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Abstract
Levels of carbon dioxide gas, a metabolite of microbial growth, have been reported to parallel the onset of
microbial spoilage and may be used as a convenient index for a packaged food’s shelf life. This study aimed
to establish a kinetic model of CO2 production from perishable food for the potential use for shelf life control
in the food supply chain. Aerobic bacterial count and package CO2 concentration were measured during the storage
o
of seasoned pork meat at four temperatures (0, 5, 10 and 15 C), and their interrelationship was investigated to
establish a mathematical model. The microbial growth at constant temperature was described by using model
of Baranyi and Roberts. CO2 production from the stored food could be explained by taking care of its yield
and maintenance factors linked to the microbial growth. By establishing the temperature dependence of the microbial growth and CO2 yield factor, CO2 partial pressure or concentration in package headspace could be estimated
to a limited extent, which is helpful for controlling the shelf life under constant and dynamic temperature
conditions. Application and efficacy of the model needs to be improved with further refinement in the model.
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INTRODUCTION
Because of the high concerns about microbial spoilage
in perishable foods, shelf life control to ensure their microbial quality has been of great interest to the industry.
As an endeavour to conveniently control the shelf life
on real-time basis, metabolites produced from the microbial growth or spoilage have been investigated as useful
indicators for microbial quality. The presence and concentration of volatile metabolites such as trimethylamine
and some sulfides in the package headspace can be detected by appropriate sensors to give an indication about
the microbial growth without contacting the food (1).
Among the volatiles, carbon dioxide gas in the food
package has been reported to have high correlation with
microbial spoilage and can serve as an indicator for microbial spoilage (2-4).
Sensors monitoring CO2 gas concentration change in
the package can work to infer the microbial food quality,
perceive the onset of spoilage and screen out the spoiled
foods as safety measures. Understanding the behaviour
of the package’s CO2 gas concentration change will also
augment the sensor system in terms of shelf life indication. A looped feedback mechanism of predicting
and sensing the CO2 concentration in the package headspace will be able to help control shelf life in situ. In
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this context, prediction of CO2 concentration as a function of package and storage conditions will serve as a
useful auxiliary tool to control and manage the shelf life
in food supply chain.
Therefore, this study aims to develop a predictive
model for CO2 package concentration in a format to be
applied to controlling the microbial shelf life of perishable food.

MATERIALS AND METHODS
Seasoned pork meat
As a typical seasoned side dish in ready-to-cook form
for Korean food meals, seasoned pork was selected for
this study and prepared according to a general standard
recipe (4), which is described below. One kg of the fresh
meat was marinated in 234 g of seasoning (Cheongo
jeongwon, Cheonan, Korea) and then aged at 6 C for
2 hours. The seasoned meat had a salt content of 0.4%,
pH of 5.6 and water activity of 0.95.
One hundred grams of the prepared food were filled
into 250 mL cylindrical glass bottles (diameter of 6.0
cm and height of 10.8 cm), which were closed hermetically by gas-tight lug caps. The gas impermeable property of the glass jar does not allow any gas loss out
of the container and thus makes it possible to easily
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quantify total CO2 production from the food. Free volume measured by filling the bottle with water was 150
mL. The bottled food packages were stored under constant or dynamic temperature conditions, with package
headspace CO2 concentration being measured and aerobic bacterial count of the foods being determined. In a
package experiment involving dynamic temperature, a
one liter jar package containing 300 g food (free volume
702 mL) was used with the attachment of a CO2 sensor
and thermocouple temperature senor.
Package headspace CO2 concentration and aerobic
bacterial count
Package headspace CO2 concentration was measured
for one milliliter of gas samples taken from the bottle
by using a gas-tight syringe. A Varian Model 3800 Gas
Chromatograph (Varian Inc., Palo Alto, CA, USA) equipped with an Alltech CTR I Column (Alltech Associates
Inc., Deerfield, IL, USA) and a thermal conductivity detector was used. This procedure allows non-destructive
measurement of the package headspace CO2 concentration. Ideal gas law was used to convert the CO2 concentrations to its partial pressure (usually in kPa). For
online monitoring of headspace CO2 concentration, a
nondispersive infrared CO2 sensor (Model K33, SenseAir, Delsbo, Sweden) was placed under the cap of the
package and the CO2 concentration data were transferred
to computer.
To measure the aerobic bacterial count of the stored
product, 30 g of food samples from each bottle were
aseptically transferred to sterile Stomacher bags, and 90
mL of sterile 0.05% peptone water was added. The samples were then homogenized for 4 min at 300 rpm in
a Stomacher (400 Circulator, Seward Limited, Worthing,
West Sussex, England). Aliquots were plated out directly
or as ten-fold dilutions in 0.05% peptone water onto
Plate Count Agar (Difco Laboratories, Detroit, MI,
USA). Microbial colonies were counted after incubation
of 30oC for 72 hr and multiplied to express the microbial
count as colony-forming units (CFU) per gram of sample. All of the measurements were conducted for triplicate packages. Standard deviation of microbial count was
usually around 0.3 in unit of log (CFU/g).
Modelling of CO2 production related to microbial
growth
CO2 production was linked mathematically to aerobic
bacterial growth. Even though there are different microbial species associated with microbial spoilage of seasoned pork, aerobic bacteria were reported to be highest
in the count during the storage, and they represent the
specific spoilage organisms (4-7). Thus, for the sake of
simplicity, CO2 production was assumed to result from
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aerobic bacterial growth, which has been described by
the model of Baranyi and Roberts (8):
dN
q
N
= m max (
)(1 )N
dt
1+ q
N max

(1)

where N is the microbial count in CFU/g at time t, μmax
is the maximum specific growth rate (day-1), Nmax is the
maximum cell density in CFU/g, and q of a conceptual
component critically needed for the microbial growth is
accumulated by first order kinetics of Equation 2.
dq
= m max q
dt

(2)

Equations 1 and 2 can also be given in an integrated
form with initial conditions of q and N (qo and No):
log N = log N o +

m max
e -m max t + q o
1
1
e m max A - 1
× [t +
× ln{
}] × ln(1 + (log N - log N ) )
o
ln(10)
m max
1+ q o
ln(10)
10 max

(3)

where A isand the parameters, No, qo, Nmax and μmax can
be obtained by using nonlinear regression technique.
Because qo and μmax are related to lag time (tlag, day)
as:
1n (1 + 1
t lag =

qo

)

(4)

m max

the parameter set of Baranyi and Roberts model is often
given as No, tlag, Nmax and μmax, and they were obtained
in this study by using DMFit (Institute of Food Research,
Norwich, UK), which is offered in a website (http://
modelling.combase.cc).
CO2 production of the microbial growth was assumed
to result from energy supply for cell biosynthesis and
viable cell maintenance, and thus modelled as sum of
dN
growth-associated part ( YCO 2 / N
) and non-growth-asdt
sociated part (M․N) (9):
dm CO 2
dN
= YCO 2 / N
+M×N
dt
dt

(5)

where YCO2/N is yield factor (mg CFU-1) and M is maintenance coefficient (mg CFU-1 day-1).
The parameters in Equation 5 (YCO2/N and M) were
estimated according to the algorithm of Fig. 1 from experimental CO2 production and microbial count data for
temperatures of 0, 5, 10 and 15oC. CO2 produced from
the stored food (mCO2 in mg) was obtained as sum of
that in package headspace (VhC CO2) and that dissolved
in food (Vf DCO2):
mCO2=VhCCO2 + Vf DCO2

(6)

where Vh is volume of package headspace (mL) and CCO2
is headspace CO2 concentration (mg mL-1). Because the
aqueous and fatty phases of food are mainly responsible
for dissolving CO2 (10-12), CO2 dissolved in food was
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of CO2 present in the product, the correction factor for
the initial amount contained in the product was applied
in the search for the parameter.
With the model parameters obtained, Equations 1 and
5 can estimate the microbial growth and CO2 production
under constant and dynamic temperature conditions.

Experiment: measure changes in package CO2 pressure
and aerobic bacterial count of food stored at constant
temperatures; convert CO2 pressure data to CO2 production amount.
Determine microbial growth parameters of Baranyi and
Roberts model (qo, No, μmax and Nmax) by nonlinear
regression.

RESULTS AND DISCUSSION
Fig. 2 shows the bacterial count and CO2 production
of the seasoned pork meat packaged in glass jars and
stored at different temperatures. By fitting the model of
Baranyi and Roberts (Equations 3 and 4) to the microbial
count data, the parameters of No, Nmax, tlag and μmax were
obtained (Table 1) and given as function of temperature
in Fig. 3. As shown in Fig. 2, the Baranyi and Roberts
model with those parameters can describe the microbial
growth well. No of asymptotic initial load does not depend on temperature and may be reasoned to be dictated,
not by storage temperature, but by processing conditions.
Nmax of maximum cell density at the stationary phase
increases with increased storage temperature (Equation
9), which is the usually observed phenomenon for spoilage of many foods (15-17).

Guess initial values for the parameter set consisting of
YCO2/N and M.
Simulation: for given parameter set, solve the differential
equation of CO2 production linking to microbial growth
(Eqs. 1 & 5); save the calculated CO2 production for
each sampling time.
Evaluate the least square of errors as objective function
2
= sum of (calculated value – each CO2 production) .
Select other guesses using the minimization algorithm
of Box’s complex method.
No
Converged?

log Nmax = 0.1549 T + 9.3505

Yes

Lag time (tlag) and maximum specific growth rate (μmax)
are strong functions of temperature: high temperature decreases lag time and increases the growth rate. A square
root model can be conveniently used for describing their
temperature dependence (18,19):

Stop
Fig. 1. Algorithm to determine CO2 production model parameters.

taken into account by water and fatty fractions (Vf in
mL), which were estimated from the literature as 74.9
and 6.9%, respectively (13).
The DCO2, CO2 concentration dissolved in the aqueous
and fatty phases, was estimated using Henry's Law,

1 / t lag = 0.0489 T + 0.5951

(10)

m max = 0.1103 T + 1.1414

(11)

Based on the algorithm of Fig. 1, CO2 production mod-

(7)

kCO2 = 3.43764－0.014PCO2－0.12723T+2.8256×10-3
T2－3.3597×10-5 T3+1.5933×10-7 T4
(8)
where T is temperature (oC).
The algorithm in Fig. 1 determines the CO2 production
parameters (YCO2/N and M) by an iteration scheme of
Box’s complex method, which fits the model to CO2
production data based on the microbial growth provided
by Equation 1. Due to the uncertainties in initial content

Microbial count
10
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8

120
CO2 production

90
2

where PCO2 is the partial pressure of CO2 in the headspace (bar) calculated from CCO2 by using the Ideal Gas
-1
-1
Law, and kCO2 is Henry's Law constant (mg mL bar ).
The kCO2 was obtained from Rammert and Paderson (14)
as function of temperature and CO2 partial pressure under the assumption of zero dissolved oxygen.
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(9)
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Fig. 2. Aerobic bacterial count and CO2 production of seasoned pork stored at different temperatures. 100 g of pork product was in a 250 mL glass jar. Triangle, 0oC; square, 5oC;
circle, 10oC; diamond, 15oC. Open and filled symbols are experimental data for microbial count and CO2 production, respectively. Thick lines are estimated values for CO2 production,
while thin ones are for bacterial count.
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Table 1. Parameters for aerobic bacterial growth and CO2 production
Bacteria growth
o
Temperature ( C)
log No
log Nmax
tlag (day)
mmax (day-1)
0
5
10
15

5.95
6.04
5.90
5.88

9.31
10.01
11.26
11.47

2.40
2.02
0.69
0.60
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CO2 production
YCO2/N
M
-1
-1
-1
(mg CFU )
(mg CFU day )
2.20×10-10
1.54×10-12
-11
-11
3.41×10
1.04×10
-12
-13
3.69×10
1.25×10
-12
-13
1.89×10
4.62×10

1.33
3.24
3.97
8.58

4
1/2

mmax

1/2

mmax

3

-9

= 0.1103T + 1.1414
2

= 0.943+ 1.1414
=R0.1103T

-10

2

R = 0.943
)

2

1

tlag

-1/2

1
tlag

-1/2

0

log(Y

m

max

2

log (YCO2/N) = -0.1432T - 9.7464
2

R = 0.962

2

= 0.890+ 0.5951
=R0.0489T

10

15

5 Temperature (oC)10
Temperature (oC)
Temperature (oC)

15

-13
-14
0

5

10

15

o

Temperature ( C)

14

Fig. 4. Dependence of yield factor on temperature.
log Nmax = 0.1549T + 9.3505
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00

2

ò

R = 0.942

t lag

0

log No = 5.94
log No = 5.94

Flag dt = 1.0

(13)

The initial physiological state of the cell population
at the start of lag phase was assumed to be an averaged
value of qo for the microbial lag time as given by (15):
t

qo =
0

Fig. 3. Dependence of
temperature.

5
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o
5 Temperature ( oC)10
Temperature ( C)
microbial
growth(oC)
model
Temperature

15
15

parameters on

el parameters (YCO2/N and M) were determined to fit with
CO2 production data in Fig. 2 (Table 1). While the maintenance coefficient M is indifferent with temperature, being log M of -12.009±0.815, the yield factor, YCO2/N
decreases with temperature and its logarithm can be described as a linear function of temperature (Fig. 4):
log YCO2/N = -0.1432 T－9.7464

(12)

Now from the models of microbial growth and CO2
production with temperature dependence of their model
parameters, CO2 production or package CO2 concentration can be estimated by solution of differential
Equations 1, 2 and 5. Lag time of microbial growth with
assumed microbial count of No was estimated as the time
for summed lag phase contribution (∫Flag dt) to reach 1,
where Flag is the inverse of lag time calculated according
to Equation 10 for the temperature at each time increment (20,21):

lag
ò0 q o dt
t lag

(14)

where qo at each time increment can be obtained from
the relationship of Equation 4 given above.
Package CO2 partial pressure can be calculated numerically from the estimated CO2 production by the relationship of Equation 6 incorporating Ideal Gas Law and
Henry’s Law of Equation:
m CO 2 = Vh

10 5 PCO 2 M CO 2
+ Vf k CO 2 PCO 2
RTa

(15)

where MCO2 is the molecular weight of CO2 (0.044 kg/
mol), R is the gas constant (8.314 J K-1 mol-1) and Ta
is absolute temperature (K).
The prediction model described above was applied to
the package submitted to the conditions of temperature
change (Fig. 5 and 6). The estimation described the CO2
partial pressure change being in parallel with experimental
data but with slight discrepancy. There has been delay
of CO2 pressure increase in the prediction during the
initial period of time. This discrepancy may have come
from the variation in food samples and the simplified
assumption of linking CO2 production to aerobic bacterial growth. Microbial groups other than aerobic bacteria
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perimental CO2 partial pressures of seasoned pork package exposed to stepwise temperature conditions. Bold line is temperature while thin lines are estimations for microbial growth and
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□, experimental CO2 partial pressure.
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tration behaviour, even to a limited extent, can help to
control shelf life of microbiologically perishable food
as mentioned before. This research needs to be understood as a first step for applying the CO2 pressure prediction in shelf life management as a subsidiary tool.
Further research may widen the application and efficacy
of the modelling.
The approach and findings of the present study would
be understood to propose and show the way of expressing kinetics of CO2 production and its contribution to
package atmospheric changes of a perishable food.
Because CO2 production behavior varies with types of
foods, as reported by Kim et al. (4), kinetic parameters
of CO2 production for specific food types needs to be
determined individually to apply the proposed method
to other foods. Accumulation of the kinetic parameters
may help the potential application of the proposed modelling approach by identifying the significant variables
and categorizing the food type in terms of CO2 production.

CONCLUSION
By modelling the CO2 production of a perishable food
related to aerobic bacterial growth, CO2 partial pressure
or concentration in the package headspace could be estimated to a limited extent, which is helpful for controlling
the shelf life under both constant and dynamic temperature conditions. Application and efficacy of the model
need to be improved with further refinement in the
model.

10

6
4

5

2
0

0

0

1

2 Time (day)3

4

5

Timeestimated
(day)
Fig. 6. Comparison between
and experimental CO2
partial pressures of seasoned pork package experiencing dynamic temperature change. Thin solid and dotted lines are
measured and estimated CO2 partial pressures, respectively,
while bold solid line is product temperature measured.

would have been involved in CO2 production, but were
not fully covered in the modelling. There would also
have been limitation in the simplification of temperature
dependence of lag time and rate of microbial growth and
functional interrelationship among microbial growth,
CO2 production and further dissolution in the food. For
example, microbial growth can be affected by the produced CO2, which has been shown to have an antimicrobial effect (18). However, predicting CO2 concen-

ACKNOWLEDGEMENTS
This work was supported by the National Research
Foundation of Korea Grant funded by the Korean Government (Project # 2009-0070820). Authors appreciate
Vara Prodduk for review and comments.

REFERENCES
1. Huss HH, Dalgaard P, Gram L. 1997. Microbiology of fish
and fish products. In Seafood from Producer to Consumer,
Integrated Approach to Quality. Luten JB, Borresen T,
Oehlenschlager J, eds. Elsevier Science, Amsterdam,
Netherlands. p 413-430.
2. Sutherland J. 2003. Modelling food spoilage. In Food
Preservation Techniques. Zeuthen P, Bogh-Sorensen L,
eds. Woodhead Publishing, Cambridge, UK. p 451-474.
3. Guerzoni ME, Gardini F, Duan J. 1990. Interactions between inhibition factors on microbial stability of fruitbased systems. Int J Food Microbiol 10: 1-18.
4. Kim HK, An DS, Yam KL, Lee DS. 2011. Package headspace composition changes of chill-stored perishable foods
in relation to microbial spoilage. Packag Technol Sci 24:

CO2 Concentration of Perishable Food Packages

343-352.
5. Koutsoumanis K, Nychas GJE. 2000. Application of a systematic experimental procedure to develop a microbial
model for rapid fish shelf life predictions. Int J Food
Microbiol 60: 171-184.
6. Koutsoumanis KP, Stamatiou AP, Drosinos EH, Nychas
GJE. 2008. Control of spoilage microorganisms in minced
pork by a self-developed modified atmosphere induced by
the respiratory activity of meat microflora. Food Microbiol
25: 915-921.
7. Vankerschaver K, Willocx F, Smout C, Hendricks M,
Tobback P. 1996. The influence of temperature and gas
mixtures on the growth of the intrinsic microorganisms
on cut endive: predictive versus actual growth. Food Microbiol 13: 427-440.
8. Baranyi J, Roberts TA. 1994. A dynamic approach to predicting bacterial growth in food. Int J Food Microbiol 23:
277-294.
9. Couriol C, Amrane A, Prigent Y. 2001. A new model for
the reconstruction of biomass history from carbon dioxide
emission during batch cultivation of Geotrichum candidum.
J Biosci Bioeng 91: 570-575.
10. Jakobsen M, Jensen PN, Risbo J. 2009. Assessment of
carbon dioxide solubility coefficients for semihard cheeses:
the effect of temperature and fat content. Eur Food Res
Technol 229: 287-294.
11. Sivertsvik M, Rosnes JT, Jeksrud WK. 2004. Solubility
and absorption rate of carbon dioxide into non-respiring
foods. part 2: raw fish fillets. J Food Eng 63: 451-458.
12. Jakobsen M, Bertelsen G. 2006. Solubility of carbon diox-

369

ide in fat and muscle tissue. J Muscle Foods 17: 9-19.
13. Chun HK. 2006. Food Composition Table. Rural Resources
Development Institute, Suwon, Korea. p 210-211.
14. Rammert M, Paderson MHP. 1991. Die Loslichkeit von
Kohlendioxid in Getraken. Brauwelt 131: 488-499.
15. Lee DS, Hwang KJ, An DS, Park JP, Lee HJ. 2007. Model
on the microbial quality change of seasoned soybean sprouts
for on-line shelf life prediction. Int J Food Microbiol 18:
285-293.
16. Koseki S, Isobe S. 2005. Prediction of pathogen growth
on iceberg lettuce under real temperature history during
distribution from farm to table. Int J Food Microbiol 104:
239-248.
17. Zwietering MH, de Koos JT, Hasenack BE, de Wit JC,
Van't Riet K. 1991. Modeling bacterial growth as a function of temperature. Appl Environ Microbiol 57: 10941101.
18. Lee DS. 2009. Packaging and the microbial shelf life of
food. In Food Packaging and Shelf Life. Robertson G,
ed. CRC Press, Boca Raton, FL, USA. p 55-79.
19. McMeekin TA, Olley JN, Ross T, Ratkowsky DA. 1993.
Predictive Microbiology. Research Studies Press, Somerset,
UK. p 11-86.
20. Huang L. 2003. Estimation of growth of Clostridium perfringens in cooked beef under fluctuating temperature
conditions. Food Microbiol 20: 549-559.
21. Nauta MJ, Litman S, Barker GC, Carlin F. 2003. A retail
and consumer phase model for exposure assessment of
Bacillus cereus. Int J Food Microbiol 83: 205-218.
(Received July 4, 2011; Accepted November 21, 2011)

