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Abstract: This study proposed an indicator to calculate the regional thermal potential from the local
temperature. A probabilistic function curve generalized as a complementary error function (erfc)
was used to assume the temperature curve follows the normal distribution and considered only the
portion of the curve where the appropriate temperatures for the crop are located (wi). The Greenhouse
Thermal Effectiveness (GTE) index was calculated using (a) the data of measured temperature
(outside) and simulated values from inside of the greenhouse, and (b) the normal temperature
data from five meteorological stations. Estimations of GTE using average daily temperature (◦C)
throughout the year indicate that, with an annual mean temperature of around 14 ◦C, the GTE is
2798 degree units and inside the greenhouse its value goes up to 5800. May is when the highest
temperatures occur and when the highest amount of GTE units can be accumulated. The range
of temperatures in the analyzed stations were from 13 to 21 ◦C and the GTE calculated per year
was from 2000 to 7000. The perspective will be to calculate if this energy will be enough to grow
tomatoes (or other crops) without extra energy for heating or cooling. If more energy may be needed,
estimating how much would be the next step.

Keywords: computational fluid dynamics; greenhouse heat requirements; heating degree day;
greenhouse energy use

1. Introduction

In the coming years, several changes affecting the agriculture sector are expected.
Besides the increase in temperature due to climate change, the cost of energy is also ex-
pected to increase. Crop production in greenhouses is a strong sink of natural resources.
Any change in the climate system implies a modification of the environment that would
change the precipitation patterns and the distribution of water. Changes in water distri-
bution and temperature increments will affect the distribution of ecosystems and farming
zones [1,2]. Energy has become a currency of change; it has been considered that energy
in residential and commercial buildings consumes approximately 40% of the total and
represents 36% of the community CO2 emissions [2]. In the agricultural sector, resources are
increasingly limited. This has brought unified techniques to achieve the highest yields to
feed the growing population with the minimum of resources, mainly water and energy [3].
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The evolution of technology applied to crop production aims to satisfy the increasing
demand for food by the population, which implies an increase in agricultural activities.
The use of energy balance models together with CFD (Computational Fluid Dynamics) has
allowed estimating the heating needed to maintain an ideal temperature during the night
and grow tomatoes throughout the year. It has also allowed estimating the production costs
and the efficiency of the heaters. For instance, Aguilar et al. [4] reported that to maintain
a temperature of 12 ◦C inside the greenhouse in Texcoco, Mexico, during the days with
temperatures below the desirable minimum (206 days), 32,228. 76 kWh with a cost of
$20,626.40 Mexican pesos (MXN) were needed. Accordingly, Flores-Velázquez et al. [5]
estimated the cost of operating a forced cooling system when the temperature exceeds
30 ◦C inside the greenhouse. Results showed lower costs of forced ventilation for the State
of Mexico than for San Luis Potosí, except for the Bejucos station, where costs can go higher
than $600.00 MXN.

Some efforts have been made to estimate the heat consumption in semi-closed build-
ings. Life Cycle Analysis, a recent tool used in this kind of assessment by Decano-Valentin
et al. [6], found that the energy used for climate control contributes to 86–96% of the
gasses emitted, depending on the type, quantity, and energy source [7,8]. In addition,
they used Building Energy Simulation (BES) tools to predict air temperature when using
cooling or heating. If the source of energy was electrical, the maximum consumption
was between 62.6 kW for cooling and 69.3 KW for heating. Under the climate conditions
of South Korea, the average consumption of energy was 811,201 MJ (3,075,520 kW) per
year. In experimental greenhouses, Lee et al. [9] reported 68.21% less energy cost using an
effluent thermic-heat pump instead of kerosene. At nighttime, crops absorbed 29.54 W m−2

as latent heat and emitted 9.49 W m−2 as thermal energy. In the same study, they quantified
cooling loads of 257,482 MJ and heating loads of 813,410 MJ, with a total greenhouse load of
1,070,892 MJ, representing 2934 MJ day−1. In 2022, Reza [10] assessed the energy consump-
tion in two greenhouses covered with two different materials for cucumber production.
They built an indicator to describe the energetic intensiveness and found values of 80.26
and 77.07 MJ MXN−1 in each type of greenhouse.

Disruptive techniques have succeeded in increasing production; however, this fact has
affected the environment negatively at different scales. Agricultural production efficiency
stems from the quest to meet demands with the minimum of natural resources (i.e., soil,
water, and energy) and from those agricultural areas where costs can be reduced. Knowing
about the renewable energies, which are helpful in a greenhouse, arises as one more factor
of resource management for the efficient production of crops [11].

Currently, the climatic needs of tomatoes are known [12] and these may be provided to
the greenhouse either passively or through auxiliary systems. To our knowledge, indicators
regarding the thermal effectiveness of greenhouses in Mexico have not been reported.
In several Mexican regions, the operation of the greenhouse continues being empirical.
However, the evaluation of the main greenhouse climatic parameters (i.e., temperature,
radiation, and CO2) is needed to know if such parameters are adequate [13]. Temperature
is one of the climatic variables that can be effectively measured and modeled; thus, it is
possible to generate a-priori information to infer about the dynamics of the climate inside
and outside a greenhouse, which is considered useful for planning. To know which of the
climate variables (i.e., radiation, temperature, and relative humidity) is really contributing
to the development of the crop on a daily, monthly, and cycle basis, is key for appropriate
decision making. The use of a mathematical function to build and calculate the Greenhouse
Thermal Effectiveness (GTE) and the Greenhouse Thermal Potential (GTP) allows us to
infer about the local or regional thermal potential by visualizing the number of days
the temperature will be within a suitable range for cultivation to prevent reductions of
yield [12]. It is important to address the efficient use of the climatic resources to eliminate
or reduce the use of auxiliary systems for climate control, such as heating and cooling.

Several tools and some indicators have been studied to infer about the climate dynam-
ics [14]. Life cycle analysis is one way to analyze the energy consumption in several process,
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mainly during the construction and during the use of energetic sources. In accordance
with the above, there are several studies that determined heating activities are the ones
that produce the highest energy consumption, with costs that even exceed 50% of total
production costs [15]. In addition, the consumption of gas and electric energy for heating
is one of the energy sources generating the greatest negative environmental impact in the
production systems of the main horticultural species under greenhouse conditions [16].
For example, Samaranayake et al. [17] reported that the energy consumption in a high-tech
greenhouse with a Capsicum crop located in Australia for an 8-month growing cycle was
14.6 kWh and 2.2 kWh for 1 ◦C heating and cooling, respectively.

The current agricultural activity has also generated increments in production and,
consequently, environmental negative impacts. To increase production, it is necessary to
do research and satisfy increased demands with the optimization of agricultural land and
water [18]. In a study of a crop’s productive potential, two fundamental processes are
necessary: the definition of the crop’s agroecological requirements and their comparison
with the region’s environmental conditions where it is intended to be produced [19].
Experimental and numerical models have been implemented to measure climatic variables
and crop production [2]. They proposed indexes such as cumulative solar radiation (CSR)
or Cumulative Heat Unit (CHU) and found a robust relationship between the climate and
the agronomic characteristics.

There exists a relationship between climatologic variables, such as temperature [20–23],
CO2, humidity, and vapor pressure deficit with crop production [24]. Temperature is the
primary variable related to the development of plants. Conceptually, the generation of
indicators or indexes is based mainly on thermal requirements by crops to complete each
one of their phenological stages or the whole crop cycle [25,26]. Based on the physiological
conditions of crops, Marcelis et al. [26] studied the need to apply biological models in order
to save energy to get a low-cost crop production. Almanza-Merchan et al. [27] used the
absolute growth rate (AGR), which indicates the change in size per unit of time, and the
relative growth rate (RGR) to define the variation of rate of size per initial size unit (dry
mass accumulation), which was valuable for determining the growth per time and finding
similar results to Ardila et al. [28].

Several indicators have been established to characterize the development of crops and
the operation of greenhouses related to climatic variables [29]. In some cases, the objective
is to define the beginning or end of stages, which are necessary to complete the cycle.
For example, the degree days of growth (◦D) indicate the development of living organisms,
which depend linearly on temperature (◦C). Similar indicators have been created to quantify
the heating and cooling requirements in specific regions [3,30], which is needed to calculate
the energy consumption.

Regarding water use efficiency, this parameter has been used for programming irriga-
tion to potatoes [31]. The use of this concept has recently jumped to crops in greenhouse
systems, specifically tomatoes [28,32] and peppers [33], to calculate Heating Degree Days
(HDD) as an indicator of heat requirements by the crops. These studies indicate that
tomatoes require 2400 HDD to complete their development cycle and estimates the heating
needs for greenhouse operation as a function of temperature [34,35].

With the advances in meteorology and cultivation techniques, traditional indexes to
measure crop requirements by phenological stages also need to get improved. For instance,
the regional thermal potential indicates how much heat is produced (received) in a specific
crop productive region and what kind of crops have the most significant probability of
getting a complete life cycle in a short time [36]. This is a space–time indicator of heat
quantity distribution, not only under open field but also under greenhouse conditions.
Therefore, climate data becomes key in the decision-making related to agriculture and the
study of climatic variables, and their distribution are essential for farming zones [19,37].
Similarly, one way to study the effect of climatic variables on crops under controlled
environments is by generating models with numerical solutions.
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For instance, success in tomato production depends on the accomplishment of the
temperature requirement [13]. A study by Jones et al. [37] found that the optimal average
temperature is 23 ◦C, similar to the findings of Atherton and Rudich [38]. During one
single day. Other research [39–42] affirmed that for the development of a tomato crop,
the effect of temperature integrated daily is better than daily temperature oscillation. In that
study, temperatures ranged between 22 to 26 ◦C during the day and 13 to 16 ◦C during the
night [43].

Some countries have been focused on reducing the fossil energy use in agriculture,
especially under protected agriculture. Some tropical regions are better than cool regions
for crop productions under greenhouses. To know the potential of a specific region for
production, characterization should be carried out. The determination of productive
potential for a specific region has been of particular interest for outdoor and seasonal
crops [19,44]. In the studies of productive potential, climatic, orographic, and soil factors
have been mainly considered. In addition, the potential production of several crops has
been analyzed in studies with regional impact [19,36,45]. Therefore, thermal integration
can be applied to greenhouses as an efficiency index, even though the temperature in the
greenhouse depends on the radiation quantity in each specific region [19,46]. These studies
can be adapted to protected agriculture, since a partial or total control of environmental
variables affects crop development. If the system is fully enclosed and automated (high-tech
greenhouses), external environmental conditions have less impact, while the opposite is
true for medium and low-tech greenhouses. Therefore, this study is focused mainly on
medium and low-tech installations, where it is possible to take advantage of the regional
climatic factors to increase production per area [19,47].

The objective of this work was to propose an indicator to calculate the regional thermal
potential from the local temperature. A probabilistic function curve (erfc) was used to
assume the temperature curve follows a normal probability distribution function and
considered only the portion of the curve where the temperature is appropriate for the crops.
The temperature was set as the main climatic factor to obtain an optimal microclimate
for the crops. An indicator was used to calculate the thermal potential in central Mexico.
The climate index shows the region’s suitability to achieve high yields croping under
low-tech greenhouses.

2. Materials and Methods
2.1. Theory of the Thermal Index in Crops

The average temperature in a day through the years presents a normal probability
distribution [20] with a mean (Tmed) and amplitude as standard deviation. The mean
positions the curve on the x-axis while the temperature t, and the deviation determines its
position as the curve opens on the x-axis [21]. The frequency amplitude depends on the
geographic location defined by the mean (T). The mean can determine and move the curve
to the left or right based on the geographic location (To) [22].

The concept of heating days refers to the amount of energy stored per day and is
related to the number of sunny and shady hours. The probability curve for temperature
resembles the probability curve for HDD. Changes in the location and scale length (t) in the
temperature frequency distribution also cause changes in the frequency curve of the HDD
curve [46].

Many authors have computed the HDD to analyze the effect on the growth of toma-
toes [45], to estimate heating and cooling days [30], heating requirements for crops under
open field [46], energy requirements for a greenhouse [48], and several other analyses
for greenhouses [30,33,49]. However, these calculations are based on statistical values.
The complementary error function may be used assuming the same behavior of the statisti-
cal probability curve of temperature [31] and HDD. The erfc has been used as a predictive
model and as a probabilistic function [50] calculating the area under the curve as cumula-
tive heat by the crops and management of other activities such as irrigation programming
or heating/cooling design of mechanical systems [45,51–54].
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The proposal of a thermal index for greenhouse characterization is based on the fact
that all crops need some temperature level to complete their physiological cycle [25,47,48].
Temperature oscillation depends on local conditions, specific latitude, and altitude (T med
and standard deviations). The erfc curve is always the same for one kind of crop; for instance,
for tomato, the optimal temperature (Te) and the amplitude (A) are the same regardless of
the geographic localization. If the optimum temperature remains constant during the day,
the effectiveness of the greenhouse will be 100%. If the temperature is lower or higher than
optimum, just a portion of this temperature is approaching; as a consequence, the efficiency
of the greenhouse will be lower than 100% [19].

Based on previous analyses of the index [30,51,52], Equation (1) was used to calculate
the proportion of temperature used by the crop. The estimation of temperature effective-
ness is done by using an equation that defines a proportion function (wi) as shown in
Equation (1) [19]:

wi = er f c

{
(Ti − Te)

2

A2

}
Ti (1)

where A is the amplitude of the variable or standard deviations of the probabilistic curve
(σ), Ti is the observed temperature value (◦C), and Te is the optimal value of the variable
(T med in the probabilistic curve). The values of Te and A are defined according to the
optimum values reported by the literature for the crops to be analyzed.

The climatic variable recorded in the greenhouse may approach the optimal average,
considering the maximum effectiveness when it tends to the unit. For example, the tomato
(Solanum lycopersicum L.) has an optimal average daily mean temperature (Te) of 23 ◦C and
an amplitude A = 12 ◦C [53–56].

2.2. Error Function Complementary (erfc) Conceptual Applications

The average temperature in a day through the years presents a normal probability
distribution [18] with a mean (Tmed) and amplitude as standard deviation. The mean
places the curve on the x-axis while the temperature t and the deviation determines its
position as the curve opens on the x-axis [22,23]. The frequency amplitude depends on the
geographic location defined by the mean (T). The mean can determine and move the curve
to the left or right based on geographic location (To) [19].

The complementary error function plays a role in asymptotic problems of integrals
when a saddle point and a pole are close together or even coalesce. It also occurs typically
when a saddle point is near a point on the integration interval [19,49].

The erfc can be written as Equation (2)

er f c(z) =
2√
π

∫ ∞

z
e−t2

dt (2)

It is a defined integral tending to infinite, which can be rewritten as Equation (3) [57]

w(z) =
1

πi

∫ ∞

−∞

e−t2

t− z
dt (3)

Several ways to generalize this equation are possible as a function of the use. The erfc (x)
function represents the complementary error function. The function is a rational approxi-
mation of the erfc (x) function, for z ≥ 0, represented by [55] is given by Equation (4):

er f c(x) =

⌊
1 +

4

∑
k=1

ak zk

⌋
−4 (4)

where z is a wi and k are the values of 1–4. A rational approximation was fixed with Taylor
series, and the results are k1 = 0.278393, k2 = 0.230389, k3 = 0.000972, and k4 = 0.078108 [56,57].
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This function was used in this work to adapt the curve of temperature with a curve
representing an approximation of effectiveness of greenhouses based in a part of these
temperatures, which represent the inner range used for the crop. The quantity of the
Greenhouse Thermal Effectiveness (GTE) for a daily temperature (Ti) can be estimated with
the Equation (5):

GTE = ωiTi (5)

If the daily ambient temperature Tj is close to the optimal value Te, the wj value is
close to one, and consecutively, the Greenhouse Thermal Effectiveness (GTE (◦)) is close to
Te [19].

Accumulated GTE quantitatively defined the effectiveness of a greenhouse in main-
taining potential conditions for crop development. The cumulative values or Greenhouse
Thermal Potential (GTP) of GTE (◦) were estimated according to Equation (6): [19]

∑ GTE =
N

∑
i=1

ωiTi =
N

∑
i=1

GTP (6)

where N is the period under study. The period of study can be established per day, with a
sensor inside or outside the greenhouse, and data were collected along the day (real
approximation) or with average daily temperature (average approximation).

2.3. Temperature Database Used to Estimate GTE

As shown in Equations (1) and (6), the temperature is the primary variable to estimate
the thermal indicator. Therefore, several options can be selected to define the type of data to
work, considering frequency, period, etc. If there is a measured temperature, it is possible
to get the best approximation of the indicator in real-time. Other options are available to
using daily average temperature or monthly average temperature.

In this case, the thermal proposal indicator was estimated using daily and monthly
average temperatures from two temperature sources (i) Normal database of climatic sta-
tions close to the zone analyzed and (ii) measured temperature outside the greenhouse.
Then, both options can be used as a boundary condition based on outside temperature and
wind velocity to obtain the temperature (simulated) inside the greenhouse; after simulation,
the temperature was used to calculate the greenhouse GTE (Figure 1).
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Figure 1. Logical process to estimate the thermal index.

The results of the simulations were obtained considering as boundary condition
the monthly mean temperature, used to predict the internal climatic conditions of the
greenhouse at the level of the growing area. The greenhouse characteristics, sensors of
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temperature, and experimental setup is described in [Appendix A]. In this work, the same
boundary conditions were used to calculate GTE outside of the greenhouse. After that,
a temperature simulated at 0.9 m of height from the ground level was used to calculate an
average in each greenhouse span. In this study, greenhouse temperatures were simulated
for each month and then GTE and GTP were calculated to know the climatic potential to
produce tomato along the year.

2.4. Estimation of GTE and Extrapolation to the State of Mexico (Central Mexico)

In addition to knowing the climatic potential by using the proposed indicator, this
study also analyzed the productive potential for a region. For that, GTE was estimated
with data from five weather stations located in Central Mexico (Figure 2), considering the
average daily temperature Ti (364 days) during more than 24 years [19].
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the greenhouse thermal effectiveness.

Thermal efficiency was evaluated considering ranges from 20 to 100%, during spring-
summer and autumn–winter according to SAGARPA-SIAP [58]. The Mexican agricultural
production is divided into two periods: spring–summer and autumn–winter. The former
runs from March to September while the latter runs from October to February.

3. Results
3.1. Greenhouse Thermal Effectiveness Estimation and Comparative Results

The first approximation for the outside temperature was carried out in a greenhouse
in Central Mexico (Chapingo, Mexico) to standardize the temperature data, regardless of
the source (measured, database, or simulated). Then, GTE was estimated using the average
monthly temperature. Two sources of temperature data were used: a typical database with
data from the Chapingo climatic station, and measured data to improve the accuracy of
GTE (Figure 3).
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3.2. Greenhouse Thermal Effectiveness by Using the Database of Temperature

The average daily temperature (◦C) from five meteorological stations was used to
estimate the GTE. Figure 4 shows the values of the Greenhouse Thermal Efficiency (GTE)
and the accumulated value in one year (GTP) for central Mexico. Under these average
temperature conditions throughout the year, ranges of degree units from 2000 to more than
7000 were obtained, May being the month with the highest temperature, and therefore,
more energy can be accumulated in the greenhouse (Figure 5).
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The thermal efficiency of the greenhouse to generate an optimum temperature range
for the tomato crop is shown in Figure 5. Outside the greenhouse, the maximum amount of
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GTP per year (i.e., Chalco) was around 2700. Inside the greenhouse, the GTP increased to
5800. Therefore, the GTE is an index that could be used to plan the crop season (Figure 5).
In addition, this index can help determine crop planting dates to plan the harvest dates
with the best window to the market.

Agronomy 2022, 12, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 5. GTE estimated in the region of Chalco and potential using average temperature (°C) as a 
boundary condition to simulate inside-the-greenhouse temperature with CFD. 

A practical way to estimate GTE is using the average temperature, which is a variable 
measured in all of the meteorological stations. Table 1 shows the variation of average tem-
peratures (minimum, maximum, and mean). The mean temperature was used to estimate 
the potential of these regions to produce the tomatoes per cycle (Spring–Summer (S–S) 
and Autumn–Winter (A–W)). 

The comparison of the five stations indicates that Tonatico and Tejupilco had the 
highest thermal efficiencies throughout the year because they were in areas with average 
temperatures around 20.0 °C (the warmest in central Mexico). The Tecámac station was 
located in a zone with moderate average temperatures, so the thermal efficiency dropped 
to 40%, maintaining the highest efficiency in spring–summer. The station with the lowest 
efficiencies was Metepec since it is located in the mountainous area near the Toluca vol-
cano, where average daily temperatures are low (13.2 °C). 

Table 1. GTP per cycle (Spring–Summer (S–S) and Autumn–Winter (A–W)) estimated in five pro-
ductive regions of the state of Mexico using annual average temperature. 

Climatic 
Station 

Temperature (°C) Calculated GTP by Period 

Annual Mean 
Monthly 

Maximum 
Monthly 

Minimum 
Spring– 
Summer 

Autumn– 
Winter 

Chalco 14.1 25.2 1.4 2361 437 
Tecamac 15.6 26.9 1.8 2952 972 
Tonatico 20.0 32.4 8.3 4463 2468 
Metepec 13.2 25 −1.7 1783 352 
Tejupilco 20.9 32.6 10.6 4579 2798 

The potential can be also estimated as a function of the range of days within the min-
imum and maximum temperatures. The GTE can be divided into five ranges of effective-
ness to compute how many days the environment generates conditions to grow the crop 
in the greenhouse. Table 2 shows the result of these estimations in the two typical crop 
cycles. Spring–Summer (S–S) with 210 days and Autumn–Winter (A–W) with 140 days 
per cycle. The difference in days of the cycle is due to the temperature that slowly rises, 
the cost of operation in the greenhouse, and the cost of the product. 

Figure 5. Greenhouse Thermal Effectiveness (GTE) and Greenhouse Thermal Potential (GTP) esti-
mated in the region of Chalco by using average temperature (◦C) as a boundary condition to simulate
inside-the-greenhouse temperature with CFD.

A practical way to estimate GTE is using the average temperature, which is a variable
measured in all of the meteorological stations. Table 1 shows the variation of average
temperatures (minimum, maximum, and mean). The mean temperature was used to
estimate the potential of these regions to produce the tomatoes per cycle (Spring–Summer
and Autumn–Winter).

The comparison of the five stations indicates that Tonatico and Tejupilco had the
highest thermal efficiencies throughout the year because they were in areas with average
temperatures around 20.0 ◦C (the warmest in central Mexico). The Tecámac station was
located in a zone with moderate average temperatures, so the thermal efficiency dropped
to 40%, maintaining the highest efficiency in spring–summer. The station with the lowest
efficiencies was Metepec since it is located in the mountainous area near the Toluca volcano,
where average daily temperatures are low (13.2 ◦C).

Table 1. GTP per cycle (Spring–Summer and Autumn–Winter) estimated in five productive regions
of the state of Mexico using annual average temperature.

Climatic
Station

Temperature (◦C) Calculated GTP by Period

Annual
Mean

Monthly
Maximum

Monthly
Minimum

Spring–
Summer

Autumn–
Winter

Chalco 14.1 25.2 1.4 2361 437
Tecamac 15.6 26.9 1.8 2952 972
Tonatico 20.0 32.4 8.3 4463 2468
Metepec 13.2 25 −1.7 1783 352
Tejupilco 20.9 32.6 10.6 4579 2798

The potential can be also estimated as a function of the range of days within the
minimum and maximum temperatures. The GTE can be divided into five ranges of
effectiveness to compute how many days the environment generates conditions to grow
the crop in the greenhouse. Table 2 shows the result of these estimations in the two typical
crop cycles. Spring–Summer with 210 days and Autumn–Winter with 140 days per cycle.
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The difference in days of the cycle is due to the temperature that slowly rises, the cost of
operation in the greenhouse, and the cost of the produce.

Table 2. Days inside the range of effectiveness in five regions of the state of Mexico in the cycles
Spring–Summer (S–S) and Autumn–Winter (A–W).

GTE (%)
Chalco Tecamac Tonatico Metepec Tejupilco

S–S A–W S–S A–W S–S A–W S–S A–W S–S A–W

0–20 - 78 - 1 - - - 102 - -
20–40 - 49 - 75 - - 24 39 - -
40–60 29 37 14 35 - - 111 10 - -
60–80 147 - 32 28 - 7 79 - - 4
80–100 38 - 168 10 214 144 - - 214 147

The degree units accumulated depends on the geographic location. If it is analyzed
for several agroclimatic stations and spread on a spatial map, it is possible to illustrate the
distribution of GTE [19]. The Kriging Interpolation method was used to determine the GTE
spatial distribution. Figure 6 shows the cumulative GTP for the state of Mexico (Central
Mexico) using data from the meteorological stations and estimating minimum, maximum,
and average temperatures in the year.
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4. Discussion

Unlike some studies [30,47] that were only used to estimate the thermal efficiency
of greenhouses with simulated and measured data, this work shows greater accuracy by
standardizing the temperature data (measured, database, or simulated), making it more
reliable at the time of its use (Figure 3). Figure 4 shows that the highest thermal efficiency in
central Mexico is above 60% (i.e., Chalco) and occurs during spring–summer. Meanwhile,
during autumn–winter, days have an average thermal efficiency between 20 and 40% in
the same station. Therefore, the spring–summer is the more suitable period while it is not
advisable to cultivate tomatoes in the autumn–winter period.

For the five stations analyzed (Table 1), the thermal efficiencies of spring–summer
was above 40%. During mid-March, the thermal efficiency increased in the cold stations
above 60% until mid-August. In the case of the hot stations, thermal efficiency decreased
in May due to the high temperatures recorded in that month. Higher temperatures also
decreased thermal efficiency since they were far from the optimal temperature for tomatoes.
Even though the weight function decreased, it maintained higher values than the optimal
set point.

Temperature is a crucial climatic factor to know about for the potential of agriculture
under open field conditions, not only to detect the beginning of the growing season but also
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in the operation and climate control of greenhouse systems. Figure 4 shows that in Tonatico
and Tejupilco, there was a better distribution of the thermal efficiency throughout the year
for the tomato crop. For Chalco, Tecamac, and Metepec, the highest thermal efficiency
recorded was during spring–summer; however, it is not possible to complete a tomato cycle
during the winter, so it is recommended to grow a crop that is adapted to the conditions of
the area.

The spatial distribution of Figure 6 represents a tool for decision-making to define
the best climatic zones to build greenhouses [33]. Based on the zone, it can be estimated if
auxiliary equipment has to be used seasonally or continuously, which will directly affect
production costs [43]. In the north–central region of the state of Mexico, the prevailing GTE
was low (<2000), which indicates the climate is not appropriate to complete the cycle of
tomatoes. However, other crops demand temperatures in the ranges found for that region,
and with shorter phenological cycles, may be produced in these regions [19].

5. Conclusions

The indexes of GTE and GTP were used to characterize potential areas to produce
tomato under greenhouse conditions based on simulated and measured temperatures.
The adequation of the complementary error function (erfc) as a representation of tem-
perature distribution was applied as an index considering the optimal requirement of
temperature for tomatoes. This research allowed analysis of the GTE when considering
five meteorological stations located in central Mexico. The proposed index can estimate the
thermal efficiency of a low-tech greenhouse in any region. In addition, this index could
help to define regions with suitable climatic conditions for any crop, either produced under
open fields or under greenhouse conditions.

The indicator can also be implemented for climate control since it is an easy numerical
implementation to estimate the effectiveness of a climatic variable to provide optimum
conditions for a crop. The lower the GTE, the greater the need for heating or cooling.
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Appendix A. CFD Model

The computational model was built in ANSYS® Fluent®. The geometry was elaborated
in ANSYS® Workbench using Design Modeler. A sensitivity analysis of the greenhouse
mesh was performed to obtain a reliable model. For that, measurements of temperature at
100 points located elevated 2 m from the ground level were made longitudinally inside the
greenhouse. The analysis was performed considering four scenarios; the number of mesh
elements varied among the scenarios. There were no differences between the simulated
temperature resulting from a mesh of 400,000 elements and meshes with a higher number
of elements. The model with a mesh of 416,113 structured elements with an orthogonal
quality of 0.96776 and a skewness of 2.0639 × 10−2 was used. Table A1 shows the setting
and the boundary conditions applied to such a model and Figure A1 depicts the general
dimensions of the experimental greenhouse.
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Table A1. Setting and boundary conditions of the CFD model.

Boundary Conditions Method

Solver Pressure-based
State Steady

Viscosity function k-ε Standard
Energy equation Activated

Entry Velocity inlet
Output Pressure outlet

Air temperature Constant (22.55 ◦C)
Wind speed Constant (2.41 m s−1)

Porous jump
Permeability face

Thin porous media
Drag coefficient

Heat source Boussinesq’s hypothesis
Soil thermal condition Constant (200 W m−2)

To assess the reliability of the CFD model, the root mean square error (RMSE) was
used as a goodness-of-fit test. The RMSE was computed with the deviations found between
the simulated values of the variables and the values retrieved from the greenhouse sensors.
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Figure A1. Dimensions of the experimental greenhouse.

The period of from 12:30 to 13:00 was considered in the evaluation to obtain a reliable
model. The measured and simulated temperature data is shown in Table A2. The computed
RMSE was 1.93 ◦C, equivalent to 7.31% of the temperature mean estimated with measured
values inside the greenhouse. These results are consistent with previous studies employing
the same approach [59,60]. With that, we assumed the reliability of the prediction model
was good to be used in our study.

Table A2. Measured and simulated temperature data (◦C).

Sensors Experimental Simulated

1 25.5 24.9
2 25.7 25.5
3 28.5 25.1
4 26.3 23.9
5 25.7 26.6
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