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ABSTRACT

Several surveys have shown temperature abuseseitash 3 steps of the cold chain: display cabinet,
transport by consumer and domestic refrigeratoreV@uate the food safety, this work was carrietitou
predict the product temperature and microbial leaalutions in these steps.

Deterministic models were used to take into accdbet heat transfer by convection, conduction and
radiation inside the equipments. They were combinid stochastic models to take into account déffer
sources of randomness: ambient temperature, th&atrgedting, product position and residence timéha
equipments etc. Distribution laws were developedittthe survey data of these random parameters. Th
sampling values were used as input parameters eofhéat transfer model to predict the temperature
evolutions of a large number of products along ¢bkl chain. Then, these temperature evolutions were
applied to a growth model aisteria monocytogendse predict the bacterial contamination.

1. INTRODUCTION

The evolution of food products along the cold chaiterm of quality and safety is of major importanThe
objective of this study is to develop a modellingthodology to predict the evolution of food produahd

its variability all along the cold chain. This metlology, taking into account various sources oflcanness
such as ambient temperature, product residenceetimewas applied to the 3 steps of the cold ctiaiing
which temperature abuses are often observed: eefiigd display cabinet, consumer shopping baslet an
domestic refrigerator. Indeed, according to a suoaried out by our team, the product temperaticéten

too high to ensure the food safety in these equipsné80% in the display cabinet and 40% in domestic
refrigerators, Cemagref and ANIA, 2004).

2. METHODOLOGY

The methodology will be illustrated for a part detcold chain: from the display cabinet to the dstioe
refrigerator but the same approach could be usethéoother steps of the cold chain (storage id cobm,
transport...). The product of interest is pre-packlageat. For this kind of product, survey data awslable
(Cemagref and ANIA, 2004 he product evolution will be here characterizety diy the temperature and
the bacterial load. The same approach could alsasbd to follow other parameters such as moisuss, |
vitamin degradation for other types of product.

The methodology is composed of:
- astochastic description of the logistic chain
- asemi-deterministic description of the cold creguipments
- adeterministic description of the product evolat{temperature, bacterial load)

A large number of products are introduced=d in the logistic chain (in the current study ore tpart of
the logistic beginning in the display cabinet isisidered). Each product is characterized at eaohttby
several state variables which are the mean pradugperature and the bacterial load. The initialgal of
the product state variables can be consideredreitheonstant for all product items or as randoriaties.

To avoid long calculation time to predict the evimo of all product items present in the equipmeiitever
the time, this approach distinguishes the indiviguwaduct of interest and the other products presethe
equipment. These other products, called ‘load’] mdt be followed individually but lumped togethier
each typical location.



The load temperature at each position of an equiprdepends on some random parameters (ambient
temperature, thermostat setting, thermal insulagbthe shopping basket...). The load temperatures ar
estimated by a deterministic thermal model for eaglipment taking into account conductive, radeaawd
convective heat exchanges.

In each equipment, the temperature evolution ofpiteeluct of interest is predicted from its initizdlue
(when the product is introduced in the equipment) fiom the mean surrounding temperature whiches t
temperature of the load at the corresponding positi

Finally, the bacterial load evolution is predicteaim the temperature evolution.

3. STOCHASTIC DESCRIPTION OF THE LOGISTIC CHAIN

This study considers the logistic chain of threeigaents:
- display cabinet (DC)
- shopping basket (SB)
- domestic refrigerator (Ref)

When the products are loaded in the display cabthey are placed preferentially in the rear pad the
older products are moved to the front. In this whg, products with the closest best-before date naere
chance to be taken by the consumers. To take adouat this manipulation, two indexes k=1 and ks a
used for the display cabinet, as shown in Figu@rily one type of display cabinet is consideredhepen
vertical type, which is the most common for prekzaed meat.

Index k=3, is used for the shopping basket, evémsfstep is not really a refrigeration equipment.

Two kinds of domestic refrigerators are considegtdtic refrigerator (free convection) which isémned by
k=4 and ventilated refrigerator which is indexedk¥.

The last step (k=K=6) corresponds to eating ofgtaduct. It is assumed that once a product is reqhov
from the refrigerator, it is consumed (it does r@dtirn in refrigerator).
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Figure 1 Logistic chain: probability of product transfer fnoan equipment to anothetafic), probability of
product positioniold in circle)

From the literature (Evans et al, 2007) it appehsas the products placed in the front part of tiepldy
cabinets are submitted to higher temperatures ttiheuone placed in the rear and that product plateie



bottom part are often warmer than the ones platdhe top part. Therefore, 4 characteristic pos#tiovere
considered in the display cabinet. In the same (kaguerre and Flick, 2010), two characteristic pjoss
were considered in the domestic refrigerator, #meperature being generally higher at the top thahea
bottom especially for static refrigerators.

The logistic chain with probabilities of transitidrom one to another equipment and of positiond@si
equipments is presented schematically in Figurégqual probability was assumed for position. Proligbi
for a product to be firstly placed at the rearhad tlisplay cabinet was estimated to be 80%. Priityafiorr a
product to be placed in a static or a ventilatddgerator was estimated from the observed pergenta
France (Diouris and Mahé, 2007). The distributidrresidence time of pre-package meat in the display
cabinet, shopping basket and domestic refrigekadar fitted by an exponential Probability DensitynEtion
(PDF) (Cemagref and ANIA, 2004).

4.  SEMI-DETERMINISTIC DESCRIPTION OF THE COLD CHAIN EQUIPMENTS
4.1 Display cabinets (DC)
In this case study, only the open front verticapthy cabinet is considered because it is most der
keeping chilled food in supermarket (Gac and Gauthd987) especially pre-packaged meat. In order t
take into account the non-uniformity of product parature, 4 loads are considered: rear top, reorbp

front top and front bottom (Figure 2a). The detailgshe development and validation of the thermablei
were presented in Laguereeal, 2010a.
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Figure 2. Heat transfer model considering (a) 4l lpasitions in an open vertical display cabinetiyads
positions in domestic refrigerator.

The load temperatures depend on the position anddwdom parameters: the air temperature in thee sto
T, and the radiation temperatdrg, . The distribution ofT,, is assumed to follow Gaussian PDF with a

ext ext
mean value of 16.5°C and a standard deviation &fCL(Lindberget al, 2010). According to Gac and
Gautherin (1987), it appears that the radiatiorpenature is correlated to the ambient air tempezaitYhen
grocery shelves are placed oppositely to the refaiggd display cabinet, the radiation temperasimase to
that of air. When other display cabinets are plaggplositely, the radiation temperature is averagély

lower than the air temperature. Therefore, two Bygpaobable values ofl,, —T_,,of 0°C and—-6°C are
chosen.



The load temperature can be calculated from th@ewnt parameters by linear relations (Laguetral,
2010a):

- for k=1 : display cabinet - product placed in rpart (DC/rear)
with two load positions|=1 - top,|=2 - bottom

Toaqs = 0.0027,, +0.0430,,, +1.4655

1
Touq, = 0.0244,  +0.0435_, +1.4814 (1)
- for k=2 : display cabinet - product placed in frpait (DC/front)
with two load positions|=1 - top, 1=2 - bottom
Tload.l = 0'0117rext + 0-183Jrrad +1.3534 (2)

Tload.z = 0'104G-ext + 0'1889-rad +1.4178

4.2. Shopping basket
From the display cabinet to the domestic refrigarathe product is transported in a shopping baskéth
is more or less thermally insulated (only one Ipadition is considered).

Two random parameters are considered: the mearetampe of the air surrounding the basR'g)L(°C)
and the heat transfer conductaktéw.K?) which depends on the basket insulation. The Histion of T

ext

is Gaussian PDF: mean value 17.2°C and standardbtibev 5.8°C (Cemagref and ANIA, 2004).
Investigations in different countries showed tHa¢ tajority of people did not use any food protecti
during transportation: 87.3% in the UK (Evans, 1)982.5% in Slovenia (Jevsnét al, 2008) and 81.4% in
New Zealand (Gilberet al, 2007). So, it is assumed that there is 84% (nudathese 3 values) of the
shopping basket having no insulation and 16% btsiagmally insulated. The heat transfer conductaves

measured in our study for a non insulated badket 015W.K ™ and an insulated onéd = 009W.K .

4.3. Domestic refrigerators (Ref)

The domestic refrigerators are of two differenteypstatic (without a fan, free convection) andiNated
(forced convection). Inside a static refrigeratbere is about 4°C temperature difference betweprahd
bottom (Laguerre and Flick, 2004) while this diéface is lower in a ventilated appliance.

The load temperatures depend on the position antivorrandom parameters: the air temperature in the
kitchen T_,, and the thermostat settiflg, which depends on consumer habits. In order to itstkeaccount

ext

the non uniformity of product temperature, 2 loadipons are considered: top and bottom (Figure 2h)
andT,, can be fitted by normal distributions (Laguerre &tick, 2010b):

- for T_,: mean value 16.7°C and standard deviation vallC3.

ext*
- for T, : mean value 6.0°C and standard deviation valu¥C2.3

The load temperatures can be calculated from thdpeegnt parameters by following relations (Laguerre
and Flick, 2010b):

- For k=4: static refrigerator (Static Ref)

with two load positions|=1 top,|=2 bottom

Tioaqs = 0.0723,,, +0.92771,,

3
Tioaar = 0.0077_,, +0.992F )

- For k=5: ventilated refrigerator (Ventil Ref)



with two load positionsl=1 top,|=2 bottom

Tioaqs =0.0343,, +0.9657,

- (4)
Toaa2 = 0.0147, +0.9853,

Figure 3 summarizes the involved equipment andywrostate variables and parameters
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Figure 3. Equipment and product state variablesp@nameters.

5. DETERMINISTIC DESCRIPTION OF THE PRODUCT EVOLUTION
Two product state variables are considered: thenrpeaduct temperatui@nd the microbial load.

5.1 Evolution of the mean product temperature T
Inside display cabinet or refrigerator (k=1, 254, using a lumped thermal model, the mean tenmyex aif

the product of interest tends to the load tempegadtits positionl, 4, , :

dT
mCE =H, (Tload,l K _T) (5)

- The load temperatuflg,;, , can be calculated by linear relations (equatiors 3 & 4).

- The massn and the thermal capacity of the prodGcare considered to be constant. For this case study
pre-packaged meat=0.250kg andC=3500 J.kgK™.

In the shopping basket, a similar model is applied:

mCd_T =H k=3 (Text _T) (6)
dt

The heat transfer conductandg was measured for each positioof each equipment: display cabinktl

and 2) and refrigeratok£4 and 5). For this purpose, the product (initethperaturely) was placed at

position| of equipmentk at timet,=0. A thermocouple was placed at the product's cdotmmeasure the

evolution of product temperatufle The expected temperature evolution can be preddiyt the equations 7

and 8:

H, t
T=T,+(T .. —T,)exg ——& 7
0 ( load.l .k 0) F{ ij ( )

= |n(T*)=—H (8)



wherer,

MC andT" =

T- Tload.l.k

Ik To _Tload.l.k

An example of the temporal evolution of the prodigchperaturel and In(T*) is presented in Figure 4.
Figure 4b illustrates how the characteristic timgcan be calculated.
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Figure 4. Temporal evolution of product temperature
(a) temperaturd vs timet - (b) In(T) vstime t

5.2. Evolution of microbial load N
As a primary model, a simple first order growth wasumed:

d
N gy

whereN(t) is microbial load at time instant N, is initial load (CFU/g) anglis specific growth rate .

The dependence of the specific growth rateon the temperature is described by the squaremodel of
Ratkowskyet al.(1982):

\/Z = b(T _Tmin)

where T,n is the minimum temperature under which there ibacterial growth and is a coefficient. For
Listeria monocytogene®uh and Schaffner (1993) reported that=0°C and k=0.00035s"/%*

(9)

(10)

More sophisticated model proposed by Baranyi €1993) and Zwietering et al (1996) could also bedus
with the same approach. The aim of the presenystutb illustrate the potentiality of the methoolgy, but
not to predict accurately the microbial growth pésific species in a specific food product.

6. RESULTSAND DISCUSSION

For a simulation of 100000 product items, Figurehbws a cumulative distribution of final/initialti@ of
bacterial load for the part of the cold chain (froine display cabinet to domestic refrigerator)cdn be
observed that for 50% of the product items, thetdyac multiplication is less than 3.31 which is yer
acceptable. However, the bacterial multiplicatisrnigher than 200 for 5% of the product items, Wwhaan
be dangerous for consumer. The estimated multtpicaof more than 10for 1% of the products could
certainly lead to food poisoning. This fractiontbé products is still statistically representatbecause it
represents 1000 items. But it is to be remindetldr@mple bacterial growth model was used. Far kind
of extreme analysis, the microbial growth modeludtide improved to take into account influenceld t
initial load, the initial physiological state artktvariability of the growth parameters.
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Figure 5. Cumulative distribution of final/initiahtio of bacterial load at the end of the cold nh@iisplay
cabinet, shopping basket and domestic refrigerébottptal product items of 100 000.

log (N&/N;)< 0.52 or N/N, < 3.31 for 50% of product
log (NE/N)< 2.29 or N/N, < 1.96x16 for 95% of product
log (N&/N,)< 4.00 or N/N, < 9.98x18 for 99% of product

7. CONCLUSIONS

A methodology combining deterministic heat transiedels for the refrigeration equipments and stsiiba
models to take account of various sources of ramdssin the cold chain was proposed. It enables the
prediction of the temperature evolution of a largenber of products. Theses temperature evolutians ¢
then be used to estimate bacterial growth. Thus,ajpproach can contribute to evaluate food sadking

the cold chain.
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