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Abstract: Large amounts of crop residue are produced annually in areas such as Almeria (Spain).
These residues have elevated moisture and ash contents, and are also very heterogeneous, which hinders
their reutilization. With the aim of facilitating biomass utilization in energy recovery-related processes,
a model for solar drying was developed. Experiments were performed inside a greenhouse with
tomato and pepper residues, following two strategies (hung or stacked residues). The influence of
temperature and relative humidity on the residues’ equilibrium moisture was also studied. The results
were that a model allowed for determination of the equilibrium moisture as a function of ambient
conditions (temperature and relative humidity), with the model’s characteristic parameters being
different for each crop residue. Regarding the drying process, the results conform to first-order
kinetics, with the values of the kinetic constants varying as a function of the crop residues and their
arrangement. The variation in equilibrium moisture as a function of the annual variation in ambient
conditions (temperature and relative humidity) in Almeria means that it would only be possible to dry
crop residues inside greenhouse below a moisture level of 0.43 kgyyater/Kgdrysolids (30% water content)
from April to November.

Keywords: solar drying kinetics; greenhouse crop residue; energy recovery; pre-treatment; natural
drying; energy sustainability

1. Introduction

The production of crop residues is directly linked to agricultural food production; these residues are
left over following harvesting activities, but are also generated by grass, trees, shrubs, and road maintenance.
Crop residues can include residual matter from grass cutting, tree pruning, and non-productive plantations.
Each crop residue has different characteristics that will determine the most appropriate way to manage
it. Crop residue management is continually improving, in an effort to ensure the lowest possible
environmental, social, and economic impact, coupled with the best possible recovery for each type of
residue [1]. In Spain alone, more than 700,000 tonnes of crop residues are managed annually, only a minor
part of which are incinerated or dumped as waste [2]. More than 90% of crop residues are managed;
utilized as biofuels in different processes, such as combustion, pyrolysis, or gasification (amongst others);
or composted and recycled.

Almeria, a province of the Andalusia region (Spain), has the largest area of greenhouses in the
world, at 30,456 ha [3]. This extensive area makes it possible to produce large amounts of horticultural
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crops. However, it consequently generates large amounts of residual biomass. This production is
not continuous, as it is subject to considerable variations throughout the year, thus complicating
its management. In Almeria, the crops with the greatest amount of residual matter are tomatoes
and pepper, with up to 758,000 and 345,000 tonnes for year, respectively; this includes the leaves,
shoots, and damaged fruit [4]. Such quantities of crop residues have triggered the search for a joint
management solution—for example, using it in greenhouses as fuel for heating and carbon dioxide
enrichment [5], or in any energy-related application [6], such as gasification or pyrolysis [7], whether
at the industrial or domestic scale [8].

Greenhouse crop residues are characterized by great heterogeneity, making it very difficult to use
them for energy-related processes [9]. Among the most relevant parameters influencing the energetic
use of biomass are its ash and moisture content. Greenhouse crop residues from tomato and pepper
contain ash and moisture contents of up to 20% and 80%, respectively. To reduce the ash content,
significant improvements can be made to the methods already used by farmers when removing the
plants from the greenhouses, allowing a reduction in ash content to below 8%. However appropriate
methods still need to be developed for reducing moisture content. These must take into account the
prevailing environmental conditions present in greenhouses throughout the year, which are highly
relevant to the crop residue’s drying time, as well as to energy saving and low cost requirements. All of
this makes the development of efficient solar-drying processes a challenge. Using solar energy in the
drying processes permits cost savings and avoids the production of greenhouse gases, thus providing
continuity to the supply and ensuring a continuous drying process [10].

Solar drying offers the advantages of being cost-effective and highly sustainable, although there
are certain issues related to slow drying rates and dependency on the environmental conditions [11].
Two different solar drying processes can be considered: (i) controlled drying with solar energy
and (ii) open drying. In controlled drying with solar energy, temperature, speed, and humidity
are controlled during the process, allowing the drying period to be shortened and for high quality,
dust-free products to be obtained [12]. The main disadvantages of this process are its high cost and
the need for complex equipment. In contrast, open-drying methods are cheaper and do not require
complex equipment. Personnel operating these systems require no qualification [12]. However, certain
disadvantages do exist, such as the risk of product damage (by birds, insects, and animals), product
degradation due to direct solar irradiation exposure, product contamination from dust and atmospheric
pollution, product spoiling caused by microorganism growth, and most importantly, losses arising
from non-uniformity or insufficient drying during the process. For the solar drying of greenhouse crop
residues, it is additionally advantageous that the open solar drying processes can be performed inside
the greenhouse, where the environment is more controlled and favorable to drying, thus reducing the
drying time and final moisture content [12].

In this work, the open drying of tomato and pepper crop residues inside a greenhouse are studied.
The aim is to develop models capable of predicting the drying process as a function of environmental
and operational conditions. For this, two strategies were investigated, with crop residues hung
or stacked at different heights. Experiments were performed in spring (April-May 2017). To be
able to reuse the crop residues in energy-related processes, moisture content has to be reduced to
below 30%. Given that no other uses were considered, such as composting or being used as feed,
the possibility of biomass degradation was not considered. The challenge was to minimize the time,
cost, and energy consumption of the drying process to make it possible to reuse the large volume of
greenhouse crop residues produced annually in Almeria as an energy source for industrial, agricultural,
and domestic applications.
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2. Materials and Methods

2.1. Greenhouse Crop Residues

Greenhouse crop residues contain a high moisture and ash content, which is mainly composed
of carbon, oxygen, and hydrogen, and to a lesser extent, nitrogen, potassium, calcium, magnesium,
phosphorus, and sulfur [13]. Chemically, the crop residues are composed of varying proportions
of cellulose (40-50%), hemicellulose (20-30%), and lignin (10-30%) [14]. The physical, chemical,
and energetic characteristics of greenhouse crop residues vary greatly according to the type of crop,
stage, and irrigation, etc. In this work, tomato and pepper greenhouse crop residues were utilized,
including stems and leaves but not the fruit; the latter was separated for use in other applications.
These crop residues were selected because they are the most commonly grown in Almeria, with both
crop types being available all year around. Tomato crop residues came from bunch tomato plantations,
while pepper residues came from Italian peppers; both crops have a long cycle with the plantations
harvested throughout the months of April and May. Previous data show that these crop residues have
moisture contents ranging from 29.6 to 82.6%, respectively, ash contents from 6.4 to 35.5%, and net
calorific values from 1,529 to 1,727 kJ/kg, thus confirming their great variability [15].

2.2. Moisture Context

The characterization of the greenhouse crop residues was performed in accordance with the
European Committee for Standardization (CEN) and with AENOR (the Spanish agency for CEN).
The UNE EN 14774-1 standard [16] was used to determine the moisture content, for which prior
sample preparation is indicated. Different plant components are classified into stems, leaves, raffia,
rings, and fruit, and then separated. The stems and leaves are considered together and chopped
homogeneously for moisture determination. Once the samples have been separated and homogenized,
they are introduced into a flask at 105 °C, and each tray is weighed twice—once at 24 h and once at
48 h. This ensures that the sample has reached a constant weight and there is no more water loss
(equilibrium moisture). According to the UNE EN 14774-1 standard, moisture (X) was determined as
(Equation (1)):

_ Water content

Dry weight x 100 @

2.3. Solar-Drying Trials

The solar drying of tomato and pepper crop residues inside a greenhouse was studied.
The greenhouse where experiments were performed was equipped with sensors for online measurement
of the environmental conditions inside the greenhouse (temperature, relative humidity, and wind
speed). Two methods were studied: (i) hanging or (ii) stacking the plants. The hanging arrangement
(which is the same arrangement as in cultivation and production) has the advantages of simplicity
and minimal manpower required; it also reduces drying time. Conversely, disadvantages are that
the greenhouse is occupied for long periods and it is difficult to later remove the dried biomass.
In contrast, the stacked arrangement requires more manpower to process the greenhouse crop residues
and increases the drying time; however, less of the space in the greenhouse is occupied.

In hanging method trials, in each experiment, up to 120 tomato and pepper plants were cut
and hung inside the greenhouse for drying. Four plants were initially processed to determine the
initial moisture content. Periodically, three plants were randomly collected and their moisture content
measured. Measurements were performed every two days. Regarding the trials in which the plants
were stacked, the experiments were performed in 1 cubic meter metal containers (Figure 1), adapted to
store the greenhouse crop residues at different heights. This allows air circulation through the stacked
biomass and making it easier to weigh the whole container, so as to determine the weight loss. To do
this, the containers were weighed empty before being weighed full of the greenhouse crop residues
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(which were stacked at different heights, at 1.00, 0.66, and 0.33 m). The weight of the containers was
measured every two days.

Figure 1. Experimental setup used for the stacked crop residue drying trials.

2.4. Equilibrium Moisture

Equilibrium moisture determines the drying phenomena, because it imposes the lowest moisture
content of the biomass in equilibrium with the environment in which it is located, as a function of the
ambient temperature and relative humidity [17]. The equilibrium moisture of tomato and pepper crop
residues as a function of temperature and relative humidity was experimentally measured. For this,
different equipment was used, such as an oven (100 °C and 0% relative humidity), a growth chamber
(23.5 °C and 52.3% of relative humidity), and a cool chamber (4 °C and 100% relative humidity).
Samples of both the hung and stacked crop residues were taken at the end of the experiments and
subjected to these very different conditions until the weight was constant, at which point the moisture
content was determined.

3. Results and Discussion

3.1. Drying Tests

According to the procedures already presented (Section 2.3.), the variation over time in the moisture
content of the tomato crop residues that were hung or stacked in the greenhouse at different heights
was measured. The experiments were performed during April and May. The mean daily temperature
and relative moisture were 23.5 °C and 52% for the stacking arrangement, and 21.7 °C and 62% for the
hanging arrangement. The results show that the moisture content decreased over time, and that this
decrease varied according to the crop and the crop residue arrangement (Figure 2). The initial moisture
content of the tomato crop residues was 5.8 kgwater/Kgdrysolids- When hung, this was reduced as little as
0.12 kgwater/Kgdrysolids after 36 days, whereas when the crop residues were stacked at a height of 1.0 m,
the reduction was 0.32 kgyater/Kgdrysolids- The minimum final moisture content was achieved when the
crop residues were stacked, reducing from 0.30 to 0.29 kgyyater/kgdrysolids Wwhen the height of the stacked
crop residues was lowered from 1.0 to 0.66 m. The lowest moisture constant was 0.30 kgwater/kgdrysolids
at the 0.33 m height. Regarding the pepper crop residues, the initial moisture content was lower, up to
4.08 kgwater/Kgdrysolids- This also reduced over time up to values of 0.06 kgwater/kgdrysolids after 37 days
in the hanging arrangement. The final moisture content was minimal when the crop residues were
hung whereas this reduction was less, from 0.38 to 0.12 and 0.08 kgwater/kgdrysohds when the crop
residues were stacked at heights of 1.0, 0.66 and 0.33 m, respectively. In both types of crop residues
and plant arrangements, low moisture values were obtained, although these were lower for the hung
crop residues due to the improved water transfer process, which is more difficult to achieve in the
stacked biomass.



Agronomy 2020, 10, 2001 50f12

o
[S]

% | Tomato o Hung

- Stacked 1.00 m

w 50

"y Stacked 0.66 m

©

2ao Stacked 0.33 m

@

g 3.0 PP

L

‘é ™

£ 20 .

o

o ©

o

210 u :

w

S ° 2

= 0.0 ° e O

0 5 10 15 20 25 30 35 40
Time (days)
6.0

z Pepper e Hung

= Stacked 1.00 m

250

> Stacked 0.66 m

©

g 40 Stacked 0.33 m

]

g

g 3.0 b

£

2 20

=3

o

= °

210 °

v L ]

g ° e . ®

v
0.0 d > 8
0 5 10 15 20 25 30 35 40

Time (days)

Figure 2. Variation in the moisture content of the tomato and pepper crop residues as a function of
time and the plant arrangement during the drying process.

The moisture content decreases more rapidly over the first few days, because the difference is
larger between the biomass moisture content, and the moisture content that is in equilibrium with the
environmental conditions prevails during the drying process. To predict the drying process, different
models can be applied, all of which require knowing the equilibrium moisture as a function of the
prevailing conditions. To accomplish this, experimental measurements were performed to ascertain
the equilibrium moisture by exposing the crop residues to different temperature and relative humidity
conditions (Table 1). The results show that the equilibrium moisture is quite similar for both the crop
residues considered, being a function of the ambient temperature and relative humidity to which the
crop residues are exposed. No variations were observed between the two different arrangements
considered, i.e., hung or stacked (Table 1). The equilibrium moisture of the tomato crop residues
ranged from 0.19 Kgwater/Kgdrysolids when exposed to high relative humidity (95%), in spite of low
temperature (-4 °C), down to 0.01 Kgyater/Kgdrysolids When exposed to low relative humidity (0%) and
high temperature (105 °C). Similar values were obtained for the pepper crop residues, ranging from
0.18 to 0.00 kgywater/kgdrysolids when the temperature and relative humidity ranged from —4 °C and 95%
to 105 °C and 0%, respectively.
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Table 1. Experimental values of the moisture in equilibrium with air at different temperatures and
relative moisture. Data from the two crop residues and two arrangements already considered.

Crop Crop Temperature  Relative Moisture Equilibrium Moisture
Residue Arrangement (@) (%) (kgwater/K8drysolids)
105.0 0 0.01
Hung 235 52 0.06
-4.0 95 0.19
Tomato
105.0 0 0.01
Stacked 235 52 0.09
-4.0 95 0.19
105.0 0 0.00
Hung 235 52 0.07
-4.0 95 0.16
Pepper
105.0 0 0.00
Stacked 235 52 0.08
-4.0 95 0.18

3.2. Modeling the Drying Process

To model the influence of temperature and relative humidity on the equilibrium moisture of
both crop residues, different equations have been proposed, one of the most widely used being the
Guggenheim—Anderson—de Boer (GAB) model [17,18]. According to this model, the equilibrium
moisture (X,) can be calculated as a function of temperature (T), and water activity (a) can be calculated
as the relative humidity divided by 100 (Equation (2)). This equation has three characteristic parameters
(b1, by, and b3) that must be experimentally determined.

Xg = bleb%((l_a—a)lg] (2)

By using the experimental data (Table 1) already described, the characteristic parameter values
(b1, by, and b3) of the GAB model were determined (Table 2). The determined values are similar for
both types of residues, being analogous to those already reported for other materials.

Table 2. Values for the characteristic parameters of the Guggenheim—-Anderson-de Boer (GAB) model,
determined from experimental measurements of the equilibrium moisture at different temperatures
and relative moisture as a function of the crop residue.

Crop by by bs
Tomato 0.007 21.857 2.960
Pepper 0.014 17.336 2.320

The GAB model allows one to predict the equilibrium moisture for the two crop residues already
studied (Figure 3). Thus, under the experimental conditions used during the drying experiments
inside the greenhouse (23.5 °C and 52% of relative humidity), the moisture content was 0.014 and
0.07 kgwater/k8drysolids for the tomato and pepper crop residues, respectively. The equilibrium moisture
simulated from the model generated 0.076 and 0.081 kgwater/kgdrysolids for the tomato and pepper crop
residues, respectively; this means that in the drying experiments, both crop residues achieved a final
moisture content close to the equilibrium limit value.



Agronomy 2020, 10, 2001 7 of 12

0.20 /

o
s
wn

o
=]
V]

Tomato

Simulated equilibrium moisture
(kgw ater/kgdrysolids)
o
[
o

Pepper

0.00

0.00 0.05 0.10 0.15 0.20 0.25
Experimental equilibrium moisture kgwater/kdrysolids)

Figure 3. Correlation between the experimental and simulated values of the equilibrium moisture
content, determined under different conditions with both crop residue types. The simulated values
were obtained using the proposed model, and the characteristic parameter values of the model were
determined experimentally.

To use model the drying process, different kinetic models can be considered, such as zero-order,
first-order, and second-order kinetic. The first-order kinetic model performed best. Considering
first-order kinetics, the variation in moisture over time is a linear function of the driving force, and thus
is the difference between the moisture level and the level at equilibrium (Equation (3)). By integrating
this equation, one finds that the kinetic constant (k) can be determined by determining the slope of
the long transformer moisture concentration versus time (Equation (4)). Once the kinetic constant is
known, the variation in the moisture level over time can be simulated using Equation (5).

dX
- = k(X=X) ®3)
Xe— X _
Ln(Xe_X)—kt )
X =X, - (X - X;)e ™ ®)

The results show that the first-order kinetic model adequately fits the behavior of the two crop
residues studied (Figure 4). Moreover, the first-order kinetic model fits the behavior of the drying
process, whatever the arrangement of the crop residues. The first-order kinetic constant values
determined from the experimental data are summarized in Table 3. The results show that for both crop
residues, the hanging arrangement of the crops provides a more rapid drying process, with a higher
kinetic-constant value than when using the stacking arrangement. For tomato, the first-order kinetic
constant value was 0.129 day~!, whereas for pepper it was slightly higher, at 0.158 day~!. Regarding
the stacked biomass, the first-order kinetic constant value also increased when the stacking height
was reduced, ranging from 0.093 to 0.101 day~! for tomato, and from 0.086 to 0.122 day~! for pepper.
These figures agree with the expected behavior, because the hanging arrangement exposes a larger
crop surface area and a creates potentially higher heat/mass transfer capacity for water removal from
the crop residues than the stacking arrangement. Furthermore, the surface area and heat/mass transfer
capacity increases when the height of stacked biomass is reduced. However, the actual differences
between the two crop residues studied are minimal, even when considering the different arrangements.
Therefore, this indicates that the main phenomena determining the process velocity is the internal
water diffusion within the crop residues, rather than the water evaporation from the crop residue
surface to the atmosphere. A more detailed analysis of the phenomena taking place in the drying
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process could be performed in order to quantify the diffusion velocity of the water in the crop residues,
and how one could modify it to accelerate the process. Nonetheless, from an applied standpoint,
what is more relevant is applying the already developed models to determine the optimal conditions
for drying crop residues under real conditions, as a function of the temperature and relative humidity
inside the greenhouse.
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Figure 4. Graphical representation of the drying process considering first-order kinetics (Equation (4)).

Table 3. Values for the first-order kinetic constant (k) experimentally determined for each crop residue type
and arrangement. Values were obtained by fitting the experimental results (Figure 2) to Equation (4).

k, day~1 (Tomato) k, day~1 (Pepper)
Hung 0.129 0.158
Stacked 1.00 m 0.093 0.086
Stacked 0.66 m 0.095 0.114
Stacked 0.33 m 0.101 0.122

3.3. Drying Simulations

The accuracy of the proposed model in predicting the moisture content of the crop residues
as a function of time and environmental conditions was verified. Figure 5 shows that the model
allows one to simulate the moisture content of the tomato and pepper crop residues, and both
arrangements, under the experimental conditions tested. To apply the model to other conditions
(Figure 6), the annual variation in temperature and relative humidity for Almeria was obtained from
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databases [19]. The results show that the mean daily temperature ranges from 11.8 to 24.8 °C from
January to July, whereas for the same dates, the relative humidity ranges from 67% to 60%. Variation in
the ambient conditions modifies the equilibrium moisture of both the tomato and pepper crops over
the annual cycle. The equilibrium moisture of tomato ranges from 0.75 to 0.14 kgwater/kgdrysolids from
June to July, whereas for pepper, it varies from 0.52 to 0.13 kgwater/kgdrysolids- Considering the target
value of 0.43 kguwater/Kgdrysolids (equivalent to 30% moisture), the pepper crop residues can be dried
below this limit from March to November, but for the tomato crop residues, it is only possible to do so
in the period from April to September.
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Figure 5. Relationship between the experimental and simulated measurements of the moisture content
for both crop residues and the different arrangements, using the proposed models.

Moreover, even if the equilibrium moisture of the crop residue allows one to achieve the target
moisture at any time, the process’” kinetics might be too low to make it feasible. For this reason,
the model has been used to simulate the drying processes (Figure 6) of both crop residues during two
different months (April and June), corresponding to the period when most of the crops are removed
from Almeria greenhouses. The data confirm that pepper crop residues are more easily dried than
tomato crop residues, regardless of the month. They also confirm that the hanging arrangement
reduces the time required to achieve the target moisture (Figure 6). The drying times necessary to reach
the target moisture will depend on the type of residue and the arrangement of the plants. During the
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month of April, the drying time for greenhouse crop residues of tomato and pepper in the hanging
arrangement is 30 days and 19 days, respectively, whereas, for the stacking arrangement, the drying
time required would be more than 30 days for tomato crop residues and 26 days for pepper crop
residues at heights of 0.66 and 0.33 m. As for the month of June, the drying time for the hanging
arrangement is 24 and 17 days for greenhouse crop residues of tomato and pepper, respectively.
As expected, the drying times are longer for the stacking arrangement, with values greater than
30 days for tomato crop residues, and 24 and 22 days for pepper crop residues at heights of 0.66 and
0.33 m, respectively.
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Figure 6. Annual variation in temperature and relative humidity in Almeria [19], and their influence on
the equilibrium humidity of both the tomato and pepper crop residues. The target moisture represents
the maximum moisture suitable for further processing of the crop residues; for this reason, it is included
as a reference value to be achieved.

Nevertheless, the times required to achieve target moisture are too long, especially in April,
when it can take up to 30 days in the case of tomatoes, even when using the hanging arrangement.
For farmers, the best option is to stack the crop residues rather than hanging them to dry, thus freeing
up the greenhouse more quickly for consecutive production cycles. Even in this scenario, with the crop
residues stacked, the time required to achieve the target moisture is lengthy.

4. Conclusions

The drying of tomato and pepper crop residues inside a greenhouse was studied using two different
configurations, hanging and stacking, and at different stacking heights. The results demonstrate that
these crop residues can be dried below 30% water content inside a greenhouse, and that the time
required to achieve this target moisture is lower for pepper than for tomato. Moreover, the time is
shortened when the crop residues are hung rather than stacked, and the drying time is also reduced
when the stacked biomass height is lower. The drying velocity is determined by the equilibrium
moisture, and to obtain it we employed the GAB model that consider ambient conditions (temperature
and relative humidity) that the crop residues are exposed. Using this model, we also modelled the
kinetics of the drying process. A first-order kinetic was shown to fit the experimental data, allowing us
to determine the kinetic constant for the residues of each crop and their arrangement. The resulting
model also allows us to determine the dates when the crop residues can be dried below the 30% water
content limit value. In Almeria, this would only be possible from April to November. In addition,
the model can be utilized to determine the drying time for different dates, for each crop, or for each
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arrangement strategy. The data confirm that the drying time achieved in April is nearly 30 days,
whatever the crop and arrangement. However, the drying time is much quicker in June, dropping to
as low as 17 days for peppers when hung. The data and models provided here will make it possible to
improve the decision-making process that farmers perform when managing their crops.
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