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ABSTRACT

Avalidated mathematical model was used to determine the change in concentration of CO, and
O, in a silo bag holding soybean [Glycine max (L.) Merr.] from autumn to summer for a typical
agricultural region in the North (Sdenz Pefia, Chaco Province), Center (Pergamino, Buenos Aires
Province) and South (Balcarce, Buenos Aires Province) of Argentina. Initial moisture content
(m.c.) of grain was set to 13, 15 and 17% w.b. and bagging temperatures to 15°C and 25°C. In
Balcarce and Pergamino, with moderate and intermediate climate, winter CO, reference values
ranged from 1 to 3% V/V for dry and slightly wet (13 and 15% w.b.) soybean and increased to
2-5% V/V for wet soybean (17% w.b.). In Saenz Pefia, with sub-tropical climate, winter CO,
reference values ranged from 2.3 to 8% V/V. Values of O, concentration below 1% V/V were
attained in a soybean silo bag only under sub-tropical climatic conditions (Saenz Pefia). Under
temperate and intermediate climate, insect activity would be limited in silo bags as grain mean
temperature remained below 15°C during most of the storage period, while under subtropical
climate insect control would mainly depend on the interstitial gas concentration.

Key words: Atmosphere composition, Grain storage, Hermetic storage, Modeling, Soybean,
Silo bags

Grain storability in silo bags is based on CO,
detection according to a protocol developed by The
National Institute of Agricultural Technologies of
Argentina (INTA), Balcarce Experimental Station
(EEA) (Bartosik et al., 2008). This protocol compares
the measured CO, concentration with a reference
value, which represents adequate storage conditions.

Gas concentration in grain bags depends on the
respiration of the grain ecosystem (grains + microflora
+ insects), the entrance of external O, to the system,
and the loss of CO, to the ambient air. The transfer of
gases depends on the gas partial pressure differential
and the effective permeability of the plastic cover
(openings and natural permeability of the plastic layer
to gases). Experimental field tests and numerical results
demonstrated that this reference level is affected by
grain temperature and moisture content (m.c.) and
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permeability of the plastic layer of the silo bag to
O, and CO,. Grain temperature change depends
on climatic condition of the region, so reference
concentration values differ from one agricultural
area to another (Bartosik et al., 2008; Cardoso et al.,
2008; Abalone et al., 2011a; 2011b; Arias Barreto et
al., 2013).

Based on previous works (Gaston et al., 2009,
Arias Barreto et al., 2013), Arias Barreto (2016)
adapted the model to simulate storage of soybean
[Glycine max (L.) Merr.] in silo bags. The model was
validated by comparison of predicted temperature,
m.c. and gas concentration with experimental data
(Rodriguez et al., 2001; Cardoso et al., 2008). The
rate of O, consumption and CO, production due to
grain respiration were calculated as a function of
temperature, grain m.c. and O, interstitial concentration
(Ochandio, 2014).

In this work, the mathematical model was used
to determine the reference levels that corresponds to
three typical agricultural regions of Argentina: one
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with sub-tropical climate in the North (Sdenz Pefia,
Chaco Province), second with intermediate climate in
the Centre (Pergamino, Buenos Aires Province) and
third with moderate climate in the South (Balcarce,
Buenos Aires Province). The evolution of O, and
CO, concentration during nine months, from April
to December, was simulated in the silo bag holding
soybean at 13, 15 and 17% w.b. for initial bagging
temperatures of 15°C and 25°C.

MATERIALS AND METHODS

Silo bags

Silo bags are 60 m long, 2.70 m diameter and
230-250 microns thick plastic bags. The bags are made
of a three-layer plastic, black on the inside and white
on the outside with UV stabilizers. The plastic layers
are a mixture of high density (HDPE) and low density
polyethylene (LDPE). Approximately 200 tonnes of
grains (wheat, corn and soybean) can be held in a bag;
farmers usually store their production in bags for six
to eight months.

Mathematical modelling

A coupled PDE (Partial Differential Equation)
system in terms of temperature 7, grain m.c. W, O,
and CO, concentrations is derived from the energy
and mass balances for the grain and air phases in
a control volume. The balances take into account
heat, water vapour, oxygen consumed and carbon
dioxide released by respiration of the grain ecosystem.
A detailed description of the model is presented
elsewhere (Gaston et al., 2009; Abalone et al., 2011a;
b; Arias Barreto et al., 2013). Gas transfer through the
plastic layer was modeled by defining an equivalent
permeability of the plastic to O, and CO,. Equivalent
permeability of the plastic layer to O, was set equal to
9.75 108m>md-'m2at"! and to CO, equal t0 3.22 10”7
m3md-'m2at"!, average plastic thickness L to 240 pum,
effective diffusivity to CO, and O, to 3.97 10" m?s!
and 5.22 10 m?s7!, respectively, soybean porosity to
0.34 and tortuosity to 1.53. The mathematical model
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Fig. 1. Cross section of the silo bag and discretization
domain

292

was implemented in COMSOL Multiphysics 4.3a and
solved by the finite element method. Fig. 1 shows the
calculation domain, which represents a cross section
of the silo bag.

Heat and water vapour released during respiration
was modeled by the complete combustion of a typical
carbohydrate. Soybean respiration was modelled
according to correlations developed by Ochandio
(2014).

For 13% w.b. moisture content
Y0, = — 1.020 - 0.0878 O, + 0.05127, + 0.00676T, O,

COy

R=0914 (1)
Yy, = 0.972 +0.124 0, - 0.0437T, - 001057, 0,

R =0.962 (2)

For 15% w.b. moisture content
Ycg, = 0.595 —0.492 0, +0.00925T, + 0.02587, O,

R =0.959 ..(3)

YO2 = 0.468 + 0.229 O, — 0.0454T, — 0.02007,, O,
R =0.984 (%)

For 17% w.b. moisture content

YCO2 =-5.813-0.577 O, + 0.379T_ + 0.04207. O,
R=0918 ..(5)

YO2 =0.617 + 0.888 O, — 0.0687T, - 0.0712T, O,
R=0.976 ...(6)

Compared to wheat (White et al., 1982), at 15°C
and medium O, concentration (10% v/v), the rate of
respiration of soybean is 1 to 3 orders of magnitude,
lower than that of wheat. For the other combinations
of moisture content (13—17% w.b.) and temperature
(25-35°C), on average, it is about 4-fold lower.

Definition of initial bagging conditions and
weather data for simulation

The model was applied to analyze the storage of
soybean in a silo bag from April to December (nine
months). Initial grain m.c. was set to 13, 15 and 17%
w.b. and initial bagging temperatures to 15°C and
25°C. Climatic data corresponding to 1999-2004 years
were considered for Balcarce (37.84S; 58.26W), in the
Southwest of Buenos Aires Province; to 2001-2006
years for Pergamino (33.85S; 60.93W), in the North
of Buenos Aires Province and to 2001-2006 years for
Séenz Peiia (26.78S; 60.45 W), in Chaco Province.

RESULTS AND DISCUSSION

Annual mean temperature and solar radiation
were compared at the three locations (Fig. 2). Usually,
soybean is stored in silo bags during autumn (90™ day).
In this period, mean ambient temperature in Sdenz
Pefia is about 5°C higher than in Pergamino and 7°C
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Fig. 2. Comparison of mean ambient temperature and solar
radiation of agricultural areas

higher than in Balcarce, while in winter is about 7°C
and 10°C higher respectively. Solar radiation in Saenz
Pefia during autumn and winter was about 13 and 30%
higher than in Pergamino and Balcarce, respectively.

The evolution of the mean temperature of the
silo bags for 15°C (a) and 25°C (b) initial bagging
temperature and 17% w.b. initial m.c. is illustrated in
Fig. 3. Simulation results for 13 and 15% w.b. were
almost identical. It can be observed that in Balcarce
and Pergamino after 30—45 days of storage, grain mean
temperature decreased and remained below 15°C until
the beginning of the warm season. In contrast, in Sdenz
Pefia grain mean temperature was above 15°C during
the whole storage period. Fig. 4 compares mean grain
temperature and average ambient temperature at each
location. Regardless of the initial bagging temperature,
during winter mean grain temperature was very similar
to average ambient temperature. During the warm
season, grain temperatures increased following the
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Fig. 3. Grain mean temperature evolution at Balcarce,
Pergamino and Séaenz Pefia. Initial temperature:
(a) 15°C ; (b) 25°C . Initial moisture content: 17%
w.b.

ambient pattern but remained always below average
ambient temperature.

According to Ochandio (2014), respiration of
soybean is very low below 15°C and increased by
3 to 10-fold at 25°C, depending on m.c. Therefore,
as will be shown, the effect of climatic conditions
produced significant changes in the reference levels
of O, and CO,,.

Results for each bagging condition and location
were averaged over the six years. Figs. 5 and 6 show the
change of mean gas concentration for 15°C and 25°C
initial bagging temperature respectively. As a general
trend, in Balcarce and Pergamino, with moderate and
intermediate climate, CO, concentration was very low
during autumn and winter and increased during the
last two months, as respiration was activated with the
warming up of the silo bag. The effect of initial grain
temperature is reflected on the fast initial accumulation
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of CO, and consumption of O, during the first month
(Fig. 6), followed by a decay of CO, and a recovery
of O, due to gas transfer with the ambient. It can also
be observed, that for slightly wet and wet soybean,
the rate of increase of CO, was higher by the end of
spring in Balcarce and Pergamino than in Séenz Pena.
This is because of the lower O, level achieved in this
location, which slows down the rate of respiration. On
an average, O, level remained above 6% V/V. Only in
Saenz Pefia, with sub-tropical climate, O, was almost
consumed after two months of storage in the wet silo
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bag (17% w.b.).

Reference values of CO, for winter and spring were
selected from Figs. 5, 6 and summarized in Tables 1, 2.
An increase of 10°C in ambient temperature and 30%
in solar radiation between the northern (Séenz Pefia)
and southern location (Balcarce), produced on average
an increase of 5% V/V points in the concentration of
CO, for slightly wet and wet soybean. The difference
between the winter and spring reference values ranged
from 3 to 5% V/V points, depending on the grain
initial condition.

0 30 60 90 120150180210240270
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Table 1 Estimated reference level of CO, for winter and end of spring in a soybean silo bag. Initial grain temperature 15°C

Winter reference value
(around 120th day)

Spring reference value
(end of storage)

m.c. 13% w.b. 15% w.b. 17% w.b. 13% w.b. 15% w.b. 17% w.b.
Balcarce <0.3 <0.3 1.0 1.1 2.5 4.6
Pergamino <0.3 0.6 2.0 2.7 5.7 6.7
Saenz Pefia 1.6 4.9 6.0 4.5 7.5 8.5

Table 2 Estimated referential level of CO, for winter and end of spring in a soybean silo bag. Initial grain temperature 25°C

Winter reference value
(around 120th day)

Spring reference value
(end of storage)

m.c. 13% w.b. 15% w.b. 17% w.b. 13% w.b. 15% w.b. 17% w.b.
Balcarce 0.8 2.1 3.8 1.2 2.9 4.6
Pergamino 1.0 2.8 4.9 2.6 6.0 6.8
Saenz Pefia 23 7.0 7.9 42 7.9 9.0

It is important to remark that the simulations
carried out assumed a silo bag without structural
damage. Abalone et al. (2011b) demonstrated by
computer simulation that the presence of small
perforations altered considerably the transfer of O,
and CO, through the plastic layer. Also, as perforations
are not selective, changes in the reference values of
O, were more pronounced than those of CO,. It is
highly probable that a silo bag in the field may have
such perforations (Cardoso et al., 2012) and therefore
the O, concentration be higher than the predicted one.
Also, although storage was simulated from April to
December (270 days), soybean is not usually stored
in silo bags for such a long period.

Though in Argentina soybean does not have

frequent insect infestations, some speculations
regarding the effect of typical temperature and modified
atmosphere conditions in silo bags could be derived.
Fig. 3 showed that the mean temperature of the silo
bags, remained below 15°C most of the storage period
under temperate and intermediate climate. These results
indicate that for these climatic conditions of Argentina,
insect activity would be limited for dry and moist grain
because mean grain temperature decreases below 17°C,
preventing insect infestation. CO, level (>20%V/V)
that can be toxic to insects were not achieved. Oxygen
concentration to arrest insect development would
only be attained for moist soybean under sub-tropical
climate conditions.

In a previous work (Arias Barreto et al., 2013),

Table 3 Comparison of estimated reference level of CO, for winter in a soybean and wheat silo bag

Grain type Soybean Wheat

m.c. 13% w.b. 15% w.b. 17% w.b. 12% w.b. 14% w.b. 16% w.b.

Gas CO,%V/IV CO,%V/IV CO,%V/IV CO,%V/V CO,%V/V CO,%V/IV

Balcarce 0.8 2.1 3.8 4 11.7 > 14

Pergamino 1.0 2.8 4.9 4.6 13 > 14

Saenz Pefia 2.3 7.0 7.9 6 > 14 > 14
Table 4 Comparison of estimated reference level of O, for winter in a soybean and wheat silo bag

Grain type Soybean Wheat

m.c. 13% w.b. 15% w.b. 17% w.b. 12% w.b. 14% w.b. 16% w.b.

Gas 0O, %V/IV O, %V/IV O, %V/IV O, %V/IV O, %V/IV O, %V/IV

Balcarce 18 12 6 15.5 5 ~0 (Ac)

Pergamino 17.5 10 4.5 15 3 ~0 (Ac)

Séenz Pefia 10.5 4 ~0.5 13 ~0 (Ac) ~0 (Ac)

Ac: Anaerobic conditions attained
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the reference level for a silo bag holding wheat from
summer to winter ( January—July, 180 days of storage)
were obtained for the same agricultural areas. Initial
bagging conditions were 12, 14 and 16% w.b. initial
m.c. and 25 and 40°C initial grain temperature. For
comparison, Table 3 and Table 4 show the reference
winter values of CO, and O, for wheat and soybean
for 25°C initial bagging temperature. Reference
values for wet and slightly wet wheat are considerably
higher than those for soybean. The higher respiration
rate of wheat compared to soybean and the higher
average temperature of the wheat silo bag during
summer (which ranged from 20 to 25°C) favoured the
accumulation of CO,. Table 4 shows that anaerobic
conditions, which are beneficial for conservation of
wet grain, were attained in a soybean silo bag only
under sub-tropical climatic conditions (Sdenz Pena).

CONCLUSION

Results showed that reference levels of O, and CO,
depend on initial moisture content and bagging grain
temperature. In Balcarce and Pergamino, with moderate
and intermediate climate, CO, concentration was very
low during autumn and winter, in the range 1-3% V/V
for dry and slightly wet soybean, but increased to 2—-5%
V/V for wet soybean. In Saenz Pefia, with sub-tropical
climate, winter CO, reference values ranged from 2.3
to 8% V/V, for an initial bagging temperature of 25°C.
Low O, concentration values, which are beneficial for
conservation of wet grain, were attained in a soybean
silo bag only under sub-tropical climatic conditions
(Saenz Pena).

As grain mean temperature remained below 15°C
during most of the storage period under temperate and
intermediate climate, insect activity would be limited
in silo bags. Under subtropical climate conditions, the
effect of temperature would be limited, and insect
control would mainly depend on the interstitial gas
concentration, a lethal atmosphere would only be
achieved during storage of wet soybean.
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