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ABSTRACT

A model of the mass loss of Camembert-type cheese
was established with data obtained from 2 experimen-
tal ripening trials carried out in 2 pilot ripening cham-
bers. During these experiments, a cheese was continu-
ously weighed and the relative humidity, temperature,
oxygen, and carbon dioxide concentrations in the ripen-
ing chamber were recorded online. The aim was to es-
tablish a simple but accurate model that would predict
cheese mass changes according to available online mea-
surements. The main hypotheses were that 1) the
cheese water activity was constant during ripening, 2)
the respiratory activity of the microflora played a major
role by inducing heat production, combined with im-
portant water evaporation, 3) the temperature gradient
existing inside the cheese was negligible, and the lim-
iting phenomenon was the convective transfer. The wa-
ter activity and the specific heat of the cheeses were
assessed by offline measurements. The others parame-
ters in the model were obtained from the literature.
This dynamic model was built with 2 state variables:
the cheese mass and the surface temperature of the
cheese. In this way, only the heat transfer coefficient
had to be fitted, and it was strongly determined by
the airflow characteristics close to the cheeses. Model
efficiency was illustrated by comparing the estimated
and measured mass and the mass loss rate for the 2
studied runs; the relative errors were less than 1.9 and
3.2% for the mass loss and the mass loss rate, respec-
tively. The dynamic effects of special events, such as
room defrosting or changes in chamber relative humid-
ity, were well described by the model, especially in
terms of kinetics (mass loss rates).
Key words: dynamic modeling, respiration heat, mass
loss, cheese ripening
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INTRODUCTION

Ripening is one of most important steps in the cheese-
making processes. It is characterized by the develop-
ment of a microbial consortium whose activities are
responsible for important biological and physicochemi-
cal changes that occur on the surface and at the core
of the curd as a function of ripening time (Choisy et
al., 2000). All biological activities are influenced by the
atmosphere of the ripening chamber, especially its tem-
perature, relative humidity, and gas composition (Ra-
met, 2000, Picque et al., 2006). In parallel with these
transformations that occur on and in the curd, gas ex-
changes attributable to water evaporation and carbon
dioxide emission have been noted. Ramet (2000) esti-
mated a cheese mass loss of 3 to 8% at the ripening
room level according to the cheese type. From an indus-
trial point of view, the mass loss has consequences on
productivity, especially for protected designation of ori-
gin (PDO) products, for which the weight is a confor-
mity criterion (e.g., Camembert-Normandie PDO and
Epoisses PDO require a final weight of 0.25 kg).

Mass transfer from the curd to the surrounding atmo-
sphere depends on several factors. Weissenfluh and Pu-
han (1987), Macedo et al. (1997), and Simal et al. (2001)
studied the effect of relative humidity. Weissenfluh and
Puhan (1987) and Mirade et al. (2004) described the
consequences of airflow rate. A more detailed analysis
of these works was done by Picque et al. (2006). Varia-
tions in the gas composition of the ripening chamber
were studied by Mirade et al. (2006). Because of its
consequences on the biological activity of microbial con-
sortia and on ripened cheese quality, the chamber tem-
perature is also considered as an important variable.
Riahi et al. (2007) established a model for predicting
the weight and DM of a smear soft cheese during the
ripening. The model of Riahi et al. (2007) 1) was based
on lactose and lactate measurements and 2) included a
relation between water activity (aw) and water content.

Heat and mass transfer are commonly studied in
cooking and drying processes, but little data have been
published about their role in cheese ripening. Two speci-
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ficities characterize cheese ripening as compared with
the cooking and drying processes: 1) the temperature
variations are very small and the atmospheric relative
humidity is close to saturation; 2) biological transforma-
tions cannot be neglected in comparison with physical
and chemical changes. Hence, the use of a cheeselike
product without the biological aspects (as was done by
Mirade et al., 2004) is not sufficient, even if it allows a
good comprehension of heat transfer and mass transfer.

Cheese ripening can be considered as solid substrate
fermentation (SSF). Raimbault (1998) summarized
several aspects of SSF. This author emphasized that
biomass measurements are very difficult and that their
direct evaluation is nearly impossible. In some cases,
microbial growth can be estimated by respiratory me-
tabolism (oxygen consumption and carbon dioxide re-
lease measurements). Second, he noted that heat trans-
fer is probably the most crucial factor in large-scale
SSF processes. Substrate oxidation catabolism is highly
exothermic, and the main element for heat loss is evapo-
ration.

Saucedo-Castañeda et al. (1990) developed a model
for SSF heat transfer simulation in a bioreactor. It fo-
cuses on convective phenomena with a spatial represen-
tation of temperature, and takes into account the micro-
bial growth through a logistic model. Nagel et al. (2001)
built a model of moisture content control during SSF.
In their work, water evaporation was measured directly
and the release of carbon dioxide and consumption of
oxygen allowed the changes in DM loss and water con-
tent to be determined (metabolic water production, sub-
strate hydrolysis, and water incorporated into new bio-
mass). However, no thermal aspect was treated. Mitch-
ell et al. (2003) reviewed several heat and mass transfer
models in bioreactors for SSF. Spatial representation
was used in these different works; each model was dedi-
cated to a specific type of bioreactor.

The aim of this paper was to model the dynamics of
cheese mass loss resulting from physical and biological
phenomena. Variables describing the ripening chamber
atmosphere were considered as inputs of the model.
After describing ripening conditions and available mea-
surements, we describe the model and associated
hypotheses. A simple model was built with some con-
stants selected from the literature and, in a few cases,
with constants established from experimental measure-
ments. Afterward, the model was fitted and validated
on 2 experimental ripening trials.

MATERIALS AND METHODS

Cheese Making and Ripening Chambers

Two runs were performed in 2 small ripening cham-
bers of 0.91 m3 (1.9 × 0.8 × 0.6 m) for trial 1 and 0.63
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m3 (1.2 × 0.6 × 0.87 m) for trial 2. In both cases, Camem-
bert-type cheeses were manufactured (one batch for
each run) by using the protocol previously described by
Leclercq-Perlat et al. (2004). To complement the lactic
acid bacteria inoculate, a ripening microbial consortia
composed by Kluyveromyces marcianus, Geotrichum
candidum, Penicillium camemberti, and Brevibacte-
rium aurantiacium was used. After drainage, the
molded cheeses were transferred into the ripening
chambers and placed into a refrigerated room to allow
temperature control close to 14 ± 1°C.

Data Acquisition

For each run, a cheese was continuously weighed on
an electronic balance (Precisa XB620C, precision ±0.01
g, Precisa, Poissy, France). A combined sensor (Vais-
sala, HMP 243 Dewpoint transmitter, Etoile Interna-
tional, Paris, France) measured the chamber tempera-
ture and the relative humidity of the ripening chamber.
It was located 6 cm above the weighed cheese, a distance
greater than the thermal boundary layer according to
Harris et al. (2004). To determine the cheese and cham-
ber temperatures, the average of thermocouple mea-
surements (K type, Correge Temperature, Pacy-sur-
Eure, France) were carried out. Three thermocouples
were placed 0.01 m under the surface of a cheese (exper-
imental constraints did not allow us to weigh and mea-
sure the temperature of the same cheese) and 3 others
ones were placed 6 cm above. The thermocouples were
calibrated before the trial in a water bath (tempera-
tures: 10 and 15°C) and the calibration was checked
after ripening in the same way. Chamber atmospheric
composition changes were also characterized by CO2
(Iridium 100 infrared analyzer, City Technology, UK)
and O2 (CiTycel electrochemical sensor, City Technol-
ogy) sensors.

When the ripening chamber was used without an
input of air, the variations in CO2 and O2 concentrations
depended only on the exchanges between the atmo-
sphere and the cheeses. To study cheese respiration
activity, cubic smoothing spline functions (MatLab, The
Mathworks, Natick, MA) were used to derive the gas
concentration as a function of time, and then the CO2
production and O2 consumption rates were obtained.
All online data (mass, temperature, relative humidity,
O2 and CO2 concentrations) were carried out on a com-
puter within a 6-min acquisition period.

Water activity (aw) and specific heat were assessed
in cheeses from run 1. We considered that the values
were representative of cheeses in both chambers be-
cause the variability in aw is very low in soft cheeses
(see below) and specific heat depends mainly on the
water content and fat matter, 2 cheese characteristics
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that do not vary in a large range for a given cheese
type. The aw at the cheese surface was measured daily
on each face of 2 cheeses by using a nondestructive
method (FA-st lab, GBX, Romans sur Isère, France). A
differential scanning calorimeter (Pyris 1, PerkinElmer
LLC, Norwalk, CT) equipped with a liquid nitrogen
cooling accessory (CryoFill, PerkinElmer) was used to
measure specific heat on 3 different cheeses on d 1, 7,
and 14.

Run Description

For trial 1, 45 cheeses were placed on 2 parallel trays,
and for run 2, 22 cheeses were placed on 2 parallel
trays. The cheese radius and thickness were 5.5 and
3.5 cm, respectively. The initial mass of the weighted
cheese was 330 g for run 1 and 340 g for run 2. For run
1, the defrosting cycle of the refrigerated room had an
8-h period. It induced an increase of 1°C during the
first hour of the cycle and a relative humidity variation
of 2%. The relative humidity was manually controlled
for run 1 (through 2 cold traps placed inside the cham-
ber) and automatically controlled for run 2 (air was
treated with a cold trap placed outside the chamber,
with a fan to manage the airflow rate in this recircula-
tion loop). According to Camembert-making technology,
the first ripening day had a low relative humidity value
(close to 85%) to allow surface drying of the curd. The
following 13 days of run 1 were carried out with con-
trolled variations of relative humidity (between 88 and
94%) to study the effect of relative humidity on mass
loss. For run 2, the set point for the following 13 days
was a relative humidity of 92%. To study the effect of
air velocity on heat and mass transfer, the fan was on
between d 1 and 7, and it was off for the rest of the
time. In all conditions, the air velocities were lower
than 0.1 m�s−1. To avoid too high a CO2 concentration
in the ripening chamber, which could induce cheese
faults (Picque et al., 2006), manual gas renewal was
performed periodically, with a roughly 1-d period for
run 1, when the CO2 concentration was higher than
2%, and a roughly 0.5-d period for run 2, when the CO2

concentration was higher than 1%.

Modeling

Mass Loss. The cheese mass loss is the result of
water evaporation (a physical phenomenon) and of car-
bon dioxide release (a biological phenomenon). The
evaporative flux of water is a function of the difference
in the water vapor pressure between the ripening cham-
ber and the cheese surface. Cheese surface aw is a key
parameter for this transfer. On food products, the link
between aw and water content is generally represented
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by the sorption isotherm. Several empirical or semiem-
pirical models have been set up. The Guggenheim, An-
derson, De Boer equation is probably the most fre-
quently used in the food industry (Chirife and Iglesias,
1978). Water activity mainly results from the ionic com-
position and water content. Another important effect
for dairy products is the micelle structure, which de-
pends on the pH (Rüegg and Blanc, 1976). Saurel et
al. (2004) reviewed several studies on aw modeling for
cheese with various complexities and emphasized the
difficulty of establishing general relationships.

In this work, 2 points were taken into account. First,
the aw values of soft cheese are very high, up to 0.95
(Hardy, 2000). Taking into account the sorption curve,
important water content variations imply only small
changes in aw for values close to 1. According to the
experimental water sorption isotherm shown by De-
sobry and Hardy (1994), a water content variation of
0.6 to 0.4 gwater/gDM (37.5 to 28.6%) implies aw changes
of 0.97 to 0.95. The high water content (50 to 60%) of
the experimental cheeses allowed us to suppose a very
small influence on aw. Consequently, the relation be-
tween aw and water content of the cheese is not neces-
sary for mass loss estimation. Second, according to
Hardy (1985), after 3 d of ripening, salt concentrations
are similar at the core and in the rind of a Camembert.
The small size of Camembert and its important water
content could explain this rapid equilibrium. Conse-
quently, brining influences the cheese aw value, but no
significant variation of this factor occurs during ripen-
ing. Considering these aspects, the aw was taken as
constant and no water or salt diffusion phenomena in-
side the cheese were represented.

Biological activities are characterized by oxygen con-
sumption and carbon dioxide production, which induce
gas exchanges between the cheeses and the ripening
chamber atmosphere. Other gaseous productions (such
as ammonia and aroma compounds) are considered to
be negligible from a mass dynamic point of view. Anaer-
obic pathways at the core level cannot be neglected for
cheese taste elaboration, but they are not significantly
involved in mass loss. For Camembert-type cheeses,
the main part of the biological activity and gaseous
exchange in the ripening process is localized at the
rind level (Blanc et al., 1983). Aerobic pathways prevail
when the respiration quotient (RQ) is near 1, which is
the case for Camembert-type cheeses (Picque et al.,
2006). The O2 consumption rate (rO2

) and the CO2 pro-
duction rate (rCO2

; mol�m−2�s−1) were calculated from
CO2 and O2 concentrations measured in the ripening
chamber. The matter balance linked to respiration was
obtained by the difference between these 2 rates.

For a given cheese, the rate of cheese mass [m (kg)]
variation is represented as follows (kg�d−1):
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Table 1. Constants used to mass loss estimation

Parameter Symbol Value (SEM1) Source

O2 molar mass (kg�mol−1) wO2
3.2 × 10−2

CO2 molar mass (kg�mol−1) wCO2
4.4 × 10−2

Respiration heat (J�mol−1) α 4.693 × 105 Kang and Lee, 1998
Latent heat of water evaporation2 (J�kg−1) λ 2.47 × 106 Perry and Green, 1997
Product emissivity (dimensionless) ε 0.91 Mirade et al., 2004
Stefan-Boltzmann constant (W�m−2�K−4) σ 5.67 × 10−8 Perry and Green, 1997
Surface area of cheese3 (m2) s 2.6 × 10−2 Experimental determination
Surface water activity (dimensionless) aw 0.976 (0.001) Experimental determination
Specific heat (J�kg−1�K−1) C 2.194 × 103 (59) Experimental determination

1SEM used for experimental acquisitions.
2Latent heat of water evaporation value calculated at 14°C.
3Total surface of the cheese (3.11 × 10−2 m2) less the surface covered by the grid (0.51 × 10−2 m2) where

the cheese was placed during the ripening.

dm
dt = s{wO2

�rO2
− wCO2

�rCO2
− k[aw�psv(Ts) [1]

− rh�psv(T∞)]},

where s (m2) is the useful surface exchange of the cheese
(see Table 1), calculated from the product dimensions
minus the surface of the grid support (corresponding
to 46% of the inferior side). The molar masses (kg�mol−

1) of oxygen and carbon dioxide are wO2
and wCO2

, respec-
tively. The cheese surface water activity is aw. The aver-
age cheese surface and ripening chamber temperatures
are Ts and T∞, respectively (K). The relative humidity
is rh (expressed between 0 and 1). The saturation vapor
pressure is psv(T∗) at temperature T∗ (i.e., Ts or T∞; Pa),
it was calculated from the temperature with the Goff-
Gratch equation (World Meteorological Organization,
2000). k is the average water transfer coefficient (kg�m−

2�Pa−1�s−1); k was assumed to be constant for a given
airflow pattern around the cheese (this point is ex-
plained later).

Cheese Surface Temperature. According to Hardy
and Scher (2000), the conductivity of cheese heat varies
between 0.3 to 0.4 W�m−1�K−1. The cheese Biot number
is thus between 0.24 and 0.32. Consequently, the heat
conduction inside the product is very fast. There is no
thermal gradient inside the cheese, and the cheese sur-
face temperature is assumed to be representative of the
cheese temperature.

Direct heat exchange between the cheeses and their
close atmosphere results from convective and radiant
fluxes; in addition to these phenomena, the moisture
loss induces an evaporative heat consumption flux. The
cheese rind presents a high biological activity during
ripening, characterized by the important development
of a mycelium. From an energetic point of view, fermen-
tative pathways can be neglected, as described by Pa-
jonk et al. (2003) for Emmental ripening heat transfer.
In contrast, respiratory heat must be taken into ac-
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count. For the storage of several vegetable food products
(Kang and Lee, 1998; Song et al., 2002), the generic
glucose aerobic respiration equation is used:

C6H12O6 + 6O2 → 6CO2 + 6H2O [2]

+ 2.816 × 106 J�mol−1.

Equation [2] gives an RQ equal to 1 because of the
equimolarity between O2 and CO2. In the cheese con-
text, many substrates are oxidized (lactose, lactate, and
partially lipids and proteins), which can induce an RQ
variation close to 1. The variability of RQ was thus
represented by the average of rO2

and rCO2
.

From these considerations, the rate of cheese surface
temperature variation is represented as follows:

dTs

dt =
s

m�C
⎧
⎨
⎩
h(T∞ − Ts) + εσ(T4

∞ − T4
s) [3]

− λk[aw�psv(Ts) − rh�psv(T∞)] + α
rO2

+ rCO2

2
⎫
⎬
⎭
,

where C is the cheese-specific heat (J�kg−1�K−1); h is the
average convective heat transfer coefficient (W�m−2�K−

1); ε is the cheese emissivity (dimensionless); σ is the
Stefan-Boltzmann constant (W�m−2�K−4); α is the respi-
ration heat for 1 mol of carbon dioxide release (J�mol−

1); and λ is the latent vaporization heat of water (J�kg−

1). The average value depends on the ripening tempera-
ture, but it can be taken with an error smaller than
0.2% because of the low temperature change (10 to
15°C) during ripening.

Transfer Coefficients. The effect of the small varia-
tions in temperature (less than 5°C) and relative hu-
midity (less than 10%) on the average convective heat
and mass transfer coefficients, h and k, respectively,
can be neglected. Consequently, h and k are mainly
determined by the shape of the cheese and the airflow
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Figure 1. Schematic representation of the model. Input variables:
relative humidity (rh), atmospheric temperature (T∞), oxygen con-
sumption rate (rO2

), and carbon dioxide production rate (rCO2
). Con-

stant: water activity (aw). State variables: surface temperature (Ts),
mass (m). Phenomena: water evaporation (E), convective and radiant
exchanges (CR), respiratory activity (R). A dashed arrow represents
a variable influence on a phenomenon; a solid arrow shows the conse-
quences (positive or negative) of a phenomenon on a state variable.

properties (Kondjoyan and Daudin, 1997). Mirade et
al. (2004) used the psychrometric method to determine
the transfer coefficient values of a Camembert-shaped
plaster object according to the average airflow, v (m�s−1):

h = 3.95e2.23v (W�m−2�K−1), and [4]

k = 2.92e2.42v�10−8 (kg�m−2�Pa−1�s−1). [5]

Unfortunately, these relations were not relevant for
the very low air velocity measured in the studied ripen-
ing chambers (v was lower than 0.1 m�s−1; data not
shown). Indeed, Ozisik (1985) established the theoreti-
cal h value (1.9 W�m−2�K−1) for a nonstirred chamber,
which is different from the result (3.95) obtained with
equation [4].

Because of the high sensitivity of mass loss with re-
spect to transfer coefficients, h was obtained by a non-
linear least-squares regression with the Levenberg-
Marquardt method (Marquardt, 1963) between esti-
mated and measured mass for the different airflow con-
ditions. In this case, the following relation was estab-
lished from equations [4] and [5]:

k = 0.66�10−8�h1.09 (kg�m−2�Pa−1�s−1). [6]

Model Overview. Figure 1 gives an overview of the
model composed of equations [1] and [3]. With 4 input
variables (rh, T∞, rO2

, and rCO2
) and 2 state variables

(Ts and m), the 3 main phenomena taken into account
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were 1) the water evaporation, which induced a de-
crease in mass and energy consumption; 2) the convec-
tive and radiant heat fluxes, governed by the difference
between the cheese surface and the chamber tempera-
tures; and 3) the exothermic respiratory metabolism,
which induced carbon loss.

This model differs from the model established by Ri-
ahi et al. (2007), which considered lactose and lactate
concentrations (obtained from offline analysis) as data
input. In the present study, the oxygen and carbon
dioxide concentration measurements were used. More-
over, heat production linked to respiratory activity was
taken into account, and the aw of the cheese was consid-
ered as a constant.

RESULTS AND DISCUSSION

Run Description

Figure 2 (A to F) represents the online data acquisi-
tion performed for the 2 runs and used as input for the
model. For run 1 (Figure 2, left panels), the chamber
temperature was between 286 and 289 K, as a function
of a defrosting event performed automatically every
8 h. This phenomenon also induced relative humidity
variations, decreases for low relative humidity values
and increases for high values. The dry air injections
carried out to remove the CO2 produced important de-
creases in relative humidity (e.g., d 7 to 11 in Figure
2A). In addition to these abrupt changes, manual low
relative humidity variations, between 88 and 94%, were
carried out to study changes in the mass loss kinetics.

Run 2 (Figure 2, right panels) was carried out in a
ripening chamber with an automated relative humidity
control and without defrosting events. From d 0 to d 1
and from d 7 to the end of the run, the fan of the
recirculation loop was stopped, and the regulation of
relative humidity was carried out by natural convec-
tion. This implied 2 different airflows close to the
cheeses (fan off and fan on).

Figure 2G and 2H represents the oxygen consump-
tion rate and the carbon dioxide production rate for the
2 runs. These were established from data shown in
Figure 2E and 2F, respectively: gas rates were the first
derivative of the gas concentrations according to time.
During the air injection time, the calculations were not
done and interpolated values were used.

Verification of the Model Hypotheses

Water Activity. The experimental measurements of
aw carried out on the surfaces of the cheeses during run
1 are shown on Figure 3. The water loss throughout
the ripening process did not appear to influence aw.
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Figure 2. Data measured and calculated vs. ripening time for run 1 (panels A, C, E, G) and run 2 (panels B, D, F, G). A and B) Online
measurement of ripening chamber relative humidity (rh); C and D) online measurement of the ripening chamber temperature (T∞); E and
F) online measurement of the concentrations of oxygen (O2, dotted line) and carbon dioxide (CO2, solid line); G and H) calculation of the
oxygen production rate (dotted line) and the carbon dioxide consumption rate (solid line). For reasons of clarity, a 1-d moving average filter
to obtain noise reduction was used for the oxygen production rate and carbon dioxide consumption rate (G, H).

Most of the values were between 0.969 and 0.984, and
the average, equal to 0.976, could be used as the aw

value. Two phases with constant aw were observed (d
0 to 6, aw = 0.973; and d 7 to 14, aw = 0.98), probably
because of the growth of microflora and the increase in
pH. Except on the first day, characterized by an increase
in aw values (from 0.969 to 0.977), the salt diffusion
effect was not observed.

Heat Transfer. The model takes into account a tem-
perature gradient between cheese surface and ripening
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chamber atmosphere caused by respiratory metabo-
lism. The temperature measurements performed on a
cheese on each run verified this hypothesis (Figure 4A
and 4B for runs 1 and 2, respectively). The temperature
gradient varied roughly from 0 to 0.8°C (run 1) and 0 to
0.65°C (run 2). It increased with the biological activity,
with a maximum between d 5 and 6, as observed for
the gas exchanges (Figure 2G and 2H). Clearly, convec-
tive and radiant heat transfer and respiration heat had
significant effects.
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Figure 3. Changes in the water activity of the cheese surface vs.
ripening time. (�) Mean of 4 measurements performed on 2 faces of
2 cheeses during run 1. Error bars indicate SEM.

Parameter Values

Tables 1 and 2 summarize the values of the parame-
ters used for the mass loss estimation. The surface aw

and the specific heat (C) of the cheese were determined
from experimental measurements performed during
the ripening (run 1). The cheese emissivity values cho-
sen were equal to those of plaster (Mirade et al., 2004).
The other parameters were obtained from the lit-
erature.

The only fitting procedure to find a parameter value
concerned the average convective heat transfer coeffi-
cient (Table 2). Three airflow conditions were consid-
ered: run 1, run 2 with a forced convection for the rela-
tive humidity regulation (fan on), and run 2 with a
free convection (fan off). Subsets of mass experimental
measurements were used for fitting this parameter: run
1: d 0 to 4; run 2 (fan on): d 1 to 3; and run 2 (fan off):
d 7 to 9. The convective heat transfer coefficients were
used according to equation [6] to determine the average
water transfer coefficients.

Table 2. Transfer coefficient values used for mass loss estimation

Transfer coefficient1 Symbol Value SE

Average heat transfer coefficient (W�m−2�K−1) h
Run 1 (d 0–14) 2.51 1.7 × 10−3

Run 2, fan off (d 0–1 and d 7–14) 2.73 1 × 10−3

Run 2, fan on (d 1–7) 4.36 3.6 × 10−3

Average water transfer coefficient (kg�m−2�Pa−1�s−1) k
Run 1 (d 0–14) 1.80 × 10−8 6.5 × 10−12

Run 2, fan off (d 0–1 and d 7–14) 1.97 × 10−8 3.4 × 10−12

Run 2, fan on (d 1–7) 3.28 × 10−8 14 × 10−12

1Time frame for average heat transfer coefficient fitting: d 0 to 4 for run 1, d 7 to 9 for run 2 (fan off),
and d 1 to 3 for run 2 (fan on).
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Figure 4. Difference between the recorded cheese surface temper-
ature (Ts) and the atmospheric temperature (T∞) vs. ripening time.

Mass Loss Estimation

With an initial mass of 330 and 340 g for runs 1
and 2, respectively, the mass cheese dynamics were
simulated for 14 d in the ripening chamber. As shown
on Figure 5, the model was able to represent the global
evolution of the cheese mass loss. Figure 5A shows a
comparison between the cheese masses measured by
online weighing and as calculated by the model. The
corresponding mass loss rates are shown on Figure 5B
and 5C. The cheeses lost, on average, 4.1 and 4.2 g�d−

1, with a total loss of 58 and 59 g, for runs 1 and 2,
respectively. The mass loss rate was very high (0.2
kg�m2�d−1) when rh was 85% on d 1 and then decreased
when rh increased. For example, when the relative hu-
midity set point changed rapidly from 85 to 92% (see
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Figure 5. A) Measured (�) and estimated (solid line) cheese mass loss vs. ripening time for runs 1 and 2. Only 2-h mean values are
represented for reasons of clarity. B and C) Measured (�) and estimated (solid line) cheese mass loss rate vs. ripening time for runs 1 (B)
and 2 (C). Only 2-h mean values are represented for clarity reasons except for zoom insertions, where the acquisition step is 6 min. Insertion
run 1a: changes in mass loss during a defrosting event. Insertion run 1b: changes in mass loss during a dry air injection. Insertion run 2a:
changes in mass loss during relative humidity set point and airflow velocity variations. Insertion run 2b: changes in mass loss during dry
air injection and airflow velocity variations.
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zoom insertion run 2a, Figure 5C), the mass loss rate
decreased by at least 50%.

The mass loss rate increased again with the respira-
tory activity to reach about 0.25 kg�m2�d−1 when this
activity was maximal (d 5 and 6). After this step, and
to the end of the ripening process, the mass loss rate
decreased in the same way as the respiratory activity
decreased. This study obviously showed that the mass
loss accelerations close to d 4 were the consequence of
microflora growth. For example, in run 2 the mass loss
rate changed from 100 to 180 g�m−2�d−1 between d 2
and 4, with a constant relative humidity for this time
frame. In the same period, the carbon loss changed
from 1.2 g�m−2�d−1 (0.1 mol�m−2�d−1) to 9 g�m−2�d−1 (0.75
mol�m−2�d−1; see Figure 2H). As a consequence, the mass
loss rate changes could not be explained only by the
carbon loss changes, and the biological activities also
induced water evaporation. This result showed that the
biological activity had to be taken into account and was
correctly represented by the model.

The residual (differences between observed and pre-
dicted values) at the end of the runs were −0.09 g (0.17%
of the total mass loss) for run 1 and −1.7 g (2.9% of the
total mass loss) for run 2. The relative errors, defined
as the residual standard deviation divided by the value
range, were equal to 0.65 and 1.86% for the mass and
2.13 and 3.18% for the mass loss rate for runs 1 and
2, respectively.

Another significant property of the model was to
allow a good fitting between measured and calculated
mass loss values for fast changes in the working condi-
tions. For example, fast relative humidity changes
linked to a defrosting event (see Figure 5B, zoom inser-
tion run 1a) or to dry-air injection (see Figure 5B, zoom
insertion run 1b, and the left part of the zoom insertion
run 2b) were correctly represented by the model. In
fact, the general shape of the mass loss rate vs. time
was in good agreement with the changes in relative
humidity of the ripening chamber and in the respiratory
activity of the cheese flora.

CONCLUSIONS

This study related the modeling of Camembert-type
cheese mass loss during the ripening steps. A simple
model was proposed for the online estimation of cheese
mass loss. This model was established by taking into
account 3 hypotheses: 1) Water activity was assumed
to be constant; thus, water diffusion from the core to
the rind of the cheese and water content at the surface
level were not represented. 2) Even if temperature vari-
ations were low in the ripening chamber and tempera-
ture gradients were small between the cheese and the
chamber, the major role of thermal exchange on mass
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transfer needed to take into account the cheese surface
temperature. 3) The production of respiration heat
could not be neglected in the heat balance. No substrate
information was used (e.g., lactose and lactate con-
sumptions that could be obtained only by offline sample
analysis). Oxygen consumption and CO2 production
rates were used directly to compute the heat balance.

The main model characteristic was a thermal balance
between the atmosphere and the cheese surface, which
allowed us to take into account the respiration heat
and the associated evaporation. Validation with 2 ex-
perimental ripenings confirmed that no other phenom-
ena, such as water diffusion inside the product or the
temperature gradient inside the cheese, were necessary
for the mass loss estimation.
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