in L (Fig. 3B), for crop 
steering purposes, in view of the higher light intensity, thanks to the 
higher transmissivity of the M greenhouse. Additionally, the heating 
system in the M greenhouse ensured higher night-time temperatures 
during the short cold periods at the beginning and the end of the 
growing period. Finally, during the same periods, natural ventilation 
was sometimes used instead of evaporative cooling in the M greenhouse, 
resulting in slightly lower humidity in comparison to the L greenhouse 
which was always cooled with the pad and fan system. 

Fig. 3. Measured outside weather conditions during 2019 (A) and realized 
greenhouse climate during the period of the trial (B). Specifically, the average 
daily radiation sum per month (orange bars), average, minimum and maximum 
monthly temperatures (green, blue and red continuous lines respectively) and 
average, minimum and maximum monthly relative humidity (green, blue and 
red dashed lines respectively) are presented in A. Additionally, the (average 
monthly) wet bulb temperature (purple line) is presented to indicated the 
cooling potential of an evaporative cooling system. Greenhouse climate, spe
cifically daily average greenhouse temperatures (continuous lines) and relative 
humidity (dashed lines), are presented in B. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3.2. Production 

After a harvesting period of 33 weeks, fresh marketable weight of 
production reached 61.5 kg m− 2 and 70.4 kg m− 2 in the L and the M 
greenhouse respectively. Taking into account that the climate and the 
fertigation strategy were similar in both greenhouses, the difference in 
production can be well explained by the different amount of light 
reaching the crop due to the different light transmissivity of the two 
greenhouses. 

3.3. Water use 

The measured water use during the cultivation period (24th February 
2019 – 23rd December 2019) is presented in Fig. 4A. Total water use in 
the L greenhouse was 6443 L m− 2 whereas it was 4435 L m− 2 in the M 
greenhouse. The vast majority of this water, 85% and 72% for the L and 
M greenhouse respectively, was devoted to the evaporative cooling and 
the rest to irrigation. The contribution of the fogging system to the water 
use of the M greenhouse (<1 L m− 2) was minimal (therefore it is hardly 
visible in Fig. 4). The water used for irrigation (after drain re-use) in the 
M greenhouse (1246 L m− 2) was about 27% more than the corre
sponding amount of water used in the L greenhouse (980 L m− 2), as a 
result of both higher production and higher transpiration, both initiated 
by the higher amount of light in the M greenhouse. However, the water 
use in the pad wall was 42% lower in the M greenhouse (3190 L m− 2) 
than in the L (5463 L m− 2) resulting in more than 30% lower total water 
use in the M greenhouse. As we will see, there are three reasons for that 
difference with the main one being the placement of the fans which are 
located higher in the M greenhouse and due to the vertical air temper
ature profile they can extract warmer air (Fig. 5) increasing the cooling 
capacity of the system. Additionally, the cooling efficiency of the pad 
wall was found to be higher in the M than in the L greenhouse (Fig. 6), 
resulting in lower water use. Finally, the cover to greenhouse ground 
area ratio is higher in the single span L greenhouse (about 2) than in the 
multi span M greenhouse (about 1.7), resulting in more heat transfer 
from the hot outside environment to the greenhouse. 

On a daily basis, the contribution of the evaporative cooling in the 
total water consumption varied through the year based on the weather 
conditions. In particular, the daily water use for irrigation varied from 
2 L m− 2 in the darker period to 5–6 L m− 2 in the summer. The water 
used for evaporative cooling varied from no use in winter up to 35 L m− 2 

and 20 L m− 2 in the L and M greenhouse respectively during the sum
mer, representing on average about 90% and 80% respectively of the 
daily total water use during the latter period. 

The Product Water Use (PWU) (reciprocal of Water Use Efficiency) 
(Fig. 4B), was calculated as the amount of water required for the pro
duction of 1 kg of fresh, marketable tomato. Over the whole growing 
cycle, there was 40% less water spent per kilogram tomato produced in 
the M greenhouse than in the L, as a result of both lower water use and 

higher production per unit greenhouse area. The water used for cooling 
per kg produced tomato was about half in the M than in the L greenhouse 
(45 L kg− 1 and 89 L kg− 1 respectively) whereas the water used for irri
gation was higher in the M than in the L greenhouse (17.7 L kg− 1 and 
15.9 L kg− 1 respectively) mainly as a result of higher transpiration rate. 

3.4. Parametrization and validation of the model 

In both greenhouses the air temperature increased from the pad wall 
towards the exhaust fan side and with the height of the greenhouse. The 
exhaust air temperature was found 3.3 K and 9.5 K warmer than the 
inlet air temperature in the L and M greenhouse respectively. In the 
middle of the greenhouse the air temperature at the top of the crop was 
on average about 1 K and 2 K warmer than at the bottom of the crop in 
the L and M greenhouse respectively. The temperature increased 1 K 
more with height in the next 50 cm in the L greenhouse and more than 
4 K in the next 1 m in the M greenhouse. The average values of OTAM 
obtained from the measurements and used in the simulation study were 
1 K and 5 K for the L and M greenhouse respectively (Fig. 5, Table 1,  
Table 2). 

Using the measured values of TPW, Tout (as measured from the 
weather station) and Eq. (4), the pad wall efficiencies were calculated 
(Fig. 6). The estimated pad wall cooling efficiency varied through the 
day depending on factors such as the air speed through the pad wall and 
the outside air temperature but for the modeling part of the study a 
constant value was used. The average values of the pad wall cooling 
efficiency over the whole week, 0.8 and 0.85 for the L and the M 
greenhouse respectively, were used as (constant) input to the model, for 
the whole simulated period. These values are in agreement with the 
measured efficiencies reported by Franco et al. (2014) for similar air 
velocities. 

The model predicted with fair accuracy both the greenhouse climate 
and the water consumed by the cooling system in both greenhouses (L 
and M). The simulated greenhouse climate and water consumption 
showed a close match with the measured data (Fig. 7), proving the 
validity of the described model for simulations of evaporative cooled 
greenhouses in arid weather conditions. 

3.5. Scenario studies 

The first scenario study examined the effect of the outlet air tem
perature in water consumption (Fig. 8) showing that the water use in the 
pad and fan system is drastically reduced by increasing outlet air tem
perature. As it is also shown in Eq. (5), for the same amount of air 
extracted from the greenhouse, the removed sensible heat is propor
tional to the temperature difference between incoming and extracted 
air. Therefore, if for example the average greenhouse air temperature is 
5 K higher than the temperature of the incoming air from the pad wall, 
then extracting air 5 K warmer than the average greenhouse air results 

0 1000 2000 3000 4000 5000 6000 7000

L

M

Water Use (L/m2)

Cooling Fogging Irriga�on -Drain DrainA

0 20 40 60 80 100 120

L

M

Product Water Use (L/kg)

Cooling Fogging Irriga�on -Drain DrainB

Fig. 4. Water use and recovery by each sub-process at each greenhouse system (L plastic tunnel and M Venlo glasshouse) during the experiment (24th February 2019 
– 23rd December 2019) expressed as water amount per greenhouse area (A) and as water amount per fresh weight production (B). 
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in twice the net cooling effect than extracting air at the average green
house air temperature. The latter would mean that half the amount of 
outside air has to pass through the pad wall and be brought in the 
greenhouse to dissipate the same amount of heat and so half the amount 
of water is evaporated. The design of the M greenhouse takes advantage 

of the spatial air temperature distribution and by being higher and 
having the exhaust fans placed high, the extracted air is warmer than the 
average greenhouse air (Fig. 5, Table 2). Therefore, the total amount of 
air that needs to be extracted from the greenhouse is less in comparison 
to the L greenhouse where the extracted air is at about the average 
greenhouse air temperature (Table 1). As for a given pad wall efficiency 
the water use is proportional to the amount of air exchange (Eq. 2), the 
design of the M greenhouse reduces the amount of air extracted from the 
greenhouse and consequently results in less water use by the pad and fan 
system. According to the simulation results, the water use for cooling 
purposes in the L greenhouse (OTAM equals 1 K) would have been 
almost 25% less if the extracted air was 5 K warmer than the average 
greenhouse air temperature, as in the M greenhouse. 

The larger the cover to ground area ratio is, the larger the heat ex
change with the outside environment, resulting in increased cooling 
requirements and consequently more water use (Fig. 9). The simulation 
results showed that the water use for cooling purposes in the L green
house would have been about 7% less if the cover to ground ratio was 
smaller and equal to the corresponding value of the M greenhouse. 

Finally, the cooling efficiency of the pad wall seriously affects the 
water use (Fig. 10) as it can also be concluded from the model 
description. According to Eq. (5) the cooling effect of the pad and fan 
system for a given amount of air is proportional to the temperature 
difference between the exhaust and inlet air (ΔΤPF). If the inlet tem
perature increases (as it happens in case of lower saturation efficiency of 
the pad wall) and assuming that the exhaust temperature is not chang
ing, in order to achieve the same cooling effect, the amount of air 
passing through the pad wall increases. However, the additional air only 
contributes to the greenhouse cooling as soon as it is colder than the 
exhaust air temperature. The amount of water evaporated to cool the 
additional air from the outside temperature to the exhaust air temper
ature increases the total water consumption in case of a pad wall with 
lower saturation efficiency. According to the simulation results, a min
imum cooling efficiency of 0.6 is required to achieve the desired 
greenhouse temperature under the studied arid weather conditions, 
therefore results at lower efficiencies are not shown. Water use reduced 
with increased efficiency and it was calculated that a pad wall with ef
ficiency higher than 0.9 would use about half of the water used by a pad 
wall with efficiency equal to 0.6. According to the simulation results, the 
water use by the pad wall of the L greenhouse (efficiency equal to 0.8) 
would have been about 12% less if that pad wall would have had the 
same efficiency as the one in the M greenhouse (0.85). 

4. Discussion 

The pad and fan system is the most popular cooling system for 
greenhouses in Saudi Arabia as well as in other areas characterized by 
hot and dry weather (Al-Helal et al., 2004; Sabeh et al., 2011). Under the 
weather conditions of Riyadh, the evaporative cooling in the L and M 
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Fig. 5. Measured mean (continuous lines) and extracted from the fans (dashed lines) air temperature in the L (A) and the M (B) greenhouse. The shown data 
represent an average day after computing the average value of the measured period (20th – 26th July 2019) for each time of the day (cyclemean). 
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Table 1 
Average air temperature (oC) recorded at different locations in the L greenhouse.   

Average 
(TIN) 

Exhaust 
fans (TF) 

MB 
3 

MB 
2 

MB 
1 

Pad 
wall 

50 cm above top 
of the crop    

23.7   

Top of the crop 22.5 23.6 23.6 22.6 21.4 20.3 
Bottom of the 

crop    
21.5  20.3  

Table 2 
Average air temperature (oC) recorded at different locations in the M 
greenhouse.   

Average 
(TIN) 

Exhaust fans 
(TF) 

MB 
3 

MB 
2 

MB1 Pad 
wall 

1 m above top 
of the crop  

28.8  27.8   

Top of the crop 23.7  24.9 23.6 22.7 19.3 
Bottom of the 

crop    
21.5  19.3  
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greenhouses was proven well capable to maintain the greenhouse air 
temperature and humidity within the target range, even when the latter 
was 20 K less than the outside air temperature. Under these conditions, 
1 kg of tomato was produced at the expense of 105 L and 63 L water in 
the L and M greenhouse respectively. The achieved PWU was 

comparable to the corresponding value (77 kg L− 1) reported by Sabeh 
et al. (2011) under similar climate conditions in Arizona (USA) and 
significantly lower than what good commercial growers can achieve in 
Saudi Arabia (170 L kg− 1, personal communication). However, it is still 
far above values reported in the literature from places in the world with 
less warm weather (Stanghellini et al., 2003), indicating that vegetable 
production under desert conditions can be very water demanding, 
mainly due to the high needs for evaporative cooling. 

The Venlo (M) greenhouse was proven to be more water efficient 
than the traditional tunnel (L), achieving a water saving of 40% per unit 
of produced product. We have shown that three design elements explain 
this improvement. 

KASPRO was validated and proven to predict with fair accuracy the 
climate and water use in evaporative cooled greenhouses in arid con
ditions. Using a time varying value of the input parameter OTAM could 
increase even more the accuracy of the computed climate and water use, 
especially the fluctuations between day and night but given the fact that 
cooling is mainly active during the daytime the variations within a day 
(24 h) are of minor importance. The latter was well proven by the 
agreement between simulated and measured data. Based on the simu
lation results (Fig. 8), the placement of the fans, that allowed the 
extraction of air about 5 K above the average greenhouse air tempera
ture, resulted in water savings of 55% and 45% compared to the sce
narios that in the same greenhouse (M) the extracted air temperature 
would be equal to the average greenhouse air temperature or 1 K higher 
respectively, as in the L greenhouse. This was achieved by reducing the 
amount of air extracted from the greenhouse. Similar water saving can 
be of course achieved by increasing the height of tunnel greenhouse as 
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soon as this allows the placement of the fans higher and the extraction of 
warmer air. The temperature difference of the exhaust air was respon
sible for more than half of the water saving in cooling water achieved in 
the M in comparison to the L greenhouse. As soon as this difference was 
maintained, it was calculated that the M greenhouse consumes in all 
studied scenarios less water for cooling than the L greenhouse, even if 
the cover to ground ratio was increased (Fig. 9) or even if the cooling 
efficiency of the pad wall was lower (Fig. 10). On the other hand, 
without the advantage of extracting warmer air, the more transparent M 
greenhouse would consume more cooling water than the L greenhouse 
despite the higher cooling efficiency of the pad wall and the lower cover 
to ground ratio (Fig. 8). Summarizing, this indicates a great potential for 
water saving, taking into account that in most commercial greenhouses, 
the fans are located lower than the top of the canopy. A more detailed 
analysis of the spatial air temperature and humidity distribution might 
help to optimize the position of the exhaust fans and minimize the water 
use for cooling purposes, through a greenhouse design allowing for 
placement of the fans well above the crop in order to extract air from the 
warmest spot of the greenhouse while still maintaining optimal growing 
conditions near the crop. It has to be noted that although it was proven 
that increasing the described temperature gradients results in lower 
cooling water use, an as homogeneous as possible temperature at crop 
level is desired for uniform crop growth and production. Ideally the 
temperature gradients should develop on the vertical direction and 
above the top of the crop so that the growth and production is not 
hampered. 

Furthermore, it was shown that the (slightly) higher cooling effi
ciency of the pad wall contributed for about 16% additional decrease in 
cooling water use in the M greenhouse (comparing scenarios for the M 
greenhouse with cooling efficiencies of 0.8 and 0.85, Fig. 10). The effect 
of pad wall cooling efficiency on the amount of evaporated water is 
reported in scientific literature (Abdel-wahab, 1994; Kubota et al., 
2006). According to the simulation results (Fig. 10) increasing the pad 
wall cooling efficiency from 0.8 to 0.85 reduces the water use for cooling 
by about 12–16% when on the contrary reducing it from 0.8 to 0.75 
increases the water use by 8–10%. The aforementioned results represent 
a rather conservative estimation of the effect of the increasing pad wall 
efficiency on water saving as the exhaust air temperature is considered 
not changed. Increasing the pad wall cooling efficiency reduces the 
required amount of extracted air to achieve a specific cooling effect and 
consequently reduces water consumption, as explained in the case of 
OTAM. In reality, if the fans are frequency-controlled, reducing the pad 
wall’s saturation efficiency will increase the fan speed in order to meet 
the increased requirement of air exchange resulting in lower horizontal 
temperature differences and thus lower exhaust air temperature (Kubota 
et al., 2006). As explained in this paper, the latter will increase water use 
even more. In the described experiment, the higher pad wall efficiency 
in the M compared to the L greenhouse was achieved thanks to three 
factors: (i) lower air velocities through the pad walls are reported to 
increase saturation efficiency (Al-Helal, 2007; Franco et al., 2014; 
Kubota et al., 2006). The speed of the air drawn in through the pad walls 
was not measured but given the dimensions of the pad walls and the 
capacities of the fans, it was about 0.8 m s− 1 in the L greenhouse when 
all three fans were in operation and it could reach a maximum of about 
0.7 m s− 1 in the M greenhouse when the fans were operated at their 
maximum capacity. However, the frequency controlled fans of the M 
greenhouse were not operated at their maximum speed so the actual 
wind speed through the pad wall was even lower. The bigger pad wall 
surface per ground area at the M than in the L greenhouse (the pad wall 
in the M greenhouse is 1 m higher than in the L when the length of both 
greenhouses is the same) ensured that more air volume per greenhouse 
ground area could enter the greenhouse at lower wind speeds and 
definitely contributed to the achieved higher cooling efficiency. 
Abdel-Wahab (1994) already 25 years ago, during their research in 
Saudi Arabia, indicated the controllable ventilation rate as a solution 
that reduces water use in a pad and fan system and increases the energy 

and water use efficiency of the system. (ii) Plastic pad walls like the one 
used in the M greenhouse are reported to achieve higher saturation ef
ficiencies than cellulose pad walls (Franco et al., 2014). (iii) Plastic pad 
walls like the one used in the M greenhouse can be easily cleaned with 
high pressure water, preventing clogging that reduces the saturation 
efficiency (Al-Helal et al., 2004). 

5. Conclusion 

Evaporative cooling is by far the largest water use in the greenhouses 
where it is applied. In the present research it is proven that there is a 
great potential in water saving by modifying the design of greenhouses 
with evaporative cooling in arid areas. We have experimentally shown 
that greenhouse design can significantly reduce product water use of 
tomato in desert conditions. We have used such experimental data to 
validate a simulation model whereby we have shown that a. the 
extracted air temperature, which is directly related to the placement of 
the exhaust fans, has a major effect on water demand for cooling; b. the 
pad wall saturation efficiency has also a major effect on water use and c. 
that greenhouse complexes with lower cover to ground ratio result in 
less cooling requirements per unit ground area than small units with 
higher cover to ground ratio. 
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