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Abstract: Late frosts are one of the major impact factors on agriculture worldwide with large economic
losses for agricultural crops, with a significant impact also in wine production. Given the importance
of the wine sector in the world, more and more efforts are being made to identify innovative techniques
capable of creating a low-cost and effective protection for vine shoots, as well as reducing energy
consumption. In a previous work, cotton candy was identified as an insulating material to solve the
problems related to late frosts on vineyards and limit its damages as much as possible. From the
results of the previous research, it has proved that cotton candy is an excellent thermal insulator,
but it degrades quickly in windy conditions. Thus, climatic tests carried out in windy condition
showed that straw can greatly slow down the degradation of cotton candy over time, giving an
indirect contribution to the protective effectiveness of cotton candy. In addition, several tests were
conducted with different amounts of sugar and straw without wind to evaluate whether the straw
can itself make a contribution in terms of thermal insulation, as well as contribute to the protective
effectiveness of cotton candy, minimizing energy use as well.
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1. Introduction

Due to climate warming, the frequency and severity of extreme climate events such as drought,
excessive temperature, and late frosts, are expected to increase [1,2]. Such extreme events are the major
impact factors on agriculture worldwide affecting growth, reproduction, and yield of plants [3–6].

Thus, agriculture and climate changes are strictly related. In fact, modern agriculture techniques
are responsible for the production of large volumes of greenhouse gases that represent the main cause
of climate changes. On the other hand, agricultural activities are negatively affected by effects of climate
changes, showing a loss and reduction in productivity with large economic losses for agricultural
crops [7].

For instance, the agricultural losses related to climate warming (spring frosts and summer
droughts) in recent years in Italy, according to Ismea, have become a recurring problem, affecting
many important agricultural productions such as wine in 2017 (−16%) and in 2014 (−8.9%), oil in 2016
(−39.5%) and in 2014 (−39.3%), wheat in 2017 (−16.4%) and in 2009 (−29.4%), corn in 2015 (−22.2%)
and in 2012 (−19.4%), and potatoes in 2013 (−12%) and in 2010 (−13.4%) [8].

Sustainability 2020, 12, 6279; doi:10.3390/su12156279 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-8293-9457
https://orcid.org/0000-0003-4026-0563
http://dx.doi.org/10.3390/su12156279
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/15/6279?type=check_update&version=2


Sustainability 2020, 12, 6279 2 of 20

Frost events are a major weather-related phenomenon impacting agriculture and sometimes
causing devastating effects on crops [9]. Technically, frost refers to the ice crystals formed by freezing,
but its meaning is also referred to describe a meteorological phenomenon characterized by falling air
temperature below 0 ◦C [10].

Although crops are ready to defend themselves and are resistant to frosts in winter, food crops are
vulnerable to below-freezing temperatures during the vegetative restart. Frosts that occur during the
active growth of crops are called late frosts and they are damaging for the sensitive tissues of plants
such as shoots, flowers, and new leaves [4,11,12].

Late frosts are meteorological events characterized by low air temperature, less than or equal to
0 ◦C, and they cause lethal damages to the plants and huge economic losses, even if they generally
only last a few hours [10,11].

Frost damages occur in all agricultural areas, affecting both temperate and tropical countries,
and huge economic losses due to late frosts are observed worldwide [13]. For example, in the USA,
the fruit crop economic losses after April 2007 were 86 million USD and the losses caused by late frosts
were greater than any other meteorological event [14].

Frosts can be distinguished in advective and radiative frosts. Late frosts, which affect the most
important Italian agricultural areas, are mainly radiative frosts, but sometimes a combination of two
categories of frosts occurs [11,13]. Radiative frosts are characterized by a temperature inversion through
radiant exchange, which leads the energy loss resulting in soil and crops cooling. They usually occur
in clear and calm nights with daily temperatures greater than 0 ◦C [10]. On the other hand, advective
frosts are characterized by an air temperature falling below 0 ◦C even during the day. They usually
occur in windy and cloudy conditions and they are caused by cold air blows [13].

Since the first crops were grown, late frost damages have always represented a serious problem for
humans. In fact, when late frosts occur, they can lead to total crop failures in only one night of freezing
temperatures. So, many methods have been developed to protect crops from damages frost over
time. Frost protection is distinguished into active or direct methods and passive or indirect methods.
The active or direct defense involves specific and temporary actions taken when freezing occurs in
order to replace energy loss during the frost night; in fact, the active defense is carried out only with
radiative frosts because weather conditions in advective frosts make impossible to implement ad hoc
defense methods [13].

Active methods are characterized by shielding, dynamic, and thermal techniques [11]. The oldest
active defense techniques employ artificial fog to prevent the risk of late frosts. In fact, when the
humidity in the air increases near the ground due to the artificial fog, the air shielding power enhances,
hindering energy losses from the ground [13]. The shielding devices make a smoke cloud by burning
of organic materials at the crops level. The dynamic means rely on using wind machines to prevent
the thermal inversion by air mixing. In fact, wind machines draw the warmer air from the upper air
layers and push it down to the crops level resulting in soil and crops warming [11]. The use of fans
began from California in 1920 with a 12 m high tower at the top of which a fan with two propellers
was located. Among the dynamic techniques, helicopters are a high-efficacy means for large areas [13].
Finally, the thermal devices include heaters, which provide heat in order to warm up the air at crop
level and sprinklers, which exploit the heat during a phase change from water to ice [10,11]. The most
commonly used thermal technique is frost-free irrigation, which is carried out with continuous rain
and with over- or under-plant sprinklers, both for advective and radiative frosts. The over-plant
irrigation produces ice crystals on shoots and young leaves, which keep the temperature more than
0 ◦C. Instead, ice crystals on the ground are formed with the under-plant irrigation. Among the
under-plant sprinklers, micro-sprinklers are the most efficient ones [11,13].

On the other hand, the passive or indirect defense involves preventive measures carried out before
frost events, including ecological (e.g., site selection for crops and soil management) and biological
(e.g., treatment with growth regulators and chemicals) techniques. However, the passive defense is
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mainly based on crop selection for timing of phenological development in order to minimize frost
damage [11,13].

Under climate change, late frost risk increases due to an early beginning of the growth and
development of the plants, sometimes resulting in total crop failures, with a significant impact also in
wine production [14]. With reference to viticulture sector, late frost is a severe threat in viticulture regions
throughout the world, e.g., in Australia, South Africa, USA, Italy, Spain, etc. [15–18]. The average
yield in wine regions is drastically reduced in years with late frost due to damages on young grape
shoots and leaves [19]. Frost damages have also affected the wine production in the following years.
Indeed, these events led to destroy thousands of hectares in many wine regions of Italy, Swiss, France,
and Luxembourg [14,19,20].

According to Ismea estimates, in 2019, Italy was once again the world’s top wine producer
with 46 million hectoliters, followed by France with 42 million hectoliters and Spain with 38 million
hectoliters [21]. In 2018, the Italian surface for vineyards was 704.613 hectares (658.000 hectares
for winegrowing and 46.613 hectares for table grapes) [22,23]. In fact, in Italy, weather and soil
characteristics offer perfect conditions for vineyards. While wine grapes are grown all over Italy,
table grapes, which require a warm and dry climate, are grown only in regions of southern Italy [24].
Under climate warming, increasing temperature leads to an early vegetative restart, resulting in an
increased risk of late frost damages. In fact, even if many environmental variables characterize the
vegetative restart, the major contribution generally comes from temperature [25–27]. With regard
to grapevines, late frosts generally occur around budburst, which is the most sensitive stage of
phenological development of grapevines, mainly damaging the shoots. The negative consequences due
to late frosts take place in all phenological phases after the opening of vegetation shoots, resulting in
reduction of growth, average grape yield, and harvest quality in years with late frost [28,29]. In fact,
the warmer temperatures determine an early vegetative restart of grapevines, and then the frequent
freezing temperatures, which occur in spring nights, lead to an inhomogeneous budburst with delay in
blossoming. Thus, this delay in the phenological development of grapevines also results in irregularities
in the grapevine ripening, which is the most important phenological phase. In fact, during the ripening,
grapevines acquire the characteristic composition of their variety (e.g., increase in sugar content, decrease
in acid content, development of flavors) [21,24,25]. According to the Regulation (EC) N. 1221/2008,
the ratio between sugar and acid content must be optimum to ensure the quality of table grapes variety.

Given the importance of the wine production in the worldwide agricultural sector and its relevant
economic impact, especially in Italy, more and more efforts are being made to identify innovative
techniques and methods to mitigate the effects of late frosts and minimize their damages as well.

Within this framework, different technologies have been proposed such as active and passive
defense methods. These crop protection methods include either chemical compounds to increase
resistance of crops to frosts, or heaters, wind machines, and sprinklers, but they are expensive and also
require expert technical staff [10,30,31].

Thus, a low-cost, easy-to-use, and effective new technique to prevent the risk of late frosts has to
be found. In fact, late frosts can occur once every two years, considering freezing events in the last
decade in Italy, especially the Po valley, with air temperature drops below −6 and −8 ◦C [32,33].

In a previous work, an innovative and effective protection system to prevent the risk of late frosts
on vineyard, as an alternative to the traditional tested methods, was proposed. Cotton candy was
identified as an insulating material to limit damages to vine shoots by late frosts, preventing their
freezing. This insulating material has proved to be able of meeting the following requirements: it’s
extremely light to not to damage the vine shoots on which it is located, very easy to produce, cheap,
non-toxic for crops and humans, and completely biodegradable within a few hours [34]. This protection
system has also proved to be able to minimize the energy use as well [35].

Therefore, a climatic chamber was set up to determine the insulating power of cotton candy,
setting temperature inside the climatic chamber below 0 ◦C to simulate the external environment that
generally occurs during late frosts and keep the temperature of an electric wire, which simulates a
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vine shoot above 0 ◦C. The insulating power of cotton candy was calculated by measuring the energy
required to keep the temperature of electric wire higher than 0 ◦C. From the results of the climatic tests
carried out in windy conditions, it was found that cotton candy is a good thermal insulator but at the
same time, it degrades quickly due to the wind, losing its protective function for the vine shoots.

Thus, the aim of this work is to propose a material that could slow down the degradation of cotton
candy in windy condition and determine its contribution in terms of crops protection against late frosts.
This material must be non-toxic, easy to use, cheap, and completely biodegradable. For this purpose,
climatic tests were carried out in the presence of wind, with addition of straw to cotton candy. In fact,
straw is an easily available material in nature, inexpensive, and without impact on the environment.
In these tests, straw was used to cover the whole surface of cotton candy. The results showed that
straw can greatly slow down the degradation of cotton candy over time and thus promote protection
against late frosts.

2. The Experimental Facility

Thus, a second climatic chamber, different from the one used in the previous work and characterized
by the absence of wind, was used to assess the insulating power of straw and determine its contribution
in terms of crops protection against late frosts. The next step, which is the subject of this work, is to
evaluate whether the straw can itself make a contribution in terms of thermal insulation, as well as
contribute to the protective effectiveness of cotton candy and prevent its degradation in vineyards.
In the present study, 33 types of experiments were carried out with different amounts of sugar and
straw. At first, the electric wire was covered only with cotton candy and was placed inside the
climatic chamber; then, the electric wire was covered with cotton candy and straw. All tests have
been performed inside the climatic chamber without wind. Finally, a preliminary cost analysis for
determining the optimum amount of the proposed materials was conducted.

The experimental apparatus for the tests consists of the following devices: A scale, a climatic
chamber (model AT0700ZXC0), a PID controller, a Hall effect sensor (model AT50 B10), a data logger
(model CR 850), a type K thermocouple, an electric wire (model 12, 230 V, 20 W/m), and a PC (Figure 1).
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Figure 1. Image of the completely assembled experimental apparatus (from left to right: A device for
making cotton candy, a PC, a data logger, a Hall effect sensor, a PID controller, and a climatic chamber).

An electric wire 0.15 m long with a diameter of 8 mm is used to simulate the vine shoot. The ability
of cotton candy and cotton candy covered with straw to maintain the temperature of the electric wire
above 0 ◦C under artificial conditions of late frost, is determined. Considering the portion of electric
wire involved in the climatic chamber tests, the test area is 37.68 cm2.
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The thermal insulating power of cotton candy and straw is determined by quantifying the electrical
energy needed to keep the temperature of the electric wire above 0 ◦C. The temperature to simulate a
late frost inside the climatic chamber is set to −10 ◦C.

A type K thermocouple, with class 1 accuracy, is rolled up to the electric wire simulating the vine
shoot; this thermocouple allows to control the temperature of the electric wire. In this particular case,
tests in the climatic chamber are conducted keeping the temperature of the electric wire at 4 ◦C, with a
variation of ±0.2 ◦C. The electric wire and the thermocouple are connected to a PID controller.

The PID controller is an on/off type device that accepts an input temperature sensor such as the
used thermocouple. The output of the PID controller is on when the temperature of the wire falls below
the set point value, while it is off when the temperature is above the reference value. The thermocouple
allows to monitor the temperature of the electric wire and send any temperature variation to the PID
controller. The system is a closed-loop and is also monitored by a Hall effect sensor, for the current
measurement (the source voltage is the mains one), which is connected to a data logger by Campbell
Scientific (Figure 2).
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Figure 2. The thermocouple activates the PID, which provides current to the wire. The Hall effect
sensor measures the current. Values are then recorded by the data logger.

Then, the system is connected to a processor in which the collected data (the number of
measurements and the voltage value given by the Hall effect sensor) are recorded. The data logger is
set to record data every 0.2 s during the tests.

If the temperature of the electric wire in the climatic chamber is below 4 ◦C, the PID controller
activates itself and sends current to the wire in order to bring the wire temperature to the set point value.
Thus, the current passes from the PID controller to the wire in which thermal energy is dissipated due
to joule effect, resulting in heat production. This heat amount increases the temperature registered by
the thermocouple and when the temperature of the wire exceeds 4 ◦C, the mechanism turns itself off.
The supplied electrical energy and thus the thermal energy needed to correct the temperature variation
are monitored by the Hall effect sensor. In fact, the probe connected to the electric wire is used to
quantify how much electrical current passes in the wire, and considering that the supplied voltage is
the main one, the supplied electrical energy may be calculated; the thermal energy exchanged by the
wire-chamber environment system is considered to correspond to the supplied electrical energy. Then,
the data logger acquires the mentioned data that are transmitted to the processor.

The experimental facility is schematically shown in Figure 3.
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Figure 3. Scheme of the experimental facility (from left to right: (1) The climatic chamber, (2) the electric
wire, (3) the thermocouple, (4) the PID controller, (5) the Hall effect sensor, (6) the data logger,
and (7) the processor).

In Figure 4, two examples of tests in the climatic chamber are shown: In Figure 4a, the electric wire
and thermocouple are covered only with cotton candy (10 g); in Figure 4b, the wire and thermocouple
are covered with cotton candy and straw (15 g sugar and 3 g straw).
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Figure 4. Image of the insulating solutions proposed in the present work: (a) The solution involving
only cotton candy is shown; (b) an external coating made with straw was added to the previous one.

3. The Experimental Tests

In this work, the tests were always carried out in a climatic chamber without wind, in order to
analyze the contribution to overall thermal resistance provided by straw. In addition, the absence of
wind is one of the characteristic conditions of late frosts in nature. In fact, late frosts are mainly radiative
frosts and they usually occur on nights characterized by air velocity near to 0 m/s, clear atmosphere,
and no clouds. The experimental section is made on 33 tests. Each of them was one hour long and
the data logger was set to acquire data every 0.2 s. All tests were carried out under the following
conditions:

• The internal temperature of the climatic chamber set to −10 ◦C (through the screen placed outside
the climatic chamber)

• The temperature of electric wire fixed to +4 ◦C (through the PID controller)

For both sugar and straw, weight is used as the reference parameter. Other parameters, such as
density or volume, were evaluated but with variable results, depending on several factors, such as the
differences in cotton candy deposition.
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The sugar used for cotton candy production is the common sucrose, which has an average density
of 1.587 g/cm3 and it is given by glucose and fructose. Straw is an agricultural product consisting of
cereal culms at the end of their ripening. Normally, straw is compressed in bales and has a density of
100–200 kg/m3.

The first test was carried out with a non-covered electric wire, while in the subsequent tests, it was
covered by cotton candy and then cotton candy with straw.

The tested quantities of sugar were: 5 g, 10 g, 15 g, 20 g, and 25 g. Each kind of test was repeated
at least three times to ensure the truthfulness, the repeatability, and the reproducibility of the obtained
results. Tests with cotton candy and straw were carried out by keeping the ratio between the grams of
sugar and the grams of straw constant. The sugar–straw weight combinations were as follows:

• 5 g of sugar and 1 g of straw;
• 10 g of sugar and 2 g of straw;
• 15 g of sugar and 3 g of straw;
• 20 g of sugar and 4 g of straw;
• 25 g of sugar and 5 g of straw.

Thus, straw was used in increasing amounts that were proportional to sugar. The quantity of
straw used to cover the sugar insulating layer was calculated in function of the used grams of sugar;
usually, 1 g of straw is used for every 5 g of sugar. That proportion may vary, due to differences in
sugar insulating layer’s morphology, a variation in its density and other aspects. In all tests, straw was
used to cover the whole surface of cotton candy (without leaving uncovered any portion).

From these figures, it clearly appears that the main function of the straw is to shield (by complete
separation) the cotton candy layer from external agents, such as wind. The quantity of straw established
for each test was enough to be mixed with the cotton candy, giving it a more cohesive and enduring
structure. As previously explained, all tests were carried out in the same way; the only differences
among them consisted in the amount of used sucrose and the presence or absence of straw (its quantity
is directly related to sucrose one).

Thus, the cotton candy or the cotton candy covered with straw was applied in the test area of
the wire inside the climatic chamber and the data logger was set for data acquisition. After one hour,
the experiment ended and the results recorded by the system were processed.

For all the carried out tests, the apparent volume of the product was calculated in order to verify
whether, with the same sugar level, a higher apparent volume was created by the addition of straw.
Despite the variability of the results, there was a higher apparent volume in all the tests done with
cotton candy covered with straw. In Figure 5, two examples of tests are shown: On the left, the test
with 10 g of sugar and on the right the test with 10 g of sugar and 2 g of straw. The average apparent
volume was 177 m3 with 10 g of sugar, while it was about 283 m3 with 10 g of sugar and 2 g of straw.
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In order to verify the contribution to the thermal insulation of the coating made with cotton candy
and straw, it is necessary to know how much current circulated in the wire and how much electrical
energy was consumed by the system. They allow to calculate the exchanged thermal flux (q) and the
thermal resistance (R) of the system.

Each test lasted 3.600 s (TTOT). Since the data logger is set to acquire measurements every 0.2 s
(Ti), the number of samples for each test was 18.000.

The consumed electrical power in each period (Wi) was calculated by the data measured by the
Hall effect sensor (and controlling the right value of the mains voltage by a tester) and consequently,
the average thermal flow (q), according to the following equation, is:

q =

∑
WiTi

TTOT
[W] (1)

Since ∆T difference between the set point temperature of the wire (+4 ◦C) and that of the climatic
chamber (−10 ◦C), is −14 ◦C, the thermal resistance (R) between the wire and the external environment
was calculated as follows:

R =
∆T
q

[◦C/W] (2)

Finally, the thermal energy consumption per unit of surface (J/m2) in the tests was calculated and
then expressed in kWh/m2. The values that will be shown in the experimental section were extended
to a period of a whole night, which lasts 8 h (i.e., the collected values during each test were multiplied
by 8).

Thus, the consumed energy was calculated as follows:

E =
∑

WiTi [J] (3)

The test surface is 0.01458 m2: it is the surface of the wire controlled by the thermocouple on
which the insulation materials are applied to be tested. Thus, the results obtained by Equation (3),
converted in Wh or kWh, were divided by the corresponding wire surface and then increased 8 times
for describing the energy consumption during a whole night (P).

The results of the experiments will be discussed and analyzed in the next section.

4. Results and Discussion

Firstly, results of tests belonging to a previous paper are compared with those carried out in this
work: The previous work proved that the cotton candy is a good thermal insulator but it quickly
degrades in windy condition; however, the addition of straw leads to a significant reduction in its
degradation. In the second part, a comparison between tests performed without wind, with only
cotton candy, and with the addition of an external coating made with straw was carried out, in order
to verify whether the straw directly contributes to the thermal insulation, by increasing the thermal
resistance, or only indirectly due to the reduction of cotton candy degradation.

The experimental section of the present work consists of 33 tests, carried out as previously
described. Three tests were made without sugar, in order to define the energy consumption needed for
maintaining the wire temperature above 0 ◦C without any interventions. Then, the same tests were
performed by covering the wire with only sugar and with sugar and an external layer made with straw.
In both cases, different amounts of sugar were used: 5, 10, 15, 20 and 25 g of sugar. For each quantity,
six tests were carried out, half of them with straw and the others with only sugar.

For brevity, only one value is here reported for each kind of test carried out in this work, whose
tolerance range takes into account all the performed tests. Table 1 shows the results of the tests carried
out without any insulating thickness (in the first column on the left) and the tests where only sugar
was used.
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Table 1. Results of the tests made without insulation (0 g) and with the use of only sugar.

Sugar [g] 0 5 10 15 20 25

E [J*103] 10.381 ± 0.45 4.952 ± 0.02 3.372 ± 0.02 3.279 ± 0.19 2.845 ± 0.11 2.620 ± 0.13

q [W] 2.88 ± 0.11 1.38 ± 0.12 0.94 ± 0.11 0.91 ± 0.11 0.79 ± 0.08 0.73 ± 0.09

R [W/◦C] 4.86 ± 0.18 10.18 ± 0.9 14.95 ± 0.37 15.37 ± 0.73 17.72 ± 0.41 19.23 ± 0.52

P [kWh] 1.582 ± 0.059 0.757 ± 0.063 0.514 ± 0.061 0.499 ± 0.047 0.434 ± 0.038 0.399 ± 0.041

In Table 1, E indicates the energy spent for maintaining the wire temperature at the set point
temperature and was calculated by Equation (3); q is the thermal flow, while R describes the thermal
resistance produced by the insulating layer. Finally, P is the energy spent during an entire night
(averagely eight hours of a night). This value was calculated by multiplying the value calculated
during the test (related to one hour) by the number of hours that composes a whole night. The most
relevant difference is between the first two cases, the absence of any insulating layer and the use of
5 g of sugar: The energy spent to avoid the temperature falling below 0 ◦C fell down from 10.381 J
to 4.952 J (with their respective tolerances). Also, the other parameters concerning these two tests
show a large difference. However, with the addition of a greater quantity of sugar to the insulating
layer, the energy spent continues to decrease, even if the difference between adjacent values decreases
with the increasing of the used grams of sugar. This trend shows how the most useful solution does
not consist of increasing the insulating layer as much as possible, but an optimum value, which is
approximately 20 g of sugar, occurs. Thus, it is needed a brief comparison between results obtained
with the use of only sugar and not straw in this work and in a previous paper [34]. This comparison is
necessary for clearly explaining why the recovery of the original sugar thickness by a straw layer leads
to more performing results in terms of effective protection against late frost damages.

Table 2 shows the results of the previous work [34]. Tests were carried out in the same way;
in fact, the test time duration and the quantities of used sugar were the same as the tests presented
here. The only critical difference consisted of the wind presence.

Table 2. Results of tests made without insulation (0 g) and with only sugar in [34].

Sugar [g] 0 5 10 15 20 25

E [J*103] 16.704 10.044 8.712 6.300 3.564 2.664

q [W] 4.64 2.79 2.42 1.75 0.99 0.74

R [W/◦C] 2.59 4.30 4.96 6.85 12.10 16.30

P [kWh] 3.709 2.231 1.934 0.764 0.618 0.511

The topic of this previous work was to prove the thermal insulating capacity of cotton candy and
its possible exploitation in the agricultural field; thus, only one test for each sugar quantity was made.

Even in this case, the most relevant difference appeared between the first test, where no insulating
solution was adopted, and the second one, with an insulating layer made with 5 g. Then, the exchanged
thermal energy continued to decrease (or thermal resistance continued to increase) with a gradient
less pronounced than the increase of the involved grams of sugar. The comparison between Tables 1
and 2 was here discussed for better describing the influence of wind, even for low air velocity values.
As explained before, tests belonging to Table 1 were carried out in absence of wind, while tests
illustrated in Table 2 were realized in a climatic chamber equipped with a fan that can be disconnected
in order to have a negligible air flow. Tests made without thermal insulation show a significant
difference: The maintenance of the electric wire at temperature values greater than 0 ◦C needed 16.704 J
in the presence of wind, while only 10.381 J in its absence. Obviously, the same relevant difference
was observed by comparing their respective thermal resistances: R was about 2.59 W/◦C in presence
of wind, while 4.86 W/◦C without it. The same difference was observed in tests where the wire was
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insulated, however it decreased with the increase of the amount of used sugar. In tests with 5 g
of sugar, the thermal energy amount was 10.044 J (with wind) and 4.952 J (without), while in tests
carried out with 25 g of sugar, values are 2.664 J and 2.620 J, respectively. In Figures 6–13, the thermal
flux exchanged during the tests is shown. For brevity, only two diagrams for tests carried out in the
presence of wind were shown, while the same typology of graphs was reported for each test made in
absence of wind.

In the mentioned diagrams, the area between the stepped curve (represented with the blue color)
and the x-axis describes the thermal energy spent for keeping the wire near to the set point temperature
as much as possible. In fact, the amount of energy spent during the whole test was calculated by
Equation (3). The red line simply represents an average of the previous parameter and provides an
instantaneous comprehension of the differences existing among all tests.
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The effect produced by wind is clearly proven in Figures 6 and 7. Experiments related to these
two figures were made in the presence of wind; the first one (Figure 6) was carried out by keeping the
wire completely discovered and the trend of thermal energy consumption remained uniform vs. time.
On the other hand, in the second test (Figure 7), 15 g of sugar were used for the wire insulation; here,
a significant difference in energy consumption vs. time was observed. In particular, during the second
half of this test, the frequency of power production, needed for heating the wire, was considerably
higher than in the first part of the test. The degradation of sugar, due to wind influence, led to a strong
reduction of the insulating layer, making a greater release of thermal energy necessary.

In all tests made in the absence of wind, thermal energy had a constant trend vs. time, because
cotton candy degradation is negligible. Results revealed how the use of straw might significantly
increase the process efficiency. The presence of an external coating made with straw may be capable
of protecting cotton candy from wind, thus, to counteract its degradation during time. The topic of
the present work, as the previous one, is the analysis of a new innovative and extremely original
solution to avoid late frost damages in vineyards; in the greatest part of cases, this phenomenon occurs
in the absence of wind or with air velocity near to 0 m/s. Thus, the conditions established for the
tests belonging to the previous work are pejorative than the real configuration; however, the effect
produced in this way is comparable with the effect produced on the insulating layer during a whole
night, considering the difference in time duration between the carried out tests and a whole night
(1 and 8 h, respectively).

In conclusion, the comparison between tests carried out by using the first climatic chamber
(already exposed in the previous work) and the second ones (proposed here) provides a clear definition
of straw contribution and its positive effects in terms of process efficiency. Before showing tests made
with cotton candy surrounded by an external layer of straw, two further considerations are necessary.
Considering, in both cases, tests made without insulation and tests made with the use of 5 g sugar, the
difference existing between these two values in tests made in the presence of wind is higher than the
same value observed in tests made in the absence of it. In both situations, the difference between each
measured parameter (E, q, R) is a maximum between 0 g and 5 g of sugar used. Moreover, in tests
performed in the presence of wind, the degradation of cotton candy layer in the second half of the
experiments made these values greater than the respective ones measured in the second typology
of tests. Secondly, a brief description of the initial phase of the tests described in Figures 7 and 11 is
necessary. During the first minutes of these two tests, no thermal energy exchange was observed; then,
the process continued normally, as in all other tests. The reason is due to the cotton candy temperature
during its deposition. As soon as its production, cotton candy has a temperature considerably higher
than external environment; its sudden deposition on the electric wire produced an increase in the wire
temperature, which guarantees the non-necessity of a temperature increase by the control system in
the first part of the test. This fact might be considered a deviation from the real process; however,
it may often occur during cotton candy deposition and represents a concrete contribution to the energy
exchange decrease. In addition, for each different typology of tests (expressed in function of grams of
used sugar), only one experiment was analyzed by taking into account cotton candy initial temperature
contribution, in order to comprehend its effect in the value range presented in Table 1.

The straw contribution described here can be considered indirect: Its support consisted of avoiding
cotton candy degradation and thus allowing it to exercise its insulating function for a more extended
time period. Thus, the entity of a direct contribution to increase the insulating structure’s thermal
resistance, produced in the presence of straw, needed to be evaluated. The comparison of Tables 1 and 2
demonstrates that straw can have an indirect contribution (the difference among the two tests is widely
covered by using straw that reduce the cotton candy degradation). Thus, in order to estimate the
possible direct contribution, subsequent tests were carried out to evaluate the thermal energy exchange
and thermal resistance values obtained with the adoption of an insulating layer made with an internal
and larger layer of cotton candy and an external coating of straw.
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Table 3 reports the results related to tests made with straw; as in the previous case, three experiments
for each quantity of considered sugar were made, while only one test for each quantity was graphically
described, for reasons of brevity.

Table 3. Results of tests made with an insulating structure made with sugar and straw.

Sugar [g] 5 10 15 20 25

E [J * 103] 4.048 ± 0.34 3.325 ± 0.22 3.136 ± 0.15 2.833 ± 0.17 2.556 ± 0.11

q [W] 1.12 ± 0.10 0.92 ± 0.07 0.87 ± 0.05 0.79 ± 0.06 0.71 ± 0.03

R [W/◦C] 12.45 ± 1.04 15.16 ± 1.23 16.07 ± 0.81 17.79 ± 1.14 19.72 ± 0.89

P [kWh] 0.614 ± 0.052 0.507 ± 0.033 0.478 ± 0.023 0.432 ± 0.026 0.39 ± 0.026

Figures 14–18 describe the mentioned tests, of which the respective results are shown in Table 3.
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Obviously, in all tests, thermal energy consumption maintained a constant trend vs. time. The
comparison between Tables 1 and 3 shows a small difference in the measured values: The presence of
an external coating of straw led to a small reduction in energy consumption and, consequently, a very
small increase in the thermal resistance. Considering the complete absence of wind both in tests with
straw and without it, this difference represents the direct contribution provided by the addition of
this supplementary material. In tests with 5 g of sugar, thermal resistance (R) values are respectively
10.18 ± 0.9 W/◦C without straw and 12.45 ± 1.04 W/◦C with straw, corresponding to a thermal energy
consumption of 4.952 ± 0.02 × 103 J and 4.048 ± 0.34 × 103 J, respectively. In tests where a greater
quantity of sugar was used, differences were smaller (e.g., in the tests carried out with 20 g of sugar,
thermal resistance is 17.72 ± 0.41 W/◦C and 17.79 ± 1.14 W/◦C, respectively, while thermal energy
consumption is 2.845 ± 0.11 × 103 J and 2.833 ± 0.17 × 103 J). These values prove a direct positive effect
due to straw presence, but this contribution is not enough to justify the application of a coating made
with straw. However, it may be considered an additional benefit given by this material to its previously
described indirect contribution.

Thus, the addition of an external coating made of straw to the cotton candy layer may lead to
two different benefits: The indirect contribution, or the protection of sugar from degradation due to
wind action (which may occur even in case of low air velocity), and a direct one, which consists of the
thermal resistance increase due to the addition of a further insulating layer.

The indirect contribution appears as the most important support, capable of completely avoiding
cotton candy degradation and its consequences (e.g., a pronounced thermal resistance reduction in the
second half of each test). The straw’s direct contribution may provide a further effect in terms of thermal
resistance increase; however, its small entity made it useful only coupled with the indirect contribution.

Definition of the Optimal Sucrose Quantity to Produce the Insulating Layer

In Tables 4 and 5, the quantity of sucrose that might be used for a 1 m2 test surface is shown with
its relative cost, according to [36]. Moreover, thermal energy required for maintaining the temperature
of 1 m2 surface wire near to the set point temperature is evaluated here; the cost for supplying electrical
energy for controlling the 1 m2 wire system is also reported.

Table 4. Cost related to sucrose and energy spent for 1 m2 surface wire (only sucrose was used).

Tests Carried Out with Only Sucrose

Sucrose Used
[g] Sugar Used in 1 m2 [g]

Cost
[€] Thermal Energy [kWh] Cost

[€]
Overall Costs

[€]

5 33.3 0.032 1.580 0.329 0.189

10 66.6 0.063 0.757 0.158 0.171

15 99.9 0.095 0.516 0.107 0.199

20 133.2 0.1265 0.4993 0.104 0.217

25 166.5 0.1582 0.4335 0.090 0.242

Table 5. Cost related to sucrose and energy spent for 1 m2 surface wire (both sucrose and straw were
used).

Tests Carried Out with Sucrose and Straw

Sucrose Used
[g] Sugar Used in 1 m2 [g]

Cost
[€] Thermal Energy [kWh] Cost

[€]
Overall Costs

[€]

5 33.3 0.0316 0.615 0.128 0.160

10 66.6 0.0633 0.505 0.105 0.168

15 99.9 0.0949 0.477 0.099 0.194

20 133.2 0.1265 0.434 0.090 0.217

25 166.5 0.1582 0.390 0.081 0.239
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Tables 4 and 5 shows that an optimization between cost related to sucrose use and energy
consumption is possible. Thus, an optimum quantity of sucrose per unit of surface may be determined in
order to reduce as much as possible costs necessary to avoid damages due to late frosts. Figure 19 shows
costs related to sucrose use and energy consumption for both typologies of tests. The cost related to the
quantities of sucrose involved in the different experiments is the same. The cost of straw is considered
negligible. On the contrary, a difference may be noted in thermal energy costs. As explained before, the
positive contribution provided by straw presence is particularly small; however, the comparison between
the overall cost verified in tests with and without straw gives a significant difference. The overall costs
are the sum of the cost of the used sucrose quantity and the ones of the energy consumption. In tests
carried out with only sucrose, the minimum value of overall costs was reached in correspondence of 10 g
of sucrose (corresponding to 66.6 g for a surface equal to 1 m2) and was about 0.171 €. On the contrary,
in tests made with straw, the minimum values coincided with the use of only 5 g of sugar (33.3 g in case
of a wire surface of 1 m2) and is about 0.160 €.

Sustainability 2020, 12, x 17 of 20 

determined in order to reduce as much as possible costs necessary to avoid damages due to late frosts. 

Figure 19 shows costs related to sucrose use and energy consumption for both typologies of tests. The 

cost related to the quantities of sucrose involved in the different experiments is the same. The cost of 

straw is considered negligible. On the contrary, a difference may be noted in thermal energy costs. 

As explained before, the positive contribution provided by straw presence is particularly small; 

however, the comparison between the overall cost verified in tests with and without straw gives a 

significant difference. The overall costs are the sum of the cost of the used sucrose quantity and the 

ones of the energy consumption. In tests carried out with only sucrose, the minimum value of overall 

costs was reached in correspondence of 10 g of sucrose (corresponding to 66.6 g for a surface equal 

to 1 m2) and was about 0.171 €. On the contrary, in tests made with straw, the minimum values 

coincided with the use of only 5 g of sugar (33.3 g in case of a wire surface of 1 m2) and is about 0.160 

€. 

This preliminary cost analysis clearly shows that, even if its contribution is particularly small in 

terms of thermal resistance increase, the adoption of an external coating of straw to protect the 

insulating thickness made with sucrose gives the possibility of reaching the same results (or greater, 

considering the little reduction in costs) but with a lower quantity of sucrose used per unit of surface. 

 

Figure 19. Analysis of costs related to tests carried out in the presence and in the absence of straw. 

5. Conclusions 

The present work was focused on studying a possible innovative solution to mitigate and 

minimize the effects of late frosts, which occur in all agricultural areas and have a significant impact 

in wine production, sometimes leading to total crop failures with large economic losses worldwide. 

In a previous work, cotton candy was identified as an innovative and effective protection system to 

prevent and limit damages to vine shoots by late frosts, minimizing the energy use as well. It was 

found that cotton candy is a good thermal insulator for vine shoots, but it degrades quickly in windy 

conditions. Thus, a material that could slow down the degradation of cotton candy in windy 

conditions was proposed. Straw has proven to be able to meet the following requirements: It is an 

easily available material in nature, inexpensive, and without impact on the environment. In this work, 

an experimental facility was built to simulate the heat flux existing between an electric wire, which 

simulates the vine shoot (its temperature fixed to +4 °C) and climatic chamber (its temperature set to 

−10 °C). The thermal insulating performances were determined by quantifying the electrical energy 

needed to keep the temperature of the electric wire at the setting point temperature. Thus, in this 

work, 33 types of experiments were carried out: Three tests were made without sugar and the other 

tests were performed by covering the wire with different amounts of sugar (e.g., 5, 10, 15, 20, and 25 

g of sugar). For each quantity, six tests were carried out, half of them with straw and the others with 

only sugar. About tests with straw, 1:5 straw/sugar mass ratio was chosen. Firstly, a comparison 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 20 40 60 80 100 120 140 160 180

C
o

st
s 

[€
]

Sucrose used for 1 m2 of wire surface [g]

Sucrose Thermal energy with straw

Thermal energy without straw Overall costs without straw

Overall costs with straw No insulation

Figure 19. Analysis of costs related to tests carried out in the presence and in the absence of straw.

This preliminary cost analysis clearly shows that, even if its contribution is particularly small
in terms of thermal resistance increase, the adoption of an external coating of straw to protect the
insulating thickness made with sucrose gives the possibility of reaching the same results (or greater,
considering the little reduction in costs) but with a lower quantity of sucrose used per unit of surface.

5. Conclusions

The present work was focused on studying a possible innovative solution to mitigate and minimize
the effects of late frosts, which occur in all agricultural areas and have a significant impact in wine
production, sometimes leading to total crop failures with large economic losses worldwide. In a previous
work, cotton candy was identified as an innovative and effective protection system to prevent and limit
damages to vine shoots by late frosts, minimizing the energy use as well. It was found that cotton
candy is a good thermal insulator for vine shoots, but it degrades quickly in windy conditions. Thus,
a material that could slow down the degradation of cotton candy in windy conditions was proposed.
Straw has proven to be able to meet the following requirements: It is an easily available material in
nature, inexpensive, and without impact on the environment. In this work, an experimental facility
was built to simulate the heat flux existing between an electric wire, which simulates the vine shoot
(its temperature fixed to +4 ◦C) and climatic chamber (its temperature set to −10 ◦C). The thermal
insulating performances were determined by quantifying the electrical energy needed to keep the
temperature of the electric wire at the setting point temperature. Thus, in this work, 33 types of
experiments were carried out: Three tests were made without sugar and the other tests were performed
by covering the wire with different amounts of sugar (e.g., 5, 10, 15, 20, and 25 g of sugar). For each
quantity, six tests were carried out, half of them with straw and the others with only sugar. About tests
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with straw, 1:5 straw/sugar mass ratio was chosen. Firstly, a comparison between results obtained
with the use of only sugar in this work and in a previous paper, without and with wind, respectively,
was carried out and it showed a significant difference in the energy spent for maintaining the wire
temperature above 0 ◦C (e.g., in tests with 5 g of sugar, the thermal energy amount was 10.044 J in
windy condition and 4.952 J without wind). Experiments carried out in the presence of wind showed a
significant difference in energy consumption vs. time; in fact, during the second half of these tests,
the degradation of sugar due to wind made necessary a greater release of thermal energy. On the other
hand, in all tests made without wind, thermal energy had a constant trend vs. time, because cotton
candy degradation was negligible. The previous comparison demonstrated that straw can give an
indirect contribution to the protective effectiveness of cotton candy and prevent its degradation in
vineyards. Then, a comparison between tests carried out in the absence of wind with straw coated
cotton candy and with only cotton candy was carried out to estimate whether the straw can itself
make a contribution in terms of thermal insulation as well as contribute to the protective effectiveness
of cotton candy. The results proved an additional benefit given by straw to its previously described
indirect contribution.

In conclusion, a preliminary costs analysis was conducted to define the optimal sucrose quantity
to produce the insulating layer. Experimental results proved that the best solution to minimize overall
costs consisted of realizing an insulating film with about 66 g of sugar per m2. Future works will
consist of applying the cotton candy with straw on vine shoots to protect them from late frost damages
in real situations. The possible alteration and the effects on the organoleptic characteristics of the final
products, by using these insulating organic materials in vineyards, will be considered and analyzed.
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