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Abstract: The agricultural sector continues to be the largest consumer of useful water. Despite
knowing the volume of water required by plants (evapotranspiration), methodologies must be
adapted to current production systems. Based on the energy balance (radiation), it is feasible to
establish models to estimate evapotranspiration depending on the production system: extensive crops,
closed, and interior systems. The objective of this work was to present related research to measure
and model the evapotranspiration of crops under current production techniques, based on the energy
balance. The original FAO Penman–Monteith model is considered to be the model that best describes
the evapotranspiration process, and with advances in instrumentation, there are sensors capable of
measuring each of the variables it contains. From this model, procedures have been approximated
for its use in extensive crops through remote sensing to calculate evapotranspiration, which jointly
integrates the climatic variables and the type and age of the crop, with which real evapotranspiration
is obtained. The same Penman–Monteith model has been adapted for use in greenhouse crops, where
given the reduced root space and being in a closed environment, it is possible to know the variables
specifically. Keeping the root container saturated, crop transpiration will basically depend on the
physiology of the plant (LAI, stomatal resistance, etc.) and the characteristics of the air (radiation,
VPD, wind speed, etc.). Models based on computational fluid dynamics (CFD) have been developed,
which predict the real evapotranspiration of the crop by activating the discrete ordinate (DO) radiation
sub-model. For indoor crops, in the absence of solar radiation, and replaced with artificial lights
(LEDs)—although it is true that they are hydroponic crops and water can be estimated through a
balance of levels—it would be possible to use CFD to estimate transpiration by transforming flux
units (Mmol) into radiation (W m−2). The transpiration of indoor crops works as a cooling system
and stabilizes the environment of the plant factory or vertical farm. In each crop production system
(from open field to indoor crops) models have been developed to manage water and microclimate.
The result is reports that more than 90% of the water is saved.

Keywords: the new agriculture; traditional farms; smart agriculture; Agriculture 5.0

1. Introduction

The agricultural sector consumes an average of 69% of the available useful water
in the world [1]. Among the efforts to reduce this volume of water, the importance of
accurately estimating, both spatially and temporally, the transpiration of crops stands
out [2]. Transpiration is a primary determinant of the balance of leaf energy and plant
water status. This process includes water evaporation from the surface cells within the
intercellular spaces and its diffusion outside the plant tissue. Together with the exchange
of carbon dioxide (CO2), the water use efficiency of a plant is determined. The leaves
lose water through their stomata as a consequence of the photosynthetic activity of the
mesophyll cells [3].
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Thornthwaite [4] introduces the concept of potential evapotranspiration or losses
due to evapotranspiration, which combines the existence of optimal plant development
and a permanently full field capacity, so that the crop is always hydrated. Crop water
requirements are provided by evapotranspiration (ETo) [5]. This identifies the volume
of water that would be effectively evaporated if the mobilizable water resources in the
ground were at each instant at least equal to those that can be transformed into vapor by the
interplay of hydrometeorological factors and vegetation. The amount of water that actually
returns to the atmosphere is real evapotranspiration (evaporation and transpiration) under
existing meteorological and soil moisture conditions.

To produce optimal crop yields, the water content in the soil or growing medium must
be maintained between the limits when percolation occurs, and a point at which the crop
is subject to minimum soil moisture stress. For water management in agricultural areas,
models adapted to the type of production systems are created, from extensive open-field
crops, semi-protected and protected systems, to current disruptive techniques such as plant
factories or indoor crops. Protected agriculture and technological evolution have led to the
measurement of environmental variables (◦T, HR, Rg, wind), and sensors that make precise
measurements together with tools from the Internet of things (IoT), generating records in
real-time.

Knowing the detailed information regarding transpiration in a plant is complex due
to the interactions between the physiological aspects of the plant and physical aspects in
the immediate border of the leaves, as well as atmospheric variations in the surrounding
environment. With technological contributions in the areas of data science, electronics,
mechatronics, etc., there are currently tools with which it has been possible to accurately
measure or estimate the irrigation requirement of crops. The disadvantage in current
production systems is that the models were created under conditions of extensive cul-
tivation, in open fields, in soil, and in specific climate conditions; thus, when extrap-
olating the method, given the inference of climatic data, the model normally over- or
underestimates evapotranspiration.

The determination of evapotranspiration can be carried out directly, through the use
of weighing lysimeters, eddy covariance (EC), the Bowen ratio or Bowen ratio energy
balance system (BREBS), scintillometers, atmometers, sap flow or tension sensors, and crop
water content [6]. Direct methods are accurate but provide punctual measurements and
are impractical to quantify water needs on a regional scale, since several measurement
points are necessary, which increases production costs [7]. Indirectly, there are micrometeo-
rological and agronomic models, among which the Penman–Monteith, Medrano, Montero,
Stanghellini, and Fyn models stand out, for different conditions [8–11]. Methodologies were
also developed to define the moment of irrigation and the irrigation volume, depending on
the soil, climatic, and crop variables [12–15]. However, they are still impractical for low
and medium technology producers due to the investment they represent.

This work documents the evolution for the estimation of water consumption by plants
in order to schedule irrigation through a model that determines what is referred to as
evapotranspiration (ETo). In an initial stage, a model was structured that included climate
factors that were difficult to measure; therefore, it had to wait for the creation of sensors
that could measure, for example, wind speed and its resistance, both in the air and in the
leaves of a crop (stomata). After this, simplified models were developed that contemplate
only one climatic variable (temperature) or two (relative humidity), but that, in practice,
over (or under)-estimate the water requirement for the crop as a function of geographic
location. The result of this effort led to a model that was consolidated to estimate this
parameter, known as the FAO Penman–Monteith model, considered the standard model
for estimating crop evapotranspiration and thereby estimating irrigation requirements and
their scheduling. However, its estimation is still complex; first, in the extrapolation of
results, and then, in the definition of the application surface, which was resolved by remote
sensing using satellite images, which use the refraction of radiation for remote sensing of
areas and their handling. In general, solar radiation has been the central climatic factor
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from which it has been possible to create models that allow estimating the requirement
and scheduling of irrigation. The FAO Penman–Monteith model was the starting point
for the simplification of models with the same purpose in greenhouses and in urban
areas, and radiation is the climatic factor that defines the production of crops indoors, by
artificially providing the lengths of wave that are required for the photosynthesis of the
plant, transpiration, photosynthesis, and the heat of the environment. Among the problems
that current agriculture faces in its different forms of production is the efficient use of
resources, the main one being the water–energy–CO2 nexus, for which it is considered that
this research contributes to the efficient use of water by presenting conceptual bases for
choosing the models that best estimate their use depending on the production system.

The objective of this work is to document the evolution of the radiation variable in
the methodologies to estimate crop evapotranspiration, under extensive conditions, in a con-
trolled environment, and what function it adopts in the growing sector of indoor agriculture.

2. Solar Radiation in Evapotranspiration Models

The Penman–Monteith model [2,16] is one of those most used for estimating potential
evapotranspiration, since it takes into account the climatology of the place, as showed in
Equation (1).

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(1)

where ET0 = potential evapotranspiration, mm dia−1; Rn = net radiation in the crop
canopy [MJ m−2 dia−1]; Ra = extraterrestrial radiation [mm dia−1]; G = heat flux in soil
[MJ m−2 dia−1]; T = air average temperature at 2 m height [◦C]; u2 = wind velocity at
2 m height, [m s−1]; es = saturation vapor pressure [kPa]; ea = real vapor pressure [kPa];
es − ea = vapor pressure deficit [kPa]; ∆ = slope of the vapor pressure curve [kPa ◦C−1],
and γ = psychrometric constant [kPa ◦C−1]. Katsoulas and Stanggellini [17] described the
physics of the model, highlighting the role of the energy balance from solar radiation and
the fluxes derived from it. The energy available for evapotranspiration or net radiation (Rn
[W m−2]) is equal to the energy coming from the sun minus the reflected radiation and the
thermal radiation emitted into the atmosphere [18]. Part of the net radiation can be felt
as sensible heat flux (H [W m−2]), another part is stored in the ground (G1 [W m−2]) and
other objects such as woody material (G2 [W m−2]), and the rest of the energy is absorbed
by the water, which can be converted into steam or latent heat flux (LE (W m−2)).

It is necessary to have energy available to cause the heat exchange per mass of water
to vaporize the water, and this is called the latent heat of vaporization (LE [W m−2]). The
LE is the energy required for the phase change to occur, also known as the latent heat of
evaporation. When liquid water turns to steam, it absorbs heat, causing a temperature drop
in its surroundings. LE removes the more energetic vapor molecules from the liquid, which
lowers the mean energy of the remaining molecules, thus lowering the temperature of the
liquid. When the vapor condenses back to a liquid or solid, the absorbed energy is released
as sensible heat. The energy balance is calculated with Equation (2):

Rn = H + LE + G1 + G2 (2)

Rn Net radiation (W m−2) can be measured directly with a radiation meter (net
radiometer) or calculated from latitude. Sensible heat flux (H) can be measured with a
thermometer or with eddy covariance; soil heat flux G1 can be measured with soil heat flux
plates, and G2 can be measured with a surface infrared thermometer. Therefore, LE can be
calculated from the four known measurements. Like the water balance, it can be difficult to
close the energy balance. In the energy balance equation, Rn can be considered an upper
limit for LE, but this energy does not take into account the phenomenon of advection and
the conditions of wind variations.
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3. Extensive Crop Evapotranspiration and Advances in Remote Sensing

An important challenge in the agricultural sector, in addition to food safety, is the
efficient use of water and energy, which implies the precise calculation of the water that the
plant requires and applying it in the same amount. The methodologies (models) were estab-
lished considering specific aspects of soil, climate, and crop, and in the open field (Penman,
Penman–Monteith, FAO Penman–Monteith). Rojas et al. [19] proposed the accumulated
thermal time method, with which they were able to calculate an average of 12 irrigations
per day. The crop water stress index (CWSI) has also been used, which expresses stress
in terms of energy balance and is included in the image analysis to determine the time
of irrigation as part of Agriculture 4.0. Smigaj et al. [20,21] indicated that it is possible to
detect heat stress by thermography using mini cameras, which is effective for various types
of climates and with the same principle of heat balance. Using heat stress indices, it is
possible to detect the physiological condition of the crop throughout the day, since heat
stress causes a decrease in the activity of the Rubisco enzyme, chlorophyll synthesis, and
electron transport [22,23]. This can occur even with sufficient humidity [24,25].

3.1. Energy Balance Using Remote Sensing

Models based on the land surface energy balance convert satellite-detected radiation
into land surface features to estimate evapotranspiration as a residual of the land surface
energy balance equation [7,26]. With the energy balance models, it is necessary to know
the type of crop and its phenological stage. Furthermore, these models can quantify the
reduction of LE due to lack of either water, salinity, or frost; they also detect increases
in LE due to evaporation from bare soil. Among the energy balance models of land
surface, the most widely used are the SEBAL algorithm (surface energy balance algorithm
for land) [27,28], its successor METRIC (mapping evapotranspiration at high resolution
with internalized calibration) [29,30], and the SSEB algorithm (simplified surface energy
balance) [31].

3.1.1. Surface Energy Balance Algorithm for Land (SEBAL)

The SEBAL algorithm was developed to quantify evapotranspiration over large areas
using energy fluxes at the Earth’s surface based on remote sensing; it was developed in the
Netherlands by [28]. SEBAL estimates the real (instantaneous) evapotranspiration (ETr)
for each individual pixel of the image in terms of instantaneous latent heat flux (LE), and
is calculated as a residual of the surface energy balance equation at the time the satellite
passes by Equation (3):

LE = Rn − G− H (3)

where: LE = latent heat flux (W m−2); Rn = net radiation flux (W m−2); G = heat flux in the
soil (W m−2); and H = sensible heat flux (W m−2).

The SEBAL model calculates each of the components of Equation (2) using charac-
teristics of the Earth’s surface, such as surface temperature (Ts), normalized difference
vegetation index (NDVI), leaf area index (LAI), the albedo of the surface (a), and emissivity
(e). These features of the Earth’s surface are derived from satellite radiation in the visible,
near-infrared, and thermal infrared portions of the electromagnetic (EM) spectrum [31].

The net radiation (Rn) at the surface represents the actual rate of radiant energy at the
surface, which is divided into G, H, and LE [31]. Rn is estimated from the radiation balance
at the Earth’s surface; that is, it is expressed as the difference of all incoming radiant fluxes
and all outgoing radiant fluxes, as shown in Equation (4):

Rn = (1− α) Rs↓ + RL↓ − RL↑ − (1− ε0 )RL↓ (4)

where: RS↓ = incoming shortwave radiation (W m−2); α = surface albedo (dimensionless);
RL↓ = incoming long wave radiation (W m−2); RL↑ = outgoing longwave radiation (W m−2);
and ε0 = thermal emissivity of the surface (dimensionless). All the components are cal-
culated using standard logarithms and/or Earth surface parameters. Soil heat flux (G)
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is defined as the rate of heat storage in soil and vegetation by conduction [31]. The soil
heat flux is calculated with a function derived by Bastiaanssen [28], as a fraction of the net
radiation that includes surface parameters such as surface albedo, surface temperature, and
the normalized difference vegetation index (NDVI); hence, in SEBAL, G is calculated as
Equation (5):

G
Rn

=
Ts
α
(0.0038 α + 0.0074 α2 )(1− 0.98NDVI ) (5)

where: Ts = surface temperature (K); α = surface albedo (dimensionless); and NDVI = nor-
malized difference vegetation index (dimensionless). The latent heat flux, H (Equation (6))
was introduced by Monteith in 1963 and 1964, and later in works published by [32–36]. The
sensible heat flux (H) is calculated using Equation (6), provided by Senkondo et al. [37,38],
and commonly known as the aerodynamic function (or heat transport equation):

H = rairCp
dT
rah

(6)

where ρair = specific mass of air (kg m−3); Cp = specific heat of air at constant pressure
(J kg−1 K−1); rah = aerodynamic resistance to heat transfer (s m−1) between two heights
close to the surface; and dT = temperature difference near the surface (K).

The SEBAL model uses the near-surface temperature gradient (dT) between the land
surface and the air, estimated as an indexed function of the radiometric surface temperature
(Ts), thus eliminating the need for absolutely accurate surface temperature (Ts) or air
temperature (Ta), and measurements to estimate sensible heat flux (H) [28], as shown in
Equation (7):

dT = aTs + b (7)

The definition of coefficients a and b requires a choice of two pixels, which represent the
extreme conditions of temperature and humidity, referred to as hot pixels and cold pixels.
The cold pixel is a well-irrigated crop surface with full coverage and surface temperature
(Ts) close to air temperature (Ta). The hot pixel is a dry bare agricultural field where λET is
assumed to be 0. The two pixels link the calculations for all other pixels between these two
points. An iterative form is carried out from neutral stability assumptions for the estimation
of sensible heat flux using atmospheric stability corrections based on Monin–Obukhov
length [39]. Once the instantaneous latent heat flux, λET, is calculated as the residual of
the energy balance, it is used to calculate the instantaneous evaporative fraction (Λ) using
Equation (8):

Λ =
λET

λET + H
=

λET
Rn− G

(8)

The instantaneous evaporation fraction (Λ) expresses the relationship between the real
evaporation demand and that of the crop when the atmospheric humidity conditions are in
equilibrium with the soil humidity conditions. On daily time scales, ET24 (mm day−1) can
be calculated with Equation (9):

ET24 =
86, 400× 103

λρw
ΛRn24 (9)

where: Rn24 = average net radiation in 24 h (W m−2); λ = latent heat of vaporization
(J kg−1); and ρw = especific mass of water (kg m−3). The SEBAL model has been applied in
different parts of the world to estimate evapotranspiration in riparian zones, at the basin
level, to estimate crop coefficients and to quantify irrigation on demand. However, the
main drawback of SEBAL is defining the anchor pixels, since when the conditions in the
image do not exist to select these pixels, the assumptions may not be valid and the SEBAL
approach may be invalid [7]. On the other hand, the main advantages of SEBAL are the
minimal use of ground-based ancillary data; automatic internal correction, which avoids
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strict correction of atmospheric effects on surface temperature; and internal calibration,
which is performed within each image analyzed [40].

3.1.2. Mapping Evapotranspiration at High Resolution and Internalized
Calibration (METRIC)

METRIC [41,42] is a model that uses satellite images containing both shortwave bands
and thermal bands to estimate evapotranspiration with high resolution (30 m) over large
areas, which allows to evaluate the water consumption of crops plot by plot [5]. The
estimation of evapotranspiration in METRIC is based on the principle of conservation of
energy, so ET is estimated as a residual of the energy balance using Equation (2); in the
estimation, the model ignores the minor energetic components and considers only the
vertical fluxes (the horizontal adverted flux is not explicitly included) [26]. The energy
absorbed in the canopy and the energy used in the photosynthesis of plants corresponds to
a very small percentage, so it is neglected in Equation (2) [42].

In METRIC, the net radiation (Rn) is calculated using Equation (4) from the satellite-
measured short band reflectance and surface temperature using the algorithms described
in [41,42]. Soil heat flux (G) is estimated using the empirical equation developed by
Tasumi et al. [43]. Equations (10) and (11).

G
Rn

= 0.05 + 0.18e−0.521 LAI

(LAI ≥ 0.5)
(10)

G
Rn

= 1.80(Ts−273.15)
Rn

+ 0.084
(LAI < 0.5)

(11)

where Rn = net radiation (W m2); LAI = leaf area index (dimensionless); and Ts = surface
temperature (K). Equations (10) and (11) suggests that when the leaf area index (LAI) is
less than 0.5, the G/Rn ratio increases with higher Ts rates and decreases with increasing
LAI [42]. In METRIC, the sensible heat flux (H) is calculated using the aerodynamic function
(Equation (6)), in the same way as it is done with the SEBAL model. To do this, both models
use the CIMEC procedure (calibration using inverse modeling of extreme conditions) to
calibrate the temperature difference function between the surface and the air, dT, based
on a regression relationship between dT and radiometric surface temperature, Ts, of two
“anchor” pixels. dT can be estimated as a linear function of surface temperature [27]. The
anchor pixels ideally represent the conditions of an agricultural field with full plant cover
and actively transpiring (“cold” pixel), and a bare agricultural field with no plant cover
(“hot” pixel) [5].

The main difference between SEBAL and METRIC is that the latter model uses the
reference evapotranspiration for the alfalfa crop (ETr) from the local meteorological station,
thus incorporating the climatic conditions, while SEBAL uses the potential evaporation of
a body of water in the area, so it is considered that the sensible heat flux and the soil heat
flux are equal to zero [44]. The precision in the calculation of LE in these models depends
on the precision with which the other components of the energy balance (Rn, G, and H) are
calculated [26].

3.1.3. Simplified Surface Energy Balance (SSEB)

The SSEB model is a simplified version of the surface energy balance approach to
estimate ET, which retains the main assumptions of SEBAL [27] and METRIC [30]. These
last two models assume that the temperature between the land surface and the air varies
linearly. This linear relationship is obtained by selecting two anchor pixels, known as cold
pixels and hot pixels, which represent well-watered agricultural fields with full coverage
where ET is at maximum and bare agricultural fields where ET is at minimum or zero,
respectively. The aforementioned linear relationship is used to estimate the sensible heat
flux (H). The SSEB model also assumes that the latent heat flux (ET) also varies linearly
between hot and cold pixels, since the temperature difference between the ground surface
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and the air is linearly related to soil humidity, so that ET is estimated from the near-surface
temperature difference, which in turn is estimated from the ground surface temperatures
of the hot and cold pixels in the study area, i.e., while the hot pixel experiences little ET
and the cold pixel experiences maximum ET, the remaining pixels will experience ET in
proportion to their earth surface temperature relative to the hot and cold pixels [31].

Under the assumption that hot pixels experience very little ET and cold pixels represent
the maximum ET, the average temperature of selected hot and cool pixels is used to calculate
proportional fractions of ET per pixel. The ET fraction (ETf) is calculated for each pixel by
applying the following Equation (12) [31]:

ETf =
TH− Tx
TH− TC

(12)

where TH = average of the selected hot pixels; TC = average of the selected cold pixels; and
Tx = surface temperature for each pixel of the area.

The ETf is multiplied by the reference evapotranspiration (ETo) to calculate the real
values of ET per pixel in a given area by Senay et al. [31], as shown in Equation (13):

ET = ETf × ETo (13)

4. Radiation in the Transpiration Models for Greenhouses

Although the bases for calculating crop evapotranspiration were established in the
middle of the 20th century [2,4,45], it was not until the beginning of this century that
research, such as [46–53], have allowed an advance in the estimation of greenhouse crop
transpiration, based on the Penman–Monteith equation in the modeling of the phenomenon.
Some of these approaches agree on the relationship between transpiration and the energy
balance in the greenhouse, which implies that this equation responds mainly to changes in
radiation and vapor pressure (T/HR) [54].

Montero et al. [55] approximated an equation to calculate geranium transpiration
inside the greenhouse, under conditions of high temperature (greater than 36 ◦C) and
low humidity (VPD of 3.4 kPa). For each crop, the stomatal resistance will be different
but, in general, a mean resistance in the canopy can be estimated based on the Leaf Area
Index [56]. The internal resistance is related to the transpiration rate [46], which in turn is
directly proportional to the difference in vapor pressure between the stomatal cavity and
the density of the greenhouse air, and this is inversely proportional to the flow resistance
from the substomatal cavity to the greenhouse air. Thus, it is possible to estimate the
transpiration rate as a function of stomatal resistance, for which the heat transfer coefficient,
h (W m−2 K−1), is calculated for each leaf and applicable to the transport of water vapor
(Stanghellini, 1987) [46]. The exchanges of sensible heat between the leaf and the canopy can
be related to each other by means of an individual coefficient expressed by Bailey et al. [56].
For this purpose, three air flow conditions are proposed: free convection [57], forced
convection [58], and mixed convection [46].

The regressions between the transpiration measured by means of a balance and
that estimated with the Penman–Monteith model modified by Montero et al. [55] show
statistical congruence. They also found that for VPD values between 1.4 and 3.4 kPa and
environmental temperature from 26–36 ◦C, there was no reduction in canopy strength. The
Penman–Monteith model modified by Baille et al. [59] was used by Medrano et al. [13] in
cucumber cultivation, contrasting high and low radiation, with ranges of 9 MJ m−2 d−1

(low radiation) and 20 MJ m−2 d−1 (high radiation), and considering climatic conditions
and crop development. The results showed congruence in the cucumber leaf transpiration
rate related to the ontogeny of said crop between both radiation conditions. With high
radiation, nocturnal transpiration is negligible; however, under low radiation conditions,
the nocturnal transpiration rate can be as high as 20% [13]. Nevertheless, and despite
obtaining adequate values in the regression, the authors mention model deficiencies when
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only solar radiation is taken into account [13], due to the great seasonality of the sun with
respect to time, so it must be calibrated for each place and for different stages.

The model presented by Hamer [60], estimates transpiration as a function of external
shortwave radiation and the vapor pressure deficit inside the greenhouse, which was
validated under NFT conditions. The model is a simplification of the model presented by
Stanghellini and incorporated into the models of Chalabi and Bailey [61], and Hamer [60],
used to predict the environmental conditions inside the greenhouse using outside hourly
data. The transpiration simulation is referred to as crop water (WC, W m−2), as a function
of external radiation (So, W m−2) and the saturation deficit (Da, kPa) of the air inside the
greenhouse. In general, this form is based on the expression used by Jolliet [47,49], where a
short wavelength transmission coefficient of 0.65 was considered. The model describes the
use of water by the crop when it has developed its maximum canopy. When evaluating
the model, it was observed that it overestimates the water consumption by the crop when
the saturation deficit and the radiation exceed the recommended ranges, and it is sensitive
to the saturation deficit when the radiation is decreased [60]. The physical principle is
considered to be robust; however, it needs to be calibrated for irrigation control by adding
a component that includes the LAI.

Among the models most frequently used to estimate the transpiration of greenhouse
crops, the following stand out: (1) Penman, (2) Penman–Monteith fed with external vari-
ables, (3) Stanghellini, and (4) Fynn with variables from inside the greenhouse [62]. One
result that stands out from this comparison is the difference in the real transpiration value
(lysimeter) when the irradiance is maximum and the vapor pressure deficit increases. The
Fynn model overestimates the radioactive portion, unlike the Stanghellini model. This
is particularly visible in the greenhouse due to radiation interception by the canopy. The
Stanghellini model was based on an empirical evaluation of the radiation flux; therefore,
the results reflect variations depending on the absorption of radiation in the canopy of
the crop in the greenhouse. Consequently, the modification of radiation results in a better
approximation of measurement of crop transpiration. When only the portion of radiation
that falls on the canopy is incorporated and it is assumed that the temperature of the leaf
and the environment are the same, it is not considered an adequate estimate. The leaf area
index and the modification of the radiation in the Stanghellini model motivated a better
prediction (R2 = 0.872), in contrast to the Fynn model (R2 = 0.848) [62].

When comparing crop transpiration against the models, it was observed that Fynn and
Stanghellini have a lower correlation when radiation is low, demonstrating the importance
of leaf area in determining vapor pressure deficit (VPD). Transpiration is practically driven
by vapor pressure deficit (VPD) when irradiance decreased at the end of the day. Based
on a linear regression, VPD correlates well with crop transpiration, while irradiance alone
has drawbacks under particular conditions [62]. This suggests that a model to determine
transpiration must combine radiation and VPD for a better prediction of water use by
crops. Penman and Monteith established the basis for the prediction of crop transpira-
tion; the Penman–Monteith model obtains the best results in a given area. The Penman
and Penman–Monteith models obtained a fit of R2 = 0.214 and R2 = 0.481, respectively.
Rivera et al. [63] use the Penman–Monteith, Stanguellini, and Boulard and Wang models
with the same results.

4.1. Environ Analysis in Semi-Closed Biosystems by Using CFD

Computational fluid dynamics (CFD) has been used to carry out simple studies of
the behavior of the internal environment of greenhouses (to predict internal flow and
temperature distribution)—creating a “virtual reality” of the greenhouse and its internal
climate [64]—and to make comparisons with existing experimental data. Outstanding
among the first studies inside the greenhouse which include a crop are [65–69], initially
considering it as a barrier to the passage of the air, modeled as a porous medium, with-
out considering the gaseous exchange of the crop, CO2, and water vapor, which can be
considered the first step to estimate transpiration inside the greenhouse.
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In these works, the use of CFD was a tool to analyze the sensitivity of the processes
that occur inside the greenhouse, and their interaction with the crop [51,69–71]. The Flores–
Velazquez [72] model that is currently used considers the gas and energy exchange of
the crop with the environment of greenhouses cooled by natural ventilation. Another
phenomenon related to the use of CFD is the use of programs to study the efficiency in bee
pollination and deposition on the crop of biotic agents, such as fungal spores, associated
with ventilation processes [71]. Recently [73,74], there has been a concentration of several
works which used numerical methods to simulate many of the processes of inner green-
houses, including radiation as a factor to irrigation application, evapotranspiration, climatic
control, and the perspective of future research about better environment management.

4.2. The Discrete Ordenate (DO) Radiation Sub-Model in CFD

To infer the dynamics of the flow, CFD uses the Navier–Stokes equations, expressed
as a set of nonlinear partial derivative equations that describe the movement of a fluid and
can be applied to describe flows in the Earth’s atmosphere, ocean currents, the flow around
vehicles or projectiles, and, in general, any phenomenon involving fluids (air/water). Phys-
ical foundations support the Navier–Stokes equations for the balance of mass, momentum,
and conservation of energy, this deduction is typically explained through a mass and energy
balance on a control volume; Equation (14) is a generalized form of expressing it:

∂(ρϕ)

∂t
+∇.(∂uϕ) = ∇.(Γ∇ϕ) + Sϕ (14)

where ρair is the air density (kg m−3); u is the flow velocity (m s−1); Γ∇ϕ is the diffusion; and
Sϕ is the source term. The four terms that make up this equation are: instability, convection,
diffusion, and source term (or sink), which will be where the transpiration model to be
simulated is included. The φ variable is a form of dependent variable, which may be speed,
chemical factor, temperature, or mass fraction (water), describing the characteristics of the
flow at a point location at a specific time, in a three-dimensional space, expressed as:

φ = φ (x, y, z, t).

Numerical modeling allows a more exact quantitative monitoring of climatic variables
(speed, pressure, temperature, etc.) inside the greenhouse, under different virtual environ-
mental ventilation conditions. This, without being a substitute, can reduce inconveniences
of time, space, and costs involved in the experimentation of physical phenomena. Currently,
transpiration models with the greenhouse climate as a boundary condition have been de-
veloped in horticultural crops such as tomato [45,46], cucumber [75], and lettuce [76]. For
the simulation of the crop, it is necessary to perform an energy balance between the plant
and the environment, creating a system of equations implemented in the simulation as
a “user-defined function”—UDF—so that the transpiration can be calculated [63]. The
calculation with greenhouse variables is especially important because the volume of indoor
air is a representation of the climate, and this interferes with the activities of the plant,
such as transpiration, photosynthesis, and respiration [77]. The CFD technique allows
a detailed analysis of the variables that describe the energy balance and, consequently,
of perspiration. Roy et al. [70] built and validated a CFD model on a leaf to identify
temperature and moisture fluxes for low light levels and, from there, extrapolate to the
crop canopy. Among the first works involving the calculation of greenhouse transpiration
through CFD are [77–79] which, in addition to estimating crop transpiration, analyzed
inherent phenomena of the energy balance, such as condensation as an alternative in the
management of the greenhouse climate [80].

A practical procedure is ensuring that the constants the model needs (LAI, density, etc.)
are defined, and that the variables of radiation, temperature, humidity, and stomatal
resistance (external and internal) are calculated in each of the cells. From these, transpiration
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is calculated using the Penman–Monteith model, applied in each of the cells into which the
computational model was divided.

To exemplify the results, a computational model was built based on a typical three-
building greenhouse with roof ventilation. Figure 1 shows the spatial distribution of some
variables that were calculated using CFD. Figure 1A shows the distribution of internal wind
speeds when a constant wind profile of 6 m s−1 is simulated outside. Similarly, Figure 1B
shows the temperature distribution when external radiation of 700 W m−2 is simulated.
With a LAI in the crop, Figure 1C,D simulates the relative humidity that occurs in the
greenhouse as a result of transpiration (water mass fraction) that exists in the greenhouse,
according to Penman–Monteith.
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Transpiration is a component of special importance in the energy balance of the crop–
greenhouse system; therefore, knowing the space–time variation of transpiration, based on
the knowledge of the microclimate that is generated inside the greenhouse due to known
external environmental conditions, such as wind speed, solar radiation, and energy source,
supposes the capacity for a more precise management of the greenhouse system. This
undoubtedly must translate into the reduction of maintenance costs.

As a result of the simulations, the analysis of the water consumption by the plants can
be related to the variables involved in said process. The temperature variation in the crop
canopy, when a constant wind speed of 3 and 6 m s−1 is simulated outdoors, is a function
of the leaf area index (LAI), in this case of a tomato crop. Similarly, an increase in crop
transpiration can be observed as the leaf area increases.

5. Radiation in Indoor Crops

Radiation is the basic factor that involves the start of a series of processes that together
give rise to the production of crops. In this case, radiation is highlighted as a triggering
factor for photosynthesis and as discussed in this work, evapotranspiration, or use of
water by the plant, which involves absorption, turgidity, thermal stability, and, finally,
the emission of water in the form of steam by stomata, or perspiration. However, the
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particularity of indoor crops is precisely the absence of solar radiation; consequently, it is
provided artificially to fulfill physiological processes. The evapotranspiration in indoor
crops is reduced to the transpiration of the crop, and follows the same mechanism, as
shown by several authors [17,29,50]. However, this determination is not to recover the
transpired water or its scheduling, but rather as a thermal stabilizer of the surrounding
atmosphere [81].

In the work developed by [81], the main objective was to analyze the air flows in a
commercial plant factory. However, the calculation of evapotranspiration was integrated
through the energy balance, due to the fact that transpiration affects the microclimate
mainly with the increase in the mass of water that is contributed to the atmosphere. In
this research, the energy balance is proposed as a function of radiation, and sensible and
latent heat flux, with the model described by [52]. This model involves variables such as
the latent heat of vaporization of water (2257 KJ kg−1) [82], from which they estimate the
sensible heat, which is the factor that causes the change of state of the flow of water from
liquid to steam, that is, the microclimate of the environment in the area adjacent to the
biosystem. The adaptation of the transpiration model was included by means of a UDF, in
which radiation, latent heat, and sensible heat were considered as data. Although it is not
mentioned where the radiation was measured (65 W m−2), it is entered as data. The use of
LED-type artificial lights implies knowing the amount of radiant energy that each diode (D)
is emitting, but more important is knowing what type of chlorophyll or cell in the plant will
be responsible for photosynthesis. Most lamps provide wavelengths in the red (R), green
(G), and blue (B) spectra, and the near (NIR), mid (AIR), and far (FIR) infrared; however,
not all plants absorb the wavelength in the green spectra, and the middle and far infrared
wavelengths generate energy in the form of heat. Increasing light intensity increases plant
growth; however, there is a limit, since excess light absorption causes photooxidative stress.
The appropriate relationship between electrical consumption and sufficient intensity to
obtain optimal performance must be found.

The production of indoor crops is generally conducted using hydroponic techniques
where the root is always in contact with an aqueous solution so that an irrigation schedule
is not required to replenish a sheet; in this case, the amount of water consumed is taken
out, due to a difference in levels. That is, the container where it is grown acts as a balance
lysimeter [82]. Most of the climatic variables are provided artificially and, in the specific case
of radiation, are provided as photons in the specific wavelengths that the plant requires,
including red–green–blue (RGB) and NIR (near-infrared). Light as an electromagnetic
wave exists as packets of discrete energy, referred to as photons. This can be measured
in different ways; each photon has a specific wavelength and energy level, as described
in Equation (15). Such variables that describe a light measurement are: foot-candles, lux,
watts, µmol m−2 s−1, and mol m−2 day−1 [83].

E =
hc
λj

(15)

where E is the energy of each photon in J, h is Plank’s constant (6.63× 10−34 J), c is the speed
of light (3.0× 108 ms−1), and λj is the length of wave in m. Thus, a 458 nm (blue) LED lamp
contains more energy than a 656 nm (red) one. For this and other reasons, LED indoor grow
light sources implement fewer such devices in their systems. By providing the wavelengths
where photosynthesis or photosynthetically active radiation (PAR) occurs and the thermal
infrared that provides heat, depending on the case, an atmosphere is achieved within the
ranges of temperature and humidity in the air and in the solution. Thompson et al. [84]
showed that, using a root temperature of 24 ◦C in hydroponic cultivation, growth of the
lettuce crop was maximized, and variations and damage were minimized, even with
ambient air temperatures above those recommended.

However, similarly to greenhouse crops, if that were the case, crop transpiration could
be simulated using computational fluid dynamics [81,85] with the radiation submodule
that the software presents, with the challenge of transforming radiation units [W m−2] to



Agronomy 2022, 12, 2593 12 of 15

those emitted by artificial lights [lux, Mmol m−2 s−2 or others]. The water emitted into the
atmosphere in indoor crops is approached from the energy point of view, because the water
vapor that is contributed to the atmosphere also contains energy, which will influence the
absolute humidity and the vapor pressure deficit. (VPD).

Regarding light radiation topics in indoor crop systems, the main effect of radiation
concerns light parameters that influence crop growth, such as wavelength, intensity, and
photoperiod [86]. Zhang et al. [87] carried out research in which they tested different
wavelengths in lettuce plants, concluding that the height of the lettuce was greater when it
was grown under red light, followed by the combinations green and red/blue (9/1 and
4/1); no difference was observed when it was grown under LED B, purple, and yellow
compared to LED W. Above-ground fresh weight of lettuce grown under R/B combinations
increased significantly compared to G and Y, while other LED light treatments did not
result in any difference. In addition, vitamin C, soluble sugar, soluble protein, and GDH
were significantly increased under R/B (9/1) and R/B (4/1) combinations compared to
lettuce grown under W light. These parameters were especially high when grown under
R/B (4/1), indicating that this combination can contribute efficiently to increase quality
characteristics in lettuce.

The advantages of an indoor production system are mainly the efficient use of wa-
ter resources, precise energy management, and the maximum reduction of pollutants
from the soil and bodies of water through drainage. With these benefits the highest yield
can be achieved, one that is safe to consume and free of toxic substances. This technol-
ogy is constantly growing and is currently estimated to be worth several million dollars.
The peculiarity of this biosystem is that by practically using the water–culture medium–
radiation–microclimate inputs in an artificial way, it can be cultivated in virtually all
latitudes. The economic and, primarily, energy costs required to provide the inputs will
define this biosystem’s viability.

6. Conclusions

The demand for an efficient use of resources has generated the development of analysis
tools regarding the precise application of inputs in the production processes, regardless of
the environment in which they are applied, as shown by the development of increasingly
accurate models to estimate crop transpiration.

The approach for estimating evapotranspiration from the energy balance, which was
originally deconstructed to determine the variables that allowed the generation of models
such as the Penman–Monteith equation, has been the basis for the development of the
current models for estimating transpiration in protected crops.

The phenomenon of radiation from which the necessary processes are produced
to cause the change of physical state of the water, for example from liquid to vapor,
depends on the energy load, the stomatal conductance, and the foliar development of the
crop. Currently, the calculation of radiation values and their discretization in the flows
are the input required to make efficient use of water for irrigation, of energy in semi-
closed and closed systems, and for the production of crops in closed systems, not only in
photosynthesis but in climate control.
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