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Objectives: To evaluate the effectiveness of an evaporation reduction method in which the greater part of
the water surface was covered with PET-type plastic bottles. The capacity of this method to diminish nat-
ural evaporation was compared to water aeration, water recirculation, and the control (without interven-
tion). With evolutionary computation, including genetic algorithms and genetic programming, equations
for calculating evaporation were developed based on meteorological factors.
Methods: Four containers of water were placed on a flat roof in Mexico City (thus exposed to the factors
of weather), and evaporation was measured daily with an evaporimeter. Each container was assigned to
one of the evaporation reduction methods (PET bottles, water aeration, or water recirculation) or to the
control (without intervention). Evaporation-related variables were selected according to previous reports
and principal component analysis, and their values were acquired from a nearby meteorological station.
The study was conducted from April of 2020 to February of 2021.
Results: Covering the water surface with PET bottles avoided 38.61% (a total of 139 mm) of natural evap-
oration, which is represented by the control. The water aeration and water recirculation methods dimin-
ished evaporation by 7.22% (26 mm) and 2.22% (8 mm), respectively. The best equations for estimating
evaporation were obtained with genetic programming for the control container and a genetic algorithm
for the container with PET bottles.
Conclusions: The PET bottle method of evaporation reduction was 7 and 17 times more effective than
water aeration and water recirculation, respectively. The 38.61% decrease in evaporation achieved by
covering the water surface with PET bottles constitutes a substantial savings in water. Hence, the imple-
mentation of such a method should be considered to contribute to water conservation in reservoirs. The
use of PET bottles is a practical and inexpensive method requiring only a few cleaning maneuvers to pre-
vent the proliferation of unwanted aquatic fauna.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction the atmosphere as vapor (Aparicio, 1992: Aranda, 1998). It occurs
Evaporation constitutes an essential part of the water cycle,
being natural and gradual process in which liquid water enters
when more molecules detach from a given surface of water (escap-
ing into air as vapor) than those that reenter this surface. The pro-
cess of evaporation increases with greater wind speed, a rise in
temperature, and a decrease in humidity (Mostafa and Thamer,
2009), as well as with higher levels of rainfall and solar irradiance,
then was studies about mechanicals technique (Helfer et al., 2009)
and most recently even do studies more complex like artificial
destratification (Helfer et al., 2018).

In Mexico, slightly over 72% of continental water undergoes
evaporation (CONAGUA, 2018), representing a large loss of an
essential resource for humans. The impact is more pronounced in
regions that have low humidity for extended periods. On the other
hand, global climate change has an increasingly negative effect on
limited supply of surface water (Vilaclara, 2017), producing hard-
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ships on populations in regard to their household needs and agri-
cultural activity.

There is an urgent need to enhance the volume of usable conti-
nental surface water by developing technology and materials cap-
able of diminishing evaporation in reservoirs.

Each method has advantages and disadvantages. First, water
aeration and water recirculation are natural techniques of water
evaporation reduction, secondly floating covers are the most effec-
tive for decreasing evaporation but can be detrimental to water
quality (Mostafa and Thamer, 2009). In the 1960s, protective layers
began to be applied to water surfaces to impede evaporation
(Mostafa and Thamer, 2009). Later was studied the design of covers
(Cooley, 1970) to understand energy relationships. Additionally,
the reduction of evaporation causes the water temperature to rise
due to greater vapor pressure. Bursztyn (1966) experimented with
techniques to diminish water temperature, including creation of a
water surface cover. The best results were obtained by incorporat-
ing calcium carbonate pigments into a paraffin cover.

Roberts (1957) investigated the application of monomolecular
films of fatty alcohols to impede the evaporation, Gugliotti et al.
(2005) applied this study on water samples taken from the Guara-
piranga and Billings reservoirs in the south of Sao Paulo, Brazil. The
outcome was more favorable with the mixed hexadecanol and
octadecanol films. Hassan et al. (2007) demonstrated a 74% reduc-
tion with a circular foam system, which is safe for the
environment.

Also studies about the efficient self-assembling modular as
cover floating (Aminzadeh et al., 2018), as partial covers
(Assouline et al., 2011), and just the cover in small reservoirs
(Mady et al., 2021).

In Saudi Arabia, palm leaves were tied with wires into a mesh to
provide shade structures for containers (Shamshad and
Abdulmohsen, 2013); later for produce shadow was the technique
with shadow balls in USA (BBC, 2015) and Chile (Science is News,
2015). The technique was tested with one- and two-layer struc-
tures, leading to an average decrease in evaporation of 47 and
58%, respectively. In Chile (Silva et al., 2017), transparent covers
were installed on solar ponds. The reduced evaporation caused
the temperature of the water in the tank to rise, thus yielding
two benefits at the same time. In Qatar, filters of different materials
were mounted on the top of cooling towers to impede water evap-
oration, with a saving of 11–17% of evaporation (Shublaq and Sleiti,
2020). In Germany, orchids were found to absorb water from the
atmosphere and conduct it to the soil, although part of the gain
was lost in evaporation (Hauber et al., 2020).

The aim of the present study was to evaluate the effectiveness
of an evaporation reduction method consisting of covering the
greater part of the water surface with PET-type plastic bottles.
The capacity of this method to diminish natural evaporation was
compared to the control (without intervention) and two other
techniques of evaporation reduction: water aeration and water
recirculation. On a daily basis, evaporation was quantified and
the values of related meteorological variables (acquired from a
nearby meteorological station) were recorded (EMA Ecoguardas,
2020). The participation of each meteorological factor in evapora-
tion was determined. The measured data were analyzed with
graphs generated by using evolutionary computation, including
genetic algorithms and genetic programming. The graphs were fit-
ted with mathematical models furnished by Matlab, and trend
lines were calculated with Excel�-type spreadsheets.
2. Material and methods

Water was added to four identical plastic containers for the
study groups: in container 1, no evaporation reduction method
2

was employed (the control); in container 2, the greater part of
the water surface was covered with PET-type plastic bottles
(Fig. 1); in container 3, the water was aerated (Fig. 2); and in con-
tainer 4, the water was recirculated (Fig. 3). The experiment was
carried out from April of 2020 to February of 2021.

2.1. Evaporation reduction methods

The four identical containers were placed on a flat roof to
expose them to the factors of weather that contribute to evapora-
tion. They were each initially filled to 25% of their capacity (with an
equal quantity of water), and daily evaporation was recorded with
an evaporimeter.

For water aeration, a small air pump with 2 W of power was
connected to a plastic hose, which was fixed to the inside wall
and bottom of the container (Fig. 2). The end of the hose, fitted
with a non-return valve, created an air plume in the center of the
container. The pump was turned on for 4 h per day during the per-
iod of greatest sunlight, established in accordance with the
weather conditions predicted by the Weather Channel (TWC,
2020).

For water recirculation, a pump with 2.5 W of power was intro-
duced into the water and directed towards the center of the con-
tainer (Fig. 3). No splashing effect was produced by the
submerged pump, which was turned on for 4 h per day under
the same conditions as for the water aeration pump.

2.2. Determination of meteorological variables and rainfall

According to previous reports, the variables most closely related
to water evaporation are wind direction and speed, air tempera-
ture, relative humidity, atmospheric pressure, solar irradiance,
and precipitation. Therefore, the values of these variables were
recorded (except for wind direction and wind gusts) on an hourly
basis at first (averaged to afford daily data) and later on a daily
basis. Information on the meteorological variables was taken from
measurements at the Ecoguardas meteorological station in the
Mexico City. Precipitation was recorded at the UNAM Hydrological
Observatory in Mexico City (IIUNAM, 2020).

2.3. Principal component analysis (PCA)

PCA is a statistical technique for synthesizing information or
reducing the size of the field (the number of variables). When faced
with a data set containing multiple variables, the objective is to
decrease the number of variables while minimizing the loss of
information (Terrádez, 2000; Navarro et al., 2010).

The most important aspect of PCA is the interpretation of the
components or factors that are relevant. Such interpretation is
deduced after observing the relationship of the factors to the
change in the initial variables.

2.4. Genetic algorithms

Genetic algorithms are optimization tools of evolutionary com-
putation (Holland, 1975; Goldberg, 1989; Reed et al., 2000;
Estévez, 1997; Kuri, 2000). In their simple version, they randomly
generate a population of n individuals that comprise the search
variables. The individuals of the population are evaluated through
an objective function, which presently consisted of minimizing the

mean squared error between the calculated values ( bEi) and the
measured data (Ei) (Eq. (1)). Subsequently, the individuals with
the best values (from the objective function) are selected (using
for example the roulette wheel method) to form the population.
Then, the exchange (crossover) and mutation operators are applied



Fig. 1. The control container (on the right, no evaporation reduction method) and the container with the evaporation reducer currently under study (on the left, with PET
bottles to cover the water surface).

Fig. 2. A comparative evaporation reduction method in which an air pump and
hose introduced an air bubble plume in the center of the bottom surface of the
container.

Fig. 3. A comparative evaporation reduction method in which water was recircu-
lated by means of a pump.
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to the selected individuals in order to obtain a new population of n
individuals, which represents the next generation. The algorithm is
repeated until a given number of generations or iterations is
achieved. The objective function (OF) is provided in Eq. (1):

OF ¼ min
Xn

i¼1
abs

Ei� cEiÞ2
n

 
ð1Þ

where Ei is the measured evaporation depth in mm, bEi the calcu-
lated value, abs the absolute value operator, and n the number of
data.

The input data are the measured values of the variables, includ-
ing the evaporation of each container (the independent variable)
and the climatological parameters (the dependent variables, either
determined on site or at a nearby meteorological station). The
genetic algorithms were carried out with 200 individuals and
10,000 generations.

2.5. Genetic programming

Genetic programming is a variant (subclass) of genetic algo-
rithms (Koza, 1992; Koza and Poli, 2005; Whigham and Crapper,
2001; Guven and Gunal, 2008; Bamshad et al., 2015). The genetic
programming algorithm (Cramer, 1985; Koza, 1989; Banzhaf
et al., 1998; Arganis et al., 2015) is inspired by Darwin’s theory
of natural selection, where the best individuals of each generation
survive, and the rest disappear. It traditionally begins by randomly
forming an initial population of N individuals, which in this case
are mathematical models with a set of functions and variables
related to meteorological conditions.

In genetic programming, as in the case of other genetic algo-
rithms (Goldberg, 1989), each individual is tested with an objective
function to analyze its performance. The best individuals are
selected with random methods, such as the roulette wheel,
stochastic Universal, or tournament method. The selected individ-
uals are subsequently recombined with the crossover operation
and mutated to produce a new population of N individuals, repre-
senting the next generation (González and Mar 2013).

3. Results and discussion

3.1. Evaporation reduction afforded by the three methods evaluated

The depth of evaporation was calculated daily for each con-
tainer as the difference between the initial and final water level
(taking the amount of rainfall into account). The results of the four
containers were compared. Based on PCA, it was decided to include
all the presently recorded meteorological variables as relevant fac-
tors in evaporation.
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After 83 days of evaluating the evaporation of water in the four
containers, the total water evaporation was determined for each
one. The total natural evaporation was established as that which
occurred in the control container. The technique involving PET bot-
tles to cover the water surface diminished the total natural evapo-
ration by 38.61% (139 mm). The decrease in the total natural
evaporation was 7.22% (26 mm) and 2.22% (8 mm) for the water
aeration and water recirculation methods, respectively. In addition
to the substantial savings that the PET bottle technique could gen-
erate by reducing water evaporation in reservoirs, it would also
offer a constructive use of PET containers. Currently, Mexico ranks
fourth in the world in the production of disposable PET containers,
only after China, the United States, and the entire European Union.
Furthermore, Mexico dumps 750 million empty PET containers
into the ocean each year (INECC, 2020; SEMARNAT, 2021).

3.2. Numerical models

The variables utilized in the equations are evaporation (Ev) in
mm, solar irradiance (Si) in W/m2, air temperature (At) in �C, rela-
tive humidity (Rh) in %, atmospheric pressure (Ap) in mm Hg, and
wind speed (Ws) in km/h. In the Solver program, the objective was
to minimize the mean squared error between the calculated and
measured variables.

3.2.1. Model 1. Daily data for container 1
The trend of values was established with Excel by employing a

second-degree polynomial function for daily evaporation values
from days 1–138 (Eq. (2)) and a fourth-degree polynomial function
for values from days 139–197 (Eq. (3)).

The rules of correspondence were as follows:

Ev ¼ 0:0019t2 � 0:1286t þ 1:7511; if1 < t < 139 ð2Þ

Ev ¼ �0:00001t4 � 0:0085t3 þ 2:3177t2 � 278:73t

þ 1242; if139

< t < 197 ð3Þ
where t is the number of days of the experiment.

3.2.2. Model 1: Daily data for container 2
The trend of the values was established with Excel by using a

second-degree polynomial function for daily evaporation values
from days 1–138 (Eq. (4)) and a fourth-degree polynomial function
for daily values from days 139–197 (Eq. (5)).
Fig. 4. Participation of the meteorological factors in the phenom
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The rules of correspondence were as follows:

Ev ¼ 0:0028t2 � 0:1955t þ 2:6627; if1 < t < 139 ð4Þ

Ev ¼ 0:00002t4 � 0:0115t3 þ 3:1865t2 � 385:61t

þ 17274; if139

< t < 197 ð5Þ
3.3. Without any evaporation reduction method (container 1, control)

3.3.1. Principal component analysis (PCA)
For container 1 (the control), evaporation itself explains 43.88%

of the phenomenon of evaporation, air temperature 19.25%, rela-
tive humidity 14.83%, solar irradiance 13.06%, wind speed 5.24%,
and atmospheric pressure only 3.74% (Fig. 4).

3.3.2. Genetic algorithms
The processing of data from the dry and rainy seasons with

genetic algorithms afforded an equation (Eq. (6)) for estimating
evaporation:

Ev ¼ �24:78 � At�0:17 � 100a3 � Rh�0:23 þ 0:01 � Si1:07 þ 24:83 �Ws0:32

þ 67:60 � Ap�0:26 þ a random value �40;20ð Þ ð6Þ
The inclusion of a random number improved the correlation

coefficient of the calculated versus measured values. The variation
between the measured values (during dry season) and those calcu-
lated with genetic algorithms was plotted.

3.3.3. Genetic programming
The evaporation values corresponding to container 1 during dry

season were fed into genetic programming software (Matlab),
resulting in Eq. (7):

Ev ¼ sin Rhð Þ � 2sin � �0:78082981Sið Þð Þ
þ sin �0:662737774At2

� �
þ sin �0:68923229RSið Þ

þ cos Ta� sin Rhð Þð Þ ð7Þ
Table 1 shows the calculated evaporation values for container 1

corresponding to the first month of the dry season. To determine
the error, these values were compared to the real data found with
an evaporimeter. For this container, there was a smaller variation
between the measured and calculated values when utilizing
genetic programming versus genetic algorithms.
enon of evaporation for container 1 during the dry season.



Table 1
Evaporation data for container 1 computed with GP, corresponding to the first month
of dry season. The error was calculated by comparing the calculated values to the data
obtained from an evaporimeter.

Date t1 GP calculated evaporation Error

1 08-nov 0.6515 �0.6516
2 09-nov 1.7552 14.2448
3 10-nov 0.9818 2.0182
4 11-nov 2.0023 1.9977
5 12-nov �0.5524 5.5524
6 13-nov � 231 8.1231
7 14-nov 1.5509 0.8325
8 15-nov �3.1614 �23.8386
9 16-nov 1.5509 0.4491
10 17-nov 2.5952 4.4047
11 18-nov �0.6166 3.6231
12 19-nov �1.2058 4.2058
13 20-nov 1.1349 2.8651
14 21-nov �0.2180 �18.7820
15 22-nov 3.8984 3.1016
16 23-nov 0.5000 3.5000
17 24-nov 4.2190 �2.2190
18 25-nov 4.2190 �0.2190
19 26-nov 1.0987 1.9013
20 27-nov �0.5795 �19.4205
21 28-nov �0.5795 5.8978
22 29-nov �0.5182 4.5182
23 30-nov �2.1629 9.1629
24 01-dic 2.3390 �4.3390
25 02-dic �0.9778 5.9778
26 03-dic �0.0978 �3.9014
27 04-dic �0.6260 8.6260
28 05-dic 0.9678 7.0322
29 06-dic �1.7005 5.7005
30 07-dic 0.3950 1.6050
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The measured and calculated values were fit to a trend function
(Fig. 5), which is described by an equation. Since the latter is the
best fit for the data, it can provide estimates of future values
through extrapolations. The Matlab program furnished a graph
that represents the best result of data processing with genetic pro-
gramming. The plot of the graph changes as a greater number of
operators are considered. The value obtained by the iterations
was 173.8107.
3.4. Evaporation reduction with PET bottles (container 2)

3.4.1. Principal component analysis (PCA)
For container 2, evaporation itself accounts for 47.2% of the phe-

nomenon of evaporation, precipitation 15.54%, air temperature
Fig. 5. The measured and calculated evaporation data (container 1, dry seaso
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14.25%, relative humidity 10.65%, solar irradiance 7.75%, wind
speed 3.65%, and atmospheric pressure only 0.94% (Fig. 6).

3.4.2. Genetic algorithms
The processing of data from the dry and rainy seasons with

genetic algorithms afforded an equation for estimating evaporation
(Eq. (8)):

Ev ¼ 100�At-1:54 þ 200�Tw-0:76 þ 100�Rh-1 -8:82�Si0:05

-62:83�Ws-1:19 þ a random value ð-10;5Þ ð8Þ
The inclusion of a random number improved the correlation

coefficient of the calculated versus measured values. The values
calculated with genetic algorithms and the measured data (during
the dry season) were plotted with the Matlab program to illustrate
the variation of the best result. The value obtained was 74.0183.

3.5. Evaporation reduction based on water aeration (container 3)

3.5.1. Principal component analysis (PCA)
For container 3, evaporation itself explains 43.29% of the phe-

nomenon of evaporation, air temperature 17.35%, relative humid-
ity 16.26%, solar irradiance 15.07%, wind speed 4.91%, and
atmospheric pressure only 3.13. % (Fig. 7).

3.5.2. Genetic algorithms
Evaporation values from the dry and rainy seasons were pro-

cessed with genetic algorithms, providing Eq. (9):

Ev ¼ �10 � At�0:32 þ 96:01 � Tw�0:19 þ 100 � Rh�1:21 � 4:55

� Si0:17 � 100 �Ws�1:96 þ arandomvalue �20;10ð Þ ð9Þ
The inclusion of a random number improved the correlation

coefficient of the calculated versus measured values. The values
calculated with genetic algorithms and the measured data (during
the dry season) were plotted with the Matlab program to depict
the variation of the best result. The value generated by the itera-
tions was 156.9684.

3.6. Evaporation reduction based on water recirculation (container 4)

3.6.1. Principal component analysis (PCA)
For container 4, evaporation itself accounts for 43.19% of the

phenomenon of evaporation, air temperature 17.67%, relative
humidity 16.35%, solar irradiance 14.77%, wind speed 4.9%, and
atmospheric pressure only 3.12% (Fig. 8).
n) was fit to a trend function. The equation for the function is provided.



Fig. 6. Participation of the meteorological factors in the phenomenon of evaporation for container 2 during the dry season.

Fig. 7. Participation of the meteorological factors in the phenomenon of evaporation for container 3 during the dry season.

Fig. 8. Participation of the meteorological factors in the phenomenon of evaporation for container 4 during the dry season.
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3.6.2. Genetic algorithms
Evaporation values from the dry and rainy seasons were pro-

cessed with genetic algorithms, providing Eq. (10):

Ev ¼ 61:59 � At�0:69 þ 200 � Rh�1:14 � 7:63 � Si0:07 � 200

�Ws�2:56 þ 96:92 � Ap�0:51 þ a random value �40;20ð Þ ð10Þ
The inclusion of a random number improved the correlation

coefficient of the calculated versus measured values. The values
calculated with genetic algorithms and the measured data (during
the dry season) were plotted with the Matlab program to illustrate
the variation of the best result. The value produced by the itera-
tions was 164.0895.
3.7. Summary of the most accurate models for estimating evaporation
in each container

To discover which models most accurately estimate evapora-
tion, the daily data for each container was fed into the models
based on genetic programming and genetic algorithms. The error
of the calculated versus measured values was expressed as the cor-
relation coefficient (R2) for each model applied to a given con-
tainer. Although the value of R2 for container 1 (the control) was
not high when utilizing genetic programming, it was 142 times
greater than that obtained by the mathematical model based on
a genetic algorithm (Eq. (1)). For container 2 (with the pet bottle
technique), the value of R2 afforded by a genetic algorithm was
1479 times greater than that found with Solver (Eqs. (6) and
(10)). Hence, it was decided to use the genetic algorithm for the
two remaining containers. The value for container 3 was good
(0.5932, Eq. (9)), and that for container 4 was very low (0.0277,
Eq. (10)).
3.8. Extrapolation of the results

To extrapolate the current results to the conditions of a real
reservoir, a reduction factor must be applied to the evaporation
values herein measured by the evaporimeter. In future research,
it is important to use a physical model with hydraulic similarity
or even a prototype in order to assess evaporation reduction meth-
ods under conditions closer to reality.
4. Conclusions

The highest reduction in natural evaporation was achieved by
covering the greater part of the water surface with PET bottles,
finding 38.61% less evaporation than the control. This result was
over 7 and 17 times better than the water aeration and the water
recirculation methods, respectively. Additionally, the use of PET
plastic bottles is a low-cost technique that involves only a few
cleaning maneuvers to prevent the proliferation of unwanted
aquatic fauna. Thus, it represents a practical and economical solu-
tion to the current necessity of environmental protection by con-
serving water in reservoirs.

The mathematical models for estimating evaporation were
applied to each container. For natural evaporation without inter-
vention (container 1), the highest coefficient of determination
(0.1139) was obtained with genetic programming. For the PET bot-
tle technique (container 2), the value of the coefficient of determi-
nation closest to 1 (0.7393) was generated by a genetic algorithm.
The highest coefficients of determination found for containers 3
and 4 were also provided by genetic algorithms. They were
0.5932 and 0.0277 (respectively), neither of which was very close
to 1.
7
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