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Cofie-Agblor, R., Muir, W.E., White, N.D.G. and Jayas, D.S. 1997.
Microbial heat production in stored wheat. Can. Agric. Eng.
39:303-307. Equations were developed to calculate microbial heat
production from carbon dioxide (C02) production data in stored
wheat at W-40oC and 15.5-24.5% moisture content, assuming that
CO2 production was due to aerobic and anaerobic respiration. Aero
bic respiration accounted for 91 to 97% of total heat production. At
WaC, heat production rates were generally low and constant.
whereas at 20°C, heat production rates increased with storage time at
all test moisture contents except at 23.8%. At 30°C. heat production
rates at 18.6-20.8% moisture content peaked after 9 d and then
decreased to lower constant rates. The highest rate of heat produc
tion, 36.2 mW/kg, occurred at 30°C at 19.8% moisture content. At
40°C, significant heat produ'ction occurred at the lower moisture
content of 15.5%, but at higher moisture contents of 19.8 and 24.1 %,
heat production rates decreased sharply as storage time increased.
The combined effects of temperature and moisture content on heat
production rates were modelled by multiple linear regression.

On a mis au point des equations pennettant de calculer. apartir de
donnees sur la production de dioxyde de carbone (C02). la produc
tion microbienne de chaleur dans Ie ble enlrepose aune temperature
de 1O-40oC et ayant une teneur en eau de 15.5-24.5% (poids hu
mide), en prenant pour hypothese que la production de C02 etait
attribuable ala respiration aerobie et anaerobie. La respiration aero
bie est intervenue pour 91 a97% de la production totale de chaleur.
A WaC, la production de chaleur etait generalement faible et con
stante tandis que, it 20°C, la production de chaleur augmentait avec
la duree d'entreposage, peu importe la teneur en eau, sauf pour une
teneur de 23.8%. A. 30°C, la production de chaleur dans Ie ble ayant
une teneur en eau de 18.6-20.8% a atteint un sommet apres 9 jours
puis s'est maintenue par la suite de fa~on constante it des niveaux
plus bas. La plus importante production de chaleur, soit36.2 mW/kg,
a eu lieu dans un ble entrepose a30°C et ayant une teneur en eau de
19.8%. A40°C, on a observe une production de chaleur significative
dans un ble ayant une teneur en eau de 15.5%, mais, avec des teneurs
en eau plus elevees de 19.8 et 24.1 %, la production de chaleur
diminuait de fa~on marquee it mesure que la duree d'entreposage
augmentait. Les effets combines de la temperature et de la teneur en
eau sur la production de chaleur ont ete modelises au moyen d'un
equation de regression Iineaire multiple.

INTRODUCTION

Heat production in stored grain ecosystems is associated with
the respiratory activities of insects, mites, fungi, bacteria, and
the grain. Insects are the major cause of heating in dry grain
with moisture contents below 15% (wet mass basis) (Oxley
1945) and fungi are the major source of heat production in
damp grain (Christensen and Kaufmann 1969; Christensen
and Meronuck 1986). (Throughout the paper moisture con
tents (m.c.), are on a wet mass basis). Lamour et a1. (1935)
demonstrated that if molds are inhibited, wheat at 10-20%
m.c. will not respire faster than that at 12% m.c. and therefore

will not heat. Carter and Young (1950) showed that the
heating of moist stored wheat that is not germinating can be
entirely accounted for by the energy released from the respi
ration of the fungi associated with the wheat kernels.

There are few examples of directly-measured, microbial
heat production in stored grain (Zhang et a1. 1992). Instead,
the heat production by microorganisms in grain with elevated
moisture contents has been calculated from carbon dioxide
(C02) production data, assuming complete oxidation of glu
cose:

CfIl120 6 + 602 ~ 6C02 + 6H20 + 28 I6kJ (1)

Accordingly, Eq. 1 has been used to estimate microbial heat
production for computer models of stored grains (Thompson
1972; Lissik and Latif 1986). For Eq. 1 to apply correctly, the
respiratory quotient (RQ), the ratio of moles ofC02 produced
to moles of oxygen (02) consumed, must be 1.0. Measured
RQ values from microbial respiration in stored wheat, how
ever, are often greater than unity (White et a1. 1982; Zhang
et a1. 1992). Factors accounting for RQ values greater than
unity include the oxidation of partially oxidized compounds
such as organic acids, the occurrence of fermentation, and the
inability of a tissue to absorb 02 as in a germinating seed
(Bidwell 1972).

When Eq. 1 is not applicable, (for RQ values between 0.70
and 0.99) heat production may be calculated from the respi
ratory exchange using thermal equivalents of CO2
production or 02 consumption and RQ (Brody 1964), assum
ing lipids and carbohydrates are the respiratory substrates.
Hawker (1967) noted that carbohydrates are the main sub
strates used for respiration by fungi. He also reported that
even under aerobic conditions, carbohydrates are not always
completely oxidized. Alcoholic fermentation of pyruvate to
ethanol and C02 occurs in Aspergillus, Fusarium, and other
members of Ascomycetes, whereas lactic acid fermentation
occurs in Rhizopus (Griffin 1981). Birkinshaw et a1. (1931,
cited by Forster 1949) also expressed C02 production as
respiratory quotient. They suggested that because the tests
were conducted under aerobic conditions, the fermentation
CO2 was the amount of C02 that was greater than the amount
equivalent to the consumption of 02. Some common fungi
and their measured RQ values were given as: Aspergillus
c!m'atus Desmazieres, 1.91; A. flavus Link, 1.79; A. niger
van Tieghem, 1.58; A.fumigatus Fresenius, 1.12; A. glaucus
group, 1.0 I; Penicillium spp., 1.01-1.60; and Fusarium spp.,
1.01-6.0.

Because RQ values of microbial respiration are often
greater than 1.0, Eq. I cannot adequately determine microbial
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METHODOLOGY

(5)

(3)

(4)

I. The amount of 02 consumed during aerobic respiration
was calculated by the relationship:

moles of CO2 produced
RQ=----..;;;""".;;.--

moles of 02 consumed

where:
Qt

RESULTS AND DISCUSSIONS

The heat produced during anaerobic respiration (159 kJ)
was calculated as the difference between the free energy
content of glucose and ethanol.

Anaerobic heat production

Although anaerobic respiration produced moderate amounts
of C02 (14.7 to 37.6% of total C02 production) the corre
sponding heat production was generally low, accounting for
2.8 to 9.3% ofthe total heat production (Table I). At a similar
range of moisture content, the mean anaerobic heat produc
tion was greatest at 40°C and least at 30°C, whereas similar
amounts were produced at 10 and 20°C. Except for 24.5%
m.c. at 30°C, anaerobic heat production at all moisture con
tents from 10 to 30°C was due to fungal respiration as
bacteria were not detected. However, at 24.5% m.c. and 30°C
and at 19.8 to 24.1 % m.c. at 40°C, bacterial infection levels
of 43 to 58% of the kernels may have contributed signifi
cantly to anaerobic heat production. The resulting production
of ethanol from anaerobic respiration would have inhibited
fungal growth.

Heat production at 10°C

To facilitate discussion, heat production rates at 10 and 20°C
are reported on a weekly basis, whereas heat production rates
at 30 and 40°C are reported on a daily basis. Also, heat
production rates at lower moisture contents from 14.4 to
16.5% at 10 and 20°C were omitted because respiration
measurements were either not possible or extremely low.

At 10°C, heat production rates at 17.6 to 19.1 % m.c. were

= total heat produced by aerobic and anaerobic
respiration (kJ),

QaC0
2

= thermal equivalent of anaerobic C02 produced

(79.5 kJ/mol), and
=amount of C02 produced by anaerobic

respiration (mol).

The thermal equivalent of anaerobic C02 was obtained from
anaerobic conversion of glucose to ethanol:

2. The amount of C02 produced by aerobic respiration was
assumed equal to the amount of 02 consumed.

3. The amount of C02 produced by anaerobic respiration
was then determined by subtracting the calculated
amount of C02 produced by aerobic respiration from
the total amount of C02 produced.

The total heat produced by both aerobic and anaerobic respi
ration was then calculated as:

(2)

n

where:
QC02

= heat production associated with aerobic

C02 production (kJ),
= thermal equivalent of aerobic C02 production

(470 kJ/mol of C02), and
=amount of C02 produced by aerobic respiration

(mol).

For RQ values greater than 1.0, the excess amount of CO2
produced is attributed to anaerobic respiration and was cal
culated as follows:

Respiration data
White et al. (1982) measured C02 production and 02 con
sumption in wheat (calculated to equal dry mass of 150 gin
glass Erlenmeyer flasks of 300 mL) at different moisture
contents (from 14.4 to 24.5%) at constant temperatures of 10,
20, 30, and 40°C. After each gaseous sampling, flask con
tents were flushed for 1-5 min (at 20 mL/s) with compressed
air which was moisturized by passing it through two gas
washing bottles containing water. The following respiration
data were obtained:

1. Periodic and cumulative C02 production at 10-40oC
from 14.4 to 24.5% m.c. At 10 and 20°C, C02 produc
tion measured at 2-d intervals was used whereas at 30
and 40°C, C02 production was measured daily. The
C02 production occasionally measured at 3-d intervals
at all temperatures was not included in the analysis
because of a marked decline in respiration rates during
that period, presumably due to excess C02 accumula
tion.

2. The RQ value for each CO measurement.

Microbial heat production calculated from C02
production data
The following assumptions were made in calculating micro
bial heat production:

1. Carbohydrates are the main substrates involved in seed
and microbial respiration.

2. Both aerobic and anaerobic respiration are the major
biochemical reactions producing C02.

3. Carbon dioxide sorption by wheat during the tests is
negligible.

For a RQ value of 1.0, heat production was calculated from
C02 production using Eq. 2, assuming complete aerobic
respiration of glucose:

heat production in stored grain. Therefore, the objective of
this paper was to develop equations for calculating microbial
heat of respiration from C02 production by stored wheat,
accounting for the heat produced by both aerobic and anaero
bic respiration. Carbon dioxide production data from White
et al. (1982) were used and the relationships between calcu
lated heat production and temperature and moisture content
were developed.
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Table I: Proportion of C02 and heat produced by
anaerobic respiration in stored wheat at'
various temperatures and moisture contents

Temperature Moisture content Anaerobic C02 Anaerobic heat
(oC) (% w.b.) (% of total) (% of total)
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Fig. I. Microbial heat production in wheat calculated on
the basis of C02 production at 10°C.

c 2
.~

~ -.--..-.-- -------_..-- ----------- -..-.,.
e
Q.

10 17.6 30.8 7.0
18.5 36.9 9.0
19.1 32.0 7.4
20.5 15.1 2.9

20 17.4 18.l 3.6
18.4 34.5 8.2
19.0 27.1 5.9
20.2 36.1 8.7
23.8 14.7 2.8

30 16.7 19.6 3.9
17.8 21.6 4.4
18.6 22.7 4.7
19.8 20.1 4.1
20.8 15.4 3.0
24.5 27.7 6.1

40 15.5 23.8 5.0
16.5 34.5 8.2
17.7 37.6 9.3
18.4 28.7 6.4
19.8 33.1 7.7
24.1 29.5 6.6

--~~---

Note: The calculations are based on the mean heat production over

5 wk at 10 and 20°C and over 3 wk at 30 and 40()C.

constant up to 4 weeks of storage and then decreased slightly
in the final week (Fig. I). At 20.5% m.c., the heat production
rate was initially constant and then increased with storage
time to a maximum of 3.6 mW/kg of wheat. The low heat
production rates at all moisture contents indicated that the
storage temperature of lODe was not conducive to active
growth and development of microorganisms. White et at.
(1982) reported low levels of seed infection by Aspergillus
glaucus group and Penicillium at all moisture contents except
at 20.5% m.c. where occurrence of Penicillium infection was
greater than 75% of the seeds.

Heat production at 20°C

Heat production at 17.4% m.c. was constant except during
the last week of storage, but the heat production rates at 18.4
and 19.0% m.c. increased exponentially with storage time
(Fig. 2). At 20.2% m.c., the heat production rate increased
gradually with storage time while at 23.8% m.c., it decreased
with storage time.

At similar moisture contents, heat production rates at 200 e
were greater than those at lODe due to increased microbial
activity. The maximum seed infection by Aspergillus glaucus
group was 98% at 17.4% m.c. and the maximum infection by
Penicillium was 99% at 20.2% m.c. Assuming there were no

Fig. 2. Microbial heat production in wheat calculated on
the basis of C02 production at 20°C.

significant differences between initial moisture contents at
10 and 20°C, the Q10 values (the ratio between heat produc
tion rates at 20 and lODe or any other loDe difference) were
2.0 at 17.5% m.c., 3.6 at 18.4% m.c., 3.4 at 19.0% m.c., and
2.0 at 20.3% m.c. This indicated that the greatest increases in
heat production rates at 200 e occurred at moisture contents
between 18 and 19%, presumably due to high levels of fungal
infection.

Heat production at 30°C

Heat production rates at 16.7 and 17.8% m.c. increased with
increased storage time, but heat production rates at 18.6,
19.8, and 20.8% m.c. increased to peaks at 9 d and then
decreased to constant rates as storage time increased (Fig. 3).
At 24.5% m.c., heat production generally decreased as stor
age time increased but heat production for the first 9 d and
from 10 to 16 d was relatively constant. The highest heat
production rate of 36.2 mW/kg of wheat occurred at 19.8%
m.c., and the lowest heat production rate (0.5 mW/kg) oc
curred at 16.7% m.c.

Increased heat production rates with increased moisture
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Fig. 3. Microbial heat production in wheat calculated on
the basis of C02 production at 30°C.
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Fig. 4. Microbial heat production in wheat calculated on
the basis of C02 production at 40°C.
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Fig. 5. The microbial heat production in wheat averaged
over the test periods of 5 wk for 10 and 20°C
and 3 wk for 30 and 40°C.

The values of the constants are: a = -28.382; b = 0.234; and
e = 1.444. The coefficient of determination value, R2, is 0.97.

Heat production rates at 30-40oC from 17.6 to 24.5% m.c.
were modeled as:

at 10 and 20°C increased linearly with increased moisture
contents whereas heat production rates at 30 and 40°C in
creased asymptotically as moisture content increased (Fig.
5). Heat production rates at 10-20oC and from 17.4 to 23.8%
m.c. were modeled as:

(6)
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contents at 30°C were due to increased microbial activity; the
infection levels of Aspergillus glaucus group at 30°C were
higher than those at 10 and 20°C, but the infection levels of
Penicillium at 30°C were lower than those at 20°C (White et
al. 1982). Bacterial infection (50%) at 24.5% m.c. probably
limited fungal activity and caused the decline in heat production
rate with storage time. At the similar moisture contents of 18.6%
at 30°C and 18.4% at 20°C, a Q 10 value of 12.3 indicated a
twelve-fold increase in heat production rate at 30°C. Al
though QIO values of 2-3 have been generally recorded for
some fungi growing between 13 and 30°C, Q 10 values of
12-17 were recorded between 8 and 18°C (Deverall 1965).

Heat production at 40°C
At 15.5% m.c., the heat production rate was constant but at
16.5% m.c., it increased during the final week of storage (Fig.
4). At 17.7% m.c., the heat production rate appeared to be
constant over the storage period. During the first 4 d the heat
production rate at 18.4% m.c. decreased from 22.6 mW/kg to
about 13 mW/kg and remained constant for the next 13 d and
then decreased to about 6 mW/kg. At 19.8 and 24.1 % m.c.
heat production rates decreased sharply as storage time in
creased (Fig. 4). After 10 d, heat production rates at 18-24%
m.c. and 40°C were lower than those at 30°C.

The decrease in heat production rates during storage as
moisture content increased was probably due to adverse ef
fects of temperature and bacterial infection on fungal
activity. Christensen and Meronuck (1986) indicated that
most grain storage fungi cannot grow at temperatures much
above 35°C. Bacterial infection increased with increased
moisture content from 12% of kernels infected at 15.5% m.c.
to 58% at 24.1 % m.c. Kernel drying at 40°C may have
contributed to the decrease in heat production rates as storage
time increased. The differences between initial and final
moisture contents increased with moisture content from 1.2%
at 16.5% m.c. to 2.8% at 24.1 % m.c.

Temperature and moisture content interactions
The mean heat production rate for each test was used to
determine the relationships between heat production rates
and temperature and moisture content. Heat production rates

Qp =a + bT + eM + dM2 (7)

The values of the constants are: a = -250.082; b = -0.204; c =
24.402; and d =-0.53'3. The R2 value is 0.98.

Equations 6 and 7 can be used to determine the internal
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heat generation by wheat and can be incorporated into mathe
matical models of heat transfer in bulk wheat.
Alagusundaram et aI. (1990) assumed internal heat genera
tion was zero when modeling temperature distribution in
grain bins and stated that the accuracy of the predictions
might be improved when such heat production is included.

CONCLUSIONS

Equations were developed to calculate microbial heat pro
duction from C02 production and 02 consumption by stored
wheat. The following trends were observed:

I. Anaerobic heat production was low, accounting for
between 3 to II % of total heat production.

2. At 10°C, heat production rates were generally constant
except at 20.5% m.c. where heat production increased
as storage time increased.

3. At 20°C, heat production rates at 17.4 to 20.2% m.c.
increased with storage time but at 23.8% m.c. heat
production decreased as storage time increased.

4. At 30°C, heat production rates at 16.7 and 17.8% m.c.
increased with storage time, but heat production rates at
18.6 to 20.8% m.c. increased to peaks and then de
creased to constant rates.

5. At 40°C, heat production rates at high moisture contents
(19.8 and 24.1 %) declined sharply as storage time in
creased.

6. Heat production was a linear function of grain tempera
ture and moisture content.
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