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Abstract: In the context of post-harvest pest management in agricultural products, the adoption of
modified atmospheres presents an eco-friendly alternative to conventional pesticides. This study
focuses on nitrogen gas as a potential agent for insect control in stored commodities, utilizing compu-
tational simulations (by employing the convection–diffusion equation) to investigate its penetration
and distribution within two common storage configurations: chamber-contained pallets and silos.
The results highlight the influence of boundary conditions, commodity porosity, and convection
effects on nitrogen dispersion. In chamber scenarios, the first boundary condition considers that
pallets are placed inside a chamber with uniform (99.5%) nitrogen concentration, whereas in the
second one, the concentration gradually increases from 78% to 99.5%. The average duration required
for O2 concentration to reach 1% is approximately 10.7 h and 133.3 h for the two boundary conditions,
respectively. Among the agricultural commodities, walnuts (kernels) exhibit the shortest duration,
while prunes require the longest time. In silos, convection and diffusion interact to establish a consis-
tent diffusion layer thickness. Most agricultural products exhibit similar behavior, with average times
of 13.5 h, 25.4 h, and 37.0 h for three heights (10 m, 20 m, and at the silo’s top at 30 m), respectively.

Keywords: numerical modeling; simulation; nitrogen; modified atmospheres; low oxygen

1. Introduction

Modified atmospheres offer a promising approach for effectively managing insects in
post-harvest stages of agricultural products, serving as a viable alternative to conventional
pesticides. With growing concerns among consumers about the hazards associated with
residual insecticides in food and their detrimental impact on the environment, adopting
modified atmospheres on an industrial scale presents a feasible and eco-friendly strategy
for pest control across various commodities [1–3]. The term ’modified atmospheres’ en-
compasses a range of techniques aimed at altering gas proportions within a designated
space, such as a chamber. This adjustment involves introducing specific gases, like nitrogen
or carbon dioxide, to significantly reduce oxygen levels or elevate carbon dioxide concen-
trations. This deliberate atmospheric manipulation capitalizes on the fact that insects and
many microorganisms rely on oxygen for their aerobic processes. Consequently, modifying
the atmosphere can severely impede their development and ultimately jeopardize their
survival [3].

The advantages of using modified and controlled atmospheres for disinfestation
are multifaceted. First and foremost, these techniques are environmentally friendly and
minimize the use of chemical pesticides, reducing the risk of pesticide residues in stored
products. This aligns with the growing consumer demand for safer and more sustainable
agricultural practices. Furthermore, modified and controlled atmospheres are non-toxic
to humans and do not pose health risks to workers or consumers. They also do not
contribute to the development of pesticide resistance in pests, which is a significant concern
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with traditional chemical treatments. As a result, these methods can be integrated into an
integrated pest management (IPM) strategy, promoting long-term pest control and reducing
the need for repeated treatments [4].

Prior investigations into nitrogen utilization have exhibited encouraging outcomes
against numerous insect species prevalent in stored products. For example, Ofuya and
Reichmuth [5] systematically examined the impact of a nitrogen atmosphere compris-
ing 100% concentration on all life stages of the cowpea weevil, Callosobruchus maculatus
(F.) (Coleoptera: Bruchidae), as well as the bean weevil, Acanthoscelides obtectus (Say)
(Coleoptera: Bruchidae). Their findings indicated a 100% mortality rate within exposure
intervals ranging from 1 to 9 days. Furthermore, earlier research has demonstrated the
survival capabilities of stored-product insects under exceedingly low oxygen concentra-
tions, persisting for extended periods, spanning days or even weeks. This has led to the
proposal that the necessary oxygen levels for achieving a desirable degree of insect control
should remain below 2% [6]. Within the scope of this investigation, the impact of nitrogen,
administered as a controlled atmosphere treatment, on the microbial and entomological
loads, as well as the organoleptic characteristics of stored dried currants (Corinthian raisins,
Vitis vinifera L. var. Apyrena), was investigated. Experimental trials were executed under
realistic conditions within the nitrogen chambers of a commercial facility, wherein nitro-
gen was introduced through an integrated nitrogen generator. Despite discernible effects
on taste, odor, aroma, and overall acceptance attributable to the applied treatments, the
sensory attributes of Corinthian currants remained within acceptable parameters subse-
quent to nitrogen fumigation. Recently, Rumbos et al. [7] tested nitrogen treatment (>99%)
on a commercial scale to control major stored product insects such as the rice weevil,
Sitophilus oryzae (L.) (Coleoptera: Curculionidae), the lesser grain borer, Rhyzopertha do-
minica (F.) (Coleoptera: Bostrychidae), the larger grain borer, Prostephanus truncatus (Horn)
(Coleoptera: Bostrychidae), the confused flour beetle, Tribolium confusum Jacquelin du Val
(Coleoptera: Tenebrionidae), and the sawtoothed grain beetle, Oryzaephilus surinamensis
(Coleptera: Silvanidae), and found that nitrogen treatment is effective for all life stages and
populations tested.

Despite the promise of utilizing modified atmospheres with nitrogen, and the increas-
ing number of studies in the scientific literature, there exists insufficient information regard-
ing the penetration of nitrogen into packaged goods such as pallets or vertical structures
like silos. Acquiring experimental data can be challenging and resource-intensive in terms
of time and cost. Conversely, numerical investigations offer a viable approach, enabling
storage managers and practitioners to enhance their comprehension of the fundamental
mechanisms governing nitrogen diffusion in diverse storage environments and agricultural
commodities. Within this context, numerical modeling has been partially employed in
analogous applications. Specifically, Agrafioti et al. [8] published a study concerning the
practical application of modified atmospheres to combat phosphine-resistant insect popula-
tions in commercial settings. Specifically, they assessed the efficacy of this method against
two predominant species of stored-product beetles, R. dominica and O. surinamesis. These
evaluations were conducted within commercial facilities where they introduced nitrogen
through a nitrogen generator. Each testing chamber accommodated three to four pallets
laden with either currants or herbs. To analyze nitrogen concentration, they developed
a computational model. The computational model operated under the assumptions that
nitrogen concentration in proximity to the pallets remains uniform and that the primary
mechanism governing nitrogen dispersion within the pallet is gas diffusion. To this end,
the model solved the diffusion equation. Across the majority of trials, they consistently
recorded 100% mortality rates for both beetle species, encompassing all tested temperature
conditions and exposure durations. In terms of control progeny production, R. dominica
exhibited a range between 20 and 45 adults per vial, while O. surinamensis displayed a
range from 29 to 27 adults per vial. The simulation results demonstrate that nitrogen
can efficiently permeate currants, with negligible differences in concentration (less than
1.5%) observed across the pallet. Furthermore, the simulation model elucidated that lower
temperatures do not significantly impact nitrogen concentration profiles.
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The study by Guo et al. [9] presents numerical simulation findings involving liquid
nitrogen injection into a container, indicating the efficacy and applicability of controlled
atmosphere treatments for preserving mature pepino fruit quality. Specifically, it investi-
gated the influence of recirculation velocity on the oxygen volume fraction and temperature
distribution within a controlled atmosphere container through the introduction of liquid
nitrogen. A three-dimensional (3D) model was formulated, and numerical simulations were
employed to elucidate the airflow, heat transfer, and mass transfer dynamics associated
with liquid nitrogen injection. To validate the model’s accuracy, a validation test was
conducted. The outcomes of this investigation reveal that augmenting recirculation velocity
prolongs the duration of liquid nitrogen injection while concurrently diminishing tempera-
ture differentials within the container and on the surfaces of fruits and vegetables. In their
simulations, the equations governing mass, momentum, and heat transfer were solved
using the finite volume method, along with their corresponding boundary conditions. A
tetra/mixed mesh configuration was chosen to discretize the computational domain into
numerous small elements. Within each element, the three velocity components, pressure,
and temperature were approximated through the employment of the finite volume method,
wherein all pertinent parameters were computed using discretization equations subsequent
to integration. Mesh refinement was applied strategically, focusing on regions such as the
fan outlet, vaporizing coil outlet, and exhaust valve, to enhance simulation accuracy in
these specific components.

Silva et al. [10] conducted an investigation and employed a computational fluid
dynamics (CFD) model to elucidate the dynamics of ozone gas flow within an aeration
system, specifically targeting a lethal concentration for the maize weevil, Sitophilus zeamais
Motschulsky (Coleoptera: Curculionidae), in rice grains. Utilizing the CFD technique,
they modeled the gas flow and adjusted the model to experimental data by considering
critical parameters such as the mass transfer coefficient and the ozone–rice grain reaction
constant. Subsequently, they conducted a simulation involving the injection of ozone
gas into a silo with a static capacity of 69.6 tons of rice. To model the flow of ozone
gas through the column of rice grains, Silva et al. [10] utilized the ANSYS CFX V11.0
software for CFD analysis. Computational meshes were generated using CFX Mesh, with
a mesh comprising 8840 nodes and a temporal resolution set at 6 h following a thorough
spatial and temporal convergence assessment. The gas within the intergranular spaces was
assumed to be an ideal mixture of air and ozone gas. We considered the flow to be laminar,
incompressible, isothermal, and transient in both simulated scenarios, justified by the low
Reynolds number characterizing the flow regime. The governing equations for the porous
medium encompassed the Navier–Stokes equations and transport equations governing
ozone gas within both the gaseous and solid phases. Similarly, Carvalho et al. [11] also
explored nitrogen gas concentration for refrigeration and atmosphere adjustment in corn
storage. Furthermore, Pandiselvam et al. [12] employed numerical simulations to predict
ozone concentration and flow characteristics in bulked paddy rice. Agrafioti et al. [13]
utilized CFD to model phosphine gas distribution within grain silos and metal containers,
successfully validating this model in a real-world scenario.

In light of the above, it becomes apparent that there is a scarcity of scientific inves-
tigations and computational models dedicated to simulating the distribution of nitrogen
and oxygen during controlled atmosphere treatments. Additionally, experimental inquiries
have thus far addressed only a limited array of configurations for various storage spaces
and agricultural commodities. Given the expansive potential combinations, it necessitates
substantial effort to comprehensively cover them experimentally. Consequently, the focus
of the present study is directed towards the development of a computational model. This
model aims to explore the penetration and distribution patterns of nitrogen and oxygen
within two prevalent storage configurations for agricultural products: chamber-contained
pallets and silos. Moreover, the study addresses a diverse range of commonly treated
agricultural products in its simulations, thereby providing practitioners with valuable
insights into these applications.
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2. Materials and Methods
2.1. Computational Model Description

The convection–diffusion, or advection–diffusion, equation serves as a fundamental
tool for elucidating transport phenomena involving the transfer of heat, mass, and other
physical properties through diffusion and advection mechanisms [14]. In the context of a
one-dimensional spatial domain devoid of sources or sinks, and with constant diffusivity
(De f f ) and velocity (u), the convection–diffusion equation is succinctly expressed as follows:

∂C
∂t

+ u
∂C
∂x

= De f f
∂2C
∂x2 (1)

where the variable C represents the concentration (%) of nitrogen gas, while t denotes
the temporal parameter in seconds (s) and x denotes the spatial parameter measured in
meters (m). The symbol De f f corresponds to the effective diffusion coefficient with units
of m2/s, which accommodates porous effects inherent to gas flow within the product
matrix. The solution to Equation (1) provides predictions regarding nitrogen (and con-
sequently, oxygen) concentration during controlled atmosphere treatments, be it within
silos or chamber-contained pallets. For the latter scenario, we posit a uniform nitrogen
concentration encompassing the pallets (in adherence to a Dirichlet boundary condition),
where gas diffusion predominates (u = 0 m/s) as the chief modality for nitrogen gas
dispersion within the pallet structure. The numerical simulations are executed upon a
one-dimensional mesh framework, thereby yielding predictions concerning the spatial
separation between the chamber’s concentration domain (exterior surface of the pallet)
and the pallet’s core. In the context of silos, these simulations extend to the vertical gap
spanning from the silo’s base to its apex.

According to Shen and Chen [15], in order to represent the role of porosity (φ) on
ordinary molecular diffusion, the diffusion coefficient (Dm [m2/s]) must be scaled with
tortuosity (τ). Porosity is a dimensionless parameter and is equal to the ratio of pore volume
to total volume [14]. Tortuosity is a dimensionless parameter as well, which can be defined
as the ratio of average length of the geometric flow paths through the porous medium to
the straight-line length across the porous medium [16]. Based on the above, an effective
diffusivity coefficient could be set as:

De f f =
Dm

τ2 (2)

Shen and Chen [15], in their review article, studied numerous formulations of porosity
in a system of porous media. A relation between tortuosity and porosity for random
homogeneous isotropic sphere packings [17] is provided by the equation:

τ2 =
3 − φ

2
(3)

The temperature-dependent binary diffusion coefficient (Dm [m2/s]) for nitrogen and
oxygen is calculated based on the equation provided by Bird et al. [14]:

Dm = 1.859 × 10−6 T
3
2

pσ2
12Ω

√
1

MW1
+

1
MW2

(4)

where T is the absolute temperature [K], MW is the molar mass [g/mol], p is the pressure
[atm], σ12 = 1

2 (σ1 + σ2) is the average collision diameter (Å), 1 and 2 index the two kinds
of molecules present in the gaseous mixture, and Ω is the collision integral (dimension-
less). The values of Ω and σ12 are temperature-dependent and can be computed with the
assistant of the corresponding tables found in the literature [14]. For the present study,
the temperature dependence of Dm was calculated based on the above and the results are
shown in Figure 1. Indicatively, Dm is equal to 1.944 ×10−5 m2/s and 2.064 ×10−5 m2/s at
temperatures 20 [◦C] and 30 [◦C], respectively.
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Figure 1. The dependence in temperature of the binary diffusion coefficient (Dm).

In summary, given the availability of porosity values, the complete set of parameters is
established, enabling the utilization of Equation (1) for predictive purposes. The pertinent
porosity values for a selection of prevalent commodities that undergo nitrogen treatments
are tabulated in Table 1.

Table 1. Porosity values per commodity.

Product Porosity Source

almonds (in-hull) 0.67 [18]
almonds (in-shell) 0.58 [18]

barley 0.45 [19]
cashew 0.49 [20]

corn 0.48 [21]
hazelnut (kernel) 0.43 [22]

pistachio (nut) 0.57 [23]
pistachio (kernel) 0.50 [23]

prunes 0.33 [24]
raisins 0.40 [25]

rice 0.57 [26]
soy bean 0.38 [27]

walnut (shelled) 0.61 [28]
walnut (kernel) 0.75 [28]

wheat 0.44 [29]

2.2. Validation

To evaluate the precision of the computational code, the authors validated the model
predictions against both the numerical solution presented by Zoppou and Knight [30]
and experimental data available in the scientific literature [31]. As previously mentioned,
Zoppou and Knight [30] provided the numerical solution for Equation (1),

C(x, t) =
Co

2
er f c

 x − ut

2
√

De f f t

+
Co

2
exp

[
ux

De f f

]
er f c

 x + ut

2
√

De f f t

 (5)

The authors compared the model results with the solution provided by Zoppou and
Knight [30] (Equation (5)) when u = 1 [m s−1], De f f = 0.02 [m2s−1], Co = 100 [%] at
t = 2 [s]. The results are shown in Figure 2. It is evident that the model accurately solves
the equation, aligning closely with the numerical solution. Notably, the Mean Absolute
Error was calculated to be 0.02987.
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Figure 2. Comparison of the spatial (x) dependence of the model results on gas concentration (C)
with the analytical solution.

To access further the accuracy of the model, we ran simulations for a nitrogen applica-
tion as described by Navarro et al. [31]. Navarro et al. [31] reported a nitrogen application to
a concrete silo containing 2400 tonnes of wheat at the Cyprus Grain Commission’s Limassol
port silo. The silo, constructed from concrete (with a bin diameter of 10.5 m, eaves height of
33.4 m, and a total storage capacity of 3046 m3), underwent structural sealing procedures,
alongside the installation of air-tight valves, to increase bin gas tightness. The bin received a
grain load, reaching approximately 1 m below the bin roof, containing 2400 tonnes of wheat
(with moisture content at 11.8% on a wet basis, and temperature at 19 ◦C). Oxygen (O2)
levels were monitored through gas sampling at heights 1 m above and 3 m below the grain
surface, followed by analysis via a portable meter. Upon achieving an O2 concentration
below 0.9% within the bin, this concentration was persistently upheld through the EcO2
system, ensuring it remained below 0.9%. The employed EcO2 generator utilized pressure
swing adsorption (PSA) technology for air-to-N2 production. This system was integrated
into a mobile 6 m container, complete with essential equipment and control devices. A
flexible tube (25 mm internal diameter) at the bottom of the silo was used to fill the silo
bin with N2 from the EcO2 generator. Purge time was 56 h until 0.9% O2 concentration
was reached and the nitrogen volume used to reach this concentration was 3571 m3. Based
on the above data, the model predicts that the 0.9% O2 concentration will be reached after
53.97 h, which is very accurate since it differs 3.62% from the duration (56 h) reported by
Navarro et al. [31].

3. Results
3.1. Chamber

The objective of this section is to provide an approximate rule of thumb duration for
achieving a 1.0% O2 concentration at the center of a pallet during a nitrogen treatment for a
wide range of agricultural products. While there is no single standardized pallet dimension,
several different sizes are commonly used. According to the ISO 6780 standard [32], the
largest dimension of a pallet is 1.219 m.

For the purposes of this section, two different boundary conditions were considered
(Figure 3). The first one (Case A) considers that pallets are placed inside a chamber
with uniform (99.5%) nitrogen concentration, whereas in the second one (Case B), the
nitrogen concentration gradually increases from 78% to 99.5% [8]. Thus, the first scenario
represents the shortest duration for low (1%) oxygen concentration to be reached at the
pallet core, whereas the second one represents a realistic scenario (as already reported
by Agrafioti et al. [8]).
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Figure 3. The two boundary conditions considered for this study for the chamber/pallet simulations.

3.1.1. Constant Boundary Condition (Case A)

The results for this scenario are displayed in Table 2 (under the column ‘Case A’). The
average duration required for O2 concentration to reach 1% is approximately 10.7 h. Among
the individual items, walnuts (kernels) exhibit the shortest duration, predicted at 9.7 h,
while prunes require the longest time at 11.5 h. This outcome aligns with expectations given
the differing porosity levels, with prunes possessing the highest and lowest porosity values.

Table 2. Simulation results (time to reach 1% O2) at the center of the pallet.

Product Case A [h] Case B (Total) [h] Case B [h]

almonds (in-hull) 10.0 133.1 2.4
almonds (in-shell) 10.4 133.2 2.6

barley 11.0 133.4 2.7
cashew 10.8 133.4 2.7

corn 10.9 133.4 2.7
hazelnut (kernel) 11.1 133.4 2.8

pistachio (nut) 10.5 133.2 2.6
pistachio (kernel) 10.8 133.3 2.7

prunes 11.5 133.6 2.9
raisins 11.2 133.5 2.8

rice 10.5 133.2 2.6
soybean 11.3 133.5 2.8

walnut (shelled) 10.3 133.2 2.5
walnut (kernel) 9.7 133.0 2.3

wheat 11.0 133.4 2.8

By categorizing the agricultural products, it is evident that cereals (barley, corn, rice,
wheat) reach the target oxygen concentration in the shortest time, with an average of
approximately 10.75 h. Nuts (almonds (in-hull), almonds (in-shell), cashew, hazelnut
(kernel), pistachio (nut), pistachio (kernel), walnut (shelled), walnut (kernel)), on the other
hand, take a bit longer, with an average of approximately 10.15 h. Dried fruits, including
prunes, raisins, and soybeans, require the most time on average, at approximately 11.33 h.
This categorization shows that the product type plays a significant role in the time it
takes to reach the desired oxygen concentration. Cereals, which are generally less porous,
reach the target concentration more quickly than nuts and dried fruits, which have higher
porosity levels.
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3.1.2. Time Variable Boundary Condition (Case B)

The comprehensive time required for a 99% N2 concentration, for the second boundary
condition, to reach the center of the pallet is presented in Table 2 under the column
“Case B (total)”. Additionally, the table indicates the time necessary to attain the desired
concentration levels at the center of the pallet after the boundary condition has reached
99% N2 (column “Case B”).

On average, in Case B (total), the treatment of agricultural products demands around
133.3 h (with a minimum of 133.0 h and a maximum of 133.6 h). No notable differences
were observed between the nuts, grains and dried fruits categories. For column “Case B”
specifically, the average duration is 2.7 h (ranging from a minimum of 2.3 h to a maximum
of 2.9 h). Notably, similar to Case A, the extremities are attributed to the same products
(walnuts and prunes, respectively). These findings indicate that, once the nitrogen con-
centration reaches 99%, the additional time required for the final 0.5% increase in nitrogen
concentration is relatively consistent across different product categories and the variation
among product types in this specific phase is minimal. It is evident that the primary factor
influencing the duration is the shape of the boundary condition (the time taken to achieve
99% N2 concentration), rather than the specific agricultural commodity being treated.

3.2. Silo

In this section, we examine a standard silo with a height of 30 m and a diameter of 10 m.
A typical nitrogen generator has a flow capacity of 72 m3/hour, as cited in Athanassiou
and Sakka [33]. The generator produces nitrogen with a purity of 99.5%. For this scenario,
the simulation model predicts the vertical concentration profile of N2 taking into account
both the diffusion effects but also the forced N2 flow (convection). Table 3 displays the time
required for the N2 concentration to reach 99% at three different heights: 10 m, 20 m, and
the silo’s top at 30 m. It is evident that most agricultural products exhibit similar behavior,
with average times of 13.5 h, 25.4 h, and 37.0 h for the respective locations.

Table 3. Simulation results (time to reach 1% O2) at three positions in the silo. Height 30 m corre-
sponds to the top of the silo.

Product Height 10 m [h] Height 20 m [h] Height 30 m [h]

almonds (in-hull) 13.6 25.5 37.1
almonds (in-shell) 13.5 25.4 37.0

barley 13.5 25.3 36.9
cashew 13.5 25.4 36.9

corn 13.5 25.4 36.9
hazelnut (kernel) 13.5 25.3 36.9

pistachio (nut) 13.5 25.4 37.0
pistachio (kernel) 13.5 25.4 36.9

prunes 13.4 25.2 36.8
raisins 13.4 25.3 36.9

rice 13.5 25.4 37.0
soybean 13.4 25.3 36.8

walnut (shelled) 13.6 25.5 37.0
walnut (kernel) 13.6 25.6 37.2

wheat 13.5 25.3 36.9

Table 3 shows the required time for N2 to reach 99% at 10 m, 20 m, and 30 m (top of the
silo). It is clear that most of the agricultural products present the same behavior, i.e., 13.5 h,
25.4 h, and 37.0 h for the three locations. In contrast to the chamber scenario, the range of
hours for each location is more constrained despite the greater distance. This phenomenon
is due to the prevailing convection effects (induced flow from the generator) to a certain
degree over diffusion effects, which are influenced by the commodity’s porosity.

The study of nitrogen distribution draws parallels to the analysis of thermoclines in hot
water storage tanks during charging, as observed by Kaloudis et al. [34] and Kaloudis et al. [35].
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Although the physical phenomena involve distinct fluid viscosities (nitrogen gas vs. wa-
ter), the similarities in convection and diffusion make certain parameters applicable. For
our study, the term “thermocline thickness” δ [35] is adapted to represent the diffu-
sion layer’s thickness. Figure 4 illustrates that, at 12 h, the diffusion layer’s thickness
was δ(12 h) = 4.49 m, while at 24 h, δ(24 h) = 6.35 m, consistent with the observations
of Kaloudis et al. [34]. This alignment signifies the anticipated increase in the diffusion
layer’s thickness over time.

Figure 4. The distribution of nitrogen at two time instances.

4. Discussion

The utilization of computer simulations enabled a comprehensive exploration of the
effects of modified atmospheres on insect control. The results presented insights into the
dynamics of nitrogen distribution within various agricultural commodities, shedding
light on the time required for oxygen concentration to decrease to desirable levels for
pest suppression. Other examples of the successful use of computational methods in
pest management include phosphine fumigation. In particular, Agrafioti et al. [13] have
developed a computational fluid dynamics simulation model capable of investigating
phosphine distribution in different storage structures. Their research aimed to correlate
phosphine distribution patterns with insect mortality to improve precision fumigation
strategies. They evaluated the accuracy of their models by comparing predictions with
sensor data, highlighting their utility in predicting gas distribution and insect mortality
during fumigation operations. They found that some of the factors that influence fumigant
concentrations include environmental conditions and sorption by commodities, which is a
common finding with the recent study.

In the case of chamber-contained pallets, the simulations provided valuable information
regarding the duration needed for oxygen concentration to reach 1% within the core of the
pallets. For instance, Sakka et al. [36] found that the increase of percentage of nitrogen in
the atmosphere can be used with success against different life stages of the khapra beetle,
Trogoderma granarium Everts (Coleoptera: Dermestidae), in commercial chambers, including
different commodities such as plums, figs, and raisins. The current study considered both
constant and time-variable boundary conditions, reflecting uniform nitrogen concentration
and gradual nitrogen infusion, respectively. It was observed that the type of boundary
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condition significantly influenced the time required for achieving the desired oxygen levels,
with boundary shape playing a pivotal role. Moreover, variations in porosity among different
commodities were found to impact the duration of oxygen reduction, corroborating the link
between porous structure and gas diffusion. In the context of silos, the investigation delved
into nitrogen distribution across varying heights within the silo. Convection effects, induced
by nitrogen flow from generators, played a substantial role in addition to diffusion. The study
demonstrated that, unlike the chamber scenario, the range of hours required for nitrogen
concentration to reach specific levels in different heights of the silo was relatively constrained.
This observation emphasized the dominance of convection effects, which contributed to a
more consistent diffusion layer thickness over time.

Widespread adoption of modified atmospheres is largely dependent on cost consid-
erations, mainly due to the need for specialized equipment that is often not available in
conventional fumigation practices. In general, the application of nitrogen is more expen-
sive than the dominant chemical control methods [3,31]. However, in the long term, the
investment in nitrogen-based solutions for storage and processing facilities may be offset
by the benefits, particularly the environmental attributes of this approach. A significant
proportion of the cost is associated with the installation of the system, such as the siting of
generators. Given the volatility of energy prices, it is imperative to re-evaluate all factors
affecting the overall economics of this process.

Taking exposure time into account, Sakka et al. [37] studied adult populations of both
phosphine-resistant and susceptible populations of the red flour beetle Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae), O. surinamensis, and S. oryzae. They conducted ex-
periments in commercial nitrogen chambers, exposing the insects to 1% oxygen for various
exposure times, including 2.5, 3, and 9 days. Their results showed complete mortality at
40 ◦C, but some survival was observed at 28 ◦C. Meanwhile, Agrafioti et al. [8] also investi-
gated the effect of exposure time and temperature on O. surinamensis and R. dominica. They
observed 100% mortality over a range of exposure times from 2.5 to 9 days and temperatures
from 28 to 40 ◦C. Similar results were noted by Sakka et al. [36], in which complete control
and suppression of progeny production were recorded for all life stages of T. granarium
and adults of T. castaneum and C. maculatus at 40 ◦C for 2.5 days of exposure in commercial
nitrogen chambers. It is worth noting, however, that in some of these experiments, expo-
sure times exceeded 14 days, which is significantly longer than the typical exposure times
associated with various conventional fumigants such as phosphine [38].

As highlighted in the introduction, the research area of computational modeling of
modified atmospheres is relatively under-explored and this study represents a step towards
filling this gap. However, it is important to recognize the limitations arising from the com-
plexity and breadth of the subject matter, which makes it impractical to comprehensively
address the full range of possibilities within this investigation. Future research should
consider investigating additional factors that could potentially influence gas distribution,
including but not limited to variations in temperature, humidity and pressure. Investi-
gation of these variables would contribute to a deeper understanding of the dynamics
involved in modified atmospheres. Furthermore, in order to improve the robustness of the
computational model, it is recommended that subsequent studies incorporate a wider range
of experimental data collected under different microenvironmental conditions, including
variations in temperature and humidity. In addition, broadening the scope to include
different boundary conditions, agricultural products, and storage structures (e.g., silos)
would provide a more comprehensive validation of the simulation model. The inclusion
of insect mortality models in future investigations could provide valuable insights, partic-
ularly in the visualization of specific areas of interest, such as the center of pallets. This
addition would contribute to a more holistic understanding of the interactions between gas
distribution and insect control.

5. Conclusions

This study contributes to the understanding of modified atmosphere techniques for
insect control in stored agricultural commodities. The findings underscore the importance
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of boundary conditions, commodity porosity, and convection effects in shaping the efficacy
of modified atmosphere treatments. The advantages of the computational methodology out-
lined in the current research are its inherent configurability for a wide range of agricultural
commodities, the incorporation of different structural geometries within storage facilities,
and variable configurations of the nitrogen flow produced by the nitrogen generator. As
an additional aspect, the purity of the nitrogen gas can be adjusted using the framework
provided by the present method. Taken together, these imply that the computational
methodology proposed in this scientific study has the capacity to be effectively applied
to a wide variety of commercial nitrogen applications. Moving forward, this research can
provide a basis for optimizing modified atmosphere strategies in real-world scenarios and
provide practitioners and stakeholders with quantitative insights into the temporal and
spatial dynamics of nitrogen distribution. Further investigations could explore additional
factors that might influence gas distribution, such as temperature, humidity, and pressure
variations. Moreover, experimental validation of the simulation results would enhance
the accuracy of the predictions and strengthen the applicability of the proposed models
to diverse agricultural settings. Overall, the study advances the knowledge surrounding
modified atmospheres as a sustainable pest management strategy and provides a basis for
refining and implementing these techniques in the agricultural industry.
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