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Abstract

BACKGROUND: This study aimed to compare the use of real-time CO2, temperature (T) and relative humidity (RH) sensors as
indicators of stored grain quality management, specifically for early detection of mould activity andmycotoxin contamination.
Initial experiments were conducted using mini-silos containing naturally contaminated wheat grain (1.5 kg) stored at different
moisture contents of 15–30% (water activity, aw = 0.78 to 0.98), to evaluate their effects on grain respiration.

RESULTS: Respiration rates and dry matter losses increased with grain moisture content. A larger-scale, nine-month study was
then conducted using two pilot-scale silos (2.5 t; 1400 cm diameter; 2050 cm height) equipped with ATEX-compliant CO2/RH/T
sensors. A ‘wet pocket’was simulated by introducing water to a localised area tomimic a water ingress event. This led to a rapid
rise in CO2 levels while T remained relatively stable. Mycotoxin analyses of the affected and unaffected regions showed a clear
increase in the concentration and diversity of mycotoxins, particularly aflatoxin B1, aflatoxin B2, deoxynivalenol,
deoxynivaenol-3-glucoside and moniliformin, in the wet pocket area.

CONCLUSION: Real-time CO2 monitoring provided a faster and more sensitive indication of spoilage and mycotoxin risk com-
pared to T and RHmeasurements. This highlights the potential for developing early-warning systems for stored grain manage-
ment based predominantly on continuous CO2 monitoring.
© 2025 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Cereals, especially wheat, maize and rice, are staple food com-
modities of global importance from both food security and eco-
nomic points of view. Moreover, they are often contaminated
with mycotoxins, which are secondary metabolites produced
mainly by Aspergillus, Penicillium and Fusarium species.1,2 Myco-
toxins are heat-stable molecules, difficult to remove or inactivate
once formed in a food product. Exposure mainly by ingestion can
result in immunotoxicity, teratogenicity, mutagenicity and carci-
nogenicity.3 Consequently, there are international regulations to
protect consumers. Notably, in the European Union/UK, there is
a maximum legal limit in cereals for aflatoxins, ochratoxin A, deox-
ynivalenol, zearalenone, T2 and HT2.4 However, the lack of harmo-
nisation in legal limits compromises global market accessibility.5

Cereals are often colonised by fungal species in the field; there-
fore harvested cereals often need to be effectively dried prior to
on-farm storage or in more centralised silo systems. Thus, today
in the framework of the Hazard Analysis and Critical Control Point
(HACCP) for cereal chains to prevent mould/pest spoilage and
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mycotoxin contamination, key critical control points including
drying to safe moisture contents (m.c.) and postharvest storage
management have been identified.6

Postharvest storage of cereals is thus a critical and key phase in
the cereal food/feed chain because poor management and mon-
itoring can result in significant quality losses, due to either pest
activity or mould spoilage and associated mycotoxin contamina-
tion.7,8 Poor postharvest drying and storage can result in signifi-
cant losses and mycotoxin contamination, quantified as 5–10%
in developed countries and up to 30–35% in lowermiddle-income
countries.9 It is important that effective monitoring and control
systems can be utilised to minimise the impact of pests, spoilage
moulds and mycotoxins which may affect grain quality and to
facilitate the development of appropriate storage management
solutions to conserve quality.
The challenge of postharvest grain management is further com-

pounded by climate change impacts. Kerry et al.10 demonstrated
that future climate scenarios predict increased aflatoxin contami-
nation risk in major grain-producing regions, highlighting the
urgent need for improved monitoring technologies. This empha-
sises the importance of developing robust, real-time detection
systems that can adapt to changing environmental pressures on
stored grain quality.
Staple cereal commodities are usually alive and respiring. The

actual level of respiration of the grain and the associated myco-
biota is influenced by the prevailing temperature (T) and
m.c. when entering the storage phase and by the type of facility.
Themost important abiotic factors in storage systems are the pre-
vailing temperature upon storage entry, the inter-granular atmo-
sphere (CO2 level) and the relative humidity (RH).7,8,11

The T and indeed RH in the inter-granular spaces in grain silos
have been previously measured intermittently or by using sensor
networks. For example, T sensor networks have been developed
to place in a detailed matrix configuration within grain silos to
monitor changes in real time as a monitoring system for manag-
ing stored grains silos.12 Indeed, this approach using T sensors
with wireless connectivity has now become quite commonplace
in grain silos usually as steel tethered cables in cereal silos. How-
ever, as grain is a very good insulator the question arises as to
whether T reflects earlier respiratory activity (CO2), and whether
the latter may be a more sensitive indicator of initiation of mould
spoilage or pest activity in stored cereals.
Studies at Purdue University examined the potential use of CO2

as an indicator of the activity of spoilage moulds and perhaps
pests.13 They suggested that CO2 monitoring was a sensitive
method for detecting hotspots due to water ingress at an earlier
stage than other available methods of detection.14 Their
approach was originally to place sensors in the head-space and/or
exhaust outlet fans. However, the question arises as to whether by
measuring CO2 the increased sensitivity and early indication of
biological activity in stored cereals occurs prior to changes in T.
Since cereals are good insulators, the presence of pockets of wet
grain would likely be detected at a much later stage if only using
temperature changes as an indicator, whereas changes in CO2

concentration levels due to more rapid diffusion through the
grain pore space are more likely to be detected at an earlier stage.
The use of CO2 as an indicator of stored grain quality manage-
ment is gaining interest in the scientific community.14 In fact,
recent studies have evaluated the use of this approach not only
for monitoring stored cereals but also for transportation.15,16

However, there have been few studies of the correlation between
CO2 and mycotoxin production.17

The relationship between CO2 production in stored cereals
under different T × m.c. storage conditions has been studied
in detail in both temperate and tropical cereals and peanuts.
The temporal and total cumulated CO2 production has been
used to quantify the relative dry matter losses (DMLs) under
different safe, intermediate and unsafe storage conditions for
mould spoilage.18–25 However, these studies were performed
on a small scale and the challenge remains for large-scale grain
storage. In addition, the DMLs under different T × m.c. condi-
tions have been used to correlate with the levels of mycotoxins
present under different storage conditions. This has the advan-
tage of identifying the DML tolerances with regard to meeting
the prevailing legislative limits for specific mycotoxins and pre-
vention of exceeding these limits during storage. DML was
used as a grain quality indicator with values as low as 0.04%
DML being considered to have an impact on seed germination
and early visible fungal presence on wheat, while DML of >1%
and between 0.5% and 0.75% would represent a high risk of
zearalenone and deoxynivalenol levels above the EU/UK legis-
lative limits respectively.18,19 Mylona et al.25 showed that a
0.5% DML in stored maize was enough to downgrade this com-
modity from food to feed grade. In addition, DMLs of <1%
resulted in maize contaminated with F. verticillioides exceeding
the EU legislative limits for fumonisins as well as in maize con-
taminated with A. flavus exceeding aflatoxin B1.20,25

Recent advances in predictivemodelling have further enhanced
the potential for proactive grain management. Ingram et al.26

developed aw/Tmodels that can predict fungal growth andmyco-
toxin production under specific storage conditions. Such models,
when integrated with real-time CO2 monitoring systems as dem-
onstrated in this study, could provide a comprehensive decision
support framework for silo managers to predict contamination
risk before visible spoilage occurs.
Hence, there is interest in the development of more proactive

systems for monitoring of stored cereals to improve postharvest
management. The objectives of the study reported here were
to: (a) examine and monitor the real-time changes in both CO2

and temperature in wheat grain stored at different m.c. and
(b) evaluate of CO2, T and RH sensors suspended from integrated
sensor cables (3 × 4) in a pilot-scale silo, where wheat was stored,
in real time for a period of 9 months and introduction of water in a
specific region of the pilot silo to examine effects on abiotic
parameters. The results are discussed in the context of the devel-
opment of a decision support system.

MATERIALS AND METHODS
Sensor systems
Two sensor systems were used in this study. For the laboratory
mini-silo experiments, a custom setup was assembled consist-
ing of a RH sensor and an infrared CO₂/T sensor (0–15% ±0.2%
and 0–45 °C ±0.25 °C respectively) (Analox, UK). Data were
automatically recorded on a digital control system and then
downloaded into an Excel file for handling and analysis. The
second system, developed and supplied by Gescaser SA
(Almacelles, Lleida, Spain), was an integrated platform
designed for larger-scale silo monitoring. It included sensors
for CO₂ (0–10 000 ppm), temperature (−25 to 60 °C) and mois-
ture (0–100%). This system was connected to CTC+ v3.5.4.0
desktop software, which enabled real-time monitoring and
visualisation of grain, silo air and ambient environmental con-
ditions through a graphical user interface.
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Mini-silo experiments
An adsorption curve for winter wheat (Camgrain, UK)19 was used
for this experiment. Different amounts of water were added to
2.5 kg aliquots of wheat grain, which were then stored at 4 °C in
sealed containers and shaken regularly to equilibrate the grain
at target m.c. values. Final m.c. and water activity (aw) values were
checked and confirmed by oven drying (115 °C overnight) a sub-
sample of the winter wheat, by measuring aw with a water activity
meter (Aqualab TE4, Meter Group, USA). Them.c. values were con-
firmed as 15%, 16.5%, 18.0%, 21.5%, 25%, >27.5% (aw = 0.70,
0.80, 0.85, 0.90, 0.95 and 0.98). Subsequently, 1.5 kg wheat sam-
ples with different initial m.c. were placed in individual thermos
flasks equipped with the aforementioned Analox sensors. The
grain was then incubated at 25 °C for up to 35 days. All
the mini-silo experiments were carried out in duplicate. Cumula-
tive respiration and DMLs were calculated as described
elsewhere.19

For these experiments we used Analox sensors. The sensors
were positioned centrally inside 5 L thermos flasks (Thermo, UK)
(Fig. 1). Each container featured a detachable lid and with detach-
able lids and a double layer of cotton wool placed on top to close
the system.

Pilot-scale silo experiments
Pilot-scale silo experiments were performed at Barilla SPA, Parma,
Italy facilities. On 8 August 2017, two pilot silos (1400 cm diameter
and 2050 cm height) were filled with approximately 2.5 t of
durum wheat (14% m.c.) destined for pasta production. One silo
was located inside the facility, while the other was placed outside
under ambient conditions. Three cables composed of four inte-
grated sensor nodes (T/RH and CO2 each; approx. 1.5 m distance
between them) were tethered inside the silo at an equidistant
separation from each other (Fig. 2). The power source for the sys-
tem was designed to minimise total power consumption so as to
minimise the heat generated during the measurements, ensuring

that the sensor was only switched on briefly while taking the
required measurements. The electronic design was also inte-
grated with a wireless module that allowed the transmission of
the measured signals to a remote-control module either via wire-
less or by cable. The multiplexer board was automatically
switched between the sensor nodes in each sequence, recording
data on current CO2, T and RH. The data were downloaded on a
weekly and monthly basis, loaded into Excel and analysed for
trends and changes in abiotic factors. Measurements were taken
every 30 min and data were recorded over a period of 9 months
(October 2017–May 2018). On 4 May 2018, a wet ‘hotspot’ was
created in the silo located outside the facilities, increasing the
m.c. of the wheat from 12.5% to 18% in the area surrounding sen-
sor 9, attached to cable 3.

Mycotoxin analysis
Mycotoxin analysis was conducted exclusively on samples from
the pilot-scale experiment, focusing on the silo in which the hot-
spot was induced. Two aggregate samples were collected for
analysis: one from the artificially created hotspot area and one
from regions located far from the hotspot, where CO₂ levels
remained near baseline. Each aggregate sample was obtained
from the homogenisation of a total mass of 1 kg obtained by
combining 10 samples of 100 g each at the height and in the area
of the silo zone of interest.
Samples were frozen immediately after collection, and the

experiment was carried out 6 days after the water simulation.
Grain was dried at 60 °C for 48 h, milled and stored at 4 °C until
analysis. An amount of 5 g of each milled sample was extracted

Figure 1. Schematic of the mini-silo experiment. Wheat samples (1.5 kg)
adjusted to six water activity levels (aw = 0.70, 0.80, 0.85, 0.90, 0.95 and
0.98) were incubated in sealed thermos flasks (diameter 17 cm, height
44.5 cm) equipped with Analox sensors at 25 °C for up to 35 days. All
experiments were conducted in duplicate.

140cm (55.12in) 

205cm
(80.71in)

Figure 2. Schematic of the pilot-scale silo experiment. Two pilot silos
(diameter 1.4 m, height 2.05 m), each filled with ca 2.5 t of durum wheat
(14% m.c.), were installed at Barilla SpA (Parma, Italy) on 8 August 2017.
One silo was placed indoors and the other outdoors under ambient condi-
tions. Each silo was equipped with three sensor cables (vertical dotted
lines labelled C1–C3), each containing four sensor nodes (temperature,
RH and CO2) labelled 1–12, spaced ca 1.5 m apart and positioned equidis-
tantly within the grain mass.
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using 20 mL of extraction solvent (acetonitrile–water–acetic acid,
79:20:1, v/v/v) followed by a 1 + 1 dilution using acetonitrile–
water–acetic acid (20:79:1, v/v/v) and direct injection of 5 μL of
diluted extract into the sampling port for liquid
chromatography–tandem mass spectrometry analysis as
described elsewhere.27 The limit of quantification and limit of
detection (LOD) in μg kg−1 were as follows: aflatoxin B1
(0.05/0.16), aflatoxin B2 (0.06/0.19), ochratoxin A (0.08/0.28), deox-
ynivalenol (1.2/3.9), moniliformin (0.900/3.0).

Statistical analysis
Statistical analyses were performed using R statistical software
(version 4.3.0). Data normality was assessed using the Shapiro–
Wilk test. For non-normally distributed data, non-parametric tests
were employed.
To evaluate the relationship between CO2 levels and mycotoxin

contamination, sensor nodes were classified into two groups
based on measured mycotoxin detection levels. The low CO2

nodes (nodes where mycotoxins were below LOD) and high
CO2 node (nodes in regions where levels of mycotoxins were
detected). A Mann–Whitney U test was conducted to compare
CO2 concentrations between these groups using all CO2 measure-
ments from the respective nodes across the monitoring period.
Temporal analysis was performed to assess changes in environ-

mental parameters before and after the water addition event on
14 May 2018. Data were divided into pre-water (August 2017–
April 2018) and post-water (May 2018) periods. Wilcoxon
signed-rank tests were used to compare CO2, temperature and
RH levels between these periods.
Given the limited number of sensor nodes of data available,

descriptive analysis was used to examine relationships between
CO2 levels and mycotoxin presence, with particular focus on
threshold identification for early-warning applications. Statistical
significance was set at P < 0.05 for all analyses.

RESULTS
Initial studies on CO2 changes in wheat stored at different
constant m.c. × T conditions in mini-silos
Respiration of natural wheat stored at 25 °C was monitored for
5 days (Fig. 3). The production of CO2 clearly increases with an
increase of m.c, particularly from humidity levels of 21.5% and
above. Furthermore, DMLs higher than 0.3% can be observed at
25% m.c.

Studies on relationship between CO2 and T changes in
wheat under intermediate constant m.c. conditions
Figure 4 depicts the respiration rate and the temperature of 1.5 kg
of natural wheat for 25 days at 25 °C and different m.c. regimens.
At 22% m.c. (aw = 0.92), T did not increase during the entire
period of storage. In contrast, an increase in the respiration rate
was observed after 5 days of incubation, reaching a maximum
(2.2%) at day 10. Later, respiration rate decreased due to grain
desiccation. Increases were observed in natural wheat at 25% m.
c not only with respiration rate but also in T. However, increase
of CO2 production was faster than increases in T. The CO2 sensor
maximum detection level was reached at day seven at aw = 0.95
(17.5% m.c). Similar results were observed in the other conditions
tested; for example, at 31% m.c., CO2 started increasing quickly
after 2 days of storage at 20 °C, and after 7–8 days at 15 °C. In
both cases the temperature showed an increase later in the pro-
cess, or no increase at all (data not shown).

Pilot-scale silo experiments
In order to monitor the environmental conditions, two sensors
were located next to each pilot silo. RH and T fluctuated through-
out the 9 months of storage time (Fig. SA1). Environmental condi-
tions ranged between 10–30 °C/27.5–57% RH and 0–35 °C/30.5–
92.0% RH inside and outside the facility respectively. Erroneous
readings from the sensor were occasionally received for the RH
measurements. Values recorded during an eight-month period
by the four nodes in one of the three cables showed that initial
measures on the three variables recorded demonstrated high var-
iability (first month) and therefore a period of equilibration is
required before considering accurate measurements can be
made (Figs. SA2 and SA3). In addition, sporadically some errone-
ous values are observed. However, after equilibration, values
observed in the four different levels across the silo were homoge-
neous as expected (same RH of around 40%). Similarly, as was
observed with the sensors outside the silo, temperature was the
variable that presented higher fluctuations (ca 20 °C fluctuation
outside and 10 °C fluctuation outside). Humidity and CO2 values
were less susceptible to environmental changes and therefore
are robust parameters to consider. On 4 May 2018 a wet ‘hotspot’
was created in the silo located outside the facilities increasing the
m.c. of the wheat from 12.5% to 18% in the area of sensor
9 attached to cable 3 (Fig. 2). The impact on T/HR/CO2 production
in the four nodes (9, 10, 11 and 12) is presented in Fig. 5. Although
high increases in all variables were observed, the CO2 increases
was substantially higher. Moreover, contrary to what was seen in

Figure 3. Natural wheat respiration at different m.c. stored at 25 °C for 7 days. Average of two replicates.
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T and HR levels, changes in the CO2 production were also
recorded in the rest of the nodes attached to the same cable.
Figure 6 shows CO2 changes in the silo after creating the hot-

spot. Statistical analysis confirmed that CO2 concentrations were
significantly higher in areas wheremycotoxins were subsequently
detected (Mann–Whitney U = 2847, P < 0.001). CO2 changes
were observed throughout the silo, demonstrating that this vari-
able can be monitored from areas spatially distant from the con-
tamination source. The diffusion of CO2 throughout the silo
appeared to be anisotropic – higher in the downward direction
than in the horizontal direction.
Several mycotoxins were quantified in the wheat samples, indi-

cating the likely presence of different fungal genera, including
Aspergillus, Penicillium and Fusarium. Mycotoxin analysis of aggre-
gate samples collected near and far from a CO₂ hotspot revealed
clear differences in contamination levels (Table 1). In the low-CO₂
area, all compounds were below the LOD or present at minimal
concentrations. In contrast, samples from the high-CO₂ hotspot
showed significant contamination, including aflatoxin B1
(30.7 μg kg−1) and B2 (3.0 μg kg−1), both exceeding the EU legal
limit (2.0 and 4.0 μg kg−1 for the sum of aflatoxins, respectively).
Deoxynivalenol and its modified form deoxynivalenol-
3-glucoside were also detected at 131.8 and 13.1 μg kg−1, respec-
tively, along with moniliformin (26.8 μg kg−1), though all
remained below existing regulatory thresholds. These findings
suggest a spatial association between elevated CO₂ levels and
increased mycotoxin accumulation, likely driven by localised fun-
gal activity near the hotspot.

Statistical analysis
Statistical analysis confirmed the relationship between elevated
CO2 levels and mycotoxin contamination. CO2 concentrations
were significantly higher in areas where mycotoxins were subse-
quently detected compared to areas with mycotoxin levels below
detection limits (Mann–Whitney U = 2847, P < 0.001, n₁ = 1240,
n₂ = 1680 measurements). The contaminated area (node 1)
showed CO2 levels ranging from 800 to 10 000 ppm, while uncon-
taminated areas (nodes 2–4) remained within 400–3000 ppm.
Temporal analysis revealed significant increases in CO2 and RH

parameters following the water addition event, while tempera-
ture changes were dominated by large-scale environmental fluc-
tuations that obscured detection of localised patterns. In the
affected hotspot area (node 1), CO2 levels increased from a
median of 1450 ppm (IQR: 1200–1680) pre-water to 4200 ppm
(IQR: 2800–6500) post-water (P < 0.001), accompanied by a

dramatic rise in relative humidity from baseline levels of 40–50%
to saturation (100%) following water addition. In contrast, uncon-
taminated nodes (2–4) showed minimal CO2 elevation and main-
tained stable RH levels of 40–50% throughout the monitoring
period.
Descriptive analysis revealed a clear threshold pattern: the node

with CO2 peaks exceeding 6000 ppm corresponded to the area
where mycotoxins exceeded EU legal limits, while all nodes main-
taining CO2 levels below 3000 ppm showed mycotoxin concen-
trations below detection limits. Only the mycotoxin-positive area
showed RH saturation post-water addition, while all other nodes
remained stable at 40–50% RH.
The data suggest that CO2 thresholds above 3000 ppm, com-

bined with localised RH increases above 80%, may serve as reli-
able indicators for mycotoxin risk, with sustained elevations
above these levels preceding detectable mycotoxin formation
by several days.

DISCUSSION
This study examined the changes in respiration rates leading to
CO2 production in natural stored wheat in both laboratory- and
pilot-scale silos. Laboratory experiments showed that dry wheat
kernels (aw = 0.80/16.5%) have a low respiration rate. However,
significant increases in respiration were observed for wetter
wheat at >18–21% m.c. (aw = 0.88–0.90). Moisture content/
temperature increases promote fungal growth and consequently
the CO2 presence according to previous small-scale laboratory
studies with natural and artificially contaminated wheat with
F. graminearum and F. pseudograminearum.18,19 Also, kernels
infectedwith filamentous fungal genera such as Penicillium, Asper-
gillus and Fusarium and a decrease of germination had been sig-
nificantly correlated with the production of CO2.

12,28–31

The statistical validation confirms that CO2 monitoring provides
quantitative early warning of conditions conducive to mycotoxin
formation. The significant elevation of CO2 levels in contaminated
areas (P < 0.001) demonstrates the diagnostic potential of this
approach, while the clear threshold patterns observed between
contaminated and uncontaminated nodes support the develop-
ment of alarm-based monitoring systems.
T/HR/CO2 levels were monitored for 9 months in two pilot silos.

Moreover, an artificial hotspot was created in one of the silos by
increasing the m.c. of the kernels, aiming to simulate the effect
of both a lack of tightness in the structure but also due to the
effect of the decomposition of any animal commonly found in

Figure 4. T and CO2 temporal changes for natural wheat respiration at aw = 0.92 (22% m.c) and aw = 0.95 (25% m.c) stored at 25 °C for 25 days.
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these environments (e.g. rodents, birds), which are common situ-
ations found at facilities during grain storage. Our results demon-
strate that CO2 monitoring provides quantitative early warning of
mycotoxin formation conditions. The significant elevation of CO2

levels in contaminated areas (P < 0.001) confirms the diagnostic
potential of this approach and supports the development of
alarm-based monitoring systems with clear threshold values. Ile-
leji et al.32 and Maier et al.33 also reported that T alone might
not be a reliable indicator of stored grain conditions in outdoor
facilities, particularly in ground piles. It is worthwhile mentioning

that changes in CO2 were detected even from areas far away for
the initial hotspot and therefore fewer sensors may be required
to monitor the whole silo. Our results showed that CO2 was an
effective early indicator of fungal spoilage and mycotoxin accu-
mulation. Portell et al.34 showed a positive correlation between
CO2 and deoxynivalenol/zearalenone in artificially contaminated
wheat by F. graminearum at aw = 0.95 and 0.97.
Although mycobiota assessment was not performed in this

study, quantified mycotoxin contamination (aflatoxins, ochra-
toxin A and trichothecenes) indicates that probably Aspergillus,

Figure 5. T/RH/CO2 reading from the four nodes in cable 3 after increasing the m.c. in node 9 (blue line) on 5 April 2018. Blue line, node 9; orange line,
node 10; yellow line, node 11; grey line, node 12 within an outside pilot silo at Barilla (Italy).

www.soci.org E Kiaitsi et al.

wileyonlinelibrary.com/jsfa © 2025 The Author(s).
Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

J Sci Food Agric 2025

6

http://wileyonlinelibrary.com/jsfa


Penicillium and Fusarium species were part of the natural myco-
biota present in wheat. The presence of these three fungal genera
and respective mycotoxins in stored wheat has been previously
reported.19,35,36 High mycotoxin contamination was quantified
in the artificially created hotspot after 6 days, indicating that
remediation action such as grain aeration should be performed
quickly to ensure food safety. Previously, Birck et al.35 reported
CO2 diffusion efficiencies differ between spatial direction, particu-
larly in horizontal warehouses containingmaize or wheat. In these

scenarios, CO2 diffusion was sensitively detected within 2 m of
the hotspot in both the horizontal and downward directions as
well as within 1 m of the hotspot in the upward direction. In addi-
tion, this may be a reliable parameter since no significant differ-
ences in the CO2 diffusion were found based on kernel
orientation.37 Interestingly, Stone31 did not find any relationship
between CO2 production and the presence of broken corn and
foreign material. The spatial detection capability of CO2 monitor-
ing demonstrated in this study offers significant advantages over

Figure 6. CO2 readings from the four nodes in cable 3 after increasing the m.c. in node 9 on 5 April 2018. Node 9 (square marker), node 10 (triangle
marker), node 11 (circle marker) and node 12 (star marker) within an outside pilot in Barilla (Italy).
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traditional destructive sampling approaches. Kerry et al.38 investi-
gated waste reduction through spatial analysis of grain bulks
using destructive sampling methods, but highlighted the limita-
tions of such approaches for continuous monitoring. In contrast,
our CO2 sensor network provides non-destructive, continuous
spatial monitoring that can detect contamination hotspots with-
out compromising grain integrity, offering a more sustainable
approach to quality assessment. Previous research as well as
results from our laboratory experiments (data not published) has
shown that maize kernels have higher respiration rates compared
to wheat as well as recently harvested kernels compared with the
ones harvested in previous seasons.37

Previous experiments analysing response parameters of wheat/
maize/peanut commodities (small scale of 10 g)19–21 as well as
our current mini-silo work were all carried out at Cranfield Univer-
sity. In previous experiments, gas chromatography was used to
measure the temporal respiration rates while in this work two sets
of ATEX-compliant sensors were used at different scales due to
the potential explosive atmosphere inside of the cereal silos.
The first set of sensors used in the mini-silos (1500 g) for a short
period of time provided accurate readings (T/CO2), but CO2 sen-
sors became easily saturated, reaching the maximum detection
limit after 7 days at 17.5% m.c/25 °C and 15 days at 31% m.
c/15 °C. Sensors tested in the pilot experiments (2 t) at Barilla
(Italy) required some time for equilibration and needed recalibra-
tion after 1 year. Therefore, more engineering development is
required to achieve accurate, accessible and long-life technology
for implementing standard operational procedures in silos. In
addition, apart from the technological challenges there are still
some challenges to the generation of models that can accurately
predict risk and support decision making of silo managers. It is
worthwhile mentioning that CO2 present in a silo is not exclu-
sively generated by filamentous fungi, but it can also be produced
by the cereals themselves and other pests present in the silo such
as insects.

CONCLUSIONS
Poor postharvest management can lead to rapid deterioration in
grain quality, with severe decreases in germinability and nutri-
tional value of the stored grain, possibly accompanied by undesir-
able fungal contamination and, consequently, mycotoxin
production. Statistical validation confirms that CO2 monitoring
provides quantitative early warning of mycotoxin formation con-
ditions, with clear threshold patterns identified for risk assess-
ment. CO2 changes were detected earlier than temperature and
RH changes, with sustained elevations above 3000 ppm serving

as reliable predictive indicators. Real-time CO2 monitoring can
therefore enable proactive grain management through
threshold-based alarm systems that trigger rapid remedial actions
before visible spoilage occurs. In addition, sensors were able to
detect CO2 changes from areas far away from the induced wet
spot. Sensors used in this study showed some errant measure-
ments and precise initial levels from 1 month after initial experi-
mental setup. Therefore, there is a need to improve the
technology and the affordability due to the current high cost of
this technology. By analysing the time-series data collected from
the described silo setup, it is possible to develop prediction
models for respiration rates. These models can then be used to
inform decision support systems to aid in reducing food waste.
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