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Abstract: Almost all countries in the world have used lettuce hydroponic cultivation in planthouses because it is appropriate for
plant growth and production. The microclimate inside planthouse is an environmental factor that affects plant growth and
development. Vegetables planted in the planthouse have a great deal of water requirement. Selecting a method with a more
accurate estimation of crop evapotranspiration is a critical factor for efficient water management. In this research, the climates
that are affecting the lettuce evapotranspiration with modification of floating hydroponic technique inside the planthouse were
investigated. The objectives of this research are to figure out the microclimate, the appropriate model of the potential
evapotranspiration, and the temporal crop coefficients and water productivity of lettuce grown using a floating hydroponic
technique in a planthouse.
dimension is 9 x 3 x 4 m. Primary data collected in the form of water level, and climate data for both inside and outside the

Experimental planthouse uses 90% transparency of polycarbonate roofs and net walls, with the

planthouse. Potential evapotranspiration (ETp) value was estimated using seven models of potential evapotranspiration and
among those models, the most appropriate model is determined. The climate inside the planthouse was significantly different
than that in the outside. In which during 40 days of lettuce cultivation, solar radiation and relative humidity in the inside were
Potential evapotranspiration inside the
Crop coefficient (Kc) changed with time forming a parabolic

lower than in the outside, but the temperature inside was higher than the outside.
planthouse can be estimated precisely by Hargreaves model.
equation started at 0.7 then decreased to reach 0.4 then increase to 1.4. Lettuce productivity was 1114.6 g m™ having water
productivity 29.58 g L™ which was linearly related to the consumptive use of water by the plant.
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1 Introduction

Until now, almost all countries in the world used
lettuce hydroponic cultivation in planthouses especially at
the middle altitude because it is appropriate for plant
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growth and production. Planthouse can enable control of
meteorological conditions that significantly affect plant
growth and development (Haraguchi et al., 2005). Plant
growth is influenced by weather and climate. Climate is
one of the factors that affect productivity and can
optimize resource use in  production  systems
(Koesmaryono et al., 1997). In plant growth, almost all
elements of weather significantly influence it, while the
factors that most influence plant growth and development

are air temperature and day length. The purpose of
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planthouses use is to create a favorable microclimate for
plant growth when climate conditions are not conducive.
Suhardiyanto et al. (2009) argue that the use of
planthouses in crop cultivation is one way to provide an
environment that is closer to the optimum conditions for
plant growth. Furthermore, it is stated that the use of
planthouses allows environmental modification that is not
suitable for plant growth to be closer to the optimum
conditions for plant growth. Planthouses is a building that
serves to protect plants from various kinds of weather
disturbances such as rain, wind, and the intensity of high
solar radiation and protect plants from pest attacks. In
general, planthouses are needed for plants that have
significant economic value such as various types of
flower plants (including roses, carnations, gladiolus,
orchids, and chrysanthemums), vegetable plants
(including tomatoes, peas, broccoli, mustard greens, and
paprika), fruit plants (including melons, grapes, and
watermelons). Besides, planthouses in Indonesia are very
suitable for export commodity crops that require good
quality and uniform size.

The microclimate inside planthouse is an
environmental factor that affects plant growth and
development. Closed and semi-enclosed planthouses aim
to get excessive heat to meet heat requirements while
maintaining the best possible environmental conditions
for plant growth (Boulard et al., 2017). In cultivation
using planthouses, solar stimulates plant
photosynthesis (Mobtaker et al., 2016). The solar

radiation was the most critical factor that influences ET

energy

among environmental parameters (Zhang et al., 2010).
The effect of radiation changes on the micro-greenhouse
climate is significant because about 40% of incoming
solar radiation is absorbed by crop cover (Boulard et al.,
2017). Air temperature affects plants through metabolic
processes in the body of the plant, which are reflected in
various characters such as growth rates, seed dormancy
and buds, germination, flowering, and maturation of plant
organ. The response of plants to temperature varies
depending on the type of plant, variety, and stage of plant
growth. Therefore, it is necessary for farmers to use water
with high efficiency. Vegetables planted in the planthouse

have a great deal of water requirement, and irrigation is
the only water source for plant growth owing to the
plastic film roof avoiding from the rainfall.

Selecting a method with a more accurate estimation of
crop evapotranspiration is the critical factor for efficient
water management (Tyagi et al., 2000; Mao et al., 2003;
and Zhang et al., 2004). Water management and crop
yields can be improved through increased use of reliable
methods for estimating crop
2003). The

evapotranspiration is a crucial issue to understand and

evapotranspiration
(Hargreaves et al., study of crop
improve the environments of plants in both open field and
(Takakura et al., 2009).
Evapotranspiration (ET) is the total loss of water to the

planthouse cultivation
atmosphere through evaporation and transpiration (the
loss of water from the plant). Evaporation and
transpiration, and there is no easy way of distinguishing
between the two processes. The accurate estimation of
water loss by ET is significant for assessing water
availability and requirements of the plant. The Penman-
Monteith reference evapotranspiration equation cannot be
used directly under solar planthouse microclimatic
conditions because of the neglect of aerodynamics (the
wind speed in solar planthouse approximately equal to
zZero).

In this research, the climates that are affecting the
lettuce evapotranspiration with modification of floating
hydroponic technique inside the planthouse were
investigated. The evapotranspiration rate inside the
planthouse systems is dominated by transpiration from
the plant. Crop transpiration not only affected by climatic
parameters (temperature, light intensity, wind, humidity)
but also from another setting, such as crop growth stage.
The evaporation value is minimal due to very small, or no
open area exists. The evapotranspiration rate is influenced
by the amount of solar radiation and the temperature
outside and inside the planthouse. The existing models
for estimating potential evapotranspiration only
appropriate to outside the planthouse because the
microclimates inside the planthouse are different as those
at the outside, while for actual lettuce evapotranspiration

with modification floating hydroponic technique inside a
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planthouse is known through the decrease in water level.
Whereby the effect of the climate on the decline in water
level is given by the potential evapotranspiration and the
impact of the crop by the crop coefficient (Kc), the
consumptive water uses also influence the yield and water
productivity so that the objectives of this research are to
figure out the microclimate, the appropriate model of the
potential evapotranspiration, and the temporal crop
coefficients and water productivity of lettuce grown using
a floating hydroponic technique in a planthouse.

2 Materials and method

The research was conducted in a planthouse, located
in the Water Resources Engineering Laboratory,
Department of Civil and Environmental Engineering,
Bogor Agricultural University from April 25, 2018, to
May 30, 2018. The research location is at an altitude of
250 m above sea level. The orientation of the planthouse
is the east-west direction. Experimental planthouses use
polycarbonate roofs with 90% transparency and net walls.
The planthouse has a length of 9 m and a width of 3 m,
with a height of 4 m. The slope of the plant's roof is 30°.

The hydroponic system applied in this study was a
modified Floating Hydroponic Technique (THST). In
general, THST uses large ponds with dimensions of 30 m
x3 m x 0.6 m. As a planting panel, Styrofoam is used
with a 4 cm thickness and a panel size of 40 x 60 cm
floating on a hydroponic pond containing the nutrient
solution. In this study, the THST was modified with a
pipeline. As a floating place and plant growth, 4 inches
pipes diameter and styrofoam with a 4 cm thickness were
used, the planned spacing was 20 cm. The planting media
used was Rockwool

In general, the pattern of lettuce cultivation with
hydroponic is seeding carried out outside the hydroponic
system with Rockwool press for £ 7 days, and then
vegetable seeds are transferred to the floating hydroponic
technique with floating media is styrofoam for further
cultivation. One period of planting lettuce vegetables is
for + 40 days until harvest.

The observation of water level reduction was carried

out every day. The water level of the modified floating

hydroponic system was measured using a Decagon CTD
sensor installed in the nutrient solution reservoir. Daily
water level data were interpolated using mathematical
equations that produce high accuracy. The derivation of
the equation to the time results in a water consumption
rate  equation that can represent the actual
evapotranspiration rate as stated by Maclean et al. (2012).

Primary climates data collected in the form of solar
radiation, air humidity, and temperature data for inside
and outside the planthouse. Solar radiation data was
collected using the Decagon PYR Pyranometer sensor.
Relative humidity and air temperature data were collected
using the Decagon VP-4 sensor. The data were collected
every 15 minutes using EM50 data logger.

The evapotranspiration value that occurred in this
study was a combination of evaporation and transpiration
values. Evapotranspiration is challenging to measure and,
when measured, its spatial variability is not usually taken
into account (Castillo et al., 2018). The influence of the
two processes is not separated in the analysis of
calculations because both processes co-occur and there is
no easy way to distinguish them (Allen et al., 2006).

Potential evapotranspiration is generally identified as
ETp (potential evapotranspiration). ETp values can be
estimated using the FAO Penman-Monteith equation. The
ETp equation requires meteorological data consisting of
air temperature data, air relative humidity, wind speed,
and solar radiation. In this study, the meteorological data
were not obtained completely using the measurement
sensors used in the study. Therefore, the ETp value in this
study was calculated using the Hargreaves model
suggested by Allen et al. (2006) and several existing
models that are Blaney-Cridley, Kharuffa, Turc, Jensen-
Haise, Remanenko, and Linacre Model to overcome the
problem because of the limited data available.

The following equations, as shown in Table 1, can
calculate the potential evapotranspiration model.

The models for estimating potential
evapotranspiration only appropriate to outside planthouse.
Existing models of evapotranspiration do not apply to
calculate evapotranspiration inside planthouses because
the microclimates inside a planthouse are not same as
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those outside the planthouse. The plastic covering utilized
on planthouse significantly change the radiation balance
relative to the external environment and create a barrier to
moisture losses (Amiri et al.,, 2018). The use of
planthouse decreases water requirement by reducing
While  for
evapotranspiration with a floating hydroponic technique

evapotranspiration. actual lettuce
in the planthouse are known through a decrease in water
level. The evapotranspiration rate is influenced by the
climates outside and inside the planthouse. Among those
models, the appropriate model of the potential
evapotranspiration is determined by the most realistic
ranges of the potential evapotranspiration. So that to
obtain an evapotranspiration model in a planthouse, it is
necessary to modify an adjustment coefficient by
optimizing its value in the most appropriate model using
the solver program in Ms. Excel.

Table 1 List of Equations and abbreviation used in determining

ETp
Model Name Equation Abbreviation
CO
Hargreaves ETp= ra Ry (Tean +17.8) HRG
Blaney-Criddle ET,=p (0.4 Trean + 8) BLC
Kharuffa ETp =0.34p Trean™* KRF
Turc 0.013Tm¢(23.88RS +50) TRC
Jensen-Haise ETp = Ct (Tmean — Tx) Rs/2.45 JSH
Remanenko ETp = 0.00018 (25 + Trmean)? (100-RH) RMN
ETp - (500Tm /(100 - A)) +15(T e — To )

Linacre p= 80-T LNC

mean

T = Tmean + 0.006h

Where ETp is potential evapotranspiration (mm d),
Co/Kr¢
average temperature (°C), R is solar radiation (MJ m? d°

is adjustment coefficient (0.0135), Tmean IS

Y, p is sunlight solar daily depends on the latitude
position of the measuring place and the measurement
time, C; and T, are functions of saturated vapor pressure
which is calculated the maximum and minimum air
temperature daily, RH is relative humidity (%), A is
latitude (degree), h is altitude (m), and T4 is air
temperature at the dew point (°C).

Kc is an important parameter in the study of plant
responses to the application of irrigation practices (Arif et
al., 2012). The determination of Kc value in this study
used the following equation:

_ ETc
ETpin

1)

c

Where ETc is lettuce water consumption rate (mm d™)
and ETp in is potential evapotranspiration inside
planthouse (mm d™). The value of Kc in the study results
is compared with the value of Kc lettuce from Allen et al.
(2006) reference. The result of Kc value to the time is
interpolated using mathematical equations that produce
high accuracy to figure out the temporal crop coefficients
function.

The production of lettuce using a modification
floating hydroponic technique in the planthouse was
finally used to determine the yield and water productivity.
The equation for calculating yield and water productivity

is written as follows:

- pw

Yiel = 2W 2

ol == (2)

wp =W ©)
cu

Where Yield is the production of lettuce (g m?), WP
is water productivity (g L™), DW is dry lettuce weight (g),
A is planting area (m?), and CU is lettuce water
consumptive use (L). Water productivity rate toward the
consumptive use is figured out to determine the temporal
water productivity function of lettuce grown using a
floating hydroponic technique in a planthouse.

3 Result and discussions

3.1 Climates

The climate inside the planthouse was significantly
different than that in the outside. The sunlight penetrated
through the transparent roof played an essential role in
shaping the inside climate. In the day times when the
sunlight was bright, the solar radiation in the inside
ranged from 61% to 49% than the outside during 40 days
of lettuce cultivation. There was a trend the solar
radiation decreased with time mainly due to the
accumulation of dust on the outer side of the transparent
roof. The daily solar radiation in the outside ranged from
33.086 MJ m™? d™ to 5.702 MJ m? d* while that in the
inside ranged from 16.303 MJ m? d™ to 3.484 MJ m? d™.
The reduced transmissivity of the sunlight up to 77% was
reported due to the changes in wavelength (Boulard et al.,
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2017). Other factors that may also contribute to the
reduction of solar radiation are the development of plant
canopy, additional shading used in planthouse and the
angle of incidence of the sun rays (Cossu et al., 2014). On
the contrary, the temperature inside planthouse is
relatively higher than that in the outside due to the
greenhouse effect that trapped the longwave radiation
(Lamnatou and Chemisana, 2013). Using PV on the roof
of planthouses for shading in hot climate also decreases
the inside air temperatures of planthouses and the high
solar radiation (Hassanien et al., 2016). The highest and
lowest temperatures outside the planthouse were 34.4°C
and 21.0°C while those in the inside were 35.4°C and
21.2°C, respectively. The relative humidity (RH) outside
the planthouse ranged from 80.6% to 99.6% with the
average 90.6% while those in the inside ranged from
79.0% to 96.7% with the average 88.3%. This lower
humidity inside planthouse was following its higher
temperature.

3.2 Potential evapotranspiration

Based on the models of evapotranspiration that
matched with the available climate data, the potential
evapotranspiration outside the planthouse estimated by
HRG model ranged from 8.3 mm d™* to 1.3 mm d™* with
the average 4.7 mm d™; BLC model from 9.4 mm d™ to
6.7 mm d™* with the average 8.4 mm d™; LNC model
from 4.3 mm d™ to 2.1 mm d™ with the average 3.3 mm
d; KRF model from 12.2 mm d™* to 8.2 mm d™* with the
average 10.6 mm d™*; RMN model from 8.7 mm d™ to 0.2
mm d* with the average 4.4 mm d*; JSH model from 1.8
mm d* to 0.1 mm d* with the average 0.9 mm d™; and
TRC model from 0.44 mm d™ to 0.40 mm d* with the
average 0.42 mm d*. Among those models, the most
realistic ranges of the potential evapotranspiration are
appropriately represented by HRG, LNC and RMN
models. The cumulative evapotranspiration of these three
models was 167.7 mm, 119.7 mm and 157.0 mm,
respectively.

The potential evapotranspiration inside the planthouse
based on HRG model ranged from 0.8 mm d™* to 4.2 mm
d?* with the average 2.2 mm d*; LNC model from 2.3
mm d™ to 4.5 mm d™ with the average 3.6 mm d™; and
RMN model from 1.4 mm d* to 9.7 mm d™* with the

average 5.5 mm d™*. The cumulative evapotranspiration of
these three models was 79.3 mm, 127.8 mm and 198.4
mm, respectively. While the other two models resulted in
higher cumulative evapotranspiration compared to those
in the outside or were overestimated, HRG model
resulted in the most realistic value for which the
cumulative potential evapotranspiration (79.3 mm) lower
than that in the outside (167.7 mm). The cumulative
actual evapotranspiration inside the planthouse itself was
44 mm which was then referred for the adjustment of
Co/Kr coefficient and finding the daily Kc. The
calibration or adjustment of the Hargreaves model
coefficient for different climate conditions is a well-
accepted approach to accomplish error-free estimation
from the equation (Patel et al., 2014). Hargreaves model
(Equation 4) with the optimized coefficient (Co/Kr) of
0.01186, or takes the following equation:

ETR, =0.0116R, (T +17.8) (4)

sin meanin
Where ETp in is potential evapotranspiration inside
planthouse (mm d'l), R in is solar radiation inside
planthouse (MJ m? d%), and Tmean in IS average
temperature inside planthouse (°C).
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Figure 1 Potential evapotranspiration in the outside (ETP,,) and

the inside (ETP;,) of the planthouse

Figure 1 shows the daily potential evapotranspiration
in the inside and outside the planthouse calculated with
Hargreaves model. The daily potential evapotranspiration
inside the planthouse is always lower than that in the
outside with the average ratio (slope) of 0.392 and R? =
0.738.
3.3Actual evapotranspiration

Figure 2 shows the daily water level that may
represent water consumed by the plants or the actual
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evapotranspiration. The daily water level can be
estimated with the 3 order polynomial equation

(Equation 5) resulted in R? 0.998.
h =-0.00027 t* + 0.00198 t* — 0.73380 t + 1.5832  (5)
Where h is the water level (mm) and t is time (day).

The total amount of the actual evapotranspiration was
about 44 mm. The first derivative of Equation 5 refers to
the daily rate of the actual evapotranspiration, or written
as the following equation:

-dh/dt = - 0.00081 t* + 0.00396 t — 0.73380 (6)

As shown in Figure 2, the rate increased as the plant
grew initially from 0.73 mm d™ to 1.86 mm d™* before the
harvest time with the average 1.1 mm d™*. The increase of
the actual evapotranspiration with time where the value
reaches the peaks at flowering and fruiting was reported
earlier by Grewal et al. (2011).
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Figure 2 The daily water level during lettuce cultivation
The result suggests that the age of the lettuce

influenced much on the actual evapotranspiration (ETc).
During the early stage of growth when the lettuces are
still small, the water consumption rate is minimal and as
the lettuce increased their size, the water consumption
rate also increased. Fully developed and mature lettuce
plants in hydroponics consumed much water, and the
changes in climatic conditions also caused a significant
shift in water consumption during the stage of growth
(Pelesco and Alagao, 2014).
3.4 Crop coefficients

Figure 3 shows variations of lettuce crop coefficient
during plant growth. Kc value of lettuce at the initial
stage (on 0™ — 6" day after planting) was 0.7 to 0.5, at the
middle session stage (on 17" — 23" day after planting)
was 0.4 to 0.7, and at the end of the late season stage (on
30™ — 36™ day after planting) was 0.6 to 1.4. Allen et al.

(2006) stated that the general value for lettuce Kc on the

field under typical irrigation management and soil

wetting at the initial stage is 0.7, at the middle session
stage is 1.00, and at the end of the late season, the stage is
0.95.
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Figure 3 Lettuce Kc values during the planting period

Lettuce Kc during planting period forms a parabolic
line with the 2" order polynomial equation Kc = 0.0014
t? + 0.761, where Kc is lettuce crop coefficient, and t is
time (day), with R? = 0.5464.

3.5 Water productivity

The yield of lettuce in this study was 1114.6 g m?,
and water productivity was 29.58 g L™ Figure 4 (a)
shows the consumptive water use by the plant to be the
dry weight toward the day after planting. Increasing water
consumption also increased the dry weight. Consumptive
use (CU) can be estimated with the 3" order polynomial
equation resulted in R? 0.9996, with the equation is CU =
0.0001 t* + 0.0031 t + 0.0146, where CU is the water
consumption of lettuce (L) and t is time (day). While the
dry weight (DW) can be estimated with power equation
resulted in R? 0.9803, with the equation is DW =
0.000062 t>#'" where DW is the dry weight of lettuce (g),
and tis time (day).

Water productivity rate was from DW equation
divided by CU equation. It means every water (L) was
consumed will producing the biomass (g L™). In the first
6" day planting period, 0.04 L of consumptive water use
was the 0.55 g L™ of the dry weight of lettuce. In the
middle planting period in the 23 day, 0.16 L of
consumptive water use was the 11.15 g L™ of dry weight.
And in the harvesting day, 0.35 L of consumptive water
use was the 29.58 g L™ of dry weight. Water productivity
of lettuce in this study was smaller than the productivity
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of wet lettuce with drip irrigation with limited water
supply (Contreras et al. 2008) with a value of 0.61 kg m™.
Based on Figure 4 (b), the water productivity function can
be estimated with a linear equation (Equation 7) resulted
in R? 0.9979.

WP =95.552 CU - 3.792 @)
Where, WP is the water productivity (g L) and CU is
consumptive use (L).
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(a) Dry weight and water consumption use by lettuce during the
planting period (b) Water productivity of lettuce cultivation using a
floating hydroponic technique
Figure 4 Water productivity rate

4 Conclusions

It is concluded that:

The climate inside the planthouse was significantly
different than that in the outside. In which during 40 days
of lettuce cultivation, solar radiation in the inside ranged
3.484-16.303 MJ m? d* while in the outside 5.702-
33.086 MJ m? d', temperatures in the inside the
planthouse ranged 21.2°C-35.4°C while in the outside

21.0°C-34.4°C, and relative humidity in the inside ranged
79.0%-96.7% while in the outside 80.6%—-99.6%.

Potential evapotranspiration inside the planthouse
ranged 0.8—4.2 mm d™ that can be estimated precisely by
Hargreaves model with the adjustment coefficient (Co/K)
was 0.0116 instead of 0.0135.

Kc changed with time forming a parabolic equation
started at 0.7 then decreased to reach 0.4 then increase to
1.4 at days of 36.

Lettuce productivity was 1114.6 g m™ having water
productivity 29.58 g L™ which was linearly related to the
consumptive use of water by the plant.
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