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Abstract: Biodrying was studied over 46 days in two piles (P1 and P2) composed of orange peel and
two structuring materials (mulch: P1; sugarcane bagasse: P2). The oxygen and carbon dioxide levels
were recorded at different depths (0.1 to 0.6 m). From the beginning to days 33–35 the drying was
carried out by a combination of microbial heat, convection, and solar irradiance; moisture reached
30%, corresponding to a water activity (aw) of 0.88–0.9, which was insufficient to maintain microbial
activity. Additionally, the O2 and CO2 levels (21% and 0%, respectively) evidenced the end of the
biological phase of the process. After day 35, the drying occurred only by convection and solar
irradiance. At the end, moisture reached 14% (P1) and 12% (P2), showing that the turning frequency,
as well as the type and proportion of the structuring materials, were adequate and significantly
influenced moisture reduction, allowing the aeration necessary for biodrying. At the end, a material
with an average calorific value of 15,500 kJ/kg was obtained, comparable to wood and other fuels
obtained from orange peel, making the biodrying process a suitable option for the stabilization and
energy recovery of agricultural and agro-industrial waste with high moisture content.

Keywords: agricultural waste; water activity; biofuel

1. Introduction

The continued increase in the world’s population demands an ever-increasing supply
of energy to improve the quality of life. The use of fossil fuels has so far met the energy
demand; however, their use continues to grow at an unsustainable rate, which has negative
environmental consequences [1], such as air pollution and greenhouse gas emissions
associated with climate change, that negatively affect the health of the population and the
balance of various ecosystems. This has led to the development of research focused on the
development of sustainable energy from renewable resources, including biofuels, which
have been viewed as the most promising source for meeting energy demand through the
use of biomass. San Miguel and Gutiérrez Martín [2] reported that biomass is the most
widely used renewable energy resource in the world, well above wind or solar energy. This
is mainly due to the use of wood and agricultural waste for the production of domestic
and industrial heat.

On the other hand, it is known that worldwide, 1300 million tons/year of residues are
generated from food waste [3] and that there is a problem linked to its poor management.
In some products, organic waste may account for 39.5% of the food (sugarcane) or even
50% of the fruit, as in the case of oranges [4], so there is a strong need for the proper
handling of these residual materials. Agroindustrial waste can, in some cases, represent
not only an environmental problem (due to the generation of odors and gases during its
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decomposition), but also an economic one for those who generate it, due to the costs of its
management and/or disposal. However, this type of waste should be seen as a valuable
resource that can be recovered through various technologies.

The possibility of using lignocellulosic waste for energy recovery is attractive because
it is expected to have both environmental and economic benefits [5]. These residues can
be used as raw combustion material or transformed into a variety of fuel products, such
as pellets, charcoal, bio-oil and bioethanol. Direct combustion is one of the three main
thermochemical conversion methods for high-carbon biofuels derived from cellulosic
biomass (cellulose, hemicellulose and lignin), such as woody or lignocellulosic plant
material from various crops, pruning residues and dried animal waste [6,7].

In the thermal recovery of organic waste through incineration, the high moisture
content of some wastes is a challenge that needs to be overcome, as it impacts the usable
energy, due to the fact that there is an inversely proportional relationship between moisture
and combustion power (CP). Therefore, through an organic solid waste stabilization process
such as biodrying, it is possible to obtain a dry material with a high CP that is suitable for
use as fuel [8], thus helping to mitigate the problem of poor organic waste management,
while taking advantage of the resources that are currently available.

Biodrying is an aerobic bioprocess by which the moisture contained in waste is
removed with the help of the metabolic heat generated by microorganisms that degrade
organic matter. Various factors, such as the initial moisture content, waste porosity, aeration
and the temperature reached inside the pile, are key elements that define the development
and duration of the biodrying process [9]. The biodrying process is favored through the
incorporation of structuring materials that improve air movement inside the waste piles,
favoring gas exchange between the pile and the outside [10]. Additionally, O2 availability
is favored for microbial activity to take place inside the waste piles. Several authors
have studied the effect of materials such as sawdust [11] and pruning residues [12,13] as
structuring agents to give porosity to plant residues with high moisture content, favoring
the biodrying process. The decrease in moisture content can be used as an indicator of
the efficiency in the biodrying process [14], since, being an aerobic process, high moisture
contents limit O2 transport within the pile, whereas low moisture values limit microbial
activity [15].

Biodrying allows taking advantage of organic waste and capitalizing on its potential
use as biofuel, since its CP is increased, enabling biodried waste to compete with some
incinerable materials such as wood (with CP of 12,200–15,360 kJ/kg for wood fuels with
moisture content of 30% and 15%, respectively [16]). In the short or medium term, biodried
material may have a greater competitive advantage in the power generation market,
especially in the field of solid fuels, where studies such as Hamidian’s [17] demonstrated
the profitability in implementing the biodrying process, as it can reduce up to 20% of the
final moisture of the sludge from the paper industry for later use in the gasification process.

This work aimed to characterize the biodrying process, with particular emphasis on
the concentration of O2 and CO2 and its relationship with the microbial activity dependent
on water content and activity. Such factors have a determining role in the development
of the thermophilic phase (>45 ◦C), where the organic degradation occurs, and abundant
energy is released for the self-heating of piles, one of the driving forces of biodrying.

2. Materials and Methods
2.1. Materials

To carry out this study, agro-industrial organic solid waste from a juice extraction
company (orange and carrot peel) and a sugar mill (sugarcane bagasse) were used, as well
as mulch (shredded wood) obtained from a compost production plant located in the north
of Mexico City. With the proportions of residues shown in Table 1, two piles were formed
(Pile 1: P1 and Pile 2: P2) and subjected to the biodrying process, which was carried out
inside a greenhouse-type tunnel.
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Table 1. Proportion of materials in waste piles.

Material
Composition

Pile 1 Pile 2

(kg) (%) (kg) (%)

Orange peel 394.3 79.8 297 79.8
Mulch 50.2 10.2 13.3 3.5

Carrot bagasse 49.5 10.0 0.0 0.0
Sugarcane bagasse 0.0 0.0 62 16.7

Total 494 100 372.3 100
Turning frequency Every 7 days

2.2. Formation of Biodrying Piles

Both piles had a truncated pyramidal shape starting with a volume of 1.49 m3 and
1.13 m3 for P1 and P2. The materials were arranged in layers in the following order: mulch,
orange peel and carrot bagasse/sugarcane bagasse. The sugarcane bagasse for P2 was
added on the fourth day. To favor the diffusion of gases inside the piles and the removal of
moisture, the piles were aerated by manual turning every 7 days.

2.3. Monitoring

During the biodrying process, the percentage of O2 and CO2, the moisture content,
and the temperature, both of the piles and the environment, were monitored daily. The
concentration of O2 and CO2 was measured using a TESTO model 350-S gas emission
analyzer. To this end, six monitoring points were established on the left side of the piles,
located, from top to bottom, at different depths in the horizontal plane (side to side) (0.1 m,
0.2 m, 0.3 m, 0.4 m, 0.5 m and 0.6 m) (Figure 1). To access the monitoring points, PVC
(Polyvinyl chloride) tubes with an internal diameter of 0.02 m were horizontally placed in
order to protect the O2 and CO2 monitoring probe. In the vertical plane (top-down), care
was taken that the upper and lower points (0.1 m and 0.6 m, respectively) were at 0.05 m
from the minor and major base of the piles.

Processes 2021, 9, x FOR PEER REVIEW 3 of 16 
 

 

(Pile 1: P1 and Pile 2: P2) and subjected to the biodrying process, which was carried out 
inside a greenhouse-type tunnel. 

Table 1. Proportion of materials in waste piles. 

Material 
Composition 

Pile 1 Pile 2 
(kg) (%) (kg) (%) 

Orange peel 394.3 79.8 297 79.8 
Mulch 50.2 10.2 13.3 3.5 

Carrot bagasse 49.5 10.0 0.0 0.0 
Sugarcane bagasse 0.0 0.0 62 16.7 

Total 494 100 372.3 100 
Turning frequency Every 7 days 

2.2. Formation of Biodrying Piles 
Both piles had a truncated pyramidal shape starting with a volume of 1.49 m3 and 

1.13 m3 for P1 and P2. The materials were arranged in layers in the following order: mulch, 
orange peel and carrot bagasse/sugarcane bagasse. The sugarcane bagasse for P2 was 
added on the fourth day. To favor the diffusion of gases inside the piles and the removal 
of moisture, the piles were aerated by manual turning every 7 days. 
2.3. Monitoring 

During the biodrying process, the percentage of O2 and CO2, the moisture content, 
and the temperature, both of the piles and the environment, were monitored daily. The 
concentration of O2 and CO2 was measured using a TESTO model 350-S gas emission an-
alyzer. To this end, six monitoring points were established on the left side of the piles, 
located, from top to bottom, at different depths in the horizontal plane (side to side) (0.1 
m, 0.2 m, 0.3 m, 0.4 m, 0.5 m and 0.6 m) (Figure 1). To access the monitoring points, PVC 
(Polyvinyl chloride) tubes with an internal diameter of 0.02 m were horizontally placed in 
order to protect the O2 and CO2 monitoring probe. In the vertical plane (top-down), care 
was taken that the upper and lower points (0.1 m and 0.6 m, respectively) were at 0.05 m 
from the minor and major base of the piles.  

The temperature was measured in the center of the piles at three different levels: up-
per center (at 0.05 m from the surface of the pile), geometric center and lower center (at 
0.05 m from the bottom of the pile). Thermocouples were introduced at the temperature 
sampling points and connected to a Snap Pac System Opto 22 integrated data acquisition 
system. The moisture in the piles was determined by the gravimetric method using a con-
vection drying oven and a BOECO analytical balance with a sensitivity of ±0.0001 g. This 
determination was carried out in triplicate with a 5 g sample. 

 
Figure 1. Location of the tubes inside the piles to carry out the determination of O2 and CO2. 

2.4. Characterization of the Biodried Material 
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The temperature was measured in the center of the piles at three different levels: upper
center (at 0.05 m from the surface of the pile), geometric center and lower center (at 0.05 m
from the bottom of the pile). Thermocouples were introduced at the temperature sampling
points and connected to a Snap Pac System Opto 22 integrated data acquisition system. The
moisture in the piles was determined by the gravimetric method using a convection drying
oven and a BOECO analytical balance with a sensitivity of ±0.0001 g. This determination
was carried out in triplicate with a 5 g sample.

2.4. Characterization of the Biodried Material

At the end of the bioprocess in both piles, the organic carbon content (%C) was
determined by the Wilkley and Black method, in accordance with NOM-021-SEMARNAT-
2000 [18]. The CP was measured in a PARR 1341EB series oxygen bomb calorimeter, as
established by NMX-AA-33-1985 [19].
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To compare the behavior of the measured parameters (%O2, %CO2, moisture and
temperature) in both piles, an analysis of variance (ANOVA), for repeated samples, and a
Tukey test with 95% confidence were performed. To compare the CP, %C and final moisture
of the two piles, an ANOVA and a Tukey test that allows multiple comparisons at 95%
confidence were performed using GraphPad Prism software.

3. Results and Discussion
3.1. Decrease in Weight, Volume and Water Content

The biodrying process was monitored for 46 days; the final moisture content (average
between the center and the surface) was 14.4% for the P1 pile and 11.9% for the P2 pile,
while the weight reduction was 83.5% (P1) and 85% (P2), even though the initial moisture
content was higher in P2 (88%) than in P1 (75%), as shown in Table 2.

Table 2. Overall results of the biodrying of the waste piles.

PILE Time
(days)

Weight
(kg)

Volume
(m3)

Density
(kg/m3)

Water
Content

(%)

Total
Water
(kg)

Weight
Reduction

(%)

Volume
Reduction

(%)

Density
Reduction

(%)

Water
Content

Reduction
(%)

START
P1 0 494.0 1.49 331 75 370.5 / / / /
P2 0 372.3 1.13 329 88 327.62 / / / /

END
P1 46 81.51 0.447 182 14.4 11.73 83.5 70 45 96.83
P2 46 55.84 0.746 75 11.9 6.25 85.0 34 77 98.09

According to the ANOVA for repeated samples and a Tukey test with 95% confidence,
there was no significant difference in the behavior of moisture in the center and surface of
each pile or between them, despite the use of two different structuring materials (mulch
and sugarcane bagasse).

The addition of structuring materials (mulch and sugarcane bagasse) favored gas
exchange and promoted the escape of water vapor from inside the piles, resulting in a 70%
reduction from the initial volume for P1. However, the P2 volume was reduced by only
34% (thus contributing greater porosity to the material at the end of the biodrying) even
though the decrease in the amount of water was practically the same between the two
piles (97–98%). This is because sugarcane bagasse has a greater reduction in weight than in
volume as its moisture content decreases during biodrying [20]. Consequently, the density
of the pile with bagasse decreased more (77%) than the density of the pile without bagasse
(45%), as can be seen in the data of Table 2.

The beneficial effect of the texturizing material in the biodrying process has already
been widely reported. For example, in a study by Mohammed et al. [13], which evaluates
the effect of adding pruning waste during the biodrying of lettuce residues, it was reported
that the moisture content was reduced 27% more than when no structuring material was
added, resulting in a greater reduction of mass and volume. Tom et al. [21] stated that
the reduction in mass and volume of the waste is correlated since both depend on the
degradation of organic matter and the decrease in moisture during biodrying.

3.2. Decrease in Moisture and Drying Rate

Moisture reduction in greenhouse biodrying piles is the result of the increase in the
temperature during the biodrying process due to the microbial activity in the waste mass,
the relative humidity and air temperature inside the greenhouse (water concentration
gradient in the air) and the level of air convection over the surface of the piles (velocity
and its thermodynamic properties to obtain the mass transfer coefficient).

In a study carried out by Orozco et al. [22], under experimental conditions very similar
to those of the present study, the authors found that during biodrying, it is possible to
differentiate three phases: Phase I) when the temperature increases due to intense microbial
activity; Phase II) when the pile temperature stabilizes because the rates of microbial heat
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generation and cooling of the pile by natural convection are balanced and Phase III) when
the temperature drops due to the reduction of microbial activity. These authors also stated
that the higher the turning frequency, the greater the reduction in moisture, since the loss
of water vapor is favored; moreover, they calculated that the average evaporation of water
during the 50 days of the biodrying process was approximately 4.58 kg of evaporated water
per day.

For the present study, with a process lasting 46 days, the reduction of moisture both
in the center and on the surface of both piles did not occur constantly throughout the
process; additionally, by analyzing the relationship of this parameter with the behavior
of the temperature in the piles, in Figure 2 it is possible to differentiate the three phases
proposed by Orozco et al. [22]: Phase I corresponds to days 0 to 16 for P1 and 0 to 12 for P2;
Phase II corresponds to days 16 to 31 for P1 and 12 to 26 for P2; Phase III can be located
from days 31 to 46 for P1 and from 26 to 46 for P2.

Processes 2021, 9, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 2. Behavior of temperature and moisture during the biodrying process in P1 (a) and P2 (b). 
Arrows indicate turnings. 

For P1, the daily water removal (evaporation rate) was more intense during phase II, 
coinciding with the results shown in the work of Orozco et al. [23], while for P2, the high-
est drying rate occurred during phase I. Table 3 shows the percentage of moisture reduc-
tion and the mass of water removed per day for each pile during the three phases of bio-
drying. Water evaporation occurred at an average rate of 5.32 and 4.60 kg of water evap-
orated per day for P1 and P2, respectively (Table 3). 

Table 3. Drying rates of waste piles. 

 
Duration  

(Days) 
Moisture Reduction 

(%) 
Drying Rate 

(kg Water per Day) 
P1 P2 P1 P2 P1 P2 

Phase I 0 to 16 0 to 12 10.25 23.58 4.06 8.12 
Phase II 16 to 31 12 to 26 26.42 20.89 7.56 4.11 
Phase III 31 to 46 26 to 46 23.93 29.65 4.43 2.55 

  Overall drying rate 5.32 4.60 

Moisture content is closely linked to microbial activity and therefore to the biodegra-
dation of organic matter. In the present study, the calculation of the water removed/day 

Figure 2. Behavior of temperature and moisture during the biodrying process in P1 (a) and P2 (b).
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It is important to note that although the start and end points of each phase do not
coincide graphically for each pile, a relationship with the turnings is observed. While in P1
the first turning took place on day 7, in P2 the turning began on day 4 when the sugarcane
bagasse was added, which resulted in a phase lag in the turning days without affecting the
frequency (every 7 days). The influence of aeration is most clearly observed at the location
of the boundary point of phases I and II immediately after the second turning, and the
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boundary point of phases II and III immediately after the fourth turning (Figure 2, turnings
are shown with arrows).

Thus, it is observed that although Phase I lasted longer in P1 (16 days), the moisture
reduction was lower (10.25%) than that achieved in P2, which remained in the first phase of
biodrying for 12 days and reduced its moisture by 23.58%. Despite the above, the moisture
obtained at the end of phase I was 64.75% for P1 and 64.49% for P2.

During Phase II, P1 achieved greater moisture reduction (26.42%) than P2 (20.89%),
which can be attributed to this phase lasting longer in P1. Similarly, the longer duration of
phase III (5 days more than the previous phases) resulted in a greater moisture reduction
in P2 with 29.65%. The final moisture content of the process was 14.4% for P1 and 11.9%
for P2.

For P1, the daily water removal (evaporation rate) was more intense during phase II,
coinciding with the results shown in the work of Orozco et al. [23], while for P2, the highest
drying rate occurred during phase I. Table 3 shows the percentage of moisture reduction
and the mass of water removed per day for each pile during the three phases of biodrying.
Water evaporation occurred at an average rate of 5.32 and 4.60 kg of water evaporated per
day for P1 and P2, respectively (Table 3).

Table 3. Drying rates of waste piles.

Duration
(Days)

Moisture Reduction
(%)

Drying Rate
(kg Water per Day)

P1 P2 P1 P2 P1 P2

Phase I 0 to 16 0 to 12 10.25 23.58 4.06 8.12
Phase II 16 to 31 12 to 26 26.42 20.89 7.56 4.11
Phase III 31 to 46 26 to 46 23.93 29.65 4.43 2.55

Overall drying rate 5.32 4.60

Moisture content is closely linked to microbial activity and therefore to the biodegra-
dation of organic matter. In the present study, the calculation of the water removed/day in
each phase of the biodrying was made considering that, based on the reduction of organic
carbon in each pile, there was a degradation of organic matter of 11.6% and 14.9% for P1
and P2, respectively. These results are consistent with those reported by Orozco et al. [23],
who emphasize that during biodrying, only 13% of the organic matter is degraded by
microbial activity.

Both moisture (in the form of free and bound water) and the presence of nutrients
in an organic waste pile favor microbial activity and thus the generation of metabolic
heat, for which enzymatic activity is essential. When water acts as a solvent inside the
cells, it forms solvation spheres in the dissolved molecules [24], so that enzymes have no
activity if they are not adequately hydrated [25]. However, the amount of water available
to microorganisms in a medium is not only a function of free water (water activity: aw),
but also of the concentration of solutes (bound water) [17]. For example, for the growth of
bacteria and yeasts on a substrate, minimum aw values of 0.90 and 0.88, respectively, are
required [26]. On the other hand, the higher the temperature inside the pile, the lower the
hygroscopicity of the materials, resulting in a reduction in the number of active sites for
water retention in the materials [27].

Based on the water sorption isotherm in orange waste [28], in the present study, where
80% of the material in the piles corresponds to orange waste, the aw values at which a
decrease in the microbial activity would be expected, the driving force behind biodrying,
are reached when the moisture in the solid is 30%.

3.3. Behavior of the Oxygen Level Inside the Piles

Since biodrying is an aerobic biological process, the presence of O2 inside the piles is
necessary to favor the degradation of organic matter, and thus, the generation of metabolic
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heat, without forgetting that moisture is the vehicle of oxygen. The O2 was supplied
passively during almost the entire process and by periodically turning over the piles (every
seven days). That is, between each turning, the O2 transfer depends on the environmental
conditions inside the greenhouse, the depth level where the measurement is made and
the degree of porosity of the pile. The mulch and sugarcane bagasse, used as structuring
materials, favored the aeration of the piles.

Inside the pile, the O2 content decreases as a result of the consumption necessary
for microbial activity, so that a balance is established between the natural transfer and
consumption of O2. It is expected that the higher the O2 consumption due to microbial
activity, the lower the levels recorded will be, and, in turn, these will be even lower at
greater depths in the pile. When microbial activity ceases completely, the O2 content is
21% at any depth level in the pile, thereby corroborating that the porosity in both piles
was also sufficient to allow natural O2 transfer. Based on this argument, it was necessary
to perform calculations to determine the O2 transfer and consumption rates; the results
are presented in Table 4. For the calculations, P2 was chosen because it had the highest O2
consumption, and the greatest depth was selected on the assumption that it would be the
extreme case where microbial growth could be limited due to lack of oxygen. The results
clearly show that the transfer of O2 into the pile was always higher than the consumption
by the microorganisms. The level of O2 remaining at the end of each of the four time
intervals considered was also calculated, obtaining results of the same order of magnitude
between the experimental and the calculated ones, once the subtraction was made between
O2 transfer and consumption: interval 1, 4% of experimental O2 vs. 1.26% calculated O2;
interval 2, 1% of experimental O2 vs. 1.28% calculated O2; interval 3, 12% experimental vs.
10% calculated; interval 4, 15% experimental vs. 12% calculated.

Table 4. Experimental consumption and estimated oxygen supply at 60 cm depth in pile 2.

Interval 1 Interval 2 Interval 3 Interval 4

P1 P2 P1 P2 P1 P2 P1 P2

% O2, v/v 19 4 15 1 20 12 18 15
Average between start and end; % O2 v/v 11.5 8 16 16.5

Days 0 3 5 9 11 17 18 20.5
∆O2; % O2 v/v 15 14 8 3

∆t; days 3 4 6 2.5
Oxygen consumption (OCexp=∆O2 /100/∆t); Liters_O2/Liters

of air per day 0.050 0.035 0.013 0.012

Wet pile weight; water loss of 7.79 kg /day 494 471 455 424 408 362 354 334
Average pile weight (pw); kg 482 439 385 344

Pile porosity (ε) 0.1 0.1 0.1 0.1
Air occluded in the pile (Ap = pw * ε); kg 48.23 43.95 38.49 34.40

Oxygen consumption in the pile (OCP= OCexp * 32/29 * Ap);
kg O2/day 2.66 1.70 0.57 0.46

* Estimated oxygen supply (OS = OTR * Vpile), kg O2/day 3.32 2.31 4.62 4.77
Oxygen remaining in the porosity

[Or=(OS-OCP) * 100 * ρair/ρoxygen], % v/v - 1.26 - 1.28 - 10 - 12

* The calculation sequence for estimating the oxygen supply to the moisture in the pile is presented in Appendix A. All properties were
estimated at 35 ◦C.

Figure 3 shows the behavior of the O2 level in the piles over time and at different
depths (on the horizontal (side to side) and vertical (top-down) plane). Due to the proximity
to the surface of the piles, the O2 concentration at 0.1 and 0.2 m depth showed a different
pattern with respect to the rest of depth levels assessed in both piles. The ANOVA for both
piles shows that the oxygen concentrations at depths of 0.1 and 0.2 m were not significantly
different (p < 0.05), showing the highest O2 level during the whole time that microbial
activity was maintained (between 12.03% and 20.94% for P1 and between 10.23% and
20.94% for P2). This indicates a moderate consumption of O2 by the microorganisms
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(Table 4), and due to the proximity to the surface in each pile, the supply (oxygen transfer)
met the O2 demand for microbial growth without major problems.
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Figure 3. Percentage of O2 at different depths (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 m) of (a) pile P1 and (b) pile P2 during the
biodrying process.

In the monitoring point at 0.3 m depth (considered as the central depth of the piles,
Figure 1), the oxygen levels ranged from 12.64% to 20.94% for P1 and 7.07% to 20.52%
for P2 during the whole process. Table 4 shows that the O2 transfer was always higher
than the consumption by the microorganisms, which allows us to confirm that the turning
frequency (every 7 days) in both piles was adequate in terms of incorporating air into
the pile.

In P2 (excluding the points at 0.1 and 0.2 m), the lowest O2 concentration values
(ranging from 1.06 to 7.07%) were recorded on day 10 of the process, which was due to
the start of microbial growth at its highest rate (oxygen consumption = OC = µmax xo

YxO2
; µmax:

maximum growth rate of the microbial population; xo: initial concentration of microbial
biomass; YxO2 : biomass yield to oxygen consumed, [29]), which caused a high consumption
of this gas once the population had adapted to the nutrients that it began to degrade. This
high O2 consumption was also favored by the porosity of the waste, providing favorable
aeration levels to sustain the intense microbial activity (Table 4). This was best observed in
P2, where sugarcane bagasse was used as a structuring material, which, as it lost moisture,
presented greater porosity, favoring gas exchange between the pile and the outside.
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3.4. Temperature Behavior

Microbial activity causes the increase in the temperature of the piles during biodrying;
the evolution of this parameter in semi-static piles has already been widely
reported [22,23,30,31]. These last authors estimated that only 35% of the metabolic heat
generated during the biodrying process is used to raise the temperature inside the pile,
while the remaining 65% is an energy contribution to evaporate the water contained in the
waste. This contribution is only 13% of the total heat needed to evaporate the moisture,
so the remaining 87% of the heat is provided by the convection of the air heated inside
the greenhouse by solar irradiance, thus facilitating the stabilization and drying of the
solid waste.

In this work, the thermophilic phase (period when temperature is above 45 ◦C) lasted
from day 7 to day 32 for P1 (25 days) and lasted from day 5 to day 27 for P2 (22 days),
Figure 2 shows the temperatures of the geometric, surface and lower centers of the P1 and
P2 piles. The ANOVA for both piles shows that the temperatures recorded at the geometric
center and surface center are not significantly different, but they are with the lower center
temperatures, which were lower. When comparing these parameters between P1 and P2,
no significant difference was found in the temperatures recorded in the center and on the
surface, presenting a similar behavior, regardless of the proportions and type of structuring
material used for the two piles.

3.5. O2 and CO2 and Their Relationship with the Moisture and Temperature Inside the Piles

The behavior of the moisture and temperature in the center of the piles and its re-
lationship with the level of O2 and CO2 at 0.3 m depth is shown in Figure 4. Once the
moisture in the pile reached levels below 45%, the concentration of O2 inside increased
until it equaled the concentrations in the environment (21%). It is inferred that, from that
moment on (day 27 (P1) and 26 (P2)) and in that particular stratum, the microbial activity
was already decreasing as a consequence of the moisture reduction in the piles. From
days 33–34, the O2 and CO2 levels were equal to those of the ambient air (21% and 0.03%,
respectively), showing the total cessation of microbial activity (growth rate = 0).

The temperature in P2 remained between 25 and 30 ◦C after day 34, only due to solar
irradiance and nighttime cooling, as shown by the mathematical biodrying process model
proposed by Orozco et al. [23], for the behavior of temperature in the pile when there is no
more microbial activity. In pile 2 on days 33–34, the moisture was 30% (43% on a dry basis),
which corresponds to a water activity (aw) value of 0.9 in the model adapted from Smith
for this work (Figure 5), which means that, as a result of the lower moisture level in the
pile, for lower values of aw, and at values lower than 0.8, it is no longer possible to sustain
the enzymatic activity of the bacteria, yeast and molds population, as shown in Table 5.
However, in P1 after days 33–34, there was still reduced microbial activity as shown by
the rise in temperature up to 40 ◦C after turning (day 36), which gradually decreased to
the expected temperature of 25–30 ◦C. During this decreased microbial activity, oxygen
consumption is so low that the transfer causes the levels of both gases to be practically the
same as the ambient ones.

To explain this behavior, the adapted Smith’s model was used again (Figure 5); it
indicates that at a moisture of 30%, the dry basis, (23% moisture in the pile) corresponds
to an aw = 0.8, at which, according to the data in Table 5, the growth of at least the mold
(fungus) population is possible. That is, when the pile 1 moisture was between 30% and
23%, the aw value was between 0.9 and 0.8 (corresponding to 43% and 30% moisture on a
dry basis), sufficient to maintain microbial activity with a very low growth rate. This low
microbial activity (but enough to raise the temperature to 38–40 ◦C; Figure 4a) caused low
O2 consumption, which was completely covered by the O2 transfer shown in the results
of Table 4, thus causing neither a decrease of O2 level nor an increase the concentration of
CO2 (Figure 4a).
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The water removal that occurred in the days after day 34 was the result of convective
drying favored by the greenhouse conditions, achieving in this period a moisture decrease
of 14% (P1) and 15% (P2).

Finally, it can be safely said that when O2 and CO2 levels reach ambient values, at any
depth in the pile and after 30–35 days of biodrying, they will be indicative of the end of
the microbial activity, due to their correspondence with an aw between 0.8 and 0.9, where
each type of material to be biodried will have its own adsorption isotherm in which the
moisture that is in equilibrium with its aw will be found.

It should be noted that the results of O2 consumption and CO2 production, observable
in Figure 4, keep an equimolecular stoichiometry, as reported in the literature on microbial
biochemistry, through the biological reaction of glucose: C6H12O6 + 6 O2 → 6 CO2 + 6
H2O + heat [29,32]. That is, taking any time interval where the oxygen level drops, its
consumption will be practically equal to the CO2 production; for example, from day 15 to
20 in P1, the O2 consumption is 6% (18–12%) and the CO2 production is also 6% (8–2%);
for P2, in the interval from day 5 to 10, the CO2 production is equal to the O2 consumption
at a value of 9–10%.
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Figure 5. Sorption isotherm [28].

Table 5. Minimum aw values for the growth of microorganisms.

Microorganisms aw

Bacteria 0.90
Yeasts 0.88
Molds 0.80

Halophilic bacteria 0.75
Xerophilic molds 0.61

Osmophilic yeasts 0.61

3.6. Carbon, Nitrogen and Calorific Value

Based on the ANOVA, the biodried material obtained in both piles showed no sig-
nificant differences in both %N (0.93% and 0.80% for P1 and P2, respectively) and in the
final %C (42.74% and 40.36% for P1 and P2, respectively). There was also no difference
in the CP obtained at the final moisture content of the bioprocess (15,272 kJ/kg for P1
and 15,832 kJ/kg for P2). Table 6 shows the overall results of the indirect indicators of the
microbial activity during biodrying.

Table 6. Overall results of the indirect indicators of microbial activity during biodrying of waste piles.

PILE Time
(Days)

Organic
Matter

(%)

Carbon
(%)

Nitrogen
(%) C/N pH

Organic
Matter

Reduction
(%)

Carbon
Reduction

(%)

Nitrogen
Increase

(%)

START
P1 0 93.69 54.34 0.70 77.57 3.4 0 0 0
P2 0 95.41 55.34 0.76 72.75 3.6 0 0 0

END
P1 46 73.69 42.74 0.93 45.59 8.23 20.00 11.6 0.23
P2 46 69.59 40.36 0.80 49.88 6.76 25.82 14.9 0.04

Orozco et al. [23] reported that biodried waste can retain 87% of the calorific value of
the initial biomass on a dry basis after the biodrying process in semi-static piles of organic
waste under conditions quite similar to those of the present work. The CP obtained at the
final moisture content of P1 and P2 (14.4% and 11.9%, respectively) is comparable to the CP
of wood fuels with 15% moisture, this being 15,360 kJ/kg [16]; in turn, it is also comparable
to the CP of solid biofuel obtained by pyrolysis of orange peels (10,900–19,300 kJ/kg)
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reported by Monteiro-Santos et al. [33]. The increase in CP from wet to biodried waste
allows highlighting the potential use of this bioprocess to stabilize waste with high moisture
content and obtain a dry product that can be used as fuel. Table 7 shows the heat of
combustion values of organic solid waste after the biodrying process, which range from
6964–17,139 kJ/kg, where the waste with the highest CP was the pile that was experimented
on by Robles-Martínez et al. [31], placing the biodried material obtained in the present
work among those that obtained the highest CP.

Table 7. Heat of combustion of solid waste after biodrying.

Waste Type
Heat of

Combustion
(kJ/kg)

Moisture
(%)

Process Time
(days) Characteristics Reference

Organic solid waste 15,272
15,832

14.4
11.9

46
46

Pile 1
Pile 2 The present work

Organic solid waste 17,139 6 35 In piles without
forced aeration [31]

Organic solid waste from
gardening and harvesting

6964
15,688

50
12.5

12
30

In piles without
forced aeration [30]

Municipal solid waste 10,531
14,056

59
32

6
11

In a reactor with
forced aeration [34]

Municipal solid waste 10,300 48 16 In a reactor with
forced aeration [35]

Biological waste 9900
11,200

20
30 14 In tunnels with

forced aeration [36]

4. Conclusions

Three phases could be distinguished during the biodrying process; in the first two,
microbial activity takes place that influences the temperature of the process and, therefore,
the evaporation of water from the organic matter, while in the third phase the microbial
activity ceases, and thus, drying is only carried out by convection. The O2 percentages
found in the middle points of the pile were similar to those of the lower points and to one
of the surface points, suggesting that the porosity provided by the type and proportion of
the structuring materials used in each pile and the turning frequency were effective.

Through the behavior of the gases in the piles, it was shown that the microbial activity
is limited by the moisture and its equilibrium with the water activity (aw), so that when the
moisture was less than 35–30% (aw = 0.9), the microbial activity ceased completely, which
was demonstrated by the O2 and CO2 values inside the pile, which were the same as those
of the ambient air. Thus, the O2 concentration can be used as a reliable and safe indicator
of the duration of microbial activity during biodrying. On the other hand, the decrease in
moisture content of the waste after the cessation of microbial activity is attributed only to
convective drying.

The biodried materials from both piles did not show statistically significant difference
in terms of their calorific power, 15,272 kJ/kg (P1) and 15,832 kJ/kg (P2). In addition, the
CP for both piles at the end of the process is comparable to that of wood fuels (15,360 kJ/kg)
and solid biofuel from pyrolysis of orange peel (15,000 kJ/kg on average), demonstrating
that the biodrying process is a suitable option for the stabilization and energy recovery of
organic waste with high moisture content.
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Appendix A

The estimated oxygen supply will be equal to the oxygen transfer rate
OTR = kLaso

[
Ceq − CL

]
; kg O2

L d ; Oxygen transfer rate [29]

kL = Sh
DO2
dpar

(3600 × 24); m/d ; Mass transfer coefficient in the liquid phase;

Sh = 0.683 Re0.466 Sc0.333; 40 < Re < 4000; Sherwood number [37]
DO2 = 2.4 × 10−9 m2

s ; Diffusivity of oxygen in liquid water
dpar =

6T
aso

; Equivalent particle diameter; dp = 0.0142 m
Γ = 0.68; shape factor of the particle (table 9.1, pag. 245) when h = 6.67 ϕ, considering

the pile
residues as cylinders of diameter (ϕ) =0.015 m; and height (h) = 0.10 m; [38]
aso: surface area of the particle; aso =

particle area
particle volume

particle area = πϕh + 2
(

π
4 ϕ2); particle volume = π

4 ϕ2h; aso = 287 m−1

Sc =
µO2

ρO2 DO2
; Schmidt number

µO2 = 2.194 × 10−5 kg
m s ; oxygen viscosity

ρO2 = 1.2068 × 10−5 kg
m3 ; oxygen density

Re =
dpar v ρO2

µO2
; Reynolds number

v = 0.29 m/s; air velocity through the bed of solids and cleared from the Ergun equation:
∆P
L =

[
150(1−ε)2µaire

ε3d2
par

]
v +

[
1.75 (1−ε)ρaire

ε3dpar

]
v2 [38]

µaire = 1.941 × 10−5 kg
m s ; air viscosity;

ρaire = 1.109 kg
m3 ; air density

ε = 0.1; pile porosity [23];
L = 0.64 m; pile height
∆P = 2078 Pa; pressure drop through the pile;
∆P = ρpileL g; ρpile = 331 kg/m3; g = 9.81 m/s2

∆P
L

= c;

[
150(1− ε)2µaire

ε3d2
par

]
= b;

[
1.75 (1− ε)ρaire

ε3dpar

]
= a

c = bv + av2; f inally : v2 + b
a v− c

a = 0; the value o f the positive root will be (v)[
Ceq − CL

]
; kg O2/L

CL: concentration of oxygen dissolved in water; for this calculation it was considered
equal to zero

Ceq: concentration of oxygen dissolved in water and in equilibrium with the concen-
tration of oxygen in the air

Ceq =
fO2 Ptotal

H 10−3; kg O2/L; [29]
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H = 28.52 L. atm/g O2, at 35 ◦C; Henry’s constant; fO2 : oxygen fraction; Ptotal: total
pressure for a pile

depth of 0.6 m in Mexico City. Finally, the Ceq was calculated at the different fO2

averages of Table 4 (%)
O2 v/v, converted to fraction) and at a Ptotal = 0.79 atm, obtaining the following results:

fO2

(average)
Ceq

(×10-6 kg O2/L)

0.115 3.19
0.080 2.22
0.160 4.43
0.165 4.57
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