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PREFACE 

Dear colleagues, 

Welcome to the 6th International Conference on Simulation and Modelling in Food and 
Bio Industries (FOODSIM'201 0), which is held in Braganga, Portugal from 24 to 26 
June 2010. 

The FOODSIM'201 0 brings together researchers, food experts and industrial users to 
present the state-of-art simulation research in the food industry, new research results 
and to exchange ideas and experiences about the modeling and simulation tools used 
in the food industry. 

The main theme of FOODSIM'201 0 is: "Simulation applied to food processes, quality, 
safety, and sustainability", and the success of the conference is already assured, as 
can be witnessed by the quality and scientific rigor of the 47 published papers. We 
also take this opportunity to challenge the researchers attending the FOODSIM'201 0 
to produce a seed for a FP? project to be submitted at the next call for proposals, 
which is expected to open next July. 

We present our recognition for the inestimable collaboration that we had in the 
FOODSIM'201 0 organisation by Prof. Joana Amaral and Prof. Eisa Ramalhosa, and to 
all the reviewers for their professional work in the papers evaluation. We also present 
our recognition to all Institutions that contributed to prepare a pleasant social 
programme for FOODSIM'201 0. 

Finally, we wish you all a pleasant staying in Braganga and we are sure that you will 
have the opportunity to be delighted by the Portuguese hospitality. 

Prof. Vasco Cadavez, Moutain Research Centre (CIMO), ESA- lnstituto 
Politecnico de Braganga, Braganga, Portugal 

Prof. Daniel Thiel , Universite de Paris 13, UFR Sciences Economiques 
et Gestion, Paris, France 

VII ........................... __________ __ 
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A DATA MINING APPROACH TO CHARACTERIZE AMANITA PONDEROSA 
MUSHROOMS USING INORGANIC PROFILE AND 

M13-PCR MOLECULAR DATA 

M. Rosario Martins< 11
, Catia Salvador<2>·, Henrique Yicente<21

, Jose Neves<3>, J_ose M._Arteirot2> and A. Teresa Caldeira<2> 
<J> Department of Chemistry and ICAAM, Un_iversity of Evora, Ev,ora, Po!·tugal 

<
2> Department of Chemistry and Chemi stry Centre of Evora, University of Evora, Evora, Portugal 

<31 Department of Informatics. Uni versity of Minho, Braga, Portugal 
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KEYWORDS 
Data Mining; Decision Trees; k-Means; Wild edible 
mushrooms; Amanita ponderosa; Metal content; M 13-PCR 

ABSTRACT 

Wild eatable mushrooms Amanita ponderosa are very 
appreciated in gastronomy, showing high export potential. 
This specie grows spontaneously in some microclimates, 
namely in the southwest of the Iberian Peninsula. 

The aim of this study is to tind inorganic and molecular 
markers that allow to characterize the wild A. ponderosa 
strains collected from different geographical locations in 
the Iberian Peninsula. Molecular approach using the 
microsatelli te primer M 13-PCR allowed to distinguish the 
mushrooms at specie level and to differentiate the A. 
pondero.m strains according to their location. Data mining 
tools were used in order to correlate inorganic and 
molecular results. A. ponderosa strains showed different 
inorganic composition according to their habitat. It was 
developed a segmentation model based on the molecular 
analysis, which allow relating the clusters obtained with the 
geographical site of sampling. There were also developed 
explanatory models of the segmentation, using decision 
trees, by following two different strategies. One of them 
based on the bands of DNA and, the other one, based on the 
mineral composition. The results show that it may be 
possible to relate the molecular and inorganic data. The 
present findings are wide potential application and both 
health and economical benefits arise from this study. 

INTRODUCTION 

A. ponderosa (Figure I) grows spontaneously in some 
microclimates, particularly in southwest of the Iberian 
Peninsula, due to its Mediterranean characteristics, namely 
in Alentejo (Portugal) and Andalusia (Spain) and is 
subjected to strong commercial export in some areas, with a 
high exportation potential. 

Mineral and organic composition of mushrooms depends 
on the ecosystem where they grow. Therefore is crucial the 
determination of their inorganic content in further 
commercialization process. On the other hand, due to the 
great diversity of wild mushrooms, it is essential be able to 
identify different species. Genetic profiles and polymorphic 
sequences can constitute important tools for a fast and 
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effective characterization, namely in certification processes. 
A profound technical knowledge is required for a product 
that is so eagerly consumed, especially with regard to its 
correct identification and nutritional value. 

Figure I: Some Macroscopic Aspects of Eatable Amanita 
ponderosa Mushrooms in Maturity. 

The conventional tools for data analysis have a great 
number of drawbacks, since they do not allow the detection 
of singularities inside such a data chaos. Undeniably, 
having in mind a response to a given number of difficulties 
(e.g. those resulting from the use of great amounts of data, 
mul tiple sources of data or several application domai ns) a 
new area of Knowledge Discovery fro m Databases (KDD) 
was brought to life and its tools and techniques to problem 
solving have been since then enforced. The designation 
KDD was formally adopted in 1989 and refers to a process 
that involves the identification and recognition of patterns 
in a Database, in an automatic process, i.e. obtaining 
relevant, unknown information, that can be usefu l in a 
decision making process, without a previous formulation of 
hypothesis (Fayyad et al. 1996; Thuraisingham 1999). 

The ai m of this study is to determine the inorganic 
composition of several of A. ponderosa strains and to 
characterise these mushrooms with molecular biomarkers 
by the microsatell ite primer M 13-PCR in order to establish 
different genetic profiles, between wild edible mushrooms. 
Additionally data mining tools were used in order to 
establish a bridge of inorganic contents, molecular 
fingerprints and geographical sites. To attend this goal a 
segmentation approach using by one hand, inorganic 
content and by other hand molecular data was developed. 
To explain the segmentation models, decision trees were 
used for assigning a new case to a cluster. This work is a 
new approach for the A. ponderosa species, since until now 
any study was performed concerning trace metals 
composition and molecular identification. 



MATERIALS AND METHODS 

Sample Collection and Preservation 

Fruiting bodies of the A. ponderosa mushrooms were 
collected in Spring from 6 different locations area, in the 
southwest of the Iberian Peninsula, name ly Evora, Beja, 
Mina de Sao Domingos, Santo Aleixo da Restaurac;ao and 
Yila Nova de Sao Bento (Alentejo, Portugal) and from 
Cabeza Rubia (Andalusia, Spain). Three individuals we re 
sampled per location. The material was weighed and placed 
in sterile bags for its inorganic study and molecular 
characterization. For the microsate llite primer M 13-PCR 
molecular study, the A. ponderosa strains were compared 
with others Basidiomycetes (Pleurotus ostreatus and 
Lactarius deliciosus) and with one Ascomycete strain 
(Te1jezia arenaria syn. Tuber arenaria). 

Inorganic characterization 

The inorganic contents of A. ponderosa samples were 
analyzed according with Moreno-Rojas et al., 2004. 

Data were evaluated statistically using the SPSS® 16.0 
software, by descriptive parameters and by One-way 
ANOV A, followed by Tukey test. 

Molecular analyses 

The genomic DNA extraction from the small fragments of 
fruiting bodies was performed according with Martins, 
2004. DNA amplification was carried out with Ml3 primer, 
as described by Caldeira et al., 2009. 

Phylogenetic tree was generated by UPGMA method, 
using the Dice coefficient o f similarity. 

Database 

The data used in this study contammg a total of I 08 
records with 17 fields. Table I shows a synopsis of the 
re levant fie lds of the dataset. The main fie lds in the dataset 
were the mineral composition of A. ponderosa strains, 
M 13-PCR band profile and the locations in which the 
samples was collected . Fo r the molecular analysis 
characterization, the indicators c hosen were the presence or 
the absence of the bp DNA fragments (Table I ). 

Table I: The Main Fields in the Datase t 

Mineral 
composition 

Ca 

Mg 
Zn 

Cu 
Fe 

Mn 
K 

Na 
p 

DNA 
frag ments 

(b J) 

422.54 
609.77 

723.42 
786.26 

856.72 
1090.20 

11 89.66 

Location area 

Evora 
Beja 

Mina de Sao Domingos 
Santo Aleixo da Restaurac;ao 

Vi la Nova de Sao Bento 
Cabeza Rubia 

Segmentation Models 

The problem of experimental data with high diversity and 
heterogeneity can be defined as a segmentation proble m. 
The k-Means Clustering Method (MacQueen, 1967) is one 
of the most efficient and popular data mining segmentation 
algorithms. Clustering models focus on identi fy ing groups 
of similar objects and labelling the objects according to the 
group to which they belong. This is done without the 
benefit of prior knowledge about the groups and the ir 
characteristics. These models are often referred to as 
unsupervised learning model s, since the re is no external 
standard by which to judge the model ' s performance . Their 
value is determined by the ir abi lity to capture interesting 
groupings in the data and provide useful descriptio ns o f 
those groupings. 

The basic idea in k-Means Cluste ring Method is to try to 
discover k clusters, which together satisfy the following 
requirements: (i) each clus te r must contain at least one 
object, and (ii) each object must belong to exactly one 
cluster. 

The k-Means algorithm input parameters are the number 
of clusters, k, and a data set, D, containing n objects. The 
algorithm firstly selects randomly k of the objects, each of 
which initially represents a cluster mean or center. For each 
of the remai ning objects, an object is assigned to the cluster 
to which it is the most similar, based o n the distance 
betwee n the object and the cluster mean (Bradley and 
Fayyad, 1998) . The most popular distance measure is 
Euclidcan distance, which is defined as : 

were i=(x i1,xi2, ... , xin) and j=(xj1,xj2, ... ,Xj11 ) are 
two n-dimensional data objects. In the next step, the 
algorithm computes the new mean for each cluster. These 
processes iterate until further re finement can no lo nger 
improve the model (or the number of iterations exceeds a 
specified limit). Usually, the c riterion used is the 
minimization of square-error, defined as: 

k 

E = L Llp- md 2 

i = 1 pECt 

were E denotes the sum of the square error for all objec ts in 
the data se t, p denotes the point in n-di mensional space 
representing an object and m; is the mean o f cluster C;. 
These mean that can be viewed as the cluster 's centroid or 
center of gravity . 

Decision Trees and Rules Extraction 

In o rder to generate an explanatory model o f 
segme ntation it was used Decisions Trees (DT). DT have 
many attractive fea tures, such as allowing for human 
interpretation and hence making it possible for a decision 
maker to gain ins ights into what fac tors are important for 
particular classificat io n. DT adopts a branching structure of 
nodes and leaves, where the knowledge is h ierarchica lly 
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organized. Each node tests the value of a feature, whi le 
each leaf it is assigned to a class label. The basic strategy 
that is employed when generating DT is called recursive 
partitioning or divide-and-conquer. lt works by partitioning 
the examples by choosing a set of conditions on an 
independent variable, and the choice is usually made such 
that error on dependent variable is minimised within each 
group. The process continues recursi vely with each 
subgroup until certain conditions are met, such as that the 
error cannot be further reduced (e.g. all examples in a group 
belong to the same class) (Han and Kamber, 2006). 

Sometimes, it is usefu l to build a rule-based classifier by 
extracting IF-THEN rules from the DTs. The rule is created 
for each path, fro m the root to a leaf node. Each splitting 
criterion along a given path is logically AN Ded to form the 
rule antecedent ("IF" part). The leaf node holds the class 
prediction, forming the rule consequent ('THEN" part). 

Early systems l'or generating DTs include CART 
(Breiman et al. , 1984) and rD3 (Quintan, 1986), the later 
being followed by the version C4.5 and C5.0. The C4.5 
version was an improvement of the ID3 algorithm that 
allows the use of continuous values, support omitted values, 
tree pruning and rules extraction (Quinlan, I 993). To 
improvement the predictive performance, the C5.0 version 
uses the method of boosting (Quinlan, 1996). This method 
consists in generating a large set of models which arc used 
to form a collecti ve vote. The final mode l is then a 
combination of the weighted models. According with 
Quinlan (Quintan, 1996), this method can reduce the 
classification error in 40%. 

In this study was employed the free software WEKA, 
having been used the k-means algorithm in the task of 
segmentation and J .48 algorithm to induce decision trees. 

RESULTS AND DISCUSSION 

Mineral composition 

Results of mineral content of the selected A. ponderosa 
strains are described in Table 2. K was the element present 

in higher concentration in all Amanita strains, the Cabeza 
Rubia strains show the highest value, on the other hand, Mn 
was the element wi th lower values and Santo Aleixo da 
Restaura<;iio strains presented the lowest value. 

The mineral contents of A. ponderusa strains were 
statistically significant (p < 0.00 I ) for all elements 
investigated. Tukey test allow correlated the strains from 
different areas and make in evidence homogeneous groups, 
based on the similarity of the strains, for each mineral 
content (p < 0.00 I ). Ca contents were significantly different 
between A. ponderosa strains fro m Santo Aleixo da 
Restaura<;ao, Beja, Evora and Cabeza Rubia (p < 0.00 I ), 
but not present significant differences for the strains 
collected from Mina de Sao Domingos and Yila Nova de 
Sao Bento (p = 0.377). Mg contents were significantly 
different for mushrooms collected from the di fferent areas 
(p < 0.00 I ) except for the strains from Evora and Vi la Nova 
de Sao Bento (p = I). Zn, Cu, Fe, Mn and K levels were 
significantly different for the six A. ponderosa strains tested 
(p < 0.00 I ). Na content showed significant differences 
between locate area, except for Evora and Mina de Siio 
Domingos strains (p = 0.607). P contents also showed 
significant differences between locate area, except for 
Evora and Beja (p = 0.12 1 ). 

Trace elements like Fe, Cu, Zn, and Mn play an important 
role in hiological systems (FAO/WHO 2002), however can 
also produce toxic effects when the metal intake is 
excessively (Sesli et al. 2008). Fe values obtained in this 
study were lower than those reported in the literature 
(Ouzouni et al. 2007). Cu leve ls were near those related for 
Amanita spp. whereas lower than others edibles mushrooms 
species reported in the literature (Sesli et al. 2008; Moreno­
-Rojas et al. 2004). Present Cu concentrations in 
mushrooms are not considered a health risk (European 
Commission, 2003). Zn is an element with biological 
properties that can be accumulated by mushrooms (Mendil 
et al. 2004). Results showed that Zn and Mn content were 
near for those re lated by More no-Rojas et al. (2004) for A. 
ponderosa strains although lower than those reported for 
others edible mushrooms (Kalac and Svoboda, 2000). 

Table 2: Mineral Content of Wild Amanita ponderosa Mushrooms Collected from Six Different Geographical Sites 

1\mcmita ponderosa 

Sample San to Aleixo Vila Nova Mina de Evora 
da Restaura~ao de Sao Bento 

Beja Siio Dominnos Cabcza Rubia 

Ca (mg/Kg) 36. 782±0.086 a 6 1.405±0. 125 b 55.467±0.126 c 6 1.209±0.1 23 h 57. 199±0. 11 9° 288.0 19±0.120 c 

Mg (mg/Kg) 48.40S±0.027" 67.4 1 0±0.039 b 66.223±0.039 c 77.475±0.077" 67.407±0.074 h I 03.397±0.075 c 

Zn (mg/Kg) 4.693±0.008 " S.S40±0.0 11 
11 

9.3lJ5±0.011 c 9.585±0.0 11 d 7.104±0.010 c 10.763±0.0 11 
f 

Cu (mg/Kg) 12.93 1±0.0 14" 17.686±0.020 h 33.650±0.020 c 35. 114±0.020 
11 18.727±0.0 19 c 11.481±0.0 19 f 

Fe (mg/Kg) 5.083±0.02 1 a I S.fi I 0 ±0.030 h 20.469±0.06 1 c 6.49 1 ±0.030 d 27.602±0.058 c 15. 799±0.029 r 

Mn (mg/Kg) 4.727±0.006" 7.336±0.008 b 7.572±0.008 c I 0.928±0.008 d 5.594±0.008 c fi.62 1 ±0.008 
r 

K (mg/ Kg) 1870.000± I 0.625 " 63!:U!6 7±3.07 1 b 549.746±3.0!!8 
c 3535.086±18.222 d 3272.855± 17.596 c 5687.653±29.623 f 

Na (mg/Kg) I I 0.500± 1.063 '' 150.502± 1.536 h 13R.981±1.54-l c 115.407± 1.5 19" I 17 .307± 1.466 ·' 216.249± 1.48 1 d 

P (mg/Kg) 3.379±0.074" 20. 171 ±0.138 b 19.170±0.039 c 15.676±0.100
11 18.964±0.097 c 5.980±0.049 c 

Note: All data arc shown as average median values (n = 18) ± S.E. 
Different superscript letters in the same lane indicate significant differences at 99.9% (p < 0 .00 I) level (ANOV A. Tu key test) 

7 



Segmentation Models based in Mineral Content -
Interpretation and Assessment 

The k-Means Clustering Method is a segmentation 
algorithm that uses unsupervised learning. The input 
variables uses in the segmentation approach are 
macroeleme nts content (Na, K, Ca, P and Mg) and the trace 
elements content (Fe, Cu, Zn, and Mn). The algorithm input 
parameter is the number of clusters, 3 in this study. 

Table 3 shows the clusters center of gravity in order to 
characterize the clusters formed. The variables which the 
importance index is close to one are marked in bold. 
Importance index is calculated as I minus the significance 
value of the Student's t test. The null hypothesis is within­
cluster means are the same across cluster. If this variable is 
really influential in determining cluster, the null hypothesis 
will be rejected and the significance level will be close to 
zero. Hence, the importance index is close to one. 

Table 3: Clusters Cente r of Gravity 

variable cluster I cluster 2 cl uster 3 
Ca 36.782±0.073 288.019±0.1 0 I 58.820±2.582 
Mg 48.408±0.023 103.397±0.063 69.629±4.588 
Zn 4.693±0.006 10.763±0.009 8.731±0.985 
Cu 12.917±0.003 11.501±0.1)07 12.917±0.009 
re 5.083±0.017 15. 799±0.024 13.494±4.1171 
Mn 4. 727±0.005 6.621±0.007 6.370±0.451 
K 1870.000±8.927 5687 .653±24.888 263 1.673± 783.371 

Na 110.500±0.893 216.249±1.244 130.549±14.937 
p 3.378+0.062 5.980±0.042 6.034±0.008 

In order to evaluate if the clusters are re lated with the 
locations in which the samples was col lected it was built up 
the graph presented in Figure 2. 
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Figure 2: Relationships Between C lusters and Locations in 
Which the Samples was Collected 

The analysis of Table 3 and of Figure 2 shows that the 
c luster l is characterized by lower concentrations in a ll 
analysed cations, except for the Cu that' s presents higher 
values (12.917 ± 0.003 mg/Kg). This cluster is composed 
by mushroom samples from Santo Aleixo da Restaurar;ao. 
The cluster 2 presents the highest values for concentrations 
of all inorganic catio ns, except for Cu which has the lowest 
concentration ( l 1.50 l ± 0.007 mg/Kg). This cluster 
corresponds to the samples from Cabeza Rubia. Finall y, 

cluster 3 is characterized by Cu levels simila r to those of 
cluste r l , presenting, however, higher concentrations for 
other ions, a lthough lower than those that characterize the 
cluster 2. This cluster includes samples of Evont, Beja, 
Mina de Sao Domingos and Vi la Nova de Sao Bento. 

Table 4 shows the clusters proximities (i.e. the distances 
between cluste r centers) and allows characterize the 
samples of mushrooms collected in various locations 
according to their similarity. In fact, the results show that 
the cluster I and cluster 2 are the furthest away, while 
clusters I and 3 are those closest. This may suggest that the 
inorganic compositions of mushrooms from Cabeza Rubia 
and from Santo Aleixo da Restaurac;ao are differentiated. 
Another important aspect concerns with the fac t that the 
samples that belong to cluster I , a lthough different, have a 
mineral composition closer to the samples that compose the 
clus ter 3 than those that constitute the cluster 2. 

Table 4: Clusters Proximities 

clusters proximity 
2 2.9365 
3 1.7208 

.. .... . . ···· ·· ······························ ··················································································· ·- ············· ·· ·· ··-····· 

2 3 1.9066 

In order to generate an explanatory model of 
segmentation (i .e. seek to establish rules for assigning a 
new case to a cluster) it was used Decisions Trees. To 
ensure statistical significance of the attained results, 20 
(twenty) runs were applied in all tests, being the accuracy 
estimates achieved using the Holdout method (Souza et al. , 
2002) . In each simulation, the availab le data is randomly 
divided into two mutually exclusi ve partit ions: the training 
set, with 2/3 o f the available data and used during the 
model! ing phase, and the test set, with the remaining l/3 
examples, being used after train ing, in order to compute the 
accuracy values. 

The DT obtained is showed in Figure 3. The rule to assign 
a case to the cluster I is Zn :S 4.7 mg/Kg. To ass ign a case 
to cluster 2 the rule is Zn > 4 .7 mg/Kg and Na > 152.0 
mg/Kg and finally, for cluster 3, the rule is Zn > 4 .7 mg/Kg 
and Na :S 152.0 mg/Kg. The rules presented make use of 
two variables that have an importance index close to l for 
clusters 2 and 3 (Table 3). 
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Figure 3: The Decision Tree Explana tory of Segmentation 
Mode l Based in Mineral Content. 
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A common tool for classification analysis is the 
coincidence matrix (Kohavi and Provost, 1998), a matrix of 
size L x L, where L denotes the number of possible classes. 
This matrix is created by matching the predicted and actual 
values. L was set to 3 (three) in the present case. 

Table 5 presents the coincidence matrix. The values 
denote the average of the 20 (twenty) runs. The results 
reveal that the model accuracy is I 00% both training set 
and test set. 

Table 5: The Coincidence Matrix for Decision Tree Model 

Cluster 
I 
2 
3 

13 
0 
0 

Training Set Test Set 
2 3 2 
0 0 5 0 
9 0 0 9 
0 50 0 0 

Molecular analyses 

3 
0 
0 

22 

Molecular fingerprinting profile of A. ponderosa strains 
was compared with other edible mushrooms. The 
microsatelli te technique using M 13 primer generated 
different patterns for the 4 edible mushrooms species tested. 
The M 13-PCR yield band profiles or 8 to 20 bands for the 
Amanita strains assayed ranging from approximately 1482 
to 266 bp. Dendogram analysis shows 3 different clusters 
(Figure 4 ). Cluster A illustrate that T. arenaria , an 
ectomycorrhizal ascomycete, is the more distant specie 
from the remaining strai ns (40% of similarity). Cluster B 
was obtained for L. deliciosus and P. ostreatus (similarity 
of 49%) and cluster C grouped all A. ponderosa strains 
(67% of simi larity). This approach, although producing 
fingerprints that are very similar within strains of the same 
species, are also able to detecting intraspecific variation, 
identifying different polymorphisms between strains of the 
same species. The most similar strains, from Evora and 
Santa Aleixo da Restaurac;ao, forming a cluster with 85% 
of similari ty, while strains collected from Beja, Vi la Nova 
de Sao Bento and Cabeza Rubin give another cluster with 
80% of similarity (Figure 4). 

Literature related a range of molecular approach based on 
RAPD analyses in order in to characterize and identified 
edible mushrooms (Moncalvo et al. 2000, Firenzuoli et al. 
2007), however a lack of information to A. ponderosa 
mushrooms is verified, only one study is reported to 
distinguish A. curtipe.1· and A. ponderosa species 
sequencing the D 1-02 domains of the 28S rRNA gene and 
ITS l -5.8S-ITS2 region (Moreno et al. 2008). Previous 
studies performed with six RAPD markers and M 13-PCR 
showed that the amplitication with the M 13 primer is a 
rapid and precise method that allows differentiation at the 
species and strain level (Caldeira et al. 2009). 

Microsatell ite primer approaches (MSP-PCR) using M 13-
PCR were also used to study genetic variability in yeasts 
and filamentous fungi species (Alves et al. 2007; Lopes et 
al. 2007), showing that these methodologies have a great 
potential as diagnostic tools. This method stands as a first 
choice for a DNA fingerprinting method in clinical 
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laboratories involved in routine epidemiological studies. In 
fact, M 13-PCR technique is easy to implement, less time­
consuming than other molecular approach with restriction 
enzymes, has highly reproducible and is much more robust 
than RAPD-PCR for species identification by visual 
analysis of the amplification patterns (Alves et al. 2007; 
Lopes et al. 2007). Furthermore, it involves the lowest 
labour and instrumentation costs, also requiring little 
knowledge of the molecular biology of the species being 
examined and no sequence information. 
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Figure 4: Dendogram Analysis Based on the M 13- PCR for 
A. ponderosa Strains and Other Wild Edible Mushrooms. 

Segmentation Models based in Molecular Analysis -
Interpretation and Assessment 

In order to relate the inorganic compostllon of the 
mushrooms with the molecular data, segmentation models 
based on molecular analysis have been constructed and 
explained using decision trees. Were followed two different 
strategies, in one of them the inputs are the bands of DNA, 
while in the other the inputs are the mineral composition. 

Table 6 shows the center of gravity of the clusters formed 
in order to its characterization. The variables which the 
importance index is close to one are marked in bold. For 
categorical variables this index is calculated as I minus the 
significance value of the chi-squares test. The null 
hypothesis is within-cluster distributions of category counts 
are the same across cluster. If this variable is really 
influential in determining cluster, the null hypothesis will 
be rejected and the significance level will be close to zero 
and the importance index is close to one. 



Table 6: Clusters Center of Gravity for DNA Based Model 

DNA 
fragments cluster I c luster 2 cluster 3 cluster 4 

(b ) 
422.54 Absence Absence Presence Absence 
609.77 Absence Presence Presence Presence 
723.42 Absence Presence Absence Absence 
786.26 Absence Presence Absence Absence 
856.72 Absence Presence Presence Presence 
1090.20 Absence Presence Absence Absence 
11 89.66 Absence Presence Presence Absence 

In order to evaluate if the clusters are related with the 
locations in which the samples was collected it was built up 
the graph presented in Figure 5. 

* ~ -~ ~ :l ~ - ..=: u u u u 

Location Areas: 

~Evora 
~Santo Aleixo da 
~ Restaura~iio 
~Minade Siio 
~Do1ninuos 

miiJcabez;: Rubia 

~Bcja 
!m Vi la Nova de 
~S~oAentn 

Figure 5: Relationships Between DNA Based Clusters and 
Locations in Which the Samples Was Collected 

The analysis of Table 6 and of Figure 5 shows that the 
cluster I is characterized by the absence of the DNA 
fragment bands and includes the samples from Evora and 
from Santo Ale ixo da Restaurac;ao. The c luste r 2 is 
characterized by the presence of all DNA fragment bands 
except the 422.54 bp fragment and corresponds to 
mushrooms collected from Mina de Sao Domingos. The 
c luste r 3 includes samples from Cabeza Rubia and from 
Beja and is characterized for presenting the 422.54, 609.77, 
856.72 and 11 89.66 bp frag ments. The Cluster 3 includes 
samples from Cabeza Rubia and from Beja and is 
characterized by presenting the fragments 422.54, 609.77, 
856.72 and 11 89.66 bp. Finally, c luster 4 includes samples 
from Yila Nova de Sao Bento, presenting only the 
fragments 609.77 and 856.72 bp. 

Table 7 shows the proximity of the clusters ar~d allows 
evaluate similarities between samples of several 
geographical sites. The cluste rs I and 4 and clusters 3 and 4 
are the closest and have the same proximity ( 1.4142). This 
seems to suggest that from the mo lecular point of view, the 
samples fro m Yila Nova de Siio Bento a lthough different, 
have some similarity with the samples that constitute the 
c luster I and with the samples that be long to the c luster 3. 
Cluste rs I and 2 are those that are more distant, which may 
mean that the samples from the Mina de Sao Domingos and 
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the samples from Evora and from Santo Aleixo da 
Restaurac;iio are those that show the h ighest di ffe rences 
from the mo lecular point of view. 

Table 7: Cluste rs Proximities 

clusters proximity 
2 2,4495 
3 2.0000 
4 1.4142 

2 
3 2.0000 
4 2.0000 

3 4 1.4 142 

These results are consistent with the dendrogram 
presented in Figure 4, where is possible identify 3 cluste rs. 
The main d ifference is that the samples collected in Yila 
Nova de Sao Bento form a cluster. However, there is a 
relative ly close proximity between th is c luster and the 
cluster formed by the samples from Beja and from Cabeza 
Rubia (Table 7). 

In order to generate models that explain the segmentation 
model were used DTs and were fo llowed two different 
strategies. One of them based on the DNA bands (strategy 
I) and, the other one, based on the mineral composition 
(strategy 2). The DTs obtained for each model are shown in 
Figure 6 and 7, while in Tables 8 and 9 are presented the 
respective coincidences matrixes. T he values denote the 
average of the 20 (twenty) runs. The results reveal that the 
models accuracy is I 00% not only for the trai ning sets but 
also for the test sets. 
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Figure 6: Decision Tree Explanatory of Segmentation 
Model Based in Molecula r Analysis - Strategy I. 
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Table 8: Coincidence matrix fo r the Decision Tree Model 
obta ined using Strate~y I. 

Training Set Test Set 
Cluster I 2 3 4 I 2 3 4 

I 27 0 0 0 9 0 0 0 
2 0 13 0 0 0 5 0 0 
3 0 0 25 0 0 0 11 0 
4 0 0 0 11 0 0 0 7 
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Figure 7: Decision Tree Explanatory of Segmentation 
Model Based in Molecular Analys is - Strategy 2. 

Table 9: Coincidence matrix for the Decision Tree Model 
obtained using Strategy 2. 

Training Set Test Set 
Cluster 2 3 4 2 3 4 

I 26 0 0 0 10 0 0 0 
2 0 11 0 0 0 7 0 0 
3 0 0 24 0 0 0 12 0 
4 0 0 0 12 0 0 0 6 

The DTs obtained with the strateg ies o utlined above 
vene rate two different rules for access to each of the 
"' different clusters. Thus, the rules are: If 1189.66 bp = 
Absence and 609.77 bp= Absence Then Cluste r I or If Na 
<:::: I 18.8 mg/Kg and Mn :;::: 7.6 mg/Kg Then C luster 1; If 
11 89.66 bp = Presence and 1920.20 bp = Presence Then 
Cluster 2 or If Na ::::: 118.8 mg/Kg and Mn > 7.6 mg/Kg 
Then Cluster 2; If 11 89.66 bp = Presence and I 090.20 bp 
= Absence Then Cluster 3 or If Na > 11 8.8 mg/Kg and Zn 
> 8.9 mg/Kg Then Cluster 3; If 1189.66 bp= Absence and 
609.77 bp = Presence T hen Cluster 4 or If Na > 118.8 
mg/Kg and Zn <:::: 8.9 mg/Kg Then C luster 4. 

Combining these results with the DT that explains the 
segmentation mode ls based on mineral composition (Figure 
3), there are two aspects that should be observed. On the 
one hand, the attributes Na and Zn are common to both 
models, although they are tested by another order. On the 
other hand , may want to mean that mineral composition of 
the mushrooms may be related with molecular aspects. 

CONCLUSION AND FUTURE WORK 

M 13-PCR allows to distinguish the molecular profi les 
from A. ponderosa strains collec ted from different locates 
area and the inorganic analyses showed that mineral 
composition of mushroo ms depends on the ecosystem 
where they grow. 

Our results pointed out that it is possible generate an 
explanatory model of segmentation performed with data of 
molecular analysis, based on the inorganic composition of 
the samples, means that it may be possible to relate these 
two types of data. In the future it is thought to obtain 
models that can predict the molecular characteristics based 
on the inorganic conte nt of the samples. It would be 

interesting to study in parallel the e lements in soils from the 
different locations to distinguish substrate effects from 
inter-individual or inter-strain differences. 
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ABSTRACT 

Current trends in consumption of meat products demand 
products with lower salt content. Deve lopments and 
innovations to successfully reduce the salt content in dry­
cured ham are of major interest to industry. The aim of the 
present study is to obtain mathematical models to predict the 
salt uptake as a function of salting time for different raw ham 
qualities. The models obtained are useful to adjust the salting 
time in dry-cured ham e laboration to obtain the desired salt 
content in the fina l product. 

INTRODUCTION 

In dry-cured ham elaboration, salt and curing salts are 
absorbed during salting, which is followed by a resting 
period er < 5 °C) until water activity (aw) decreases below 
0.96 to prevent growth of undesirable microorganisms 
(Leistner, 1986). Thereafter, temperature is gradually raised 
(as aw decreases) to accelerate the drying process and the 
development of the typical aged flavour. 
Current trends in consumption of meat products demand 
products with lower salt content in accordance with e fforts in 
reducing the amount of salt in foodstuffs (AESAN, 2005 ; 
FSAI, 2008; SANC, 2003) due to the adverse cardiovascular 
effec ts of excessive sodium intake on hypertension 
(WHO/ISH, 2003). Companies that prodLice dry-cured ham 
are making important efforts aimed at reducing salt content 
in the final product. However, the characteristics of raw 
material can affect the salt uptake and this makes it difticult 
for the industries to successfully adjust the salting process to 
obtain a reduced and homogeneous salt content in the fi nal 
produc t. 

These efforts must also address possible safety problems (a 
precise aw control in the inne r part of the ham is required) 
and the ri sing incidence of dry-cured hams with defects in the 
texture (excess ive softness and pastiness are the main 
problems). NaCI reduction can increase proteolytic activity 
during the traditional process of dry-cured ham (Arnau et al. 
1998), increasing the incidence of hams with excessive 
softness (Parolari et al. 1994; Virgili e t al. 1995) and 
pastiness (Garcfa-Garrido et al. 2000) and affecting the 
flavour of the final product. 
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Developments and innovations to successfully reduce the salt 
content in dry-cured ham are of major inte rest to industry. 
Computed tomography (CT) has been proven a powerful 
technology to quantify and describe the salt distribution in 
dry-cured ham processing (S0rheim and Berg, 1987; 
Fr0ystein et al. 1989; Vestergaard e t al. 2005; Fulladosa et 
al. 20 I 0). CT can be used as a control tool for validating 
adjustments in the salting and drying during dry-cured ham 
process. However, salt-uptake models for the different raw 
ham characteristics are needed to adjust the salting process to 
produce dry-cured hams wi th the adequate amount of sal t. 

The aim of the present study is to obtain mathematical 
models to predict the salt uptake as a function of salting time 
for different raw ham qualities. These models can be used to 
adjust the salting ti me in dry-cured ham elaboration to obtain 
the desired salt content in the tinal product. 

MATERIALS AND METHODS 

Experimental Design and Ham Selection 

The experimental design consisted of three d ifferent types of 
green ham: Fresh (salted at 8 days post-mortem), Frozen 
(frozen at I cl post-mortem, thawed and sal ted at 8 days post­
mortem) and Fatty (50% Duroc, V -shape rind cut, sa lted at I 
d post-mortem) and six salting times ( I d, 2 d , 4 cl, 8 cl, 12 cl 
and 16 d ). A total of 54 raw hams were used in three 
replicates (i.e., 18 hams pe r batch : 6 Fresh hams, 6 Frozen 
hams, and 6 Fatty hams). Raw hams for the Fresh and Frozen 
batches were selected in a commerc ial slaughterhouse 
according to the pH measured on the semimembranosus 
(SM) muscle at 24 h post-mortem (pHsM 24 <6.00). From each 
carcass, one ham was assigned to Fresh quality and the other 
to Frozen quality (i.e., 6 carcasses per batch). The pH was 
measured with a pH pene tration electrode (Criso n 52-32) and 
a portable pHmeter (Crison PH 25 , Crison Instruments, SA, 
Ale lla, Spain). 
After raw ham se lection, hams were vacuum-packed and one 
ham from each pair was stored at 2 oc ± I oc (Fresh hams), 
whereas the other was frozen at -18 oc ± I oc (air speed: 2 .5 
m/s; Frozen hams). T he freezing process was monitored in 
one ham per batch with a data logger Testa 177 and a 
the rmocouple T probe inserted in the centre of the ham. 
When the ham internal temperature reached -18 oc the hams 
started defrosting in a cooling room at 3 oc ± 2 oc until 
reaching an internal temperature of 2 oc ± I oc. The overall 



freezing and thawing process took eight days and is shown in 
Figure 1. 

B 

-12 . 

::: l 
Time pust-murtem (h) 

Figure l: Freezing and Thawing Process of Raw Ham 
(Frozen Ham Quality) 

In order to have hams with higher fat content, Fatty hams 
from a Duroc crossbreed (50% Duroc) with pHsM24<6.00 
were selected in a different slaughterhouse. Within each 
batch, the Fatty hams were selected the same salting day, i.e . 
I cl post-mortem. 

Ham Salting 

Within each batch, the ham pairs were salted at 8 days post­
mOI·tem (Fresh hams: after 7 cl vacuum-packed storage at 2 
oc ± l oc; and Frozen hams: after vacuum-packaging, 
freezing and defrosting process), whereas the Fatty hams 
were I cl post-mortem. T he hams were manually rubbed with 
a salting mixture containing: 10.0 g NaCI, 0.15 g KNO,, 0.60 
g NaN02 and 0.50 g sodium ascorbate per kg of raw ham. 
Next, all hams were salted in the same level, in three salting 
boxes with two hams from each quality per box. The sail 
used for salting was of type 2 (granule diameter between 0.1 
mm and 4 mm) and with 4 o/o moisture content. The salti ng 
boxes had drainage holes to allow liquid drainage. Hams 
were recovered from the salting boxes at 1 d, 2 cl, 4 cl, 8 cl, 12 
cl and 16 d salting according to the experimental design. 
After reaching the target salting time hams were washed in 
cool water, weighed, measured (length, width and thickness) 
and kept hanged in a cooling room at 3 oc ± 2 oc and 85 % ± 
5 % RH for the post-salting stage. 

Ham Sampling 

Within each batch all the hams were sampled after the 16-
day-salting hams had reached 40 days of post-salting. All the 
hams were dissected into lean (muscle) and waste (rind, fat , 
bones and tendo ns) . After, lean was minced, vacuum-packed 
and kept at 3 oc ± 2 oc until ana lysis. 

14 

Physicochemical Analyses 

The water content of the Jean was analysed by drying at 103 
uc ± 2 oc until reaching a constant weight (AOAC, 1990). 
Chloride content was determined according to ISO 1841-2 
( 1996) using a potentiometric ti trator 785 DMP T itri no 
(Metrohm AG , Herisau, Switzerland) and results were 
expressed as percentage of NaCI on a desalted d ry-matte r 
basis (DSDM). 

RESULTS AND DISCUSSION 

Means and standard deviations of raw ham characteristics are 
shown in Table I . The pH value in the semimembranosus 
muscle at 24 h post-mortem and weight of raw ham were 
similar in the three types of hams. 

Table I: Means and Standard Deviations (SO) of Raw Ham 
Characteristics 

Fresh hams Frozen hams Fatty hams 

Mean SD Mean SD Mean SD 

PHsM24 5.53 0.10 5.56 0.10 5 .63 0.12 

Weight (kg) 11.50 0.86 11.55 0.88 11.48 0.8 1 

The NaCI content in the traditiona l Spanish dry-cured ham 
("Jam6n Serrano") ranges approx from srto to 18%, 
expressed on a desalted-dry-matter basis (DSDM). 
According to the diffusional theory the total amount of a 
diffusing substance (i.e.: NaCI) taken up by a semi-infinite 
medium from a plane source deposited at the surface would 
be proportional to the square root of time (Crank, 1979). 

Figure 2 shows the models obtained for each raw ham quali ty 
which relate the NaCl uptake with the square root of time. As 
an example, a 10 % NaClosDM content is reached after 7.5 
days in Fresh hams and after only 4.7 clays in Frozen hams. 
The models show that to reduce a 30% the final salt content 
(i.e.: clown to 7 %) only 3.7 days are needed for Fresh hams, 
whereas 2.3 clays are enough for Frozen hams. This would be 
explained because the use of frozen hams faci litates the 
solution of NaCI on the surface during salting and its 
diffusion towards the interior of the ham. On the contrary, 
Fatty hams show lower sal t uptake and usually the final NaCI 
content is lower because salt is mainly distributed in the lean 
part which is lower than in non-fatty hams. Therefore, on the 
basis of I 0 % NaClosoM final content in Fatty hams, this 
amount is reached after approx 14.1 days. According to the 
Fatty ham model , a salting time of approx 6.9 days is enough 
to reduce 30% the fi na l salt content (i.e.: from 10.0 % down 
to 7.0%). 

The predictive models obtained are useful for the industry to 

adjust the salting time and obtain the desired salt content in 
the final product. However, the fat content has an important 
effect on the model and, therefore , specific models for each 
fat level or new models including the fat level as an input 
should be developed. 
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Figure 2: Models to Predict the Final Salt Content on a Dcsalted-Dry-Matter Basis (% DSDM) of Dry-Cured Hams 
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ABSTRACT 

Several samples of four types of vegetable oils (sun !lower, 
soybcan. corn and peanut oils) produced and/or refined in 
Portugal were analyzed for their fatty acid composition. 
Data obtained \vas used to build a firzzy model to predict 
the amounts of different vegetable oils (VO) in 
commercial blends. The strategy used was a combination 
of a fuzzy clustering method (Fuzzy C-means) and a 
Takagi-Sugcno fuzzy model. The model was tested with 
the data from the analysis of simulated blended VO 
prepared in the laboratory. Results proved the ability of the 
model in predicting the blend composition. The model was 
then used to estimate the composition of 21 brands of 
commercial VO. Most samples have sunflower as the most 
representative VO in the blend. 

INTRODUCTION 

Vegetable oils (VO) are an important source of essential 
fatty acids (FA) and vitamins in a balanced diet. 
According to the Portuguese legislation (Diario da 
Republica, 2005) VO correspond to vegetable fats 
obtained from fmits or seeds, liquid at 20 "C. Among the 
several VO used as foodsn1ffs described in the legislation, 
sunflower. corn, soybean and pemmt arc the most 
representative VO produced and/or refined in Portugal. 
These oils are referred to as ''estremes", meaning that they 
are pure or tmblended. Following the same legislation, 
these oils are also the basis for the production of 
commercial blends, which are produced by mixing two or 
more pure VO (with the exception of olive oil) and are 
refened to as "oleos alimentares" or blended edible VO. 
Unblended VO obtained from different species present a 
characteristic composition, both in terms of FA and in a 
variety of minor components such as phytosterols, 
tocopherols and tocotrienols. also described in the 
legislation. Although existing in minute quantities, minor 
compounds are very important fi·om a technological point 
of view since they can act as antioxidants improving the 
oxidative stability of oils and protecting them from 
oxidation during thermal processing. Moreover. these 
compounds have been related to health benefits. namely 
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phytosterols m·e associated with blood cholesterol 
reduction (Jong et al. , 2001) and tocopherols and 
tocotricnols are powerful antioxidants (Azzi and Stacker. 
2000). 
Considering chemical composition differences of VO 
obtained from different species, its admixture can be used 
to obtain a final product with particular characteristics 
\Vhich result from the combination of specific features of 
the oils used as ingredients. Moreover, the presence of 
unique antioxidants in one VO admixed with other 
different VO can result in a synergistic action, confening a 
higher stabili ty to the blended oil as compared to the 
original VO ones. Nowadays, VO industries arc 
developing specific blends, where the proportion of the 
different VO is carefully studied so that the final product is 
richer in beneficial health compounds, and/or presents a 
better behaviour in cooking procedures such as frying. 
Thus, the indusn·y is supplying the market with a wide 
range of products and brands, allowing the consumer to 
choose the oil that best suits her/his needs and preferences, 
either regarding nutrition/quality, frying performance 
and/or price. 
In this study, several samples of the most representative 
VO used in Portugal (sunflower, corn, soybean and 
peanut) were analyzed for their FA composition and the 
obtained profiles were used to build up a fi1zzy model to 
estimate the composition of several commercial blended 
vo. 

MATERIALS AND METHODS 

Samples: 

The <malyzed samples consisted of three different sets, 
namely: 
(i) Pure VO, which comprised 4 groups corresponding 

to the most used and commercially available VO in 
Porn1gal. namely peanut (23 samples), corn (28 
samples). soybean (27 samples) and sunnower (38 
samples). Samples for each group, were purchased in 
the retail market from different brands, or evenhwlly 
the same brand but from a different lot. 

(ii) Simulated VO blends, prepared in the laboratory by 
mixing known amounts of VO. Binary and ternary 
mixnrres were prepared using sunnower, corn and 
soybcan, according to expected profile of the oils 



sold in the Portuguese market. Table I shows the 
composition (v/v) for each simulated blend prepared. 

(iii) Conunercial blended VO of 21 different bnmds 
purchased in the market. For each brand only one lot 
was analyzed (at least in triplicate). 

Fatty Acid (F:4) Ana~vsis: 

FA were determined by gas-liquid clu·omatography with 
flame ionization detection (GLC-FID) based on the 
method reponed by Oliveira et al. (2001) with minor 
modifications. Fatty acid methyl esters (FAME) were 
prepared by hydrolysis with a !I g/L methanolic KOH 
solution, methyl esterification >vith BF) MeOH, and 
extraction with 11-heptane. FA profile was analyzed with a 
Chrompack CP 900 I chromatograph (Chrompack, The 
Netherlands) equipped with a split-splilless injector. a FID, 
and a CP-9050 autosampler. Injector and detector 
temperatures were 230 and 270 °C, respectively. 
Separation was achieved on a 50m x 0.25mm i.d. fused 
silica capillary column coated with a 0.19~tm film of CP­
Sil 88 (Chrompack). Helium \Vas used as caJTier gas. The 
colunm initial tempcrahtre was 160°C (l min hold). 
increasing to 239°C ( 4 °C/min) and then held for I 0 min. 
The split ratio was 1:50 and the injected volume was 1.2 
~tL. Results were expressed as relative percentage of each 
FA, calculated by internal normalization of the 
chromatographic peak area. FA identification was made 
with standards from Supelco (mixture of 3 7 FAME 
(47885-U) and individual standards (Cl8:2n6ct and 
Cl8:2n6tc)). 

Table I: Composition of Simulated Blended Vegetable 
OILS (SBVO) with Kno\vn Amounts (v/v) of Pure Oils 

Unhlended vegetable oil 

SBVO Sunflower Sovbean Corn 

800ft) 20{~/o 0% 

2 70% 30%, 0~~ 

3 60% 40% o~-o 

4 50'% 501}'0 oo' ' 0 

5 90% o () J 
' 0 10%1 

6 SO% 0°/0 20% 

7 70% 0% 30~'(, 

8 80% 10%, 10% 

9 60% 20% 20%) 

Fuzzy lvfodel: 

The fitzzy model was implemented on MATLAB® and the 
strategy used recurred to a combination of a fuzzy 
clustering method (Fuzzy C-means) to extract the mles 
and initial partition of the input-output space and then a 
Sugeno model was trained based on the clustering 
solution. 
The Fuzzy C-rneans (FCM) algorithm is a fuzzy clustering 
teclmique that allows us to group data based on its 
simihu·ity. The result is a partition matrix that establishes 
the degree of membership of each sample to each cluster. 
This algoritlun was introduced by Bezdek (198 I) and is 
included on the objective function based clustering 
algoritluns. The objective is to determine the best partition 

matrix that mmlmJzes the distance between the cluster 
prototypes and the sample according to: 

N C 

.1"' = II u,k Ill llxk -c,W (I. I) 

where 111 is a weighting factor ( 1 S: m< w ), N represents 
the number of observations. (' the number of clusters. c1 

the center of the l' cluster and x" the 11" observation. The 
resulting partition matrix is formed by the best ll;k found in 
the minimization of the objective function. u,k represents 
the degree of membership of the point xk to cluster i and 
can be seen as a "probability function" that gives us the 
"probability" of the point -"k belonging to cluster i. It must 
obey to the following conditions: 

0 S: u,k S: 1, jbr 1 S: i S: c, 1 S: k S: 11, ( 1.2) 

N 

O<'L:u,k<N,forl:S:i:S:C, (1.3) 
k; J 

c 
LU1" = 1, for i ::; k::; N (1.4) 
j ;J 

The above equations establishes that the degree of 
membership of each point to each cluster must always be 
between 0 and I. the number of clusters must always be 
greater than 0 and lower than the number of points. If C=N 
then each point is a cluster <md if C=O then there is no 
clustering. The last equation obliges that the sum of the 
degrees of membership of a point to all the clusters be 
equal to one. 
The result of the clustering phase allows the determination 
of the number of rules and the membership functions to 
the antecedents and consequents of the mles, and is used to 
train a Takagi-Sugeno (T-S) fuzzy model. 
AT -S model (Sugeno, 1985) consists of a set of rules with 
the following structure: 
R, : IF X1 is Au AND ... AND x

1
, is A,.p !HEN y, = a/x+h, ( 1.5) 

where x=(.,1, .. . ,Yp) T is the input vector with the p measured 
characteristics, A; the fuzzy set defined by a membership 

function JIA, X : ~ ~ 0, I . wi th X E ~, and y1 is the 

output of the model defined as a linear combination of the 
inputs. The consequent of the rule is not always a linear 
function but in most cases this approximation is sufficient. 
The parameters a, and b, must be found in order to 
minimize the error between the estimated output and the 
real one. However the global output of a T-S model can be 
defined as: 

/' 

L P,, X Y; 
y = ..!i.::.; l,__ ___ _ 
- /' 

( 1.6) 

Lf.ll, X 
i=l 

where r is the number of rules and f.L 4. x is the result of . , 

the combination of all the membership values of the 
antecedents, for example with the product operator. 
Based on equations ( 1.5) and ( 1.6) the consequent 
parameters a; and b; c<m be obtained with the least square 
method minimizing the error between the estimated output 
and the real one and then used in the T -S model. 
Resuming the FCM method was used to perform an ini tial 
partition of the input-output space and to determine the 
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rules of the model which are then used to train a T -S 
model with the form above described. The model used was 
fonned with 2 1 input variables and 4 output variables 
corresponding to the 21 FA analyzed and to the 4 
unblended oils. respectively. 

RESULTS AND DISCUSSION 

The fuzzy model was trained with Ill data samples from 
VO. ln this case one of the outputs was always I 00% and 
the others 0% as there was no blended VO used in the 
training of the model. This was made to test the ability of 
the model to extrapolate the mixing percentages based 
only on VO data. 
The model was validated with data resulting from the 
analysis of simulated blended VO (Table I ) , consisting of 
25 samples (all SBVO were analyzed in tripl icate, with the 
exception of sample 9 for which only one analysis was 
performed). On the basis of known industrial practices in 
Portugal nnd considering thnt peanut oil is very expensive, 
this oil was not used in the SBVO tested. Finally, the 
model was applied to 79 samples of commercial blended 
VO containing unkllOWll mixtures ofVO. 
For the initial clustering. 4 clusters were used resulting in a 
4 rules fuzzy model. To build the T -S model, Gaussian 
membership functions for the inputs, product inference 
and weighted average defuzzilier were used. As a result of 
the used strategy the outputs for some of the VO's that 
aren 't present in the mixtures can have negative values. To 
correct this aspect, negative values were corrected to zero 
and the remaining outputs normalized to the interval [0%, 
lOO%]. Table 2 presents the model predictions for the 
composition of the SBVO with normalization. 

Table 2: Results from the Application of the F1tzzy Model 
to the Simulated Blended Vegetable Oils (SMVO) 

l inblcnded '"gctahl~ oil 

S unnowcr(%) Soybcan (%) Com (%) i'NIUUI ("/o) 

S BVO Real Predictc<l Real Predicted Uc:ol l'rcdic t~d Real l'rc llictcd 

:\'lean s n• .\lean sn ;\ lc:on S D .\lc:on S U 

SO SO O.R ~0 I S 0.8 0 1.0 0 () 0 .0 

70 (, 7 11.9 30 .10 0 .7 ll 0 9 0 0.9 

60 58 I 8 ·10 .19 2..1 0 2 .0 0 ~.! 

50 -I R 0.8 50 5 1 1.2 0 2.0 ll 0 0 .0 

90 88 1.9 0 ll 0 .0 I 0 12 2.0 0 0 0 .0 

6 SO 7-t I 5 0 0 0 .0 20 26 1.6 0 0 0 .1 

70 65 ll 0 0 0 

HO 76 ·1.0 10 0 .5 l 0 15 3.9 () 0 0.0 

60 59 1.5 20 l S 1.6 20 2 1 l.:i 0 I 3 

;1 SO: -ttand:ml Uc,·iauon: b . only one sample was ana lyzcc.l 

The results for the validation data are very satisl:1ctory and 
prove the ability of the model to extrapolate the 
composition percentages of VO in the mixture with small 
error. The mean square error of the model calculated from 
the difference between the known percentages and the 
predicted output is 0.094%. Finally the model was used to 
estimate the composition of commercial VO. In the 21 
brands evaluated, sunflower was the major VO in I R 
blends (rru1ging from 65.5% and 9R.6%) and soybean in I 
blend. The model was not able to classify the remaining 2 
conunercial blends, suggesting only that they were 

mixtures of soybean and corn. Table 3 shows an 
abbreviated description of the obtained results. The 
obtained classificati on is in good agreement wi th other 
previous works (Aives and Oliveira, 200 I) which 
classified most of the shtdied commercial blended VO in 
the Portuguese market as being sunflower oils. Moreover. 
the obtained results arc in agreement with the expected 
classi fication bnsed on the common knowledge about the 
Portuguese consumer' s preferences and industrial practices 
in this area. In general, Portu~,'Ucse consumers use VO for 
deep-fat frying. During frying, a complex series of 
chemical reactions takes place. contributing to oil 
degradation and affecting its frying performance (Rossi et 
al. , 2007). Thus, VO can be blended to achieve a 
teclmological improvement of the oil by modi fy ing its FA 
profile and increasing its content in minor compounds that 
can act as ru1tioxidants. To accomplish this objective, 
small amounts of corn and/or perullll oil can be added to 
the less expensive sunflower or soybean oils. 

Table 3: Results from the Application of the Fuzzy Model 
to Commercial Blended Vegetable Oils Samples 

Blend composition• number of % majorVO 
classified VO (min-max) 

Sun x Soy 5 79.:. - 97.4 

Sun x Soy xP.:an 4 74.2 - \)3 .0 

Sun x Soy x !'can x Corn 2 GS. 7- 88.! 

Sun x Corn 2 92.3- \)8.6 

Sun x Corn x P~nn 2 \>5.5- 96.0 

Sun x Corn x Soy 2 74.2-90.2 

Sun x Pean 97.8" 

Soy x Cum x Penn 78.5~ 
1 !he oils in the mixmrc :'Ill! Jli"CSCI\It.."<i in !he form vo1 X VO.; X VOD. i.u dt:<:rcnsing onl~r of 
perCC'III:l,gt:~ in lh~.: mi.xrnrl! b. only oue ')OJIJIVIC' d3~~iti('it h.h havin~ t hi~ hlcud l·muposiriou 

Another point to consider is the fact that afler frying. the 
oil becomes part of the food; therefore affecting the quality 
and the sensorial nttributes of the final fried food. In 
Portugal , sunflower oil is generally the basis of most 
blends because it presents a good frying performance. it 
presents a lower price compared to other oils (such as corn 
and peanut) and because its organoleptic characteristics are 
generally well accepted by consumers. On the contrary. 
soybean oil is generally associated with a " fish" taste and 
smell. Moreover, soybean oil presents high contents in 
linolenic acid, a polyunsaturated FA very prone to 
autoxidat ion phenomena. Nevertheless. it is an essential 
FA whose consumption is associated wi th cardiovascular 
disense prevention. Soybean oil is also rich in y and 8-
tocopherols, which exist in low quantities in sunflower 
oils. Moreover, soybeau oil also has a lower price that 
other VO. such as corn and peanut. For these reasons, 
soybean oil is usually used in blends. It should be noticed 
that the classification of one sample as presenting soybean 
oil as its m~jor VO is in good agreement with the oil' s 
label which referred the presence of a level >2% of 
linolenic acid. 

CONCLUSIONS 
The obtained results in this work proved the abi lity of the 
f1.LZzy model to correctly predict the composi tion of VO 
blends. Nevertheless, as these types of models are not 

-i 



independent from the number and diversi ty of data 
srunples used in u·aitL increasing the data samples from 
VO and including data li-om samples con·esponding to 
simulated blended mixtures can improve the model 
accuracy. 
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ABSTRACT 

Recent studies have focused on the healthy components of 
milk fats, including polyunsaturated fatly acids (PUF A) of 
the omega-3 group, <Uld conjugated linoleic acid (CLA). 
Several cows from Holstein Friesian and Minhota 
(autochthonous fi·om the nonh of Portugal) were evaluated 
for their milk fatly acid composition, with the latler 
presenting significantly higher CLA amounts (P<0.05), 
lower smurated f..1tty acids and a smaller n6:n3 ratio. 
Considering these potentially fl.mctional differences, a 
classification system for an effective and fast 
discrimination of milks fi·om different cow breeds would 
be an interesting tool for the dairy industty. In this work a 
Fuzzy model system was developed to classify milk 
samples as belonging to one of each eva luated breeds. For 
the total of 173 samples analyzed, the model identified 
correctly all the Friesian's milk but failed to classify 7 
samples of the Minhota 's milk. corresponding to a 
classification etTor of 7.5% within the class and a 41% error 
considering the total number of samples. These results arc 
supported by the chemical data. with a higher variability 
observed in Minhota 's milk composition. 

INTRODUCTION 

Dietary milk fats, on account of thei r higher content of 
saturated fatty acids and cholesterol , have long been 
associated with a var.iety of human diseases. Recent 
studies have focused on the healthy components of milk 
fats, including polyunsaturated fatty acids (PUF A) of the 
n-3 (omega-3) fatty acid group, <md conjugated linoleic 
acid (CLA) L I]. 
The main n-3 fatty acids (FA) in milk is a -linolenic acid 
(C I 8:3 ), frequently associated with neurological function 
improvement, protection against cororuu·y heart disease, 
and prevention of some forms of cancer. Recent nutritional 
recommendations highlight the importance of increasing 
n-3 FA intake, advising a ratio of.1 :1 betweenn-6 and n-3 
FA in the human diet [2, 31. 
Ruminant milk fat is the main source ofCLA in the human 
diet, including under this terminology the positional and 
geometric isomers of linoleic acid with coqjugated double 
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bonds [41. The primary isomer of CLA is cis-9-trans-11 
octadecadienoic acid. accmmting for more than 82'% of the 
total CLA isomers in dairy products. Recent reports 
suggest that each conjugated FA isomer has differcm 
physiological functions, including anti-carcinogenic 
activity, inhibition of atherosclerosis, a potential role as 
growth promoter, and the ability to reduce the catabolic 
effects of inunune stimulation. Current estimates of the 
average daily intake of CLA range from 0.35 to lg, whi le 
a daily intake Hrotmd 3g is predicted to provide protection 
against cancer [5]. 
The potentially positive health benefit of PUF A and CLA 
offers the dairy industry an exciting opport1mity to 
increase the consumption of dairy products, particularly 
those richer in these compounds. The FA profile of bovine 
milk will depend both on the feed fat composition and the 
biohydrogenation process occurring in the rumen. Thus. 
many factors can inOuence the milk composition including 
breed, feeding systems, seasonal changes, milking 
frequency and milking systems [I , G. 71. 
In Portugal, as in Europe, most milk is obtained from the 
Holstein Friesian breed. Several autochthones breeds 
might also offer increased functional potential for 
consumer's health. being of utmost importance to study 
and characterize them. Because of the ever-growing need 
to supply high quali ty food products within a short time, a 
classification system that allows for an effective and quick 
discrimination of milks from different cow breeds would 
be an interesting tool for the dairy industry. The objective 
of this work was to compare the functional potential of 
Minhota milk, a Portuguese autochthon breed, with the 
commonly used Holstcin Friesian cow milk. Based on the 
compositional differences a Fuzzy model system was 
developed to classify milk samples as belonging to one of 
each evaluated breeds. 

MATERIALS AND METHODS 

Samples 

Holstcin Friesian (n= 15) <utd Minhota (n=15) cows were 
used in this study. A total of 173 milk samples were 
collected from several dairy farms between October 200g 
and September 2009. in order to included seasonal 
variations. Moreover, some cows sampling was repeated 
over several months, in order to include different lactation 
periods, also known to influence milk characteristics. 



Fatty acid and cholesterol evaluation 

FA were determined by gas-liquid chromatography with 
name ionization detection (GLC-FID) based on ISO 
standards. Separation was achieved on a 50m x 0.25 nun 
i.d. fused silica capillary colunm coated with 0.19 11111 film 
of CP-Sil 88 (Chrompack). The results arc expressed in 
relative percentage of each fatty acid. calculated by 
intemal normalization the chromatographic peak areas. 
Total cholesterol was evaluated by normal phase HPLC­
UV after alkaline hydrolysis. 

Fuzzy model 

Fuzzy systems modeling provide a frame\vork to describe 
complex nonlinear relations, using a rule-based 
methodology. The fuzzy model was implemented on 
MA TLAB(B) using a combination of a fuzzy clustering 
method (Fuzzy C-means) and a Mamdani model trained 
based on the clustering solution. 
Consider a system y = f .\· . where y is the output (or 

consequent) variable and .\' = x
1

, .. · ,x, rE :R" is the input 

vector (or antecedent) variable, with 11 representing the 
number of mcasmcd input variables. Let U = U

1 
x ... x U, 

be the domain of the input vector x E ..,, , and V the output 
space. The relation between the input variable x and the 
output variable y can be written as a collection of rules that 
link terms A

1
. ,. E U, ,. = I. .. .. M. i = !, .. . ,11, and B E V, . , . J 

where A
1

,; x; and B, y . respectively, represent the 

descriptor sets associated to variables xi and y. The rule 
structure is of the form: 

R ,. :IFx
1

i.sA,
1

and···x isA . THENvisB. ( I) 
. I( ].11 • } 

wherej is the rule index. The ling11istic connective and of 
antecedent rule (I) could be defined as a t-norm operation, 
*· where an aggregated fuzzy set A1 can be viewed as the 

fuzzy intersection set with membership function 

A1 x = AJ.I x1 * · · · * A1., x, . Generally. 111in or product 

operator is used. A membership function can be seen as a 
"probability function" that translates the "probability" of 
an input value belonging to a certain input fuzzy set. The 
fuzzy implication of each mle j, is a fuzzy set in product 

space U x V defined as Rj.-AHB x . y = A, x ® Bi y , 

where <8l is an operator rule of fuzzy implication, usually 
min-max inference [8] or arithmetic inference l9 J. 
For each mle j, the effective output value JJ1 is calculated 
using sup-star composition: 

B'1 y = su~[ A' x *RJ_. _.1,.....8 x ,y J 
x .:: l 

(2) 

The final output fuzzy set B, determined by all the rules in 
the m le base. is obtained by the combination of the B1 and 
their associated membership functions. 
However, in most cases, it is intended to have an output 
crisp value instead of a fuzzy set. So we have to be able to 
transform the output fuzzy set, result from the aggregation 
of the fired rules. into an output value in the output 
domain. This is achieved by using a defuzzifier. If we use 

a product inference engine, singleton fuzzificr. and center­
average dcfuzzifier the output can be calculated as: 

(3) 

where A, X = n ;'_l A,, ·\ is the input membership 

function and yi is the ccnter of the output membership 

function. 
The typical stmcture of a Fuzzy Logic System is 
represented on Figure I. 
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Figut·c 1: Configuration or a Fuzzy Log1c System 
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Typically the consequence of the mlcs takes the form of a 
fuzzy set. A fuzzy system that follows this structure is 
called Mamdani type fuzzy system [ 1 0]. Another well­
known inference method is the so-called Sugeno or 
Takagi- Sugeno-Kang (TS) method of fuzzy inference 
process lll ]. The main difference between the two 
methods lies in the consequent of fuzzy rules. Mamdani 
fuzzy systems use fuzzy sets as rule consequent whereas 
TS fuzzy systems employ linear functions of input 
variables as mic consequent. Also their aggregation and 
defhzzification procedures differ suitably [ 12]. When the 
number of the input variables is large. the number of 
parameters of the TS model grows significantly and the 
computational effort is bigger. Another problem lies in the 
fact that if the number of samples is short , then the relation 
of the modifiable parameters with the number of samples 
is lo\v. 

In this shtdy a Mamdani implementation was used based 
on the following strategy: 

1- Initialization of the input-output fuzzy partition based 
on the Fuzzy C-means clustering (FCM) algorithm 
ll 3 j ; 

2- Train the Mamdani fuzzy model using the result from 
the FCM; 

When the number of the input variables is large, if a grid 
partitioning is used the number of rules will grow 
drastically. In this sh1dy if a grid partitioning was used and 
each input variable had 2 fuzzy sets the total number of 
rules created would be 237

. To reduce the number of rules a 
FCM algorithm was used to do an initial pm·tition of the 
input-output space and the result was then used to train the 
fuzzy model. 

The FCM algorithm is a fuzzy clustering technique that 
allows us to group data based on its similarity. The result 
is a partition matrix that establishes the degree of 
membership of each sample to each cluster [ 13]. The 
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objective is to determine the best partllton matrix that 
minimizes the distance between the cluster prototypes and 
the sample according to: 

N C 2 

lm = LL Aik mll xk -c;ll (4) 
k= l j =l 

where 111 is a weighting factor ( l :::;; m < oo ). N represents 
the number of observations, C the number of clusters. c1 
the center of the /' cluster and .xk the !/" observation. The 
resulting partition matrix is fom1ed by the bcsr A;k found in 
the minimization of the objective ftmction. A;k represents 
the degree of membership of the point xk to cluster j . It 

must be granted that 0 :::;; A Jk :::;; I , the number of clusters 

formed must be greater than zero and lower than the total 
number of samples. and that the total membership value of 
one sample to all the clusters should ahvays be l. 
The result of the clustering phase allows the determination 
of the number of mles and the membership functions to 
the antecedents and consequents of the mles, and was used 
in the Mamdani fuzzy model with the structure above 
mentioned. with a total of I 06 rules. 
From a total of 173 milk samples (93 from Minhota and RO 
from Friesian) 26 were randomly selected to be used as 
validation samples and the remaining were used to train 
the model. The model used a total of 37 input variables, 
(corresponding to the 29 FA analyzed, tile 5 major groups 
presented on Table l. n6:n3 ratio, total fat and cholesterol 
content) and one output variable. corresponding to the 
origin of the milk (Minhota or Friesian). 

RESULTS AND DISCUSSION 

A total of 29 fatty acids \Vcrc analyzed. with variable 
amounts between breeds. Figure 2 shows a typical 
chromatogram of a milk sample. 

. I I I 
Figure 2: Typical Chromatogram of a Milk Sample 

The mean percentage of each FA group is shown in Table 
l. 

Table 1: Mean (SD) Percentage of F A in Both Breeds Mi lk fat 

Fatty Acids group Hulstein Friesian Minhota 

SFA 69.3 (5 . 7)" 66.5 (5.0)b 

MUFA 27.0 (4.8) a 29.6 (3 .8) b 

PUFA 3.7 (0.5) " 3.4(0.6)" 

Trnns FA 2.6 (0.6)" 2.7 ( I. I)" 

CLA 0.6(0. 1) " 0.8(0.4)t> 

116/nJ ratio 9.5 (2.4) " 5.5 (2.5) h 

Cholesterol* 14.8 (4.5) a 16.6 (6.4) ·' 
.u DiOCrcnt '\ Upe13~.:ripts mdu:atc ~ignilicant difference~ (p<...0,05) 
• E~prcssc<l in m g.: l UOml. nulk 
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The CLA content was significantly higher in Minhota's 
milk, and the ratio n6/n3 \vas approximately 1. 7 lower than 
in Hosltein · s milk. Also, Minhota' s milk fat has a smaller 
amount of sahtratcd fatty acids (SFA) and no diiTerences 
in the tram fatty acids amount were observed. 

To establish the test set, 26 samples were randomly 
selected. n .fi·om Minhota and 13 Ftiesian. The results of 
tile classification model applied to the test samples arc 
presented in Table 2. Considering the total number of 
tested samples, the model was tmable to classify correctly 
two of the Minhota's milk samples, corresponding to an 
error of 7.7%. However, analyzing the behavior of the 
model within classes it presented no error classifying the 
Frisian ·s milk and 15% error classifying the Min.hota 's 
milk. 

Table 2: Confusion Mntrix Showing the Classification Results 
tor the Test Set 

Cow 
Minh uta 
Friesian 

Minhota 
85% 
O'Vo 

Friesian 
15% 

100% 

When the model was applied to the total samples set, the 
results were similar to the obtained for the test set. For the 
total of 173 samples the model identified correctly all the 
Frisian's milk blll failed to classifY 7 samples of the 
Minhota 's milk. corresponding to a classification error of 
7.5% within the class and a 4% error considering the total 
number of samples (Table 3) . 

Table 3: Confusion Matrix Showing the Clnssitication Results 
lur the Trnining Plus Test Sets 

Cow 
Minhota 
Friesian 

Minhota 
92.5°/cJ 

0% 

Friesian 
7.5% 
100% 

Minhota rrulk production, once vital in the region, has 
declined over the years. Recent attempts to re-encourage 
milk activity arc taking place by local associations of 
producers, selecting cows with higher milk production 
potential. Therefore, a higher compositional variabili ty is 
naturally expected within this breed, probably supporting 
the model misclassi fications. 

CONCLUSIONS AND FUTURE WORKS 

Compared to Friesian milk. Minhota 's milk showed an 
increased functional potential as it presemcd significantly 
higher CLA amounts. lower SF A and a smaller n6/n3 
ratio. 

The presented strategy showed a good performance in 
discriminating the milks from the two evaluated breeds. 
Nevertltcless, a larger samples set would improve global 
classi fication, mostly for Minhota breed. Moreover, results 
are dependent of the input-output partition so a better 
adjustment of these would result in better classification. 

In this preliminary study we obtained results that 
encourage us to pursue this area of sntdy by increasing the 



number of samples in order to achieve faster and more 
reliable tools for the discrimination of milk from both 
breeds. 
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ABSTRACT 
This paper illustrates the benefits of an auto-tuning PID 
strategy to improve the control of an industrial sugar 
crystallization process. This model-based strategy involves a 
neural model as internal predictor. The parameters tuning is 
based on an instantaneous linearization of the neural model. 
The implementation of the proposed strategy is assessed via 
simulation results, which show encouraging improvements. 

INTRODUCTION 

Up until a decade ago, more than 90% of the indusn·ial control 
loops were based on Proportional-[ntegral-Derivative 
controllers (PID) without time delay compensation (Qin, 
1998). Currently, despite their knov...11 limitations to deal with 
non linear processes or time varying properties of inlet stremns, 
PID controllers are still more common than advanced strategies 
which often need a major reform of the control scheme 
established in situ. 
[n the sugar industry, where the properties of the raw material 
are time varying and many processes are highly nonlinem·. the 
use of advanced COJIU"ol stTategics should improve the process 
control. To facilitate their introduction, without upsetting the 
usual practice based on PID controllers, the development of 
model-based self tuning PlD controllers has proved to be 
suitable. Many pattems of self tuning PID algorithms are 
proposed in the literature (Ortega et al, l9R4). (Psichogios et aL 
1991), (Radke et a!, 1987), (Beyou, 2008). However, all 
methodologies using self-tuning adaptive control are limited to 
linear systems. To overcome this limitation, a neural model­
based strlltegy is proposed. 
This study deals with the improvement of the control of an 
industrial sucrose crystallization plant. Two neural models of 
tl1e plant have been identified to develop the auto-tuning PID 
strategy. One is used as a predictor to update the PID 
parameters. The other, included in the control loop, is used as a 
simulator to reproduce the dynamic bchavior of the process. 
This approach is interesting for two reasons at least: first, the 
adjustment of a linear regulator from the linear ization of a 
neural predictor. second, the ability of the auto-tuning PID to 
manage the non-linearity of process. 

The paper is organized as follows. The crystal growth 
process in the context of the sugar factory of Bois-Rouge 
(BR1

) is described in the next part. The following section 
presents the control strategy based on instantaneous 
lincarization of the neural model to update PID 
parameters. The penultimate section describes the two 
neural networks identified and their functions in t11e closed 
loop. Finally, the last part presents the simulation results 
compared with industrial data, and tliC conclusions to be 
inferred. 

THE INDUSTRIAL CRYSTALLIZATION 
PROCESS 

The crystallization process is the fifth step in the 
transformation of dissolved sugar into sugar crystals. It 
consists of three phases: heating to concentrate the sucrose 
solution (maintained in the supersaturated sta te), adding 
seed to control the crystal size distribution and the growing 
phase until exhaustion of the solution. At the end of this 
step, cane sugar crystals arc extracted by centri fugation. 
In cane sugar indusu·y, crystallization is performed 
following the three massecuites scheme: A, B ~md C. The 
third stage (C-crystallization) is the last opporttmity to 
extract dissolved sucrose fi·om the solution. Its efficiency 
is essentiaL and the control of the growing phase is 
preponderant. 
At the sugar fc1ctory of Bois-Rouge, the C crystallization is 
achieved into a 540 hL batch crystall ization pan (C540). 
equipped with many sensors to measure the physical 
variables presented in figure I. 

f ..,:; 
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Fig11re I . Batch CITSfallizatiwT pan C540 

1 l:lois Rouge. l.a Reunion, France 



The process control is based on monitoring the growth phase, 
usually performed following an electrical conductivity setpoint 
that represents the supersaturated state of the sucrose solution 
(Figmc 2). 

ConduCII'JIIY 
Sctpolnt 

Figure 2. Standard control scheme t?(the C-crystalli=ation process at 
Bois Rouge 

The controller is a linear PID system. whose parameters Kc, 

r; and rd are tuned once a year (at the beginning of a season), 
and kept constant for the duration of the campaign (which lasts 
six month s). 

NEURAL MODEL-BASED AUTO-TUNING 
PID STRATEGY 

To improve comrol performances. an auto-tuning algorithm is 
proposed (Proudfoot et a!, 1983). Based on <m intcmal model 
approach, this algorithm optimizes the PID parameters to 
minimize the error between the setpoint value ru1d an image of 
the controlled variable calculated by a predictor (the internal 
model). 

Specifically, at each sampling time. instantaneous linearization 
of the neural model is required to extract the PlO parameters, 
which allows to update the control law in response to process 
dynmnics (Fii:,'l.tre 3). 

.' ...-ll) i'(t) l(r) 

- ... 0 -

Figure 3. Control struc/ure using mt auto-itming PID coltiroller based 
on instantaneous linearization ofa neural model predictor. 

The functional behavior of this structllfe can be assimilated to 
an adaptive controller or a gain scheduling controller, whose 
model is chosen from a set of predefined linearized models. 

Non-linear model lincarization is a well-known method. often 
used to design control smuegies. The model obtained tlu·ough 
linearization arotmd an operating point can be considered valid 
only in a certain region around this point. 

The command law rule of the PID controller is: 

I J de(!) 
u(t) = u, + k, (e(t) + - e(t)dt +r, -cl ) 

T1 I 
( l ) 

with u, a bias value 

and e(t) = y ,_, (t )-y(t) the output error deviated from the set 
point. 

K, . rl and rd arc known as the proportional gain. the integral 
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time constant <utd derivative time constant respectively. 
Using the trapezoidal approximation for the integral 
action. the velocity form of the discrete PlD controller can 
be written as follows: 

u( k) = Kc [ e(k) + t:lf I e(j ) + e(j - l) 
r 1 j 1 2 

(2) 

... + r,, (e(k)- e(k -I))] 
t:ll 

The variation of the control vector t::..u(k) = u(k) -u(k -I) 
is written: 

~u(k) = K, [ ( e(k)- e(k - I)) 

t:lf 
... +-(e(k) + e(k -1 )) 

2r 
I 

... + !.L (e(k) - 2e(k - I)+ e( k- 2))] 
t::,.( 

In a matrix form, it can be written: 

t:lu(k) = e(k/ k (ld. 

e(k) = [ e(k) e(k - l) e(k- 2) r 
and k(k )=[ k() k, k~ r 
with 

and 

( t::..r r l 
k = K ! i + - + _!L ) 0 

c \ 2 r t:ll 
I 

( t:lt 2r 
1
1 

k = - K 1 1- - +-' ) 
I c \ 2 r. t:lf 

I 

Kr 
k = -...£....!!_ 

2 t:lt 

(3) 

In the proposed methodology, the control law is based on 
the minimization of the following criterion J (4): 

K!~~\ J = ~ K~)V~\ ~2 ~ + I)+ I' t:l112 ~ )) (4 

with e~ + l)= yJC/ ~ + 1)- y ~ +l) 

At timet , y~ + 1) is not available. An approximation of 

the process output at time ~ + I) can be obta ined ·with the 

one step ahead neural predictor: 

y ~ + l); J;~ + l) 
Inst<Ultancous lincarization leads to the approximate output 

at time ~ + I): 
y ~ + 1 ); _o'1" ~ + 1) 

As the criterion J can be approximated as follows (5): 

min J = min L 

ie .min. L = .!_ _min ( (ei1
" ~ + I)} + J.l Au~ ~ )J 

A.~ . r, . "d 2 A._. r, . r4 ) 

(5 
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with d"' ~ + I)= Yw ~+I)- _t!/'" ~+I) 

Finally the PID parameters can be computed at each sampling 
time, using: 

K =!...fk - k -3k) 
c 2 ~ 0 I ~ 

t.t k
0 

- k
1 

- 3k, 
r = - -
' 2 k0 + k

1 
+ k

1 

2 2k1 
r = - -----=---
" t.t k

0 
- k - 3k, 

I -

NEURAL NETWORKS MODELING 

Artificial neural networks (ANNs) have been successfully used 
in many non-linear processes control applications (Nikolaou et 
al, 1993), (Chen et al, 2004). Their ability to approximate non­
linear functions (Hornick et a!, 1989), combined with dynamic 
elements have h!mcd out to be a powerful tool for modcling 
nonlinear dynamical systems. In this study, a neural network 
model has been identified to avoid the building of a complex 
knowledge model. 

In this study, before on-line implementation c<m be planned, 
the auto-tuning strategy has been simulated, requiring a second 
model as process simulator. Ultimately, two neural models had 
to be identified: 

U1e predictor, defining a non-linear fi.mction between the 
control vm·iable (feed flow rate) and the process output 
(electrical conductivity of the sucrose solution), 
and the simulator, identified to reproduce the dynamic 
behavior of the C crystallization growing phase. 

Both the predictor and the simulator were trained off-line 
using industrial databases collected at BR. ' 

Predictor 
The identified neural network predictor-is a closed-loop neural 
network, witi1 the given input-output variables below (Figure 
4), the neural network toolbox of Matlab has been used to 
identify the model: 

y(l) the estimated conductivity, 

ti1e measured conductivity. 

the molasses feed flow. 

y(t -1) 

ll(/ - 1) 
() the neural network parameters. 

The regression parameters arc evaluated as 

11, = 10. 

y (l I) 

y(l n,) 

U (l - I ) 

11(1 n,) 

c 
!liJ.lS 

Figure 4. Structure of rhe predictor 

n =I 
! " 

and 

Its performances on a validation data set are depicted on 
the following fi gure 5. The predictor presents very good 
accuracy. The mean square error between the measured 
conductivity and the estimated output is about 22. 10-5_ 

--~r imated Conducti\·~y 

- Measured Conductit•ily 

32 

30 

160 200 
Time (min) 

Figure 5. performances ~(the predictor 

Simulatm· 
The neural simulator is a feed forward neural network. The 
input variable (used as control variable) is the molasses 
feed flow rate. The output variable used as controlled 
variable is the electrical conductivity of the sucrose 
solution. To model the dynmnic behavior of the process, 
the structure was chosen to represent the energy and mass 
balances (Figure G): 

;i(t) the output at time t , 

u(l - 1) the control at time 1- I (feed flow rate), 

Xpp(t - 1) the input at I - 1 (reduced pressure), 

x,\1,.. (t - l) the input at I - 1 (level), 

() the neural network parameters, 

and 11, = 10 , n"" = 10 and " ,vw = 10 _ 

u(l - 1) 

u(t - n., ) 

D 0 

Output 
.-----"----, 

I 

Figure 6. Aiodel 2 structure 

In terms of precision, the best model is a four hidden nodes 
neural network. 
The optimal number of hidden nodes has been found using 
" try and error" meti10d. 
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Figure 7. Performances of the simulator 

Observing estimated output versus measured conductivity of 
the conductivity, the simulator shows satisfying performances 
(Figure 7). 

CLOSED LOOP RESULTS 

Applying this strategy to the C-crystallization process control 
shows the efficiency of the auto-tuning methodology 
(AutoPID). Figures 8 (exmnple I) and 9 (example 2) depict the 
results of the control for two examples. All simulations results 
show better perform;mces of the AutoPID. The performance 
index is the Mean Squared Errors (MSE), between measured 
and t;u·get outputs (Table 1). 

Table I. Closed loop results 

MSE 

Traditional PID 
Example I 

50 

Jj 

15.56 

.w ~" ( 
l l 

Example 2 
45.25 

Ti:nc(m:m) 

Auto PlO 
Example I Example 2 

8.57 9.24 

Figure 8. Performances for example I 
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so 
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Figure 9. Pe!./ormances.for example 2 

The results given by figures 8 and 9 show a better 
following of the setpoint using AuloPID algorithm. We 
can also notice that the improvement of the control also 
induce the smoothing of the command dynamic. 

CONCLUSION 

Neural network based modeling has been used to control a 
growing phase of a C crystallization process. Simulat ion 
results show an efficient improvement of the process 
control using the auto-tuning PID. This meti10d is based on 
a classical control structure. So the auto-tuning PID 
algorithm can be implemented directly. without any 
modification of usual industrial structure. On-line tests arc 
planned at U1e sugar factory of Bois Rouge during the next 
campaign, in 20 10. 
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ABSTRACT 

Commerc ia l yeasts stra ins of Saccharomyces cerevisae 
are frequently used in white wine production as starte rs in 
fermentation process, however, these strains can affect the 
wine cha racteristics. The a im of thi s study was to evaluate 
the effect o f three strains of Saccharo myces spp. (var. I , 2 
and 3) on wine aroma compounds produced in 
microvini fication assays. Microvin ification assays were 
carried out with Vitis vinifera cv Sfria grapes using the 
strains in s tudy as starte rs. Aroma compounds were 
identified and quantified by GC-FID and GC-MS. At the 
end of fermentation process and during the firs t three 
months of matura tion some a ro ma compounds were 
detected, namely propanol, isobutano l, isoamy l acetate, 
isoamylic alcohol, ethyl hexanoate, ethyl lactate, hexano l, 
ethyl octanoate, 3-cthylhydroxibutirate, benzaldehyde, 3-
-me thyl-2-butanol, 2,3-butanediol, y-butyrolactone, e thyl 
decanoate, diethyl succinate, me thio no l, 4-hydroxi-2-
-butyrolactone, heptanoic ac id, phenyle thyl acetate , ethyl 
dodecanoate, phenylethanol, octanoic ac id , 2-methoxy-4-
-vinylphenol and decanoic ac id. 

Artific ia l Neura l Networks (ANNs) were used to predic t 
the concentration o f twelve wine aroma compounds from 
the phenyl e thanol, propanol, isobutanol, hexanol, 
heptanoic ac id, octanoic ac id, and decano ic ac id 
concentrations. 

Results showed that, e ither, maturation time and 
Saccharomyces strain used as starter influence the aroma 
compounds prod uced. Wines produced with S. cerevisae 
var. I and S. cerevisae var. 2 showed a si milar composition 
in aroma compounds, relatively to the wines produced with 
the strain S. cerevisae var. 3. However, for S. cerevisae var. 
I and S. cerevisae var. 2 the time of maturatio n influence 
the aroma composition of wines. 

From a technological approach, the choice of yeast strain 
and maturation time has decisive infl uence o n the aroma 
compounds produced. 
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INTRODUCTION 

Alentejo, in the Southest of Portugal, is a region 
characterized by the production of wines with marked 
qua lity and tipic ity. One of the principal white grapes 
varieties in the region is Vitis vin(f'era cv Sfria which 
produced wines wi th defined and ci trouses to nes, intense, 
fine and balanced aroma and frui ty senses (Cabrita, 2003). 

Wine is a natural product resulting fro m a number of 
biochemical reactions, which begin during grapes ripening 
and continue during harvesting, throughout the alcoholic 
fe rmentation, c larification and after bottling. Many of these 
reactio ns are left to natu re and microorganisms present on 
the grapes (Torija e t a l., 2001 ), which metabolized the 
sugars of the grapes with production of ethanol and C0 2, in 
anaerobic conditions. The alcoholic fermentation of grape 
musts is a complex process carried out by a sequential 
ac tio n of diffe rent yeast genera and species present in 
grapes, musts and wine, contributing to the flavour o f wines 
(Heard and Fleet, 1988; Lambrechts and Pretorius, 2000). 

Wine aroma is the result of interaction between 
components of the grapes (grape varie ty) themselves and 
those produced during winemaking techniques, yeast and 
aging (Gomez-Miguez et al., 2007). More than 1000 
volatile compounds have been identified in wi nes, more 
than 400 are produced by yeast during fermentation 
(Nykanen, 1986; Ro mano e t al., 2003; Gomez-Miguez e t 
al. , 2007). The nature and concentration o f these products 
are determined by yeast spec ies that participate in the 
fe rmentation process. 

Wine flavour is composed by a wide variety of 
compounds originated from grapes (varietal tlavour), 
compounds formed during the processing o f grapes and by 
chemical, enzymatic and thermal reactions in grape must 
(pre-fermentative flavour) , compounds produced by yeasts 
and bacteria during alcoholic and malolactic fermentation 
(fermentative flavour) and compounds produced by 
chemical reactions during the ageing process (post­
-fe rmenta ti ve flavour) (Schei re r, I 979, Boulton e t a l. , I 995, 
Rapp, I 998; Romano et al. , 2003). 

On fermentation process the presence of yeast is 
fundamental to metabolise grapes sugars to ethanol and 
C02. The yeasts used in the vinification process as starters, 



namely Saccharomyces cerevisae strains, have great 
importance in alcoholic fermentation process. The 
characterization of wine yeasts of different species for by­
- product formation has underlined that yeast species itself 
is a prominent factor in the determination of wine 
composition (Houtman et al. , 1980; Herraiz et al., 1990; 
Brandolini et al., 2002). 

In recent years, some Data Mining based approaches has 
been applied for wine quality assessement and for modeling 
the wine preferences (Cabrita et al., 2009 Cortez et al., 
2009a; Cortez et al., 2009b). The aim of this work was 
evaluate the intluence of Saccharomyces spp. strains 
isolated from regional grapes variety in white wine 
microvinification assays with Vitis vinifera cv Sfria grapes 
and characterize the aromatic profile of these wines. 

ANNs are widely accepted as a tool that offers an 
alternative way to tackle complex problems. They can learn 
from examples, are fault tolerant in the sense that they are 
able to handle noisy and incomplete data, are able to deal 
with non-linear problems, and once trained can perform 
prediction and generalization at high speed (Haykin, 1999). 

Predictive modelling is a process used in predictive 
analytics to create a statistical model of future behaviour. 
Predictive analytics is the area of Data Mining concerned 
with forecasting probabilities and trends. On the other hand , 
Artificial Intelligence (AI) concerns itself with intelligent 
behaviour, i.e . the things that make us look intelligent. 
Following this process of thinking, the aim of this is to 

assess the impact of using AI based tools for the 
development of intelligent predictive models, in particular 
those that may be used to predict the production of wine 
aroma compounds. Indeed, the prediction of wine aroma 
compounds is a complex and highly nonlinear problem for 
which there arc no known methods for a direct and accurate 
prediction. 

MATERIALS AND METHODS 

Sample Collection and Preservation 

Y cast strains 

Saccharomyces cerevisae var. I, Saccharomyces cerevisae 
var. 2 e Saccharomyces cerevisae var. 3 were indigenous 
strains isolated from Alentejo white grapes and provided 
from the Enology Laboratory of the University of Evora. 

Microvinification assays 

lV!ic rovinification assays were carried out with white must 
in 20 L g lass containers, with IOOmg/L of S02. The must 
was treated with 0 .5 g/dm3 of bentonite and solids were 
removed by cold settling. The fermentation occurred with 
2% of yeast inoculation : S. cerevisae var.l, 2 and 3, during 
3 weeks, at± 17 oc. After fermentation, the wine received a 
new treatment with so2 and it remained in glass containe rs 
through 4 months. During this period, aroma compounds 
were analysed. Two microvinifications were clone for each 
yeast strain. 

Volatile compounds analysis 

For each wine sample a liquid - liquid extraction was 
performed in dup licate. To 50 ml of wine sample 2 ml of 3-
-octanol (internal standard 60 mg/ml) were added and pH 
was adjusted at 7.5 with NaOH 4N. Then, the sample was 
extracted with 5 ml of dichloromethane and organic phase 
was dried over anhydrous Na2S04 , concentrated by N2 

stream and kept at 4oC. The extracts were analysed by GC­
FID or GC/MS using a Trace GC-TermoFinnigam gas 
chromatograph, equipped with a 60 m x 0.25 mm i.d. , 0.25 
~tm film thickness, polyethylenoglycol Restek RTX®-WAX 
column, connected to a Polaris Q-TennoFinnigan, mass 
selective detector. Splitless injection was used. The ini tial 
oven temperature was set to 45°C for I min. The 
temperature was increased: 45-230°C, at 3°C min·1 and held 
at 230°C during 25 min. The injector temperature was 
250°C and the transfer line was he ld at 230°C. The 
detection was performed by a Polaris Q-TermoFinnigam 
mass spectrometer in the El mode (ionisation energy 70 eV; 
source temperature 225oC. The acquisi tion was made in 
scanning mode (mass range 20- 300 m/z; 2.6 spectra s-1

) . 

Results Validation 

Aroma compounds produced in vinification assays were 
compared by ANOV A using the software SPSS for 
Windows, version 14.0 Copyright@, Microsoft 
Corporation. Multiple comparisons o f media were 
evaluated by Tukey test. 

Artificial Neural Networks 

Artificial Neural Networks (ANNs) are computational 
tools which attempt to simulate the architecture and internal 
operational features of the human brain and nervous 
system. Multilayered feed-forward neural network 
architecture is one of the most popular ANNs structure 
often used for prediction as well as for classifica tion. This 
architecture are formed by three or more layers of artific ial 
neurons or nodes, which are the basic computing units, 
which includes an input layer, an output layer and a number 
of hidden layers with a certain number of active neurons 
connected by modifiable weights. In addition, there is also a 
bias, which is only connected to neurons in the hidden and 
output layers . The number of nodes in input layer 
corresponds to the number o f independent variables and the 
number of nodes in output layer corresponds to the number 
of dependent variables. 

Although it has been proven that a network with one 
hidden layer can approximate any continuous funct ion, 
g iven sufficient degrees of freedom (Hornik et al., 1989), 
other studies have shown that, in practice, many func tions 
are difficult to approximate with one hidden layer (Cheng 
and Titteringto.n, 1994, Flood and Kartam, 1994). Indeed, 
there are no c lear rules as to the "best" number of hidden 
layer units. Network des ign is a trial-and-error process and 
may affec t the accuracy of the resul ting trained network. A 
number of automated techniques have been proposed that 
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search for a "good" network structure. These typically use a 
hill-climbing approach that starts with an initial structure 
that is selectively modified (Han and Kamber, 2006). 

The most widely used training algorithm for multilayered 
feed-forward networks is the back-propagation (BP) 
algorithm (Rumelhart et al., 1986). The BP algorithm 
basically involves two phases. One is the forward phase 
where the activations are propagated from the input to the 
output layer. The second is the backward phase where the 
error between the observed actual value and the desired 
nominal value in the output layer is propagated backwards 
in order to modify the weightings and bias values. 

In the forward phase, the weighted sum of input 
components is calculated as: 

(1) 

were u1 denote the weighted sum of the j'" neuron for the 
input received from the preceding layer with n neurons, wiJ 

denote the weight between the j'" neuron and the i111 neuron 
in the preceding layer, xi denote the output of the i'" neuron 
in the preceding layer and bia.lj denote the weight between 
the j '" neuron and the bias neuron in the preceding layer. 
The output of the /" neuron in any layer, Yi· is calculated 
with as: 

(2) 

were tt1 denote the weighted sum of the /' neuron and <p 
denote the activation function. Several activation functions 
are used for multilayered feed-forward networks. However, 
sigmoid activation function is widely applied (Govindaraju 
and Rao, 2000): 

rp(u,) = ~ 
l +e J 

(3) 

The goal of the train ing procedure is to find the optimal 
set of weights which would produce the right output for any 
input in the ideal case. The weights are ite rative ly adjusted 
in the training s tage to capture the relationship between the 
input and output patte rns. The output of the network is 
compared with the desired response to produce an error. 
Usually, the performance function for multilayered feed­
-forward networks is the mean square error which is the 
average squared error between the network outputs and the 
target outputs. The process of feed-forward and back­
-propagation continues until the required mean squared 
error is reached. 

The BP algorithm is controlled by two parame te rs, the 
momentum coeffic ie nt and the learning rate , ranging 
between 0 and I. The mome ntum coefficient is used in 
updating weights stage and tends to keep the we ig ht 
changes in a consistent direc tion. Learning rate controls 
how much the weights are adjusted at each update. 

RESULTS AND DISCUSSION 

Microvinification assays 

Microvinification assays we re pe rformed as described in 
materials and methods. In these assays, temperature and 
density of c ultures were monitored for each yeast strain. 

Results showed a decrease in temperature and densi ty of 
must during the fermentation. These effects were observed 
in all microvinification assays. The end of fermentation was 
considered when density values reached less than I 000 g/L. 
At the end o f fermentation, the produced wines showed the 
same volumetric alcohol content 13.1 % (v/v), pH (3.68) 
and total acidity (4.55 g1arlaric acii L). However, d ifferences in 
volatile acidity were observed. The wine produced with S. 
cerevisae var. 3 as starter, presented a volatile acidity of 
0.54 g,arlaric aciiL, and wines obtained wi th S. cerevisae var. 
I e S. cerevisae var. 2 showed a volati le acidity of 0.23 
g,arlaric aciu/L. The reducing sugar concentrations were lower 
than 1.45 g/L, confi rming a successful fermentation 
process. 

Aroma Compounds 

The main aroma compounds identified by GC/FID or 
GC/MS were propanol, isobutanol, isoamyl acetate, 
isoamyl alcohol , ethyl hexanoate, ethy l lactate, hexanol, 
ethyl octanoate, ethyl 3-hidroxybutirate, benzaldehyde, 2-
-butanol-3-me thyl , 2,3-butanediol , y-butyrolactone, ethyl 
decanoate, diethyl succinate, methionol , 2-butyrolactone-4-
-hydroxi, heptanoic acid, phenylethyl acetate, ethyl 
cloclecanoate, phenyl ethanol, octanoic acid, 4-vinylphenol­
-2-metoxi and decanoic acid. 

Figure I , 2 and 3 show aroma compounds profi le a t the 
end of a lcoholic fermentation and a t one and atthe end of 
maturation time, respectively. 
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Figure 3: Aroma Compound Identified for the Three Strains 
and its Relative Concentrations to the End of Maturation. 

At the end of fermentation, isoamyl alcohol, 
phenylelhanol and isobutanol were the major compounds 
produced, presenting similar values in vinifications with S. 
cerevisae var. I and S. cerevisae var. 3 as starters. The 
higher values on isoamyl alcohol, phenylethanol and 
isobutanol were obtained in S. cerevisae var. I 
microvinifications. These compounds result from the yeasts 
metabolism and are an evidence of effect of yeast strain on 
the aroma of wines. The d iethyl succinate, methionol, 
heptanoic acid and 4-vinylphenol-2-metoxi concentrations 
were lower in S. cerevisae var. 3 microvinifications whi le 
the isoamyl acetate and ethyl hexanoate values were higher. 
Indeed, S. cerevisae var. 3 seems to induce a major 
difference in produced aroma compounds than the other 
strains used in th is study, evidencing the influence of 
starters on the wine aroma compounds produced. 

At the end of one maturation month, the concentration of 
maj ority compounds was maintained (Figure 2). However 
at the end of four months of maturation (Figure 3) some 
differences in aromatic profi le were observed. The main 
di fferences observed correspond to an increase of e thyl 
lactate, e thyl 3-hidroxybutirate, benzaldehyde and 
y-butyrolactone and a decrease on 2,3-butanediol. This is 
consistent with other studies using different yeasts strains 
and grape variety (Romano, 1997) and evidence the 
influence of maturation time o n wine aroma (Falque et a l. , 
200 I; G6mez-Mfguez e t al., 2007). 

The wines produced with S. cerevisae var. 3 presented 
higher values of ace tate esters like isoamyl acetate. The 
concentration of ethyl esters (ethyl lactate, the ethyl 
hexanoate, ethyl octanoate and diethyl succinate) increased 
with the period of wine maturation. Esters also contribute 
for the fermentative flavour o f the wines (Bayonove et al., 
1998 and Di Stefano, 1996), resulting from the yeasts 
metabolism and, generally, the concentrations increase 
when the yeasts have unfavourable growth conditions. The 
presence of these compounds also depends of the yeast 
strain used and the must composition (Di Stefano, 1996 
Pate! and Shibamoto, 2003). During the post-fermentative 
period, a modification on the este rs concentration, due to 
the acetates reduc tion , promote an increase of fatty ac ids 
ethyl esters (Dubois, 1994; Zalacain et a l. , 2007). 

Wines produced by S. cerevisae var. l and S. cerevisae 
var. 2 have a similar behaviour in the aroma composition . 
Maturation time seems to influence the aromatic profi le 
more markedly than S. cerevisae var.I and 2 used as 
starters. S. cerevisae var. I and var. 3 microvinification 
assays showed a similar a roma composition during 
maturation time, however d iethyl succinate and 2-
-butyrolactone-4-hydroxi aroma compounds presented 
significant differences between the fi rst and the second 
maturation months (p<0.006) and 2-butyrolactone-4-
-hydroxi also varied significantly between I' ' - 4111 

maturation months (p=0.003). In S. cerevisae var. 2 assays, 
heptanoic acid, phcnylethyl acetate and methionol varied 
sig nificantly between the I'' - 4111 maturation months 
(p=0.037, p=0.005 and p=0.006 respective ly), 2-
-butyrolactone-4-hydroxi ranged between I'' 4111 
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111awration months (p=0.038) and to the 2'd - 4'h maturation 
months (p=0.023). 

Wines produced with S. cerevisae var. 3 showed 
significant differences in five of the aroma compounds 
produced, namely, diethyl succinate (p=O.OO I); methionol 
(p=O.OOO); 2-butyrolactone-4-hydroxi (p=O.OO I ); heptanoic 
acid (p=0.002) and phenylethyl acetate (p=O.O 15). 

The results appoint that the maturation time and the strain 
used as starter influence wine aroma. However, in wines 
produced by S. cerevisae var. I and. 2, the aromatic 
composition was more markedly influenced by the time of 
maturation than the wines produced by S. cerevisae var. 3. 
Jn agreement to our results the conjugation of these two 
factors, S. strains used as starter and maturation time, 
influence white wine aroma characteristics, with variation 
specially in cliethyl succinate, methionol, 2-butyrolactone­
-4-hydroxi, heptanoic acid and phenylethyl acetate 
compounds. This knowledge and the utilization of studied 
strains as commercial starters in vinification process can be 
used in production process of regional white wines to 
improved their quality and tipicity. 

Artificial Neural Networks Model 

Taking into account the large number of compounds that 
should be measured to characterize the aromaticity of 
wines, is important to find models that predict the 
compounds responsible for flavors, based on a small 
number of experi mental parameters. In this sense the use of 
ANNs may constitute an important tool. In this work, the 
results obtained in microvinification assays, described on 
previous section, were used to build the ANN model. In the 
model building it was used, as inputs, compounds usually 
determined in wines (i.e. some alcohols and some 
carboxil ic acids) and, as outputs, twelve compounds whose 
determination may require detection techniques less 
availables in some laboratories (e.g. GC I MS). In order to 
obtain the best prediction of the isoamyl alcohol, ethyl 
hexanoate, ethyl lactate, ethyl octanoate, 2,3-butanediol, 
phenylethyl acetate, ethyl dodecanoate, isoamyl acetate, y­
butyrolactone, phenyl ethanol, ethyl decanoate 3-
methylthio- 1-propanol concentrations from the phenyl 
ethanol, propanol, isobutanol, hexanol, heptanoic acid, 
octanoic acid, and dccanoic acid concentrations, different 

network structures and architectures have been elaborated 
and evaluated. The optimum number of hidden layers and 
the optimum number of nodes in each of these was found 

by trial and error. The methodology adopted starts with a 
small network and continues by adding nodes to improve 
performance until the network achieves the desired 
accuracy. 

It was used the Waikato Environment for Knowledge 
Analysis (WEKA) to implement ANNs, keeping the default 
software parameters. In all experiments was used the 
sigmoid activation function (Equation (3)). To ensure 
statistical significance of the attained results, 20 runs were 
applied in all tests, being the accuracy estimates achieved 
using the holdout method fSouza et al. , 20021. In each 
simulation, the available data is randomly divided into two 
mutually exclusive partitions: the training set, with 2/3 of 
the avai lable data and used during the modelling phase, and 
the test set, with the remaining 1/3 examples, being used 
after training, in order to compute the accuracy values. 

A common tool to compare the performances of 
regression models are the Mean Absolute Deviation 
(MAD), and the Mean Squared Error (MSE). According 
Torgo [Torgo, 19991, these tools, when applied to the 
evaluation of regression mode ls serve different purposes. If 
the goal is a model with good fit for most cases but some 
higher deviations can be allowed, MAD should be 
minimized. Conversely, if the key is not committing large 
deviations, although frequent small errors can be allowed, 
MSE should be minimized because this measure rellects the 
large deviations in the tinal result. Table I presents the 
values of MAD and MSE for some of the topologies tested 
and the respective input parameters. It should be noted that 
the data related to phenyl ethanol, propanol and octanoic 
acid, were not used, as inputs, in the different networks 
elaborated. 

Table I shows that 4-7-4- 12 ANN minimizes MAD and 
MSE, both for training set, as for test set. Thus, it was 
selected for modelling the twelve compounds indicated 
above from the inputs. The selected ANN consists in an 
input layer with four nodes, two hidden layers wi th seven 
and four nodes respectively and a twelve nodes output layer 
(Figure 4). 

Table I : Mean Absolute Deviation (MAD) and Mean Squared Error (MSE) for some ANN Topologies Tested. 

ANN MAD MSE 
Input Variables Topology 

2-5-4-12 
3-4-6-12 

3-15- 12-12 
4-7-4-12 
4-8-6-12 

Hexanol; Heptanoic Acid 
Hexanol ; Heptanoic Acid; Decanoic Acid 
Hexanol; Heptanoic Acid; Decanoic Acid 

Isobutanol; Hexanol; Heptanoic Acid; Decanoic Acid 
Isobutanol ; Hexanol; Heptanoic Acid; Decanoic Acid 

N • N • 2 

Training Set 
5.661 
1.623 
1.855 
0.824 
1.875 

Test Set 
7.779 
2.2 18 
1.749 
1.078 
2.336 

Training Set 
7.190 
0.462 
0.723 
0.156 
0.67 1 

• M I· IY·-Y·I E· (Y ·- Y·) -AD = 1
-

1 1 
' ; MSE = 1

-
1 1 1 

; Y denotes a experimental value and Y' denotes a predicted value. 
N N 

Test Set 
18.999 
1.286 
0.654 
0.241 
1.201 
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Figure 4: ANN Structure for Modell ing the Twelve Wine 
Aroma Compounds. 

Typically, the efforts in data acquisition will be foc used 
on the more relevant variab les for the model accuracy and 
dropping or ignoring those that matter least. Sensitivi ty 
analysis is a simple procedure that is applied after the 
traini ng phase and analyzes the model responses whe n the 
inputs are changed. fn this work it was used the sensitivity 
according variance [Kewley e t al. , 20001 to compute the 
relative importance of the input variables for se lected 
model (Figure 5). It reveals that the most informative 
variable is the hexanol concentratio n, fo llowed by the 
concentration heptanoic ac id. Howeve r, despite the 
importance of these variables, the other variables (i.e. 

decanoic acid and isobutanol) also have an important 
contribution to the final performance of the model. 

0.6 

- -

0.4 - -

-

0.2 -

<.> u Cl 0 ·o "d ·c; 
"C g g g G g ·;:; ~ "' 0 ·0: g. < ., ., ..0 :r: Cl :r: ~ 

Figure 5: Variable Importance for ANN Selected. 

The avai lable data is randomly divided into two mutually 
exclusive partitions: the train ing set, with 2/3 of the 
avai lab le data and used during the modelling phase , and the 
test set, with the remaining examples, being used after 
training, in order to evaluate the model performance. The 
resu lts are summarized in Table 2. Three metric arc 
presented: r2

, MAD and MSE for training set and for test 
set. 

The high values of r~, higher than 0.9, ind icate good 
performance of the ANN model to predict the concentration 
of the twelve compounds of aroma wines indicated in Table 
2 fro m the concentration of isobutanol, hexanol, heptanoic 
acid and decanoic ac id. 

Table 2 : Comparison Between Measured and Evaluated Responses by Using 4-7-4- 12 ANN Topology. 

Compound 
Training Set Test Set 

> 
MAD MSE 

0 

MAD r- r- MSE 

"(-butyrolactone 0.9230 0. 1043 0 .0 16 1 0 .9 181 0.1269 0.0 197 
2,3-butanediol 0.9623 0.04 11 0 .0038 0.9837 0.0598 0.()065 

3-methylthio-1-propanol 0 ,9798 0.0335 0.0019 0.9962 0.0246 0.0009 
Ethyl Decanoate 0.9609 0.0269 0.00 10 0.9581 0.0251 0.0012 

Ethyl Dodecanoate 0.9476 0.0269 0.0010 0 .9695 0.0251 0.00 12 
Ethyl Hexanoate 0.9788 0.0507 0.0038 0 .9713 0.0705 0 .0082 

Ethyl Lactate 0 .9425 0.0279 0.00 13 0.9438 0.0510 0.0040 
Ethyl Octanoate 0.9643 0.1043 0.0 16 1 0.973 1 0. 1269 0.0197 
lsoamyl Acetate 0.9793 0.2477 Cl.0938 0.9740 0.3256 0."1478 

Isoamy1ic Alcohol 0.992 1 0.0933 0.0 130 0 .9945 0 . 1454 0.0252 
Phenyl Ethanol 0.9897 Cl.0279 0.00 13 0.9857 0 .05 10 0.0040 

Phenyle thyl Acetate 0.9815 0.0402 0 .0034 0.9890 0 .0465 0 .0033 
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CONCLUSION 

In this study, the produced wines showed simil ar 
charac teristics concerning to alcoholic degree, volatile and 
total acidi ty, pH and reducing sugars concentrations. 
Nevertheless white wine aroma compounds produced 
presented differenL profi les. 

Yeast strain added to the must as starte r contri butes to the 
variability of volatile compounds formed in white wines. 
Moreover, maturation time a lso inl'lue nce the post­
fennentati ve fl avour of wines produced. 

The use of ANNs can solve complex problems and can be 
used for modell ing food quality, such as the applications 
related with the organoleptic characteristics of wines. 
In this work have been e laborated and evaluated different 
network architectures. A 4-7-4- 12 back-propagation neural 
network was selected to predict the concentration of twelve 
compounds of aroma wines. The r" values, higher than 0.9, 
for training and for test sets demonstrates the power of this 
method for modelling the aroma compounds in white wine. 
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Abstract 

The objec:t ive of this work was to use a Data Mining 
(DM) approach to predict, using as predictors the car­
cass m easure111ents taken at s laughter line, t he corupo­
si tion of lamb carca::;scs. One hundred and twenty five 
lambs of Churra Galega Braganana breed were sla ugh­
tered.During carcasses quarte ring, a caliper was used to 
perform snbnttnncous fat rneasurt'rncnts , over t he nwx­
iumm depth of longissimus muscle ( Ll'vi) , between tbe 
12th and 1:3th ribs (C12), and between the 1st and 2nd 
lumbar vertebrae (Cl ). T he I'vinscle (i\fP), Bouc (BP), 
Subcutaneous Fat (SFP), Intcr-Mut>cular Fat (JFP ), and 
Kidney Knob and Cha nnel FaL (KKCF) proportions of 
lamb carcasses were cornpnt.cd. 'vVe used the rmincr R 
library and compared three regression teclmiques: J\Iul­
tiple Rcgrcl:>sion (?viR), Neural Networks (NN) and Sup­
port Vector iVIachines (SVlvi ). The SVf\J model provided 
the lowest relative absolute error for the prcclict. ion of 
13P, SFP a nd KKCF, while [\IH. pre~;euted t he bent prc­
dict.ions for MP and lFP. Also, a sensitivity analysis 
procedure r0vea.lcd the C12 mca.sm emcnt as the most 
relevant predictor for all five carcass t issues. 

INTRODUCTION 

The developrnmtt of a low-cost and E~xpE~dit.ious method 
to predict carcass composition will have applicabili ty for 
carcasses classificat ion a t slaughter line ( Cadavcz et al., 
1999). and for prices de11nit ion along t.he romm<Teia.l­
ization cha in (Cadavcz et al., 2002) . Carcasses wilh an 
optimum composition must have a maxinmm of lean 
meat proportion , mtd oplimum organoleptic properLies. 
In this case, the carcass should have a m~L'\:imum pr ice 
aud if the carcass composition deviates from that opti­
Inum its price should he penalized. 
Traditional ly, the producers estimate the la mb's carcass 
composit ion through subj ective, thus imprecise, meth­
ods such as visual assessment and palpation. However , 
at. s laughter line the methodolof,ry to predict t.he car-

casses composi t ion should he accurate, fas t , and auto­
mated. Data 1\Iining ( Dl\I ) techniques aim at extracting 
high- level knowledge fwm raw data (\Vitten ami Frank, 
2005) and can represent <Ut intNcsting alternat ive for 
predicting; emcass cornposit ion. which can be set by col­
lect: ing several carcasses parameters at s laughter linE'. 
Typically, thesE' parameters are c:ollect.cd d uring the 
slaughtering process or within t.h<> fi rst 24 hours af­
ter slaughtering. Indeed , several studies have adopted 
such data-driven approach based ou l\Inltiple Regres­
sion (rviR.) models (Hopkins, 2008; Caclavez, 2009), using 
as iudepcndeut (or input) variables the carcass weight , 
iu combination wit h s ubcutaneous fat depth (Hopkins 
et a l. , 2008) , lonyiss im:us rrmsde depth, and total t i!:isLie 
thickness (Kirtou et a l. , Hl84; Hopkins e t al., 2008) . Yel, 
these lincm- models may fail when uonlinear relation­
ships an• present in the data and when predictors sufkn; 
of nmltiple c:oll inca ri ty ( Cadavcz, 2009). In such sceuar­
ios, there is a uced for a ltenmtive modcling techniques, 
such as the more fiexibln ~enra l Networks (NN) and 
Support Vector Machines (SVM) (Hast ie et al., 2008). 
In this work, we follow a Divi approach to predict the 
composition of lamb carcasses based on non invasive car­
cass rnea.surements t ha t arc easy to collect after slaugh­
tering. In particular, \ VC compare three regress ion mod­
els (i\IR, NN and SVI\I) . 

MATERIALS AND METHODS 

Lamb Carcass Data 

O ne hmtdn'd and tw<'nty five lmnbs of Clmrra Galega 
I3ragana na ( 42 kmales, ami 8:1 males) , rallClornly se­
lectl'd from t he experimental flock of t he Escola Superior 
Agrrin de Brngana, werP used. Lmnhs were slaughtered 
after 24 hour h1st in t he experirnent.al slaughter-house at 
the Escola Superior Agr ria de Brag;aua, and cmcnsses 
were weighted approximatc l.Y :m minutes after slaugh­
ter in order to obta in the Hot. Carcass Weight (HCW). 
Carcasses were halved through thP center of t he ver te­
bral colunm, and the Kidney Knob and Channel Fat 
(KKCF) was removed ancl weighed. During 'luartering, 
tissue measurements were performed with a caliper on 
trHL'>:imum Llvl depth (nun) and sub cutaneous fat. t hick-



Table L Data!:ict rm<iu attributes 
Attribute Description Domain 
sex Lmub sex {L 2}" 
HCW Hot Carcass \\'eight (kg) [~ ') ')') '>] ;).~): _ . .}.'~..) 
Cl Subcutaneous fat al. 1.·' 1 lu!llbnr ver tebrae (mm) [0.4, 5.9] 

[0. 5, 7.1] 
[14.9, ;n.7] 
[B.G. 33.6] 

C12 Subcutaneous fat at 121
" rib (mm ) 

Bl Lon!}issimns muscle depth at 1·' 1
· lumbar vertebrae (mm) 

B12 Long-i.~simu.s Inusclc depth at L2th rib (mm) 
MP !Vluscle propo1t iou (mass fraction) [0.47, ll68] 

[0.14, 0. 26] 
[0.02. O.lG] 
[fLOG, lll G] 
[lUlL 0.11] 

BP Done proport ion (mass fract. ion) 
SFP Subcutaneous fa t proport-ion (mass fract.ion) 
IFP Intcrnmscular fa t proportiou (mass fwction) 
KKCF Kidney knob and clmnncl fat proportion (mnss fraction) 
" 1 - i\:fal~, 2 - Female 

m:ss (rnm ) between t he l2t. h and 13th ribs (Dl2 aud 
Cl2, respccl.ively), 1st. and 2nd lumlmr vertebrae (Dl 
and C l , rPspecti vely ). Th<' dat.aset main at tributes ;Hr' 

shown in Table L 
Each carcass was tlwn dissected iuto muscle, subcut.a­
twous fat , interumscnlar l'<1L , bone, a nd remainder (rna­
_jor b lood vessels, ligaments, tcndo!ls, and thick cormec­
ti V(' t. issm• sheets associated with muscles), and the Ivius­
de (MP) , Done (13P ), Subcul:a ncons Fat (SFP) , Inter­
muscular Fat (IFP), and Kidney Knob and Channel Fat 
( !\.KC F) proportions of lam b ca rcasses were computed. 

Models Evaluation 

A n~gn~ssion dat.aset D is made• up of k E {L ... , N} ex­
amples. EM:ll example maps an inpu t vector (:rf , ... , :rn 
to a given target ;t}k. The error for a given /.; is: 
r.~.; = Yk - ,rj,, , where ,1/i, represents t he predi c: t.r~d v1tltw for 
k input pattern. The regression models perfonnancc wa£> 
evaluated using the Rclali.ve Absolute E1Tm· (RAE) all(] 

codficieut of de termination ( H2 ) (\Vitten ami Frank, 
2005) : 

N I A I 
RAE = l / N XL !h - Yi 

i= l !!J; - y;! 
(1) 

L N ( A ') I . - '/. -
Ji2 = 1 - i :' l :;, :;.) 

"i:~N ( - ) '' L.,= J }J;- .1/; -
(2) 

where Tf is the m ean of the output. variable. ThC' RAE 
statistic is sc:ale independent , and values closC' to lOO% 
corresponds t.o a model that has <t sirnilal' performance 
as t he uaive avewge predictor (i.e. :c}.; = ;y;). The lower 
the R ilE, t ll<' better is t he regression model , tlms t he 
ideal regn~ssion model presents a vah w dose to 0%. A 
high the R2 value suggests t hat the predicti011S ami tar­
get va lues are highly correlated ; i.e. a high proportion 
of t lH' variabilit.y of the target is to llowecl b~' the predic­
tions. The icle;d model presents an R2 = 1. 

To cstimntP the genera lization capability of t.he regres­
sion models, a H)-fold cross-valida t ion proccdme was 
used. \Vith this procedure orH' subset is t.<'Stecl each 
time and the remaiu ing data are used for fitt ing the 
model. The process is repeated seqnent.ially nntil a ll 
subsets have been t.estt~d. Therefore, under t his scheme, 
all data are used for training a.ncl testing. Since the rc­
snlt.s can depend on t.lw random split used to set. the 10 
folds , we also apply 20 runs to each 1 0-fold process, in 
a total of 20 x 10=200 experiments for each test.ecl con­
figuration. S1·a t·istical enufidencc~ will he given by the 
t-student test at. t he 951ft, cun lidunct~ level. 

Learning l\llod els 

A l'viultiple Regression (MH.) model is defined by t.hc 
<'quation (Hast i<' <'t al., 2008) : 

11 

Yi = ,:.1o + L r3; X ;, i = l , 2, ... , n (:3) 
i=l 

where: } 'i is t he response (carcass tissue propor t-ion) in 
t he ith cnse, X ; .is t.he value of t he independ<~nt. vm·iable 
in the dh case and /1; ar<' the n~gressiou coefficients. This 
tnodd is easy to interpret. and has been widely used for 
the pred ict ion of carcasses compo~it ion . 

Neural Networks (NNs) arc connect ionist models that 
found their inspiration on t he bchavior o f the huma.n 
brain. In particular, the umltila.yer perceptrou is the 
m ost popular NN architcct m e, and can be defined as 
a fecdforward network where processing ncl!rons MC 

grouped int.o layers and connected bv weighted links 
(Haykiu , 1999). T his s tudy considered t he multilayer 
perceptrous with one hidden layer of H hidden nodes, 
with logistic activat ion functions and one output node 
wi th a lim•nr function (1-Iastic• l't al .. 2008) . Since the 
NN cost t'uuct. ion i:;; uouconvex (with multiple miuima), 
lVR =S t raiuings was applied to each neural coufigma­
tiou , and tl!t' NN wi t h the lowest fi tted error was se­
lected . Under this set t ing, the NN performance clepc~nds 
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on the value of H. If H = 0, the model is eqnivnlcut to 
the l'vlR. \Vhen incrcnsiug H, a more complex mapping 
is performed, yet an excess value of II will overfit the 
data, leading to generalization loss. 

Suppor l Vector !v[achiues (SV?vl) present theoretical ad­
vantages over NN, such a~ t.lH• absence of local minima 
iu the model optimization phase. Tu SVTvl regression, by 
using a noulinear mapping, the input x E ffi.1 is trans­
formed into a high m-dimensional ti:~at ure space. Then, 
the SVl\I finds the best linear separating hyperplall(' in 
the feature space . In this work, the nonliucar trans­
formation is achieved by adopting the popular gaussian 
kernel, which present.s less pmametcrs than other kernels 
(e.g. polynomial) : I<(:r, :r:') = c:rp( -1'1 1 :~: - .T'II2 ), ''i > 0. 
Also, we adopted thP commonly used f-inscnsitive loss 
function, which sets au insensitive tube around the 
residuals and t he tiny errors within the tube are dis­
carded. Under this setup, the SVwi performance is af­
fected by three parameten;: ~f, f and C (a trade-off bc­
twPeu fitting the errors and the flatness of the rnappiug). 
To reduce the senrch space. the first two values will 
be set using the heurist.ics ( Cherkassy and Ma, 2004): 
C = ;) (for a staudarclizcd output) and f = & / .Jfl 
where & = 1 .5/N x 2:::;'::, 1 (y; - fj;) 2 and fj is the valuP 
predicted by a :l-ncarest twighbor algorithm. The kernel 
parameter b) produces the highest impact in the SVM 
performance, with values that are too large or too small 
leading to poor predictious. 

To adjust the NN and SV:M hyperparameters (e.g. H 
and 1) a grid semdt (with H E 1, 2, . . . , 8 awl -~ = 
2- I:l, 2- 1 1

, . .• • 21 • in a tot.ctl of 8 searches per model) \vas 
used. An internal ;}.fold (using ouly training data) was 
used to select. the best hyperparmneter. Then , the best 
model was retrained with all training data (as defined 
by l.he extema l 10-fold validation scheme) . 

The relative importance of Lhl• predictors (or inputs) for 
a given DJ\[ model can be estimated by usiug a seusit.iv­
ity analysis procedure (Curl.cz et nL 2009). This proce­
dure measun~s how the responses are affected when all 
inpnts arc hold at their nxemge values except :r,., which 
varies through its entire rauge. The attribute :r" is con­
sidered more relcvaut if it produces a higher variance in 
the responses. A more dt>t,ailed iupnt infiw~nce aualy­
sis is g iven by thP Variable Effect Characteristic (VEC) 
curve, which plot.s the :1:,, values (:1:-axis) versus the fj" 
respouses (:y-axis) . 
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All experiments reported in this study were conducted 
HHing t.I-w rminer library. which faci lit ates t.lw applica­
tion of Dl\'[ techniques in Lhc R simulation tool Cortez 
(2010). The test set; results are sltmvn in Tables 2 and 3 
in t erms of tllP mean RAE (equation 1) and R2 (equa­
tion 2) values ami respective 95% t-studcnt confidence 
intervals. In the tables, the hest values are in bold. 

while underline denotes a statistical significance (Pj0.05) 
under a pairwise comparison against other methods. 
The MR model presented the lowest R AE for l\ IP 
(RAE=59.4 o/c , Pj0.05) and for IFP (RAE=G4.1%, 
Pi)).05). The SVl\[ model presented tlw lowest. HAE 
for BP (46.1%, Pj0.05), for I\KCF (51.5%, Pj0.05 ), and 
for SFP (c12.2%, Pl.0.05). However. it is important to 
noticP that for SFP nnd IFP predictiou tlu-~ difference~ 

a1ttoug regression models were not statistically signifi­
cant. Tlw R.AE results show a n overall improvement of 
around 36% (IFP) lo 58% (SFP) wlten compared with 
the uaivc average predictor. The SVM mocleling gives 
thP best predictions for BP, SF'P and KKCF , while l\JR 
achieves t.b(' lower R.AE whcu predicting the 1\IP and the 
[FP. The NN model onl.r outperforms the MR model for 
prediction of BP and SFP. 

Table 2: R.AE values (in %) for predicting lamb carcass 
composition (test set results) 

MR NN SVM 
M P 59.4 ± 0.3 G:to ± l .G GO.l ± 0.7 
BP 48.4 ± 0.3 47.0 ± 0.4 46.1 ± 0.3 
SFP 4:u ± o.:3 42.5 ± O.G 42.2 ± 0.4 
IFP 64.1 ± 0.3 64.5 ± 0.8 65 .8 ± 0.8 
KKCF 5:5.1 ± 0.5 57.7 ± 2.0 51.5 ± o .. ':i 

The R2 values are in genera l higher for t lw models t hat 
present t he lowest R.AE values (e.g. R2 = 0.71, P (0.05, 
for KKCF and SVl\I) and range from mound O.G to 0.8 
for the best regression models. T hese R2 values arc 
h igher t hau that reported by Cadavez (200D) for pre­
diction of l\.JP (R2 = 0.42) iu a study with male lambs of 
Suffolk awl Churro Galego Bragawmo brcnds. Similarly. 
Hopkins et al. (2004) reported R 2 j (iO% for models pre­
dicting the carcasses lean meat proportion , in a study 
with lambs of several breeds, were video image analysis 
was also t.ested. 

Table :3: R2 values for predicting lamb carcass compo­
sition (test set results) 

MR NN SVM 
MP 0 .65 ± 0.00 0.55 ± 0.11 0.63 ± 0.01 
BP 0.75 ± 0.00 0.78 ± 0.00 0. 78 ± (}.()() 
SFP 0.79 ± 0.00 0.80 ± 0.02 0.80 ± 0.00 
IFP 0.58 ± ().[)() 0.58 ± 0.01 0.57 ± O.CJl 
KKCF 0.70 ± 0.()1 0.54 ± .O.OD 0.71 ± 0.00 

To show the quaHty of the results achieved, Figure 1 
plots t he observed vs prediel'ed scatter plots for the best 
regression models . In the p lots, the m ajorit.Y of the plots 
are close to the diagonal line, which denotes a pCJ-fcct 
forecast . Hmvevcr, in some cases therP are larger errors 
when predicting the ext reme values. For instance, t lw 
KKCF predictions underestimate t he target values that 
are close to the maximum KKCF value. Also, a trend t.o 



the overestimation of t. he lowest KKCF, SFP and IFP 
valnes can be obst•rved lFigurc 1). 
TlH' relatiw importauec (as defined by tlw sensitivity 
mmlysis) of the predict.ors of carcass composition for 
hest models is presented in Figure 2. Tlw C 12 measme­
mcut is the most irnportnnt predictor for a.ll tasks, with 
au inflncnn• t!Jat ranges from arunnd 2G1YrJ (BP awl MR 
uwdel) to 80% (l\IP and i\TR model). These re:'mlts an• 
in accordance with those attained by Cadaver. (2009), 
when· fat llJCasurement.s dominate the models for pre­
diction of l\IP. 
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Figure 1: Sc·atter plots for the be::-;t regression models 
(.T-ax is target. values, :r;-axis predictions) 

The relative iutportanc<' of the rem aining input variables 
varied from t.ask to t ask. For example. the sex WW:i the 
second most rclevaut predictor for the KKCF prediction 
rnodel (SV~vl), while it was the lea::-;t imJ)(ll't;ant predictor 
for the SFP prediction m odeL F igure ;~ plots the VEC 
curves fo r the C12 input mtd MP and SFP m odels. Tn 
the former graph, there is a negative linear inflllcncc of 
C12. In other words . t.he increase in the C12 measure­
rnent leads to a decrease in th C' carcasses MP. Regar d ing 
the latter VEC. the influence of C l 2 in the overall SFP 

is positive. l n this c;:L'ie. the SVIVI nwa~nred a nonlitwar 
(i.e. parabola shape) infb tence. 
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F igure 2: Relatin~ impo rtance of t.ltc predictorf:>. 

CONCLUSIONS 

The SVi\I rnodeling t.cclmiqne provides the lowest BAE 
va lnes for BP, SFP and KKCF prediction, while i\IR 
gives t he best p redictions for l\TP ami IFP. The R 2 val­
Hcs of the best predictions range from O.Ci to 0.8 . Scn­
:oitivity analysis revealed the Cl2 rneasmement. (subcu­
taneous fat. depth at 12th rib) as th C' most r elevant pre­
dictor for the prediction of all live carcass tissue. It is 
;1bo intportant t.o not icP that. C12 measmemcnt prcf:>cuts 
a non linear ami positive inUucncc when modeliug the 
SFP. 
T hese rc~sults an' releva nt to t he• animal science domain, 
helping in the understanding of how carcass tissues l!lea­
smeruents affec t the carcassef:> composit ion. Iu nddi tiou, 
this fi ndings can have a n impact in the mt'at industry. 
since the models developed t.o predict the carcass emu­
position eau be integrated into decision suppor t systems. 
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in order to implem('nt a s_ystclll capable of detlniug car­
cass prices based on the prediction of carcasses tissues 
proportion by objective models. In future research. we 
will also design tuethods to select regression models that 
provide better predid.iom; at the extreme valncs, since 
such models would provide a more aceurat.e de tection of 
ltigh/ low quali ty meat. 
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ABSTRACT 

The development of a methodology for cultivar 
discrimination and selection during on-line quality 
selection could be a relevant tool for certain industries that 
use hazelnuts as ingredients in processed food products. 
The aim of this work is to obtain a computer vision system 
that enables an automatic recognition of six hazelnut 
cultivars with lh !its of different shapes and sizes. To 
achieve this objective. an algoritiun for tuning the 
segmentat ion between the hazelnut shell and crown was 
developed. Important morphological features that allow 
the correct identi fication of the cultivar present in an 
image were obtained from the segmentation process. 
Finally. these feah1res were used as input data to a neural 
network classifier. The obtained results showed a high 
percentage of correct culti var class ification. 

INTRODUCTION 

Hazelnut ( COJ:vlus avellana L.) is a popular tree nut 
worldwide <md an important commercial crop since it is 
consumed all over the world, not only as a fruit but also in 
a diversity of manufactured food products, such as snacks, 
chocolates. cereals, bakery and other dessen formulations. 
Currently, Turkey is the leading producer of hazelnuts 
(500,000 MT in 2009, in shell basis). accounting for 
approximately 70.3% of world production, followed by 
Italy (11.9%), U1e US (4.5%). Azcrbaijan (4.2%), Georgia 
(3.8%) and Spain (2.5%) (INC. 20 10). 
Although different species belong to the genus Corvlus, 
the European hazelnut Corylus m·ellmra L. is the source of 
the most important cultiv:J rs used for commercial 
purposes. According to its characteristics (morphological, 
physical and stability to r~mcidity) each hazelnut cu ltivar 
can be differently used. namely to be consumed raw 
(considered as table hazelnuts) or to be used :Jfter 
industrial processing (generally roasting). with some 
cuJ tivars considered to tit both purposes. Generally, 
spherical shape hazelnuts are used in products that require 
a whole fruit (suclt as chocolates), while elongated shape 
hazelnuts. because they have a greater tendency to 
damage/mpture during shell cmshing procedures. are used 
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for hazelnut paste production. Cultivars that produce 
small . spherical, unifonn and turgid kernels, with 
perisperm thin and easily removable are the most suited 
for chocolate and baking industries, while table hazelnms 
generally must be large and attractive, also presenting a 
high-quali ty llavor and aroma. These quality attributes are 
to a large extent genetically determined, and thus the 
choice of a cultivar for a certain purpose is very important 
(Boccacci. 2006). In small. familiar, scattered orchards, 
such as several ones that exist in Portugal, generally 
several different cultivars arc planted because at least two 
di fferent pollinator cultivars must exist in an orchard to 
overcome self-incompatibility and assure full overlapping 
of female flowerings. Moreover, hazelnuts arc commonly 
harvested as they fall in the ground. Although in small 
orchards, hazelnuts arc still manually picked from the 
ground, mechanical harvesting may be adopted on bigger 
orchards for its lower cost and time dispcnded. Generally. 
after being mechanically harvested. hazelnuts pass through 
a calibrator. enabling fhtit separation in lots of different 
sizes. Nevertheless. as several cultiv;:u·s are genetically 
closely related, they are identical in size and 
morphological traits. Thus, different cultivars can be put 
together in the same lot defined by hazelnut size. 
Addi tionally. the calibrator performance in not flawless as 
the hazelnuts shape is not completely uniform and round. 
and thus a wrong separation by size can occur (Santos et 
al. , 2005). Therefore. the development of a rapid, effec tive 
and non-desm1cti ve methodology for cultivar 
discrimination and selection during on-line quality 
selection could be a relevant tool for certain industries that 
use hazelnuts as ingredients in processed food products 
(Mcnesatti et al. . 2008). 
Among the cultivars used in this study, Morell and Negret 
arc mostly used in the industry after roasting. Butler and 
Ennis are used as table hazelnuts. and Tonda di Giffoni 
(TG) and Santa Maria di Gcsu (SMG) are considered as 
fitting both purposes. The selected cultivars also have 
different origins, being morphologically very similar. thus 
harder to distinguish. when having the snme origin (Butler 
nnd Ennis originmed from the US, Morell and Ncgret from 
Spain, TG and SMG from Italy) (Boecacci et al., 2006). 
The ultimate goal of this work is to obtain a computer 
vision system that enables an automatic recognition of the 
selected six hazelnuts cultivars. To achieve this objective, 
an algorithm for tuning the segmenta tion betw~en the 
hazelnut shell and crown was developed. The result of the 
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segmentation process is used to exn·act important 
morphological features that allow the correct identification 
of the cultivar present in an image. This was achieved by a 
neural network classifier. 

SEGMENTATION 

The software used in the segmentation process was 
entirely developed using the C++ lanf,'ltage. The OpenCV, 
2.0 version. was used as image processing library. The 
image acquisition was performed in a common optical 
scmmer, acquiring atTays of 12 hazelnuts in two visual 
perspectives, namely side and top views (Figure 1). 
To obtain a computer vision system that enables automatic 
recognition of hazelnuts. as a first step, it was necessary to 
implement a segmentation method that separates the 
hazelnut from the background. The second stage of 
segmentation was developed to separate the region defined 
by the hazelnut shell from the region that sets the crown of 
the hazelnut. From these segmented regions several 
features are extracted that allow the classification of the 
hazelnut cultivar. 

a b 

Figure 1: Side (a) and Top (b) Perspectives of a Hazelnut 

Background segmentation 

The strategy used for removing the image background 
consisted in a.floodjil/techniquc, which was applied to the 
three planes of the HSV color model (HSV stands for hue, 
satmation and value) . 
The .floodji/1 method operates by filling a connected 
component starting from the image orig in point (in this 
case, a background point) with the specified calor (e.g. 
black). The connectivity is determined by the 
color/bright11ess closeness of the neighbor pixels. The 

pixel at (x,y) is considered to belong to the repainted 

domain if Equation ( l) is verified: 

img (x',y ')h -loDi/1;, :::; img(x,y)~o :::; img(x ',y'), +11pDijJ,, 

img (x',y'), - loDijJ,:::; img(x,y), <::; i mg(x ',y '), + up Dif.l; 

img(x ',y'), - loDif.f.. :::; img (x, y ),. <::; img(x ',y '), +upDiff. 

(1) 

where img(x',y ') is the co mponent value of one of the 

neighbor pixels that is already known to be long to the 
domain (background). That is, to be added to the 
connected component. a pixel's calor/brightness should be 
close enough to the col or/brightness of one of its neighbors 
that are a lready referred to the connected component. The 
lo~iJf values in equation ( 1) are the max imal lower 
bnghtness/color diffe rence between the cunently obse rved 

pixcl and one of its neighbors belonging to the component. 
The upDijfvalues are the maximal upper brightness/calor 
difference between the CUITently observed pixel and one of 
its neighbors belonging to the component. 
In the images presented in Fi!,,'llre 2 one can observe the 
existence of small regions of the background image that 
were not diluted by the process of jlooc[ftll. genera lly 
appearing as small bright dots. The removal of these 
regions was performed by a blob coloring algoritlun 
(Chang et a l., 2004) which removes the connected pixels 
that form a reg ion with an area less than I 000 pixels. 

a b 
Figm·e 2: Result of the Backgrmmd Segmenta tion 

Algorithm Applied to the Side (a) and Top (b) Images 

Figure 3 shows the segmentation masks created after 
applying the referred algoritlun. The obtained binary 
images will be subsequently used for features extraction. 

•• 
a b 

Figm·e 3: Segmentation Result after Applying the Blob 
Coloring Filter Algorithm (a: Side Image; b: Top Image) 

Sheii/Crown segmentation 

The visual organization in the hazelnut shell and in the 
hazelnut crown supplies important information to 
discriminate the hazelnut cultivars. This fact raises the 
need of sepm·ate those regions. 
In the image of the top perspective, Figure I b, one can 
observe the hazelnut crown. The extraction of the set of 
pixels that define the crown o f the hazelnut is a complex 
and difficult task since the contour that states the border 
region between the crown and the shell is not uni form and 
stable. Moreover, both the stmctures o f the shell and 
crow11 regions are very variable presenting a texture 
organization and a brightness distribution hard to predict. 
In this case. an unsupervised method was used for the 
segmentation and was performed using a c lassic clustering 
method, namely the k-means (Lloyd, 1982) according to 
Equations (2) (3). The input vector for the clustering 
process is obtained from local and independent features. 
The aggregat ion is done for two classes (shell <md crown) . 
The k-means clustering algorithm is a c lustering technique 
that allows us to group da ta based on its similarity by 
minimiz ing an objec tive function. G iven an initial set of k­
means m1 lll, . .. ,m kn J, which is specified by the k-means++ 



algoritlun (Arthur, 2007). the k-means algorithm proceeds 
by alternating between two steps: 
- Assignment step (assign each observation to the cluster 

with the closest mean): 

Update step (calculates the new means to be the 
centroid of the observations in the cluster): 

(3) 

The algorithm is considered to have converged when the 
assignments no longer change. 

The input samples that were used as data to the clustering 
method derived from the saturation color plane and from 
the brightness plane (the hue pl ane viaS not sufficiently 
discriminating. thus, it was not considered). 
Having the .flood/ill operation resulting mask for the top 
image of the hazelnut. a scanning window of 5 by 5 pixels 
was applied, pixel by pixcl. to sample the nei gl1bor pixels 
that contain information about the central ]JL'i.el of the 
scmming window. The obtained data for each window, is 
then processed aiming the calculation of three features : the 
brightness average of the sca1ming window overlapped on 
the brightness plane, the saturation average of the scanning 
window overlapped on color saturation plane and the value 
of kurtosis following the equation: 

(4) 
Kurtosis = ( ;

1 

::
1 

_ : )" 3 
- 2)x, - x) 
11 ,-~ 

where n is the number of pixels sampled fiom the scanning 
window on the brightness plane. 

Thus, the aggregation of pixels to one of the two classes 
(shell and crown) is based on the information from 
eolor/brightness and fi·om texture information (kurtosis). 
Figme 4a shows the binary region obtained when the 
method is applied to a hazelnut top image. Figure 4b 
corresponds to the outline of the referred region after 
applying a contour detector, in this case the Canny 
operator (Canny, 1986). 

a b 
Figure 4: An Example of the Region (a) and its Contour 

(b) that is Calculated by the k-means Segmentation 
A lgorithm 

The organi zation o f these features is not consistent for the 
entire regions, crown and shell. This makes the process 
insufficiemly capable of correctly perform the 
segmentation of the two regions in a large number of 
images. In most cases, this leads to undersegmcntation. as 
can be observed in Figure 5. 

Figure 5: Result of k-means Segmentation Based in Three 
Featmes. The Arrow in the Image Evidences an 

Undersegmented Area 

Thus, it was necessary to complement this strategy with a 
method based on the result achieved by the k-111eans 
process. The chosen complementary process nmes the 
results based on a visual knowledge o f the problem in 
question, that is, on the visual characte ristics of the 
hazelnuts. This knowledge is reasoned on the fac t that 
most of the hazelnuts observed show some segments of 
contours. darker and different iable. which helps to set the 
boundary between the crown region and shell region, as 
pictured in Figure 6. These segments/points were used to 
improve the segmentation between crown and shell , being 
comprehended as key points. 

Figure 6: Image Evidencing Some Visual Key Points 
which are used to Detect the Crown-Shell Border 

The algorithm used to find the key points referred in tl1c 
last section. is described by the following steps: 

1. Calculate the centroid of the crown region segmented by 
k-means method (as represented in Figure 4a); 

2. Calculate the con tom of the crown region, segmented by 
the k-means method, using a Canny operator (as 
represented in Figure 4b); 

3 . Plot 180 radius o f 140 pixels for sampling on the 
brightness component, centered at the centroid 
calculated in I: 

4. Scan on each radius, from the center to the periphery, 
unti l it finds the contour pixel obtained in 2; 
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s. Calculate the gradient along each radius. only for the 
pixels sampled on the radius and are outside the 
contour obtained in 2, using the following mask: 

I i - 2 I -i I 1 I i ll I i +2 I 
I o.s I o.s I _, 0 0 

6. If the value of the calculated gradient is greater than 
30% of the pixcl value i and the value of pixel i is less 
than the threshold 85, then stop the current scan on the 
sampling radius and mark the pixel i (the key point) 
with a marking value (e.g. 255). 

Figure 7 shows the algorithm evolution finding the key 
points. In this process. the scanning radius are cut when, 
searching from the outline, a key point is detected. The 
detection of key points is based on the external direction of 
the scanning radius, the local gradient on the sampling 
pixels and a threshold value for the sampling pixel. 

Figure 7: Image Illustrating the Segmentation Algorithm 
Searching the Key Points 

Additionally, an outlier remover over the key points 
detected was also used. Its mechanism is based on the 
distance L2, which is calculated as the difference between 
the key point distance to the boundmy obtained by the k­
means process ;md its standard deviation value for all key 
points. The key points calculated by the present algorithm 
are shown in Figure 8, which also shows the contour line 
obtained by the k-means segmentation process. 

Figure 8: Image Showing the White Dots that were 
Detected by the~ Key Points Finder Algorithm and the 

Outl ine that was Calculated Using the k-means 
Segmentation 
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After detecting the key points ex1stmg in the bound;u-y 
between the crown and the shell, a convexity operator 
(Sklansky, 1982) to find the convex hull of a 2D point set 
was applied. That set is formed by the contom points 
established as described in step 2 of the algoritlun used to 
find the key points and simultaneously is formed by the 
calculated key points. The goal is to obtain a more regular 
contour and therefore improve the accuracy of the 
Shell/Crown segmentation process. The final result can be 
observed in Figure 9. 

Figure 9: Image Illustrating the Final Crown Contour after 
Applying the Convex Hull Operator 

CLASSIFICATION 

F ea lures usedfor classification: 

Using d1e binary segmentation results (Figure 3), which 
contain segmentation information of the hazelnuts in the 
side view. top view and the crown region on top 
perspective. shape descriptors are used to numerically 
encode morphological characteristics of these regions. 
These numeric descriptors are also used to make the 
feature space more stable among the instances of the same 
hazelnut class/cultivar. On the other hand. they arc useful 
to make the feature space a better discriminator of the 
different hazelnut cultivars. Simultaneously they minimize 
the problem of the curse of dimensionnlity present in the 
classifier. All this has a main goal to promote the 
generalization of the classifier. 
From each of the three segmented regions obtained (top 
view, side view and crown region on top perspective) five 
features were extracted, namely the Area, the Aspect, the 
Spread, the Hu first descriptor and the Hu second 
descriptor. The last four ones are descriptors that mainly 
relate the two-inertia axis of a region, retuming a value 
that cotTesponds to a flmdamental morphological aspect of 
that region. These descriptors are obtained by calculating 
the moments U(p. q) , according to equation (5). of order 
(p, q) in two-dimensional binary images. 

X y 

Where p,. and f-l,. correspond to the centroid of the region 

concerned. 



... ,. 

The equation (6) allows the normalization of the moment 
to the scale : 

V( ) = U(p,q) 
p ,q ~M(O,O)("+q+ 21 

(G) 

where M ( 0, 0) is the area of the region being processing. 

The eigenvalues of matTix V, equation (7), A1 and ~can 

be used to establish rotation independent descriptors. 

V =[V(2,0) V(l , l)] 
V(l, l) V(0,2) 

(7) 

The following equations (8) (9) define the Aspect and the 
Spread, respectively (Masters. 1994). 

l A. l -
1 -0.99999 

Aspect = 2log A~ ? 
J._ 

(
AI +A, -0. 158 ] 

Spread = 2 log ---=--..:...-- --
0.092 

(8) 

(9) 

Like the Aspect and Spread descriptors, the Hu descriptors 
(Hu, 1962) arc also independent to the rotation, being the 
first two Hu dcscriptors defined by equations (I 0) <1ncl ( 11) 
, respectively: 

Hul = V(2 ,0)+V(0,2) (10) 

Hu2=(V(2 ,0) -V(0 ,2)] 2+ 4(V(l, l)] 2 (11) 

The ratio between the crown anclthe shell areas on the top 
perspective was also used as a descriptor. Therefore, a 
total of 16 descriptors were used to extract the features 
used for cultivars classification (Table I). All the used 
descriptors were normalized to an interval [ -1:1] to 

minimize. among others. the effects of bad conditioned 
matrix on the neuronal classifier. 

Table 1. Features used in the classification stage. 
Binary Side Binary Top Bimu-y 

Image Image Crown Image 

Area X X X 

Aspect X X X 

Spread X X X 
Hut X X X 

Hu2 X X X 
Crown-Shell X 
Area Ratio 

Classifier: 

Fcedforward Backpropagation (Rumelhart et al. , 1986) is, 
probably. the artificial nemal system most widely used in 

pauem recogmnon applications. It is based in the 
perceptron neuron. In the majority of the supervision 
applications this neural network presents a good 
generalization behavior and shows good computat ional 
performance. These were the initial presuppositions that 
led us to choose this network to be used as the classi fier. 
The backpropagation algoritlun used for trammg 
feedforward networks is based in the gradient descent. 
This method allows us to automatically set the weights of 
the neurons in a way to minimize the error between the 
target pattern set and the output pattem set. After the end 
of the training, the neural network must map the input 
vector into an output vector without error. In this 
application the input vector contains the values from the 
sixteen descriptors and the target/output vector will 
represent the hazelnut classes in a binary way, establishing 
one logical bit for each class. 
This kind of neural netw·orks consists in several layers, 
generally presenting at least one hidden layer and one 
output layer. Each neuron has an activation function, being 
in most cases a sigmoid function. The output value of each 
neuron can be represented by the following equation (12): 

(12) 

where n identi lies the neuron within the I layer. W is the 
weight placed between the neuron n of the layer I and the 
output neuron m of the previous layer. or in the case where 
this layer is the input layer, m will indicate an input node 
of this neural net. X are the values of the neurons in the 
previous layer. b represents the biases of the neuron 11 at 
the layer /. M is the number of neurons for each layer. j(.) 
is the activation function that can be the sigmoid function 
represented in equation (13): 

f(v)== -
1

-
1
-, (13) 

+e 

In a backpropagation network, the learning process 
proceeds in two steps. First, each input pattem is presented 
to the network and propagated forward to the output. 
Second, the gradient descent is used to minimize the total 
eJTor on the patterns in the training set. In 6'fadient descent, 
weights are changed in proportion to the negative 
derivative error with respect to each weight. as described 
by equation ( 14): 

L'l.W . rx (l ,u.m) 

8£ 
(14) 

aw (/,n .m) 

where E is given by the equation ( 15): 

E = ~ L: L: u;,_,) - ~ .... Y 
I 11 

(15) 

where Y is the ac tivation of output unit n in response to 

pattern i and T is the target output value for unit 11 and 
pattern i. 
The neural network was trained using 75 % of the images 
that were accepted after being submitted to the 
segmentation process. The remaining images (25<Yo) were 
used to test and validate the neural classifier. The training 
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and validation sets were different and randomly obtained 
from the total set of hazelnut images. Several runs were 
performed using different structures for the neural network 
model and the best cl as si fication results were obtained 
using the follo\ving architecnu·e of the neural classifier 
(multi layer perceptron): 

• input layer: I G nodes; 
• a unique hidden layer: 8 nodes; 
• output layer: G nodes; 
• activation function: sigmoid bipolar; 
• training algorithm: Delta-Bar-Delta (Jacobs, 

1988). 
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The segmentation results were obtained in two phases. The 
first phase consisted in the segmentation that separates the 
hazelnuts from the background using thejloodfi/1 method. 
The second one, separates the crown from the shell of the 
hazelnut using the k-means method and the developed 
ttming algorithm. 
The results are presented in the Table 2 that holds 
information about the acceptance ratio for images where 
the undersegmentation value, or the oversegmentation 
value, did not reached a rejection threshold. If 20%. or 
more, of the pixels in the segmented region were grouped 
wrongly, then the hazelnut image is rejected and will not 
be classified. 
The tmderscgmentation images and the oversegmentation 
images were not used in the training and in the 
classification process. 
In this study. a total of 288 hazelnuts were used. 48 for 
each hazelnut cultivar. The mean acceptance ratio after 
applying the segmentation process to the original images 
was 87.2%. 
The images of the Figure 10 evidence the enhancement 
created by the segmentation algorithm based in key poi nts 
(images on colmrm b ) when comp;u·ed to the segmentation 
based only in the k-me011s (images on cohmm a). 

a b 
Figure 10: Enhancement Produced by the Developed 

Segmentation Algorithm (a : k-means; b: Algorithm Based 
in Key Points) 

-., 

Table 2: Acceptance Ratio by Cultivar 

Butler Ennis Mot·cll Negrcta SMG 
Tonda 
Giffoni 

acceptance 
87.5% 87.5% 83.3% 93.8% 75% 95.8% 

ratio 

Class(ficarioll resulrs: 

The classification results for the test set. using the 
multilayer perceptron. are shown using a confusion matrix 
(Table 3). The average rate of correctly classified 
hazelnuts cultivars was 90%. 

Table 3: Confusion Matrix Showing the Classification 
Results Regarding the Six Cultivars 

Butlc 
Ennis 

Morel Ncg•·ct 
SMG TG 

r I a 

Butler 88. 1% 11.9 
% 

Ennis 9.5% 
90.4 
% 

MOI'Cil 100% 

Ncgrct 
ll 

15.5% 84.4% 

SMG 75% 25%. 

TG 
100 
% 

CONCLUSIONS 

The proposed segmentation algorithm improves the system 
global performance when compared to the k-mea11s 
segmentation wi thout any additional mechanism. The 
classification process is highly dependent on the results 
supplied by the segmentation method. Thus, the 
classification results arc enhanced by using the 
segmentation algorithm proposed. It should be noticed that 
the referred algorithm was not designed to n·eat the 
oversegmentation tuning, only the undersegmentation 
tuning. Although the last case is the most fi·cqucnt, 
overcoming the oversegmentation case would lead to 
better results. 
Some images were erratically segmented, even using the 
tuning algoritlun. The main reasons for this occwTence are 
some visual artifacts that lead the algorithm to find wrong 
key points. In fu ture work it will be necessary to improve 
the heuristic that is the basis of the tuning segmentation 
algorithm. Moreover, most of the rejected images in the 
segmentation process were due to a bad perfonnance of 
thejloodji/1 algorithm. This method was not robust enough 
and needs to be improved or replaced by other technique. 
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ABSTRACT 

The use of thermonebulisation fogging systems for 
postharvest fungicide treatments of lhtits is a recent 
development. A three-dimensional computational fluid 
dynamics (CFD) model was developed and validated to 
investigate the distribution of fungicide particles inside a 
cold storage room of 4.75m deep, 4.2m wide and 4.0m high, 
and loaded with apple fruit in wooden bins. The modelling 
was based on an Eulerean-Lagrangian multiphase flow 
model. The model took into account dispersion of the 
particles due to tmbulcnt airflow. The particle diameter 
distribution at the exit of thermonebuliser. and the velocity 
and temperature of the nebulising air were measured and 
used as an input to the model. The fruit loaded in vented bins 
was considered as a porous medium. To determine pressure 
loss coefficients to the three orU10gonal directions a 
mul tiscale approach was followed. The effect of air 
ventilation rate and ventilation interval on deposition of 
fungicide was investigated. The highest fungicide deposition 
was observed dtuing fogging without ventilation while the 
lowest deposition conesponded to fogging with the highest 
ventilation rate (6800m3 h-1

). Good agreement was found 
between measured and predicted results of deposition of 
fungicide part icles. 

INTRODUCTION 

Fungal growth is the cause of most postharvest decays 
(Amiri & Bompeix, 2005). Postharvest treatments have been 
proposed to control fungal storage decay of fmits (Droby. 
2006; Yorstermans et al.. 2005). Since this method directly 
targets the fh1it rather than the whole orchard. it has been 
claimed to be cheaper than the corresponding preharvest 
application (Berrie 1993). Postharvest fungicides are usually 
applied using dipping or drenching of the fruit in a fungicide 

solution. This treatment method has some drawbacks. A 
suboptimal treatment could aggravate the fungal diseases, 
the dirt and dust in the fungicide solution can reduce the 
elTect iveness of the fungicide treatment, disposal of the 
fungicide solution to the environment is a challenge, and it is 
labour intensive (Moggia et al. 2003; Bcrtolini et al. 1995). 
To overcome these drawbacks, there is an interest in U1e use 
of fungicide application systems in the cold storage room. 
Thennonebulisation is one such method that generates fine 
fungicide p;u·ticles by an aerosol electrical generator at ± 
190°C (Bompeix :md Clolodowski-Faivre 2000). 

The design of fungicide fogging systems for fruit storage 
rooms needs to take into accow1t the room design, the air 
circulation and cooling system of the room, the stacking 
pattern of the bins. the bin design and the stacks of fmit 
inside the bins. Progress towards practical implementation of 
the new fogging teclmologies has been slow because the 
mechanisms of fungicide distribution and deposition are not 
fully understood. Experimental studies arc both difficult and 
expensive: the use of accurate computer simulations to St1.1dy 
effects of different parameters c;m greatly improve the 
operation and design of an existing and new fogging 
systems. The oqjcctive of this st1.1dy was to develop a 
validated CFD model of thennonebulisation fungicide 
fogging system for fruit postharvest treatments; and to apply 
the model to study the effect of air ventilation rate and 
ventilation interval on the amount and uniformity of 
fungicide particle deposition in a loaded fmit storage room. 

FOGGING SYSTEM AND STORAGE ROOM 

The model was based on a small scale storage room 
(Proefcentrum Fruitteelt v.z.w. , Sint-Truiden, Belgium) with 
4. 75m deep, 4.2m wide and 4.0111 (Figure l ). The cooling 
unit was centrally located near the ceiling at the back of the 
room. The thermonebulisation treatment was performed by 
using <m electrofog application system (Xeda International, 
St. Andiol, France). 
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Figure I: Cold Storage Room Layout Showing The Stacking Pattern, The Fogging Unit, The Cooler and The Fan: Left (Side View), 
Right (Top View) 

The system was installed in the door of the room; an access 
hole was made for this purpose in the control window 
(Figure I). The room was fogged using 600g of Xedathanc­
A (pyrimethanil 160g L-\ To quantify the amount of fogged 
particles deposited on top of every box in the loaded room, a 
19.3cm by 68cm piece of silver paper was warped over a 
wooden plank and placed over the lop of every box. The 
piece of silver paper was weighed before and after fogging. 

MODEL FORi\liULATION 

The CFD code used for this work was Ansys 12.0 (ANSYS, 
Inc., Canonsburg, PA, USA). The continuous air flO\v was 
solved using the Reynolds-averaged fluid flow equations: 

8(rppu,) = 0 
ilxi 

o(rjJpuJ + o(rjJpu,u ;) = - a(rpp) + 
et ox1 oxi 

(l) 

a [ o(rfm ) u(r/Ju1 ) J a - .- . -;-:- fl -~-. '-+ - .,.,-. . - + -_ (- (tjJpuiu; ))+S11 

()_\./ D.\} G.>, &; 

(2) 

where p is density of the air (kg m··\ 111 and ~~ arc !low 

velocities (m s·1
) ; 1 time (s): x1 and x

1
, the Cartesian 

coordinates in m; p is the dynamic viscosity of the air (kg (m 

s)"1
) ; and u 1' and l< are the fluchJating velocity parts: rjJ is 

the porosity: S" is the momentum source term (kg m·~ s·\ g; 

is t11e acceleration due to gravity (m s·1). The tcnn S" 
contained the resistance to airflow of the porous medium and 
the momentum exchange \Vith t11e discrete phase. The 

specific Reynolds stress term ( u;u ~ ) in equation (2) can be 

approximated by: 

-, -, p 1 [ 8ui ou1 J 2 , 
ll ll · =-- - .. -. + - -'-- k{). I ./ ~ ,-, . • ') lj p

0 
ox

1 
uxi .> 

(3) 

For closure, the shear stress transport (SST) turbulence 
model was used. 

The position of the fungicide particle (discrete phase) in the 
continuous air stream was tracked using a Lagrangian 
particle tracking multiphase flow model: 

dvp; 1 , I I ( ) I 1 ( ) m -.- =-npd·c, v -v . v-v + - Trcl' p -p " . +F. 
p dt 8 ( ' JH ' J!l 6 p L..,, L 

(4) 

where m, is the droplet mass {kg): d is the particle diametel 

(m): vi is the continuous fluid velocity (m s· '): v pi is the 

discrete particle veloci ty (m s"1
): c d is the drag coefficielll: 

pP is the discrete particle density (kg n{') and FL is tire 

Saffman !i ll force. The drag coefficient ( c, ) was calculated 

using an empirical correlation developed by Haider and 
Levenspiel (Haider & Levenspiel, 1989). To take into 
account the interaction between the two phases. two-way 
coupling with turbulent dispersion was considered. 

The domain for the simulation had half the size of tire 
refrigerated room (assuming symmet1y) including the 
cooling battery with the fan and the heat exchanger (Figure 
I). To take into account the interaction between tl1C two 
phases, two-way coupling with turbulent dispersion was 
considered. The f<m was modelled as a fan botmdary with a 
given pressure rise. The stacked product and the heat 
exchanger were treated as a porous med ium with a 
corresponding pressure loss coefficient. The pressure toss 
coefficients of tl1e flow through slotted loaded bines were 
approximated using a combined discrete element (DE)-CFD 
simulation (Delele et al. 2008) (Figure 2). All the solid 
surfaces were taken as no slip walls. For injecting the 
fungicide particles at the exit of the fogging unit, the 
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1casured particle size distribution and properties of the hot 
~\r that was used for the nebulisation were used. The particle 
~ize was described using the Rosin-Rammler distribution. 
The panicles that collide with a surface were assumed to be 
trapped. 

The computational domain was discretised using a 
tetrahedral hybrid mesh. The total number of cells was 
1,605,762. Prior to the injection of the particles, a steady 
state simulation was performed to a converged solution with 
a normalized scaled residual below I o· 1 of all equations. 
During the injection of the particles (for abour I Omin and 
)Os), a transient simulation was performed with a time step 
of !Os and 50 iterations per time step. Following the 
injection time of the pm·ticles, the lime step was gradually 
increased up to I OOs. The calculation was done using 64-bit. 
lntcl® CoreTM2 Quad CPU, 3 GHz, 8 Gb RAM, Windows 
Vista computer. 

Pressure 
Contour 1 

1
51.54 
48 .83 
46.11 
4 3.40 
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1628 
13.56 
1085 
8.14 
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0.00 
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o 800 (m) )""' 
0 <00 

Figure 2: Pressure Drop of Air Flow Through Randomly 
Stacked Vented Wooden Box, Superficial Velocity=0.5m s·1 

RESULTS AND DISCUSSIONS 

The 3-D velocity profile of the ventilation air and particle 
tracks in the loaded cold storage room is given in Figure 3. 

Figure 3: Ventilation Air Velocity Vector and Fungicide Panicle Tracks for Loaded Cold Storage Room: (a) Velocity Vector for 
Ventilation Rate of 6800m3 H-1

, (b) Pmticle Tracks for Ventilation Rate of 6ROOm3 H'1, (c) Particle Tracks with No Ventilation 

Part of the cooling air that exits from the cooler circulated 
back over the top of the stack to the fan without penetrating 
~he stack. The distribution of fungicide particles was highly 
Influenced by the room air flow profile. A significant portion 
of the fogged fungicide particles was taken by the return air 
over. the stack towards the cooler assembly. Fogging \Vith no 
v~nttlation created a particle distribution pattern that was 
dtfferent from the case of foooino with air ventilation 
( bb b 

compare Figure 3b with Figure 3c). Most of the parti cles 
that were generated by the nebuliser first went to the top and 
Penetrated the stack from behind. 
Th_e amount of deposition throughout the room was far from 
ll11Jfonn (Figure 4). In most locations. fogging with 
ventilation gave lower deposition than fogging \~ith no 

ventilation and the amount of deposition decreased with an 
increase of ventilation rate. In the case of fogging with 
ventilation, the highest amount of fungicide deposition was 
observed on the stack in front of the thermonebulisation 
system. Whereas in the case of fogging with no ventilation. 
the highest deposition was observed to the opposi te side of 
the thermonebulisation system (rear stack). Generally, there 
was a good agreement between measured and predicted 
amounts of f1mgicide particles deposited. During fogging 
with ventilation. there \Vas an over prediction of fungicide 
deposition on the bins that are located on the top ~md in front 
of the thermonebulisation system: and under prediction on 
the back side bins. This could be due to the tendency of the 
high velocity air that is coming fi·om the cooler to lift the 



deposited fungicide particle from the surface. The model did 
not take into account this behaviour. The effect of the 
ventilation interval on the amount of deposition was not 
significant. 

• Measured 6600rn3.•h // 
0 Measured 21 00m3Jh 

0 1•.•1easured no ventilation . 

--Predicted 6800 rn3!11 ·' 
0 .8 

~ --Predicted 21 00m3A1 / 
· Oi --Predicted no ventilation // 

g. 0 6 ~::::--~-------·//// "' k----........_ 

-g ·--------~ -~ ---
~ 0.4 --........___~_ 
0 ..... _ 

z [--__ .... --,....._____ 
------------ w --....__,_ 

0. 2 ------------- '-, 
------------ ---- t ----.:.-::~~ 

OL---------L-------~ 
1 2 3 

Row number along roorn depth 

Fif,'Ure 4: Measured and Predicted Deposition of Fungicide 
Particles on The Third Layer of The Stack 

CONCLUSIONS 

Thetmonebulisation of fungicides in storage rooms is an 
effective means to reduce postharvest rotting of fruits. The 
treatment is equally effective as a dipping procedure before 
storage. The distribution of the fungicidcs in the storage 
room needs to be optimized to reduce the spatial variability 
of the treatment. The effects of air ventilation rate and 
ventilation interval duration on the distribution of f1111gicide 
particles that were fogged by using a thennonebulization 
system were investigated. The amount and uniformity of 
deposition were a function of ventilation rate and venti lation 
intervaL Fogging while the ventilation system is off gave the 
highest deposition; whereas fogging during continuous 
ventilation with the highest ventilation rate produced the 
lowest deposition. The highest and the lowest uniformity 
were 75.8% and G3.9% that were observed during a 
refi·eshment rate of 26.3 volumes h-1

• for a ventilation 
interval of 30s/60s and 60s/60s. respectively. To maintain 
the required amount of fungicide deposition with the highest 
uniformity, the optimal combination of ventilation rate and 
ventilation interval must now be determined. This 
combination can be determined by a number of experiments 
that are commonly expensive, time consuming and di flicult. 
Alternatively, since computers arc becoming more powerf11l 
and less expensive this can be performed by using validated 
computational flu id dynamics (CFD) models, as 
demonstTated here. 
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ABSTRACT 

The objective of this work was to investigate water 
transport at the microscale level of fruit tissue. taking into 
account the microstructural architecture of cell assemblies 
in the tissues. Quantification of the microscale phenomena 
will allow us to better understand and control quality 
changes as a consequence of water loss. Pear (Pvnts 
communis L. cv. Conference) was chosen as a n{odel 
system. The microstructure of cortex tissue was modelled 
based on light microscopy images. The transport of water in 
the intercellular space, the cell wall network and cytoplasm 
was modelled using diffusion laws and iiTeversible 
thermodynamics. The model equations were solved using 
~he finite element method. For the first time, water transport 
111 Conference pear fmits was quantified at the micro scale 
level with different water transport properties of the 
microstructural components obtained experimentally or 
from literature. The apparent water conductivity of pear 
cortex tissue was calculated based on the microscale 
simulations. The values corresponded very well with 
measured values of tissue conductivity. The model 
explained the relative import;mce of the different 
microstructural features (intercellular space. cell wall. 
membnUJe and cytoplasm) for water transport. 

INTRODUCTION 

Extending the postharvest life of horticultural produce 
requires knowledge of all the flic tors that can lead to loss of 
product, as well as the use of this knowledge to develop 
affordable technologies to minimise the rate of 
deterioration. Water loss equates to loss of saleable weight, 
and thus continues a direct economic loss. Loss in weight of 
only 5 percent will cause many perishable commodities to 
appear wilted or shrivcled (Wills et al., 1998 ). Measures 
that minimize water loss after harvest will usually enhance 
profitability. 

Modeling is a tool that provides better knowledge of 
Wat~r movement in horticultural products. There arc two 
basrc approaches to model water transport processes in 

J an Canncliet 

Empa -Materials Science & Technology, Di.ibendorf. 
Switzerland 

tissue: the macroscopic contimrtun approach and the 
microscopic approach. The macroscopic approach assumes 
that the tissue is homogeneous and the modeling is carried 
out on the lumped properties of pores, cell wall, cell 
membrane and cell vacuole (Nguyen et al.. 2006, Nguyen et 
al., 2005, Veravcrbeke et al., 2003).The microscopic 
approach recognizes the heterogeneous properties of the 
tissue and the complex cellular structure is represented by a 
geometrical model (Marcotte et al.. 1993, Toupin et al., 
1989,Yao et al., 1 996). In the latter approach. Philip 
( 1958a) related the celluhu· volume changes of a single cell 
as a function of time to the membrane permeability, elastic 
modulus and the concentration of solutes in the cell and in 
the solution. He developed a conceptual model which 
consisted of a linear arrangement of uniform cubic cells to 
represent a cellular tissue (Philip et al.. 1958b). The 
analysis was restricted to non-difftrsible solutes and water 
could only move between adjoining cells. Molz and 
Hornberger ( 1973) extended Philips model to both 
diffi.rsiblc and non-diffusible solutes based on the themy of 
non-equilibrium thermodynamics. However, the linear 
aggregate cell model still failed to take into accmmt the 
f1ow within the cell wall. Molz and lkenberry ( 1974) 
modified the linear aggregate model by taking into 
consideration the cell wall pathway. The conceptual model 
was a linem· aggregate of cubic cells sunoundcd by layers of 
cell wall material. The cell wall pathway and the cell to cell 
path>vay were coupled through the transmembrane f1tL'-. 
Molz et al. (1979) developed a lumped circuit analog fi·om 
the previous concepts by using arrays of resistors and 
capacitors. It was shown that the cell membrane resistm1ce 
can delay the response of the cells and play an important 
role in osmotic dehydration. Toupin et al. (1989) simplified 
a plant cell as a cylindrical equivalent consisting of two 
hollow coaxial cylinders and a membrane located between 
the two cylinders. The cylindrical equivalents were attached 
to each other to fonn a continuum The conceptual model 
not only provided a means to permit concentration gradients 
to exist in the extracellular volume. but also allowed for 
mass exchange between the intracellular and extracellulm· 
volumes for one dimensional mnss tmnsfer analysis. Later 
the model was modi fied by Marcotte et al. (199 1) to give a 
closer thermodynamic description of the forces involved in 
dehydration processes. Nowadays, although the water 
relations in a single plant cell are adequately described and 
understood. the tTansport events in cell aggregates m·e too 
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complex to be cletennined by this basic theory. The actual 
microstmctural architecture of tissues has to elate not been 
taken into account. 

The objective of this paper was to solve the water 
transport processes in the real microstmctural confit,ruration 
of pear tissue. The model distinguishes different pathways 
for water transport: the intercellular pore spaces, the cell 
walls. the cell membrane and the cytoplasm. The model was 
solved to directly obtain the apparent water conductivity of 
the pear corte~ tissue that was measmecl previously 
(Nguyen et al. , 2004). Water transport properties of the 
tissue components were measured or obtained from 
literature. 

MODEL FORMULATION 

Construction of a 2D geometric model of pear cortex 
tissue 

Light microscopic images of cortex parenchyma tissue of 
pear (Pyms couummis cv. 'Conference') were used as a 
basis for 2-D geometric model (see Mebatsion cl al. (2006a) 
for more detai ls about sample preparation and microscopy). 
The images were digitized in the Matlab programming 
environment version 7.0 (The Mathworks. Natick, MA) by 
in house developed software. The ellipse tessellation 
algorithm developed by Mebatsion et al. (200Gb) \vas used 
to generate an equivalent tissue geometry of cells 
represented by trw1cated ellipses. The cell wall was defined 
by shrinking t11e cell geometry until the desired cell wall 
thickness. The cell wall thickness was determined from 
tnmsnuss1on electmn microscopic images. The 
representative geometry of the tissue was then expm1ed into 
a finite element simulation code (Comsol Multiphysics 3.5, 
Comsol AB, Stockholm. Sweden) via a Matlab interface 
(Mebatsion et al. , 200Gb) . The plasma membrane is only 
about 8 mn thick (Gunning and Steer 1996) and was not 
expected to have a significant influence on the numerical 
results. It was, therefore. not included in the model 
geometry. 
To study the effect of microstmctural variations of tissue on 
apparent diffusivity, eight equivalent geometries of 
microscopic images were generated using the ellipse 
tessellation algorithm. 

Microscalc model of water transport 

The transport of water in the intercellular space, the cell 
wall network and cytoplasm were in terms of gradients in 
water potential modeled using diffi1sion laws <md 
irreversible thermodynamics (Nobel et al. , 1991 ): 

(l) 

V J = p _ ,._. L\. If/ 
111 p"'. 111 RT 

(2) 

where i refers to air, cell wall or cytoplasm; p~, [kg nf3
] is 

the dry mat1er density. c:., ::::: oc:./ o lj/ [ (kg kg- 1
) Pa-1

] the 

water capacity and K;,. [kg (m s Par 1
] the water 

conductivity of the different components. J, [kg m·2 s·1] is 

the flux tlu·ough the cell membrane, Pw [kg m·3] the density 

of water. P, fm s-1
] the permeability of the men~~ra~11e. V

11 

[m3 mor1
] the molar volume of water, R [J mol K l the 

universal constant and T [Kl the temperature. 
The model equations were solved using the finite element 
method in Comsol Multiphysics to investigate the 
sensitivity of the model parameters and the effect of 
microstmctural variation of pear tissue. The conditions of 
the simulations were 25°C and a difference of relative 
humidity of 4'% RH (99% to 95% RH) across the samples. 

Model parameters 

Table I. Model parameters (25°C) 

Parameter 
self diffusivity of 
water inside cells. 
De 
water capacity of 
cell content, C/ 

dry matter density 
of cell content, 

c 
Pdm 

conductivity 
inside cells, Kc 
water v<tpour 
cliffusivitty, Da 

dry density of air, 
" Pdm 

water capacity of 
air, C./ 
conductivity of 
water vapour, Ka 
conductivity of 
cell walL K" 

dry mater density 
of cell wall. P,Jm 

w 

water capacity of 
cell wall, c,,"· 
permeabili ty of 
cell membrane. 
Pm 

Value 
5-5oo x w-12 

m2 s·1 

4 x 1 o-6 Pa-1 

140.43 ±1.86 
kg.m-3 

2.42 x w-5 

m2 s-1 

1.184 kg m'3 

1.3 X I o - lt) Pn'1 

D,,Pdm"C~;· 

10.30±2.98 X 

10-16 kg s·l m· l 

p -1 a 
5~Ul35 kg m-3 

70 X 10'6 Pa'1 

17 x 10·6 m s·1 

Source 
PNAS 98 (4) 
1577-1582 (200 1) 

J. Food .Chem 
1 04(2) 551-558 
(2007) 
Experimental result, 
clear fruit juice 

CRC Handbook of 
Chemistry and 
Physics. 75th ed. 
(1994) 

Psychrometries 

Experimental result. 
artificial cell walls 

Experimental result, 
artificial cell walls 
Experimental result, 
art ific ial cell walls 
Experimental result 
protoplast swelling 
ex12eriments 

Table 1 lists the model parameters used in the simulations. 
The properti es of cell wall were determined on artificially 
produced cell walls, of which the composition can be 
controlled and the struchtre investigated. Artificial cell 
walls that contain bacterial cellulose, pectin and xyloglucan, 
have been prepared using cultures of Gluconoacetohacter 
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xvlimts in Hestrin and Schramm medium (Astley et al. 
?ooJ: Tokoh et al. , 2002; Cybilska et al. 20 l 0). The 
; ffective water conductivity and diffusivity of the artificial 
cell walls were measured using diffusion cells adapted fi·om 
Nguyen et al. (2004) at different conditions of temperature 
and relative humidity. Desorption isotherms of artificial cell 
walls were measured using the hygrometric instmment 
method (HIM) adapted from Nguyen et al. (2004). The 
membrane permeability was measured by swelling and 
slu·inkage experiments on isolated protoplasts under a light 
microscope, image analysis and fitting of the penneability 
10 the model equation. The other parameters were obtained 
fromliteratme. 

RESULTS AND DISCUSSION 

The lowest value of water conductivity of the artificial cell 
wall was found for cell wall sheets containing bacterial 
cellulose with pectin and xyloglucan while the highest value 
was found for pure bacterial cellulose (BC). From the result 
adding pectin had a strong effect on the conductivity, while 
xyloglucan did not have any appreciable effect. Hydration 
of the added pectin at a high relative humidity may well 
reduce the porosity of the cell wall material, resulting in a 
smaller diffusivity .The effect of temperature on the 
conductivity was also noticed .The diffusion coclTicient 
more than doubled when temperature increased from 3°C to 
25°C. 

Model simulations of steady state water transport 
were performed on the 8 pear tissue samples, where a 
difference of 4% RH (99% to 95'% RH) across the tissue 
and insluation in the sides were implemented. In these 
conditions we can neglect cell deformation. The apparent 
water conductivity of pear cortex tissue was calculated 
based on fick's first law as follows in equation 3. 

(3) 

The values corresponded well with the lower range of 
measmed values or tissue conductivity as can be seen in 
Table 2. the fact that it was not possible to predict the high 
range of values may be attributed to the fact that the 2D 
model is unable to take into account the 30 connectivity or 
the pore space (Ho et al., 2009). 

Table 2. Apparent cortex tissue water conductivity of pear 

Experiment 
(Nguyen et al., 2004) 
3.92 ±0.76 x 10-15 to 
11.57 ±2.38 x w- 1

" 

Model 
(present result) 
:u 7 ±0.3o x 1 o-1

' 

The model explained the relative importance of the different 
microstructural features (intercellular space, ce ll wall, 
membrane and cytoplasm) for water transport and 
differences in conductivity due to differences in the 
lllicrostructmal geometry (Figure 2). 
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Figure I. Microscale simulation of water transport in pear 
cortex tissue (8 different gcometries). The plot shows water 
potential (Pa). The simulation was done at 25°C and a 
difference of 4°/., RH (99% RH on top to 95% RH on the 
bottom of each geometry) across the tissue. 
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Figure 2. Detail of microscale simulation of water transport 
in pear cortex tissue ( 1 different geometries). The plot 
shows the water potential (Pa) distr ibution in cell, cell wall 
and air space. The simulation was done at 25°C and a 
difference of 4% RH (99% RH on top to 95% RH on the 
bottom of each geometry) across the tissue. 

CONCLUSIONS 

For the first time, microscale water transport in pear cortex 
tissue was described at detailed level by incorporating 
water transport properties of the pores, cell wall, cell and 
cell membranes. The \Vater conductivity of artificial cell 



walls was measured. The model predicted the apparent 
tissue conductivity of pear cortex tissue in the same range as 
that experimentally measured. The model can be improved 
further by taking into account 3-D connectivity ;md 
shrinkage effects. 

ACKNOWLEDGEMENTS 

Financial support by the Flanders Fund for Scientific 
Research (project FWO G.0603 .08) and K.U. Leuven 
(project OT 08/023) is gratcfltlly acknowledged. 

REFERENCES 

Astley, O.M.; E. Chandiaud; A.M. Donald; and M.J Gidley. 
2003. "Tensile detormation of bacterial cellulose compos1tes". 
lnteranational Joumal o.f /Jio/ogica/ Macromolecules, 32,28-
35. 

Cybilska, .1. ; E. Vanstreels; Q.T. Ho; C. COLn·tin; C .Cracyveld; 
B.M. Nicolai: /\.. Zdunek; and K. Konstankiewicz. 
2010."Mcchanical characteristics of arti ficial cell walls." 
Jounwl o.f Food I.::11gilleering, 96:287-294. 

Gunning ,B.E.S. and M. W. Stcer. I996.Piant cell 
bio/ogy:stmcture and.fimction ..I ones and Rartlett, Boston 

Ho, Q.T.; P .Verhovcn; ILK .Mebatsion; B.E Yt!rlinden ; S. 
Vandcwalle; ami B.M NicolaL 2009. "Microscale mechanisms 
or gas exchange in fruit tissue." New Phl'folog ist, 12, 163-174. 

Marcollc, M.; C.J .Toupin ; and M. Le Maguer. 1991. "Mass 
trnnslcr in cellular tissue. Pan 1: The mathematical model." 
.!ounwl qf'Food Engineering, 1:1(3), 199-220. 

Mebatsion, H.K.; P .Verboven; B.E. Vcrlinden; Q.T. Ho; T.A. 
Nguyen; and B.M Nicola'i. 2006. "Microscalc modelling of 
fruit tissue using Voronoi tessclations." Computers and 
1:.'/"cfronics in Agriculture. 52:36-48. 

Molz, F.J. and G.B .Jlornherger. 1973. "Water transport 
through plant ce lls and cell walls." Soil Science Society of 
American Proceedings, 38, 699-704. 

Nguyen, T.A.; T. Dresselaers; P .Verboven ; G. D'hallt!win: N 
.Culledu: P. Vnn Hecke: and 13.M. Niculai .. 2006. " Finite 
clement modelling and MRI validation of 3Dtrnnsienl water 
profiles in pear during posthmvest storage." .Joumal q( the 
Science of Food a11d Agriculture, 86, 745-756. 

Nguyen, T.A.: L'. Vcrboven; N.Scheerlinck: S .Vandewalle: and 
B.M .Nicolai. 2004." Estimation uf effective dilli.1sivity of 
pear tissue <ll1d cuticle by means of a numerical watt:r 
dilli1sion model." .Joumal q( Food Engineering, 72( I ):63-72. 

Noblc,P.S . I99I.Physicochemical and enviromental pla111 
physiology.Academic press,San Diego 

.. ,. Philip, J.R. l958b ."Propagation of turgor and other properties 
through cell aggregation." Plant Physiology, 33, 27 1-274. 

Toupin, C..T. : M. Mnrcoue; and M. Le Mngucr. 1989. 
"Osmotically induced mass trans1Cr in plant storage tissue: A 
mathematical model." Part I. .loumal of Food Engineering, 
10( 1),13-1 !1. 

Veravcrbeke, E.A.; P .Verboven; P. Van Oostveldt; and B.M. 
Nicolai. 2003. "Prediction ur moisture loss across the cuticle 
uf apple during storage Part I model development and 
determinntion or difh1sion ..:oefficicnts." Postlwrvest BiologF 
and Teclmologr, 30. 75-88. 

Wills ,R.; 13 .M..:Giasson : D. Graham : and D . .Toyce . L 998. 
Postharvesf: on introduclion to the physiology a111/ handling 
of fruit. vegetables and omamentals.4th edition, CAB 
IN TI:.'N.NAT!ONAL Wil/ing.ford Own, UK. 

Yao, Z. and M. Le Magucr. 1996. "Muthematical modelling and 
simulation of mass trans!Cr in osmotic dehydration 
processes. Part 1: Conceptual and mathematical models. " 
.Joumal o.f Food f:.'ngineering, 29(3-4), 349-360. 

AUTHOR BIOGRAPHY 

SOLOMON WORKNEH FANTA was born in 
Addisabeba, Ethiopia and went to Bahir d<"lr university, at 
Ethiopia, where he studied chemical engineering and 
obtained his degrees in 2004. After doing as graduate 
assistance in Bahir dar university, he went to India for 
masters degrcee and obtained masters of technology in 
process engineering and design .For one year he worked as 
Lecturer and head of the departemenl in Bahir dar 
university then he got a phd opportunity in kmholiekc 
university of leuven so presently he is a phd student in this 
unversity. 



n·n in 
·sity, at 
1g and 
raduatc 
dia for 
logy i11 
rked as 
1ir dar 
holiekc 
. in this 

MODELING OF DIFFUSION-ADSORPTION KINETICS OF 1-
METHYLCYCLOPROPENE (1-MCP) IN APPLE FRUIT AND NON­

TARGET MATERIALS IN STORAGE ROOMS 

KEYWORDS 

Alemayehu Ambaw, Pieter Verboven 
Bart M. Nicola'i, Mulugeta Delele 

BIOSYST -MeBioS 
Katholieke Universiteit Leuven, 

Will em de Croylaan 42, B-300 I Leuven, 
Belgium 

AlemavehuAmbaw.Tsiue(@.biw.kuleuvcn.be 

Ann Schenk 
Flanders Centre of Postharvest Technology 

Leuven, Belgium 

1-Methylcyclopropene, Apple, Ethy lene, Modeling, 
Diffusion, Adsorption 

ABSTRACT 

The purpose of this research was to model the kinetics of 
adsorption of 1-Methylcyclopropene ( 1-MCP) in apple 
fruit and ' non-target' solid materials found in apple 
storage rooms. A distinction is made between diffusion 
into the material and the adsorption. The process was 
therefore described by Fick's second law of diffusion of 
the gas through the pores of the material coupled with 
adsorption of the gas on the materia l's binding sites. A 
finite element formulation of the model, describing the 
diffusion and adsorption mechanisms separately, was first 
developed. The values of the relevant parameters were 
estimated based on head space measurements of the 
decrease of 1-MCP in dedicated jars with the different 
materials. The diffusion coefficient, adsorption coefficient 
and concentration of active site in the vario us solids were 
determined and were in the order of I 0-9m2/s, I 0 I m3 
mol-l s-! and 10-4 mol m-3 respectively. The model was 
validated with separate experimental data. 

1 . INTRODUCTION 

1-methylcyclopropene ( 1-MCP) has been shown to 
suppress ethylene responses and extend the postharvest 
shelf life and quality of numerous fruits and vegetables. In 
particular, apple, tomato, and avocado fruits have shown 
remarkable results (Sis ter and Blankenship, 1996; Sister 
and Serek, 1997, Blankenship and Dole, 2003, Sis ter and 
Serek, 2003, Watkins, 2006, Huber, 2008). In a current 
commercial formu lation it is complexed wi th a­
cyclodextrin to form a powder which provides a more 
stable, convenient and safe means for storing and 
transporting . 1-MCP gas is generated when water is mixed 
With the soluble powder (Daly et a l. , 2000; Prange and 
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DeLong, 2003; Vallejo and Beaudry, 2006; Nanthachai et 
a l. , 2007). 
Numerous studies on the use of 1-MCP are mainly on 
describing plant responses to applied dosages 
(B lankenship and Dole, 2003), and the loss of 1-MCP gas 
used in a treatment is attributed only to the plant material 
under investigation. In some cases 1-MCP depletion data 
obtained from jar test experiments were empirically fitted 
to decay-type curves from which comparison of the 
sorption capacities of various produce, the initial rate of 1-
MCP sorption and time required for l-MCP to decline by 
half were deduced (Vallejo and Beaudry, 2006; 
Nanthachai et a l., 2007). Such results have no direct 
application for the purpose of modeling and simulating the 
transport of 1-MCP gas in fruit storage rooms. To our 
knowledge, no previous attempts have been made to 
quantify the physical diffusion and biochemical adsorption 
mechanisms governing the kinetics of 1-MCP gas in 
materials. The main objective of this research work is to 
develop a coupled multiphase diffusion-sorption model of 
1-MCP in apple fruit and bin materials and determine the 
relevant ditTusion and sorption parameters for different 
materials and apple fruit. Experimental and mathematical 
procedures required to enable the prediction were 
developed and used. 

2 . MATERIALS AND METHODS 

2.1 Apple fruit and non target solid materials 

investigated 

Golden Delicious apples (Malus domestica Borkh., cv. 
Golden Delicious), were purchased in December 2008 
from a local auction in Belgium, Before purchase a ll fruits 
used for the test were stored at I% 0 2, 1.5% C02 and 1 oc. 
All fruits used for the test were free of visual defects. 
Fruits were kept at 1 °C in normal air before and during the 
experiment. The volume and weight of the apples used in 
the test were 234 ml ± 14 ml and 2 Il g ± 12.7 g . The 
surface area of the apple fruits were 238 ± 10 cm2

• 
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Bin material s included in this investigation were high 
density polyethylene (HOPE) from plastic bins 
(EuroPooiSystem International B.V., Rijswijk, The 
Netherlands), oak and poplar wood (from used wooden 
bins). In addition to bin construction material, corrugated 
cardboard that is frequently used as a bin liner was 
investigated. In each case three rectangular sample pieces 
having external surface areas of 250 cm2 were cut out o f 
bins stored in normal air indoor. Sample pieces were taken 
from used bins which were visually in good condition. 

2.2 Gas exposur e 

Apple fruits and ' non-target' solid mate ria ls were placed 
individually into 1.8 I air tight glass jars fitted with rubber 

septa and held at I °C. 1-MCP gas was added to the 
treatment jar headspace from another 1.8 I g lass jar 
containing the 1-MCP gas at a concentration of 2 ~d 1" 1

, by 
using a rubber bulb (Figure I ). The gas source was 
prepared by mixing 2 m! distilled water to 0.0062g 
Sma11FreshTM powder in a wide mouth glass bottle of size 
75 ml measuring 4 cm in d iamete r and 8 cm in height. A 
I 0 m! gas sample was injected into a gas clu·omatograph 
( Inte r science, Compact GC ) fitted with a 15m long 
0.53mm i.d. stainless steel column packed with MXT: 
Wax, O.Su and equipped wi th a flame ionization detector 
(FID). 

Figure 1 Photo of the set up of the jar tests: (a) stock 1-MCP gas generation; {b) gas transfer to testing jar; (c) jar test on 
apple ji-uit; (d)jar test 0 11 HDPE plastic bin material. Target gas generation 1vas in such a way that 1 f.IL L'1 was obtained in 

sample containingjar. The temperature of the experiments was I °C 

2.3 Model formulation 

The model was based on Fick's second law of diffusion 
and was solved using the finite element method (FEM) on 
the geometry of the experimental set-up. The shape of the 
head space inside the j ar and the solid testing samples 
were drawn to their exact shape and dimension (Figure 2). 
In the case o f apple a sphere w ith equivalent volume was 
used as a representative geometry. 
The fundamental equation to so lve is the mass 
conservation balanc.e for the 1-MCP gas inside the jar. The 
1-MCP gas distributes itself in the headspace and in the 
material's mass. The transport in the headspace is 
described by a pure diffusion equation: 

de 
- -" = V•D \le 
df " a 

( I ) 

where ea (mol m '3) is the concentration o f 1-M CP gas in 
the gas phase, Da (m2 s' 1

) is the di ffusion coeffic ient o f 1-

MCP gas in air, t (s) is the time and \7 (m-1
) the gradient 

operator. The diffusivity o f 1-MCP gas in a ir, D"' was 
predicted using the kinetic theory o f gases (Christi , 1993). 
T he use of th is theory is j ustifiable for the fact that the gas 
mixture was dilute and the experiment was at atmospheric 
pressure. 
In the solid 1-MCP exist in both the gas phase and 
adsorbed phase. The adsorption was assumed irreversible 
and is given by Eqn. (2). 

(2) 

where ea (mol m-3) is the concentration of 1-MCP gas in 
gas phase in the solid pores, s (mol m-3) is the 
concentra tion of active adsorption sites per unit volume of 
solid and c_, (mo l m-3) is the concentrat ion of irreversibly 
adsorbed 1-MCP gas per unit volume of solid. k, (m3 mol· 
I s- 1 ) the adsorption rate constant per binding site . The 
di ffusion-adsorption equation then reads: 
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Figure 2 Finite element mesh o_{the geometric model a_( representative samples: (a) three dimensional (3D) model o_{apple 
fi"uit; (b) 3D model ofoak bin material; 

ac 
_a - V • D V c - k (c - c )c at - s (1 s s.max s (J 

(3) 

where c,_max (mol m-3) represents the total amount of 
available active sites per unit volume of solid (s = c,._max -

Cs) and Ds (m2 s-1 ) is the effective diffusivity of 1-MCP 
gas in the solid. The second part of the right side of Eqn. 
(3) is the rate of adsorption of 1-MCP gas on receptor 
sites, according to the reaction mechanism, Eqn. (4): 

de 
-" =k (c - c )c at s s.max s a (4) 

The solution of the above model is not possible without 
the correct boundary and initial conditions of the 
experiment. Initial and boundary conditions on the walls 
of the jar were g iven by Eqn. (5) and Eqn. (6), 
respectively: 

(5) 

n•(-D Vc) = 0 a a (6) 

Where n is the unit normal vector. 
At the boundary between the material and the headspace 
continuity is assumed: 

n•(D Vc -D Vc )=0 s a a a (7) 

The effective diffusivity, adsorption coefficient and 
concentration of active binding sites of the 1-MCP gas in 
the materials were obtained by applying a parameter 
estimation technique. The technique assumes an isotropic 
solid medium and concentration-independent diffusion and 
adsorption coefficients in a finite e lement model 
developed in COMSOL 3.5. The assumed parameters were 
then adjusted based on iterative minimization of prediction 
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error using nonlinear least-square (nonlinear data-fitting) 
solver function ofMATLAB 7.6.0 (R2008a). 

3. RESULTS 

The 1-MCP concentration in the test jar declined for all 
sample materials (wet and dry) in the investigation, but 
was stable for an empty jar (Figure 2), showing no leakage 
effects. The values of the material properties were 
estimated by iteratively mmnmzmg least square 
differences between actual and theoretical time series 1-
MCP concentrations. The result ing fits are shown in 
Figure 2. Estimated 1-MCP gas d iffusion parameters for 
apple and various 'non-target' bin materials in fruit storage 
rooms are summarized in Table I with their corresponding 
R2 values. The R2 values ranges from 0.994 to 0.927. The 
parameters considered were effective diffusivity, 
adsorption rate constant and concentration of active 1-
MCP binding sites per unit volume of the solid. 

4 . CONCLUSIONS 

It is shown that a fin ite element model can provide a 
potential tool to predict the diffusion and adsorption 
behavior of 1-MCP gas. The method was efficient and the 
accuracy of prediction by the developed model was good. 
The developed knowledge about diffusion and adsorption 
coefficients of 1-MCP gas of the various mater ials are new 
additions to knowledge on 1-MCP. The transport 
properties of 1-MCP gas for other materials can be easi ly 
assessed using this method and a comprehensive property 
data base can be collected. Such property data can be used 
to develop a complete model of storage rooms to 
investigate various aspects of the 1-MCP application 
process. 
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Table I Estimated 1-MCP gas diffusion properties in the indicated non-target materials, Based on experimental data obtained 
from sample pieces held at I oc and initial 1-MCP concentration of I ~~~ r 1 

D, 
Material Treatment (x i0-9 m2s-' l 

Dry 16.2 ± 5.06 
Oak 

Wet 15.6 ±3. 15 

Dry 24.7 ± 6.21 
Poplar wood 

Wet 20.00 ± 7.2 1 

Dry 0.002 ± 0.0009 
HDPE 

Wet 0.002 ± 0.0009 

Dry 2.0 ± 0.20 
Card lining 

Wet 1.74 ± 0.01 

Apple G. Delicious 23.6 ± 1.1 7 
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ABSTRACT 

A permeation-di !Tusion-reaetion model was applied to 
study gas exchange of apple frui t. The gas exchange 
properties and respiration parameters of the fruit organ 
tissues were measured. The actual internal tissue 
geometry of the fruit was reconstructed from digital fruit 
images and the model was solved over this geometry 
using the finite element method. The model was 
validated based on measurements of internal gas 
concentrations and the gas flux of the lh!it to its 
environment. Both measurements and an in silico study 
revealed that gradients of metabolic gases exist in apple 
fruit, depending on diffi1sion properties and respiration 
of the different cultivars. The applicabili ty of the model 
to predict the gas exchange of the ii"uit with its 
environment was demonstrated successfully and 
explained the differences in optimal storage conditions of 
different cultivars. 

INTRODUCTION 

Fruit are commonly stored at a low temperature 
(typically close to oaq in combination with a reduced 0 2 

and increased C02 partial pressure (so-called "Con trolled 
Atmosphere (CA) storage") to reduce their respiration 
rate. and, hence, extend their storage life. However. the 
optimal gas composition is critical. as too low an 0 2 

partial pressure in combination with too high a CO: 
partial pressure induces a fermentative metabolism in the 
fruit. This causes off-fl avours (e.g. , ethanol) and storage 
disorders (e.g., browning and core breakdown) 
(Peppelenbos et al. 1998: Ma and Chen 2003; Velman et 
al. 2003; Franck et al. 2007). For this reason. the 0 2 and 
C02 partial pressure in commercial cool stores is kept at 

a safe and steady value. 

Gas exchange is particularly relevant for fruit like apple 
that, after harvest, are stored under a controlled 
atmosphere with reduced 0 2 and increased C02 levels to 
extend their commercial storage life. The large diffi.1sion 
barrier of tissues due to tissue microstructure is believed 
to contribute significantly to differences in internal gas 
concentration gradients (Ho et al. 200R; Vcrbovcn et al. 
2008). The frui t organ architecture and the tissue 
diffusion and respiration properties need to be measured 
to verify this hypothesis and to help explain internal gas 
gradients and differences in optimal storage conditions 
(Lanunertyn et al. 200 1; Scholsmans cl al 2003: Ho et al. 
2006a; Ho et al. 2006b). 

Because measurement of internal gas gradients has been 
difficult, mathematical modelling approaches have been 
applied to study gas exchange in plant organs. A gas 
modelling approach was developed to study gas 
exchange of pear fruit with their external environment 
(Ho et al. 2008). The model incorporated the actual 
shape of the fhlit and tissue archi tecture and predicted 
respiratory gas concentration internal gas concentrations 
including permeat ion. di !Tusion and respiration kinetics. 
The predicted internal gas profiles were not verified by 
measurements of internal gas concentrations. The 
applicabili ty of the approach to different species and 
cul!ivars to evaluate optimal storage conditions was not 
verified. 

In thi s contribution, we aim to validate the continuum 
gas exchange model for different apple cultivars by 
comparing predictions to measurements of internal gas 
concentrations. The model is then to determine optimal 
controlled atmosphere environments for different 
cultivars. Two commercial cultivars (Jonagolcl and 
Braeburn) were considered in this study. 
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APPLE FRUIT 

Fruits of two distinct apple cultivars (Braeburn and 
Jonagold) were used. Fruits were harvested in aunmm 
2001 at the experimental garden of the Experimental 
Centre of Fruit Growing (pcfruit. Velm, Belgium). 
Jonagold was cooled and stored under commercial 
controlled atmosphere (CA) of I%, 0 2, 2.5% C02. 
Braeburn fruit was cooled and stored for a period of 2 I 
days at 1 oc preceding CA storage Cl %, 0 2, 0. 7% C02 at 
1°C). Jonagold is a typical commercial cultivar for long 
term storage at ultra low oxygen (ULO), while Braeburn 
has shown a large susceptibility to physiological 
disorders in storage. 

MODEL FORMULATION AND PARAMETER 
ESTIMATION 

A permeation-diffusion-reaction model was constructed 
to describe the gaseous diffusion and permeation 
processes in apple tissue (Ho et al. 200S): 

a . ac,+V·(uC) =V-DVC+R. (I) 
t at I I I l 

and at the boundary: ci = ci .~· (2) 

with o., the gas capacity of the component i (01, C02 and 
N2) of the tissue, D, (m2 s· 1

) the apparent diffusion 
coefficient. u (m s·1

) the apparent velocity vector, R; (mol 
m·' s· 1

) the respiration term and t (s) the time. The index 
oo refers to the ambient atmosphere. Permeation transport 
was assumed to be pressure driven and modelled by 
means of Darcy' s law. The respiratory metabolism of the 
tissue was modelled by means of Michaclis-Menten type 
kinetics incorporating non-competitive inhibition of C02. 

All model parameters were estimated from independent 
measurements on disk-shaped tissue samples according 
the procedures explained in (Ho et al. 2006a). 

(A) (B) 
Figure 1. Half cut apple {A) and its geometry, 
distinguishing different tissues (from outside to inside: 
skin, outer cortex, inner cortex, core) (B). 

A geometrical model of the apples was constructed based 
on digi tal images of apples taken fi·om apple cuts along 
ihe vertical axis. The geometrical description based on 
contour information was transferred to the software 
Package Comsol 3.3 (Comsol AB, Stockholm), where a 

finite element mesh was generated on the apple geometry 
(Figure I). The model distinguishes the different tissues 
(skin, outer cortex, inner cortex, core) and assigns to 
each tissue distinct model parameters that were 
measured. The gas transport equations were discretisecl 
over the mesh and solved using the fin ite clement 
method in Comsol. 

RESULTS 

Measurement gas diffi.1sion properties of different 
cultivar showed that a large variation of 0 2 and C02 

diffl.Isivity was observed in Jonagold and Braeburn. The 
gaseous diffi1sivities were the smallest for the skin . The 
radial diffusivity of Jonagold conex tissue was 
significantly higher than that of Braeburn for both 0 2 

and C02. The respiration measurement showed that 
respiration ra te increased dramatically fi·om 0 to 5 kPa 
concentration of 0 2, and became stable at higher 
concentration of 0 2. The effect of C02 on respiration 
rates of the three apple cultivars was not significant. The 
non-competitive inhibition model described well the 
measured values of 0 2 consumption and C02 production 
rates of cortex tissue for Jonagold and Braeburn apples. 

111 · 

1. · · 
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IU I ~ 

Figure 2. 0 2 and C02 concentration as a 11.mction of time 
in a closed jar of Jonagold. Dashed lines (- -) and solid 
line (- ) indicate the 0 2 and C02 concentration in jars as 
predicted by the continuum model. The symbol (x) and 
(o) represent the measured 0 2 and C02 concentration. 
The initial condition was 20 kPa 0 2 and 0 kPa C02 at 
J0°C. The dash dotted line (- · - ) and symbol (+) 
represent the simulated and measured C02 concentration 
in the jar with initial condition of 0 kPa 0 2, 0 kPa C02 
and l0°C. 

The measured properties were used in the model that was 
applied to sh1dy gas gradients in intact apple fruit by 
incorporating gas transport with respiration kinetics. The 
model was validated based on measurements of internal 
gas concentrations and the gas flux of the fruit to its 
environment. The model predictions compared weii to 
the experiment (Figure 2). Both measurements and an in 
silico sh1dy revealed that gradients of metabolic gases 
exist in apple lh ii t (Figure 3) at steady state condition, 
depending on diffi.Jsion properties and respiration of the 
different cultivars. A steep gradient was found in the 
epidermis. This was due to the low diffi.Jsion properties 
of the skin compared to the cortex. The concentration 
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gradient in cortex tissue was the least steep in Jonagold, 
the steepest gradient was observed in Braeburn. This was 
expected since the gas di ffusion properties of cortex 
tissue increased fi·om Braeburn to Jonagold. 

Sirnulations were applied at condition of 1 kPa 0 2 • 2.5 
kPa C02 at I °C (a typical commercial CA storage 
condition of Jonagold) for different cultivars of apple. 

Computational analysis shO\ved that the 0 2 concentration 
near the core of the Jonagold fruit decreased to a value of 
0.5 kPa (50% of the external 0 2 concentration). 
Braeburn has the highest risk of anoxia near the core at 
these ultra-low 0 2 storage condition since the 0 2 

concentration reached to a level of 0.0 14 kPa. Jonagold 
therefore confirms a large potential for controlled 
ntmosphere storage whi le low diffusion properties of 
cortex tissue in Braeburn indicated a risk of storage 
disorder development at ultra low 0 2 ( 1 kPa) storage 
condition compnred to Jonagold. Simulation of Braeburn 
at its conventional storage condition of3 kPa 02. 0.7 kPa 
C02 at I oc indicates that the 0 2 concentration near the 
core attains a value of 0. 178 kPa which may avoid 
anoxia as found in storage at ultra low 0 2 conditions. 
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Figure 3 . Typical 0 2• C02 and N2 distribution (from left 
to right) of the intact Jonagold and Braeburn apples at 20 
kPa 0 2, 0 kPa C02 and 5°C. Color bars indicate gas 
partial pressure (kPa). 

CONCLUSIONS 

An i11 silica study using a permeation-diffusion-reaction 
model of apple fi·uit revealed that gradients of metabolic 
gases existed in fruit. depending on diffusion properties 
of apple cultivars and related these differences 
successfully to optimal storage conditions. The described 
macroscale model here considered the tissues as 
continuum. The diffusion properties, therefore were 

considered as apparent parameters incorporating both 
actual physical material constants and the micro­
structure of the tissue. However, plant tissue has a 
cellular structure with air-filled pores and cells. This 
microscalc topology will contributes to a large extent to 
gas transport in the tissue. Even large intra-cellular 
concentration gradients can be found leading to a lower 
intracellular concentration compared to that calculated 
by the presented macroscale model. 
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ABSTRACT 

The paper describes the results of CFD simulations of an 
alternate blades scraped surface heat exchanger, A-SSI-IE, to 
estimate heat transfer coefficients during heating and cooling 
of hazelnut paste. Three-dimensional CFD simulations of the 
SSHE have been carried out using the commercial software 
Fluent 6.2. Numerical results show that during paste cooling 
higher values of the heat transfer coefficients occur due to 
the difference in the chemical-physical properties of the 
hazelnut paste, and in particular of its viscosity. This last 
effect seems to overwhelm the effect of viscous dissipation 
that is usually considered responsible for the higher heat 
transfer coefficients of A-SSHE during heating. 

INTRODUCTION 

In the case of heating or cooling process of high viscous 
fluids, like food pastes, the efficiency of heat exchangers is 
strongly reduced due to the complex nature of the treated 
material, since the high viscosity complicates the tluid 
handling and reduces the heat transfer rate. ln addition, 
during heating process, there is always a high risk of particle 
"cooking" near the hot wall that may cause the reduction of 
heat transfer rate and, in some case, even the clogging of the 
exchanger tubes. For these kind of systems, the use of a 
scraped surface heat exchanger, SSHE, is a valid and reliable 
alternative to classical hair-pin or shell-and-tube heat 
exchangers. A SSHE consists of an external cylinder, the 
stator, which is the exchange surface and an internal shaft, 
the rotor, that is equipped with scraping blades to clean the 
inner surface of the stator and mix the tluid. 
Two different blades arrangements are possible: the 
continuous and the alternate one. In the continuous 
configuration (C-SSHE) a given number of blades are 
arranged on the rotor surface for its entire length. In the 
altemate one (A-SSHE), blades are shorter than the rotor, 
arranged in a echelon-like way, and pmtially overlapped. 
The optimization of a SSHE is not an easy task because of 
the high number of variables to tune. Rotational speed 
Induce different flow rates (Trommelen et. al. 197 1, 1-Iarrod 
1986, Dumont et. al 2000, Sykora et. al. I 968), the 
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dimension of the gap between rotor and stator and the shape 
and number of the blades modifY the fluid dynamics (Baccar 
and Abid 1997, Baccar and Abid 1999, Trommelen and 
Beek 1971 ), eventually influencing the same heat transfer 
rate (Yataghene et. al. 2008 , Yataghene et. al. 2009), apart 
from the variability of treated fluids properties. The pertinent 
literature is always devoted to the case of C-SSHE and the 
largest part of the available works rely on heating process, 
assuming that the heat transfer coefficient is not atTected by 
temperature. Indeed, the SSHE found their most important 
application right for the case of cooling of foods after 
sterilization units, where the rapid quenching of the liquid 
food is required to avoid undesired loss of aromatic 
properties. 
In a previous publication (Carotenuto et. al. 2009), we 
showed that an A-SSHE, operated in laminar regime to heat 
up hazelnut paste, presents a heat coefficient almost twice 
than a C-SSHE. This difference was related to the presence 
of back mixing phenomena that occur in sections where 
blades are alternated. Fmthem10re, this study highlighted a 
very good matching between experimental values of the heat 
transfer coefficient and those obtained by numerical 
modelling predictions. 
The presence of back mixing phenomena at the inlet and 
outlet zone of a C-SSHE was experimental demonstrated 
(Harrod 1990) and is generally considered as an undesired 
effect that reduce the driving force and then the heat transfer 
coefficient (Lee and Singh 1990). In our case, due to the 
same laminarity of the system, the back mixing induces local 
turbulence that finally enhance the heat transfer coefficient. 
It is worth noticing that during heating processes, it is 
expected that the higher heat transfer coefficient of SS I-IE is 
related to the occurrence of viscous dissipation phenomena, 
that heat up the fluid and is eventually increased by the local 
turbulence induced by back mixing (Yataghene et. al. 2009). 
Nevertheless, th is result also leads to the conclusion that 
during cooling processes, the viscous dissipat ion should 
reduce the cooling rate and, thus, the heat transfer 
coefficient. Nevertheless, at the moment there are no 
evidences of th is phenomenon in pertinent literature. 
The aim of this work is to compare the performances of a 
fixed A-SSHE unit during both heating and cooling process 
of hazelnut paste, mimicking the same conditions used in 
confectionery industry for hazelnut paste sterilization . 
Several simulations are carried out varying operational 
conditions in order to evaluate heat transfer coefficient. 
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Axial temperature profiles and back mixing mass flow rates 
are eventually compared tor a reference condition. 

CHAR<\CTERISTICS OF A-SSHE AND HAZELN UT 
PASTE 

The A-SSHE studied in this paper is derived from a real 
industrial scale unit adopted for the heating/cooling 
processes of hazelnut paste. The A-SSHE is equipped with 
three couples of altemated blades (600 mm long) and they 
are partially overlapped for 20% circa of their length. Thus, 
the A-SSHE presents three zones with 2 blades separated by 
two zones with 4 blades (Figure I). The extemal exchanger 
shell consists in a hollow cylinder with nominal diameter 
around 135 mm while the total length of the exchanger is 
L= l700mm 

Fig ure I - Rotors and blades inside the stator for A-SSHE 

The hazelnut paste is a concentrated suspension of fibers in 
an oi ly phase with density equal to I 035 kglm3 at 20°C, 
whose main weight composition is: fibers: 18%; fats: 60%; 
proteins: 14%, sugar: 6%; water: 2%. 
The specific heat of the hazelnut paste is 1700 J/kg K and 
them1al conductivity is 0.14 W /m K. This last two properties 
are similar to those of oi ls (Kern 1950). The analysis of the 
hazelnut paste viscosity, 11, has been carried out with a stress 
controlled rheometer. Five temperature levels, between 5 and 
75°C, have been investigated by vmying the shear rate in the 
range O.J -;. 1 00 s·1

• Results are show in Figure 2. 

100 

25°C 35°C 

0.1 
55°C - - 75°C 

0.1 tO 100 
Rate [1/s) 

Figure 2 - Experimental hazelnut viscosity as afunction of 
shear rate at different temperatures 

CFD SIMULATION 

Numerical simulations have been carried out usmg the 
commercial software Fluent 6.2® and Gambit 2. 1® pre­
processor for geometry design and mesh generation. Due to 
the high viscosity, typical working conditions to r hazelnut 
paste in industrial applications are limited by rotational 
speeds lower than 300 rpm. In these conditions, the 
rotational Reynolds numbers range from 5 to 130, thus 
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resulting lower than the known critical value of 230 r01 
laminar/turbulent transition in SSHE (Trommelen et. aJ 
197 1, Harrod 1986). Hence, the fl ow is assumed to be Well 
described by a viscous laminar model and a 30 mesh ha; 
been used, as suggested by Baccar and Abid 1997. o, 
course, viscous dissipations are explicitly considered in tht 
energy balance. To reduce the computational time, the axi~ 

symmetry of the SSHE is taken into account, so that tht 
computational domain has been limited to half of the A. 
SS HE. The number of computational cells has been fixed to 
1.250.000. Typical images of the computation are reported in 
Figure 3. 

Figure 3- Sampling section of the computational mesh for 
the A-SSHE in a section with two blades 

Fifty simulations were performed in a range of paste flm1 
rate of 600-800 Kglh and rotational speeds of 40-260rpm. 
all at the same inlet temperature of 50°C and at a wall 
temperature o f I 0°C for cooling and 90°C for heating. To 
highlight the differences among cooling and heating 
processes, two simulations are compared in details. Their 
operating conditions are shown in Table I, together with 
some of the main results. 

Heating Cooling 

Paste flow rate, kglh 600 

Rotational speed N, rpm ! 50 

Inlet Temperature, °C 50 

Wall Temperature, °C 90 10 

·Outle~ Temperature, oc 71.5 27.2 
Power request for 

blades/ rotor 56.3 206.4 
rotation, W 

Overall heat transfer 
433.7 493. 7 

coefficient, W/m~ K 

Average viscosity, Pa·s 0.88 2.28 

Table I - Operating conditions and main results to r the two 
compared simulations 
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RESULTS AND DISCUSSION 

Figure 4 shows the sectional averaged temperature profiles 
in function of the dimensionless axial position, zJL, for the 
two simulations reported in Table I. Section contour profiles 
oftemperature are also reported for some selected positions. 
Temperature profiles show that the temperature varies non-
111onotonically, with overshoots and undershoots in 
correspondence of 2-4 and 4-2 blades transition regions. 
In particular, the temperature presents an increasing trend for 
the 2 blades zones while it is almost constant in the 4 blades 
zones. The presence of peaks in Figure 4 in the transition 
zones is related to the presence of backmixing phenomena 
(Carotenuto et. a l. 2009). On the overall, the temperature 
profiles in Figure 4 seem to be the same, except for the peak 
amplitudes that are less pronounced in the case of cooling 
systems. An explanation of this results is probably related to 
the occurrence of viscous dissipations that g ive rise to 
additional local heat generation c lose to the transition zones. 
This effect can be positive in heating, but is negative in 
cooling process. In order to quantify the value of 

80 
IN 2 4 2 4 

7 5 -

~ 
e> 70 

~ 
c 

~ 65 

J 60 

55 

50 
0 .0 0. 1 0.2 0 .3 0.4 0 .5 0 .6 

z/L, ~ -

d 

0 7 

backmixing phenomena,the backmixing rate, M11ack> defined 
as the ratio between the fluid flow rate moving backward and 
the total mass flow rate, is reported in Figure 5. 
By analyzing Figure 4 and 5 together, we can show that in 
absence of back-mixing phenomena, like in correspondence 
of zJL =0.2 (contours a and e in Figure 4), the exchanger 
works as a plug flow system, while in the transit ion zone 
(contours b, c, e and g) macroscopic mixing effects occur, 
and, in presence of four blades (contours d and e), the 
exchanger is similar to an agitated vessel. 
Following this analysis, due to the positive effects of viscous 
dissipations, it should be concluded that the heating process 
should give rise to higher heat transfer coefficient, but, 
surprisingly, this is not the case. 
Values of heat transfer coefficients have been calculated for 
different b lades rotational speeds. In the investigated 
conditions, the heat transfer coefficients are poorly affected 
by the hazelnut paste tlow rate, while they are sensibly 
dependent on the rotor angular velocity, but, at the same 
rotational speed, the heat transfer coefficients in cooling are 
a lways higher than in heating. 
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Fig ure 4 - Axial temperature profi le and contours in cooling and heating process, operation condition are reported in Tab le I 
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Figure 5- Backmixing flow rate in cooling (blue line) 
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A first explanation of this result can be related to the 
intensity of back-mixing phenomena, that are a slightly 
higher during paste cooling so enhancing the heat transfer 
rates (Carotenuto at. al. 2009). 
Nevertheless, while baclm1ixing rates and viscous 
dissipations may be used to properly explain the occurrence 
and the characteristics of the temperature peaks observed in 
figure 4, they cmmot be sufficient to interpret the higher 
values of the heat transfer coefficients. 
ln this case, it has to be taken into account the relevant effect 
of temperature on hazelnut paste viscosity that is, in its 
volume averaged value, a lmost 3.5 times higher for the 
cooling rather than for the heating process (Table I). As a 
consequence, the two processes, even if representative of 
similar operational conditions, present different values of 
Reynolds and Prandtl number, that directly affect the value 
of heat transfer coefticient. In the two simulations, the 
rotational Reynolds numbers are respective ly 53.8 and 20.7 
for heating and cooling, while the Prandtl numbers are I 0635 
and 27685 respectively. 
To this aim, the experimental results for heating (Carotenuto 
et. al. 2009) are compared in terms the Colbum Jh factor, 
expressed as: 

Nu 
( I ) 

and plotted in function of rotational Reynolds number in 
figure 6. 
In this case a ll the data follow the same trend and, for the 
two simulations reported in figure 3, the values of Jh are 0.35 
for heating and 0.76 for cooling . 
We can also see that the flow ra te does not affect the h 
factor. 
The curve of J11 against Re, can be described by a power law 
function, and the best regression of data results is: 

ih = 5.6 R e;~o. 6s (2) 
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Figure 6 - Numerical and experimental Jh for 
heating and cooling in different operational conditions 

CONCLUSIONS 

In this paper, a comparison between heating and cooling of 
hazelnut paste in alternate blades scraped surface heat 
exchangers is carried out through CFD simulations runncd 
with Fluent 6.2. The differences among heating and cooling 
processes are re lated to the values of fluid properties and to 
the viscous dissipations. 
Heating and cooling processes, performed at the same 
operating conditions, are characterized by different values of 
Rer as wel l as by a different effect of visco us dissipations 
that positively affects the heating, while results detrimental 
for the cooling. Nevertheless, the viscous dissipations results 
significant only for the explanation of the observed peaks 
that appear in the axia l temperature profi les wh ile, on the 
contrary , the heat transfer coefficient is apparently higher for 
the cooling process. The simulations show that all the 
calculated values of the heat transfer coefficients, both for 
heating and cooling, can be well represented in terms of Jb 

coefficients versus rotational Reynolds number, Rer. Since 
numerical data for the heating process have been previous! ~ 
compared with experimental results, showing a very good 
agreement between them, it can be concluded that the 
proposed equation can be reliably used to describe the heal 
transfer coeffic ient in alternate blades SSHE regard less the 
fluid temperature levels in the entire range from I 0 to 90°C. 
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ABSTRACT 

Many liquid food processes involve coupled phenomena of 
fluid llow, heat transfer and product transformation. A 
typical example is the heat treatment of a starch suspension 
inside a tubular heat exchanger. Fluid flow influences heat 
transfer which determines temperature evolution along lluid 
trajectories. Temperature locally inllucnces the product 
transformation. The latter influences transport properties 
notably the viscosity which in turn inlluences the fluid fl ow 
behavior. In this study a numerical model was developed in 
order to account for these coupled phenomena in the case of 
a modified waxy maize starch suspension. Veloci ty and 
temperature fields were analyzed in view of the local state of 
the food product properties like the mean diameter of starch 
granules and the suspension viscosity. 

INTRODUCTION 

Numerical modeling of tluid !low and heat trans fer inside 
liquid food process equipments has been largely developed 
(e.g., Norton and Sun 2006, Kumar and Dilbcr 2007). 
Transport phenomena properties, including the viscosity, are 
often assumed to be a function of the local temperature. Food 
transformation processes like starch gelatinization are more 
rarely taken into account. 

Starch is the most widely employed thickener in the food 
industry. Most industrial processes for starch-thickened 
products involve temperatures which can be high enough for 
enabling starch phase transitions. The well-accepted concept 
of "ge latinization" refers to the destruction of the crystalline 
structure in starch granules, which is an irreversible process 
that includes, in a broad sense and in time sequence, granular 
swelling, native crystalline melting and molecular 
solubilization (Liu et al. 2009). 

Liao et al. (2000) studied the continuous flow sterilization o1 
a starch dispersion in which gelatinization is taken into 
account with the help of a thermo-rheological model. In sue~ 
a model, the mixture viscosity depends on the local prese01 

temperature of the starch suspension, includi ng two effects 
with heating, the apparent viscosity increases due to the 
granule's swelling whereas the continuous phase viscositl 
decreases. Implicitly, that model assumes that the stare~ 
granules swelling state (for instance, evaluated in terms of 
the granules' mean diameter) is a function of the local present 
temperature only. 

We argue that, rather than a straightforward relationship with 
the temperature, the food product viscosity can exhibit a non· 
negligible dependence on the thermal history of the fluid 
particle under consideration. Flu id panicles running close tc 
a heating wall evolve under thermal and kinetic condition• 
which arc different from those associated with particle; 
moving faster at greater distances from such wall. In thl 
present work, the influences of the continuous phast 
viscosity and of the granule's volume fraction on till 
suspension viscosity are separated. The former depen<b 
instantaneously on temperature whereas the latter depends on 
the whole thermal history throughout the progressive 
swelling kinetic of the starch granules. Finite-element-based 
simulations are conducted , including a thermo-kinetic model 
based on the experimental work by Lagarrigue et al. (200 I 
about a modified waxy maize starch suspension. 

MODELLING 

The food product is an aqueous suspension of starch 
because its high content of water, it is assumed to be ' 
Newtonian liquid. Density and thermal properties ar~ 

approximated by those of pure water. Conservation equation· 
for the food product mass, momentum and energy can ~ 
written as: 

V.u = 0 (I) 

T 
p (u.V)u =V.( -p I + 11 (Vu + (Vu) ) ) (2) 

p Cp (u.V)T =V.( k VT) (3) 
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The food product viscosity (11) can be obtained by 

multiplying the water viscosity (l]w) and the relative 
viscosity associated with the suspension of particles. A 
number of approximations have been proposed for estimating 
the latter (see a review by Cheng and Law, 2003). We 
adopted the model proposed by Thomas ( 1965) because it 
provides an increase of the product viscosity with 
temperature which is coherent with experimental results (sec 
Fig. 7a of Lagarrigue et al. 2008). The product viscosity is 
hence expressed as a function of the volume fraction 
associated with starch granules (<I>): 

n/llw(T) = I + 2.5 <!> + I 0.05 <1>
2 

+ 0.00273e 
16

·
6 

(4) 

The solid volume fraction can be estimated from the mean 
volume-weighted diameter associated with the granules' s ize 
distribution (D), employing also respective information 
characterizing the starch suspension before any heat 
treatment: 

3 
<I> I <l>o = ( D I Do ) (5) 

Following Lagarrigue et al. (2008), Rao and Tattiyakul 
(1999) and previous contributions, we define the degree of 
gelatinization X of the starch suspension at a given instant in 
terms of the values assumed by that mean diameter before 

(Do), during (0 ), and after the heat treatment (DM): 

X= (D - Do) I (DM - Do) (6) 

Starch granule swelling can be evaluated through a second­
order kinetics: 

(u.V')X =V( I -X )2 
(7) 

where the rate constant V can be suitably expressed in terms 
of the Arrhenius law: 

Y(T) = Vo exp( - EA I ( R T)) (8) 

Our attention is here focused on the 3.1 % wlw modified 
waxy maize starch dispersion studied by Lagarrigue et al. 

(2008); it corresponds to Do= 15.5 and OM = 39 .6 IJ.m, <I>o 

:::: 0.03, Vo = 2.9e+ l 2 s-1
, and EA= 84.8 kJ.mol- 1

• Thermal 
and fluid properties of pure water are properly described as 
functions of the tempe rature. 

The coupled phenomena are illustrated inside a tubular heat 
exchanger. Such a geometry re presents typical industrial 
devices used, for example, in continuo us flow sterilization 
(see a discussion by Liao et al. 2000). A two-dimension 
axial-symmetric domain was built, L = I m long and R = 5 
mm wide. Conservation equations for the fluid mass, 
momentum and energy (eqs. 1-3), combined with the 
equation of convection and swelling of starch g ranules (eq. 
?), were solved using the finite -e le ment-based s imulation 
Package COMSOL Multi-physics (version 3.5a). The mesh 
contains ide ntical rectangular e le ments on ly: suitable results 

were obtained by adopting 2000 e lements along the length by 
40 elements along the tube radius. 

A fully developed parabolic flow profile was assumed at the 
entrance of the tubular exchanger. The flow rate was fixed at 
10 liters per hour (roughly 0.035 m.s.1

) . According to the 
Reynolds number (about 600), the flow regime is laminar. 
Boundary conditions are summarized in Table I. 

RESULTS AND DISCUSSION 

Figure I overviews the temperature (left), the degree of 
gelatinization (center) and the viscosity (right) fie lds 
resulting from simulations described above. The viscosity 
field was deformed according to the velocity; inlet and outlet 
ve loci ty profi les can be easily appreciated at domain 
extremes. Dark blue and reel colors correspond to minimum 
and maximum values respectively. The volume fraction field 
was omitted, being a function of the degree of gelatinization 
(eqs. 5-6). The food product is heated from the wall (right of 
domain). Fluid particles move slower and reach higher 
temperatures when running near it. Starch granules swell 
after heating; their volume fraction increases as well as the 
food product viscos ity. In comparison with the conditions 
prevailing near the inlet, the viscosity increases by a fac tor of 
about 7 near the wall at the outlet, slowing down the veloci ty 
in this region of the domain. 

These resul ts fo llow, in a partial extent, those obtained by 
Liao e t al. (2000). They a lso observed in the heating section 
of their tub ular exchanger an inc rease of viscosity near the 
heating wall due to gelatini zation, leading to a ve loci ty 
decrease near this wall and a veloci ty increase at the axis of 
symmetry. Nevertheless starch type and concentration were 
different ( 4 % of waxy rice starch), and heating condi tions 
were stronger ( 145°C); hence a direct comparison seems 
difficult. Their maximum viscos ity was much higher (about 6 
Pa.s), which caused ve locity protiles almost flat were the 
food product was very viscous; this was not observed in our 
case. Other geometries than tubular exchangers have been 
adopted in numerical models coupling fluid tlow, heat 
transfer and starch gelatinization, like axially rotat ing cans 
(Tattiyakul et al. 200 I) . Any tentative of comparison with 
such resu lts seems far to be straightforward. 

The evolution of food product properties can also be studied 
with the help of hypothetical trajectories of fl uid particles 
released at the domain inlet. We can imagine each fluid 
particle as a suspension droplet containing an ensemble of 
starch granules at similar thermodynamic and kinetic 
conditions. Figure 2 compares selected properties associated 
with fluid particles re leased at 0 .5 and at I .0 mm from the 
heating wall (see Figure I). The residence time in the domain 
correspond to about 89 and 36 s, respectively, because the 
maximum velocity occurs at the symmetry axis . Figure 2 
shows that the fluid particle moving closer to the wall is 
associated, at the outlet, with higher values of temperature 
(le ft), of mean diamete r of s tarch granules (centre), and of 
viscosity (right). Other the granule starch swelling, the 
product viscosity depends also on the cont inuous phase (pure 
water) viscosity. The latter slowly decreases wi th heating, 
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and this fact explains why the product viscos ity is slightly 
reduced during the first seconds after particle release. 

Posit ions A and B in Figures I and 2 correspond to a same 
temperature value (about 67 °C) which is not experienced 
simultaneously in the time series of the two followed fluid 
particles. Position A represents the outlet for the fluid 
particle released at 1.0 mm from the heating wall; it reached 
this position after about 36 s from the inlet. Position B is far 
before the domain outlet; the fluid particle released at 0.5 
mm from the wall moves slower and spent about 57 s to 
come there. Despite the same temperature, position B 
corresponds to a me an diameter of starch granules which is 
about I 0 % greater, and to a product viscosity about 50 % 
greater, than respective values at position A . Such 
differences are explained by the fact that fluid particles 
running at different distances from the heating wall move 
with different velocities and hence experience different 
tempe rature time series (or histories). By analyzing these two 
trajectories it appears that the inriuence of temperature on 
viscosity is far to be instantaneous. The product viscosity 
depends on the continuous phase viscosity as well as on the 
starch granule volume fraction . The former depends on the 
present temperature and the latter depends on the whole 
thermal history of the respective fluid particle. 

CONCLUSIONS 

In this study our attention was focused on the main processes 
driving the starch gelatinization ins ide a tubular heat 
exchanger. Just one among the growing number of types of 
starch was taken into account. Starch research is a very active 
subject, and s ignificant effort has been accomplished in 
characterizing native and modified starch, including different 
genotypes and various climates (e.g., Yeh and Li l 996, 
Patterson et al. 200 I , Choi and Kerr 2004, Xie et al. 2009). 
The aim of this study was to demonstrate that coupling a 
gelatinization model (for a given s tarc h type and 
concentration) with a fluid !low and heat transfer mode l can 
highlight what happens inside a tubular heat exchanger. The 
nume rical mode m e nables to follow selected food product 
properties along di fferent fluid particle trajectories. 

Food product properties, as s imulated here , are the final 
result of a fully-coupled number of processes: lluid tlow and 
heal transfer drive the temperature field; temperature 
influences the product transformation kinetics, whic h in turn 
modifies the product viscosity and hence the fluid flow 
behavior itself. Our results show that the local present 
temperature does not determine alone the present food 
product properties. The degree of transformation inside a 
fluid particle of food product depends on its whole thermal 
history. This means that the temperature evolutio n along the 
lluid particle tn~ectories is a major information which must 

be properly assessed when, for instance, the product viscosih 
depends on the degree of transformation. · 

A relatively simple food product transformation was hert 
considered (starch granules swelling). Further work Wil! 
focus on coupling flu id tlow and heat transfer with 1110lt 

complex transformation (like amylose solubilization. 
mechanical granules fragmentation, aggregation). 
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Table I: Boundary Conditions 

flu id flow energy gelatinization 

') 

Ur = 0, Uz = Umax ( I - (r I Rf) T = 20 oc X=O 

Ur = 0, P = Po ()T I dz = 0 oX I ()z = 0 

Ur= 0, u7. = 0 
_.., 

kC>TIC>r=IOkW.m- i)X I i)r = 0 

Figure I: Distribution of Selected Product Properties across the Domain 

t e mperature: 

20.0 t o 90.9° C 

degree of gelatinization: 0 to 1 

m ean diameter: 15. 5 t o 3 9.5 mm 

viscosity: 

6.9e- 4 t o 5.2e-3 Pa.s 

Figure 2: Time Series of Selected Product Properties corresponding to Two Hypothetical Particle Trajectories, 
released at 0.5 and 1.0 111111 from the Heating Wall at the Inlet 
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ABSTRACT 

Chestnut is a fruit of great importance in Portugal, being 
generally sold fresh or frozen. Alternative products may be 
obtained by hot air chying. 
The present work is on the dehydration behavior of 
Portuguese 'Longal' chestnut, that is the most used in 
industry. Different models for representing the variations of 
water content and drying rate along time were tested 
successfully. As expected, higher temperatures correspond 
to faster drying processes. The apparent di ffi.1si vity was 
predicted by Fick 's second law equation, and it ranged from 
1.25x I o - Il m2/s, at 20°C, to 8.42x l o·I G m2/ s, at I OO"C. 

INTRODUCTION 

Chestnut (Castanea sariva) has a lways been used in human 

feeding. Nowadays, chestnuts have high economic 

importance in Portugal because this country is an important 

exporter of this fruit, contributing significantly to the 

equilibrium of Portuguese commercia l balance. Chestnut 

production is more significant in the North of Portugal, 

namely in Tn1s-os-Montes and Beiras regions, reaching the 

highest commercia l values and representing 86% of the 

nat ional production ( INE 2008). In 2007, for example, 7 

774 ton of chestnut were exported, orig inating € 14 844 000. 

Portuguese varieties of chestnut are of exce llent qual ity. 

Three Protected Origin Denominations have been 

identifie d, namely Chestnut of Terra Fria, Chestnut of 

Soutos da Lapa and Chestnut of Padrela. Being a seasonal 

product, the chestnut needs to be preserved in order to be 

sold as a fresh produce, or to be further processed. 

Tradi tionally, chestnuts are left in warehouses at room 

Alcina M.M.Bernardo Morais 

CBQF/ Escola Superior de Biotecnologia, 
Unive rsidade Cat61ica Portuguesa, 

Rua Dr. Ant6nio Bernardino de Almeida, 
4 200-072 Porto, Portugal 
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temperature, being consumed a long the year by the local 

families. This chestnut is known as "castanha pilada" , being 

dehydrated and extremely sweet. On the contrary, in 

industry chestnuts are stored under refrigeration unti I their 

sale as fresh produce, or they are frozen afte r peeling. 

In industrial chestnut preservation, two main problems have 

been detected. These are related to weight losses (due to 

dehydration of the fresh chestnut) and to the development 

of microrganisms, namely fungi producers of micotoxins, 

such as aflatoxins, which present an eminent danger for 

public health, as the latter are considered carcinogenic, 

hepatotoxic, and tera togenic. Besides, the re is a need of 

finding alternatives for chestnuts with low quality to the 

fina l consumers, such as small fruits, that a re otlen 

discarded , and of developing innovative products based on 

chestnut, a llowing the divers ification of products and the 

development of others able to be inco rporated into a wide 

variety of food stuffs, such as chestnut flour. Therefore, it is 

of great impm1ance to tind al ternative preservation and 

processing technologies. 

Taking into account the popular knowledge, the 

dehydration of chestnut seems to be a promising 

technology, as chestnuts could be stored for longer periods 

without the problem of fungi development. Recently, some 

interesting studies on drying of chestnut have been 

performed, involving New Zealand (Cle tus and Carson 

2008), Ita lian (Attanasio et a l. 2004), Turkish (Koyuncu et 

al. 2004) and even Portuguese (Guine and Fernandes 2006) 

varieties. In relation to this last work, three Portuguese 

varieties were analyzed, namely ' Longal', ' Martainha ' and 

'Yiana', which were subjected to three drying temperatures; 

70, 80 and 90°C. The fi rst two varieties showed better 

drying features than the last. Nevertheless, the use o f lower 

temperatures may a lso be promising. Moreover, variability 

of the characteristics of chestnuts harvested in different 
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years might have an important role on their drying 

behaviour and be a factor that must be taken into account. 

In fact, chestnut producers refer that the year 2009 was not 

a good year for chestnut production, due to the lack of 

water during the maturation stage, originating small fruits. 

Taking into account these aspects, the aims of this work 
were: i) to determine some physical properties of 'Longal ' 
chestnuts, which is one of the most used in industry (due to 
the easiness of peeling and to the pulp not being too 
sectioned), collected in the year 2009; ii) to study and find 
empirical models that will allow the estimation of the 
drying rates of these chestnuts when subjected to different 
drying temperatures (20, 40, 50, 65, 85 and I 00°C); iii) to 
evaluate the effect of drying on chestnuts dimensions; iv) to 
evaluate the adequacy of the Fick's second law to express 
the drying process; v) to estimate the apparent diffusivity of 
water in this Pmtuguese chestnut variety. 

MATERIALS AND METHODS 

Portuguese 'Longal' chestnuts were supplied by a local 
producer of Tn1s-os-Montes region, North of Portugal, 
being harvested in November 2009. When arriving to the 
laboratory, chestnuts were carefully observed and the ones 
that were rotten were discarded. 

Chestnuts were individually weighed and their e ll ipsoid 
axis dimensions (a: length; b: width; c: thickness) 
determined. To perform the drying experiments, chestnuts 
were placed in a convection oven (Binder, Germany) at 40, 
50, 65, 85 and I 00°C. To pe rform the assay at 20°C, 
chestnuts were left at room temperature. In each 
experiment, chestnuts were put inside the oven in several 
Petri dishes. Each Petri dish contained 5 chestnuts. One 
Petri dish was removed at defined time moments, the fruits 
being analyzed again (weight and e ll ipsoid axis 
dimensions) with and without outer peel, in order to 
evaluate the shrinkage. 

At the beginning of each experiment, the dry matter content 
of the chestnuts used in the assay was determined by drying 
five chestnuts at I 05°C until the sample weight reached a 
steady value. The dry-basis moisture content (W, kg of 
water/ kg of dry matter) was determined for each chestnut. 
At each time moment, the average, standard deviat ion and 
coefficient of variation were determined for the five 
chestnuts removed. 

In order to evaluate the suitability of approaching the 
chestnuts to spheres in the diffusion equation, the diameter 
of chestnuts was determined after immersion of twenty 
chestnuts in water and measurement of the volume of water 
displaced. These values were later compared with the 
arithmetic (D,J and geometric (D

1
) average diameters 

determined by equations (I) and (2), respectively 
(Mohsenin 1970; Gi.iner 2007; Ktlu;:kan and Gline r 2008): 

a+b+c 

3 
(I) 

D g =V a x b x c (2) 

Chestnut sphericity (ell) was also evaluated by equation (3) 
(Mohsenin I 970; Giiner 2007; Ktltykan and G Uner 2008): 

Vaxbxc 
C/J = (3) 

b 
, considering b the biggest dimension. 

DRYING CURVES COMPUTER FITTING 

For all the assays, the drying curves ( W versus rime) 

followed a similar pattern, expressed by an exponential 

function of the form: 

W = y +A x e ( - kt) (4) 

where y, A and k were parameters of the model. 

In order to determine the drying rates ( 
0
: } the method 

of the approximation o f the derivative to finite differences 

was used (Guine and Fernandes 2006): 

For t=r0 

(aw) = w. - W0 

ot t. - to 
differences) 

For t=r; (i = I, ... , N-1) 

(aw) ~+1 -wi-1 
Tt = fi +1 - ti -1 

differences) 

For r=r,v 

(aw) = wN - wN-1 
ar rN - rN-• 

differences) 

(first-order forward fini te 

(5) 

(second-order centred tinite 

(6) 

(firs t-order backward fini te 

(7) 

A linear and a sigmoid function (Eq. 8) were used to 

express the relationship e ncountered between the drying 

rate and the moisture content. 



(8) 

All the models presented, with exception o f the linear, were 

obtained after using the non-linear regression of the SPSS 

software package. 

The quality of a ll models ·was evaluated by the correlation 

coefficient (r), reduced chi-square Cx\ mean bias error 

(MBE) and root mean square error (RMSE) (Guine and 

Fernandes 2006), determined by the following equations: 

I N 

X
2 = -N L (vcxp,i - vpred.i )2 

(9) 
-n i=l 

I N 

MBE = N ~ (v,,.,c~.i - Vcxr.i) 

RivJSE = 
} N 1 - I (v",.""·i - vcxp,i )­
N i= l 

(I 0) 

( l l) 

where v exp.i and vpred.i are the experimental and predicted 

values for the observation i ; N is the number of 

observations; and n the number of parameters in the mode l. 

The higher the value of "r" and the lower the values of x2
, 

MBE and RMSE, the better the model fitted the 

experimental results. 

RESULTS AND DISCUSSION 

Physical Properties of Portuguese ' Longal' C hestnuts 

Table I shows some physical properties of the ' Longal' 

chestnuts used in a ll drying assays. The dimensions of 

e llipsoid axis of chestnuts (a, b, c) varied within the ranges 

of 2.62-2.82, 3.10-3.29 and 1.69- 1.91 cm, respectively, 

COITesponding to variation coefficients less than 7.9, 6.4 

and 16.4%. The arithmetic and geometric mean diameters 

of chestnuts varied between 2.47-2.66 and 2.39-2.58 cm, 

respective ly, corresponding to variation coeffic ients less 

than 6.3 and 7.1 %, respectively. The low values obtained 

tor the variation coefficients, with the exception of 

dimension c, that was the most difficult to measure, are 

indicative of the existence of homogene ity among the 

chestnuts used in all assays. 

In terms of chestnut sphericity, this parameter varied with in 

the range of 76.9 to 79.2%, indicating that chestnuts might 

be approximated to spheres. 

When comparing the diameter (D, resu lts not shown) 

determined by immersion in water (considering chestnuts as 

spheres) with Da or D~, determined by equat ions ( 12) and 

( 13 ), respectively, linear re lationships were encountered 

between both parameters, namely: 

Dll = 0.7707 X D + 0 .7304 (1= 0.922) ( 12) 

Dg = 0.8139x D +0.545 1 (1= 0.916) ( 13) 

These results indicate that either D:.: or Da may be used to 

esti mate the diameter of ' Longal' chestnuts when it is 

intended to approach them as spheres. 

Drying curves of Portuguese ' Longal' chestnuts 

The experimental points determined along the drying of 

'Longal' chestnuts a t 20, 40, 50, 65, 85 and 100°C are in 

Figure 1. In each graph the predicted points obtained in the 

fits by using Eq. 4 are also presented, as well as the model 

equation and the correlation coefficient. 

Figure I shows that the fits to the experimental data at 20, 
40, 50, 65, R5 and l00°C are good, with correlation 

coefficients ranging from 0.989 to 0.998. The / , MBE and 

RMSE values were a lso low, varying between 3 .05x I 04 

and 9.87x I o·4
, -6.77x 10-~ and 1.69x 10·2, and 1.59x I o-2 and 

2.79x 10'2, respectively. 

The drying rate values determined by derivation of Eq. 4 
a re in Figure 2, with correlation coeffici ents ranging from 

0.863 to 0.969. The quality of the model is quite good 

taking into account the simila rity with the experimental 

data, and the x2
, MBE and RMSE values, which were low, 

between 5.43x I o·R and 5.28x 1 0'4, -2.49x 1()'5 and 3.7 1 X 1 0'3, 

2.21 X 1 0'4 and 2.07x I o-2
, respectively. 

By observing the drying rate curves obtained, no constant 

rate period was observed (Figure 2). Higher temperatures 

corresponded to faster drying p rocesses, which is reflected 

on the increasing dehydration constants: 0.003 for 20°C, 

0.0 19 for 40°C, 0.029 for 50°C, 0.062 for 65°C, 0. 142 for 

85°C, and 0 . 189 for I 00°C. 

In terms of the relation between drying rate curves and 

moisture content, both linear and sigmoida l (Eq. 8) 

functions seem to represent well the experimental data 

(Table 2). The con·elation coeffic ients of both models 

varied between 0.902-0.956 and 0.927-0.967, respectively. 

The /, MBE and RMSE values were low again, varying 
between 5.27x 10.8 and 3.86x I o-4

, -2.57x 1 o ·S and 1.86x 1 0'3, 
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and 2.17x104 and 1.77x l0'2, for the linear model, and 
between 4.09x l 0'6 and 2. 76x 10'4, -1.30x l o ··l and 1.50x 1 o·J, 

and 1.84x I o·3 and 1.50x l 0'2, for sigmoidal model, 

respective ly. 

Table l: Physical properties of 'Longal' chestnuts used in the drying assays1
• 

Temperature of a b c 

T 

the assay (0 C) (cm) (cm) (cm) 
20 2.75+0.20 3.20+0.15 1.71 +0.28 
40 2.72+0.20 3.23+0.19 1.86+0.27 
50 2.62+0.17 3.10+0. 16 1.69+0.22 
65 2.76+0.20 3.26+0.2 1 1.9 1 +0.27 
85 2.67+0.21 3.16+0.18 1.74+0.24 
100 2.82+0.17 3.29+0.17 1.88+0.29 

Results are the a vc1 ages of the detc immatiOns ± St<Jndard deviation. 
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Figure I: Drying data of ' Longal' ches tnuts at 20, 40, 50, 65, 85 and 100°C. 
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Figure 2: Drying rates of ' Longa l' chestnuts at 20, 4 0, 50, 65, SS and l00°C . 

Table 2: Linear and s igmoidal models for the drying rates in function of mo isture content. 

Model TtC) Model Parameters Correlation 
Coefficient (r) 

Linear model 20 A = -0.0005 ; B = OJJ032 0.924 

(aw) 40 A = -0.002; B = 0.0 183 0.908 
-~a/) = A + B X w 50 A = -0.00 ll ; B = 0.0277 0.952 

65 A = -<J.0004; B = 0 .058 0.906 
85 A= -0.0114; B = 0.1266 0.956 
lOO A = 0.0089; B = 0.1 447 0.902 

Sigmo ida l model (Eq. 8) 
20 Not adequate --
40 Not adequate --

-(aw)=y + A 50 y = -0.00 l ; A = 0.023; B = 0.1 58; C = 0.402 0.957 
ar l + )c~w) 65 y = 0.006 ; A = 0.037; B = 0 .059; C = 0.400 0.930 

85 y = -32.935; A = 33.963; B = 7.1 67; C = -24.724 0.967 
l OO y = 0.034; A = 0.086; B = 0.059; C = 0.427 0.927 
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Evaluation of the effect of drying on chestnuts 

dimensions 

Drying at 40, 50, 65, 85 and 100°C did not cause significant 

changes in chestnuts dimensions, indicating that the effect 

of shrinkage may be neglected. In fact, the average 

geometric diameters of the chestnuts were identical at the 

beginning and at the end of all assays (Table 3). Even at 

high tempera tures no significant reduction o n chestnuts size 

was detected. Moreover, the fmit wi tho ut outer she ll after 

drying corresponded always to 76.5 - 80.2% of the fru it 

with outer shell , no differences be ing de tected among 

drying experiments at diffe rent tempera tures. 

Evaluation of the adequacy of Fick's second law to the 

drying process 

Assuming that chestnuts may be approximated to spheres, 

and consideri ng that the drying rate depends sole ly on the 

moisture movement by diffi.tsion within the chestnut, the 

process mi ght be represented by the following Fick's 

second law equation for non-steady state: 

8W = D (82W +3_x 8WJ ( l4) 
ot llfJ 8r 2 r or 

where D"" is the apparent diffusivity, r is the radius and t is 
ti me. Assuming uniform init ia l moisture content (W0 ) and 

that the internal mass transfer resistance is contro lling over 

external resistance, the analyt ical solutio n of Eq. 14 is the 

fo llowing: 

w- w 6 -n 1 ( /1 2 1( 2 J 
e -- -ex - D --t w - w - 2 I 2 p "" R 2 

0 e 1( r=l 11 

( 15) 

where Wc is the equilibrium dry-basis moisture content. 

Considering tha t only the first term is signi ticant and W,. 

may be estimated by Eq. 4 for t.....;;co ( Wc = y), taking the 

natural logarithm of each side of Eq. 15, the fo llowing 

linear equation wi ll be obtained: 

( 
W- We J 6 TC

2 

In = in--D - t w -W 2 liP R2 
0 e 1( 

( 16) 
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Fitting the da ta by Eq. 16, linear corre lations were obtained 

(Figure 3), wi th coefficient correlations ranging between 

0.947 and 1.000. These results indicate that the assumptions 

assumed seem to be adequate. 

Estimation of the apparent diffusivities of 'Longal' 

chestnut variety 

Taking into account Eq.l6, the apparent diffusivities of 

Longal chestnut may be determined by the fo llowing 

equation: 

slope x R2 

1(2 
( 17) 

Considering the slope for each temperature (Figure 3) and 

the average radius of the chestnuts, based either on Dg or 

Da, used in each assay, the apparent diffusivities obtained 

for 'Longal' chestnut are in Table 4. 

Table 4: Apparent diffusivities of wate r in 'Longal' 

chestnut. 

Temperature D ap 

("C) (m2/s) 
20 1.25x l0-11 

40 6.53xl o · ll 

50 1.08x I o· 
0 

65 2.89x 10"10 

85 5.24x lo· IU 
100 8.42x 10.10 

W hen comparing these va lues with the ones reported by 

Guine and Fernandes (2006) for the same chestnut variety 

dried at 70-90°C ( 4.45x I o·9 to 6.87x I o·'~ m2/s), the present 

results are one orde r of magnitude lower. This might be 

re lated to the worse quality of the chestnuts used in the 

assays, as the year 2009 was not adequate for a good quali ty 

of the nuts. So, in the fu ture it would be inte resting to study 

the role of the harvest year on the drying characteristics of 

chestnuts. However, the results determined at 20-40°C 

( I.25x I o-11 to 6.53x 10" 11 m2/s) a rc in accordance to the one 

determined for the New Zealand chestnut variety "I 0 15" at 

30"C (Cletus and Cm·son 2008), namely 5.1 X I o·ll m2/s. 
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Table 3: Average geometric diameters of chestnuts determined before and afte r the drying assays. 
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Figure 3: ln((W- W,)I(Wtr W J) versus l ime tor the dryi ng assays at 20, 40, 50, 65, 85 and I 00°C. 
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CONCLUSIONS 

There was homogeneity among the chestnuts used in the 

drying experiments. An exponential empirical model fitted 

well the experimental drying data for several temperatures 

between 20°C and I oooc. Linear and sigmoid functions 

also fitted well the drying experimental rates. 
Approximating chestnuts (sphericity being higher than 

77%) to spheres, the apparent diffusivity predicted by 

Fick's second law was between 1.25x I o·11 m2/s, at 20°C, to 
8.42x 10"10 m2/s, at l 00°C. 
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ABSTRACT 

Using Mat lab-Simulink the drying process of a dry cured 
meat product was modelled. Mass transfer equations 
applying the implicit method were used. This model allowed 
to predict the water distribution in the product and the air 
relative humidity (RH) during the drying process. Two 
different types of controllers (simple and Fuzzy), which had 
to adjust to a specific drying curve, vvere tested. Fuzzy 
control reacted fa ster and gave a lower mean control error 
than the simple control. 

INTRODUCTION 

Simulation has become a standard procedure in many 
industries for process control design. Today, control systems 
for cars, airplanes, motors. etc., arc developed using models 
prior to testing in real systems. System simulation saves a lot 
of time and money and in some processes is almost the only 
procedure due to the risks associated. Tools as Matlab­
Simulink has allowed engineers in recent years to develop 
and simulate easily models of complex systems, speeding up 
the process of control design. This is especially important for 
processes that take place over a long period of time, as 
drying. 
Drying is one of the most important processes in food 
industry. as drying allows to extend product shelf-li fe. One 
exmnple is dry-cured meat products where meat with salt and 
other ingredients is dried. Most of these processes arc carried 
out in a traditional way, products are placed in an artificial 
dryer and control consists of changing manually air 
temperature and relative humidity (RH) set points depending 
on the process stage and the expert evaluation. Air humidi ty 
control is usually canicd out with cooling coils. When the 
RH is above the set point the cooling coils are switched on 
and the air starts to now through exn·acting water fi·om the 
air until de RH is below the set point. Simulation allows 
predicting the behaviour of the drying process in a few 
minutes, while real process last some weeks or months. 
Therefore, different control strategies can be tested in a short 
period of time in order to optimize and evaluate an automate 
the process. 
The aim of this study was to evaluate the feasi bility of 

simulation to predict the relative humidity set points durin. 
the drying process of fermented sausages. Two differen 
control algorithms were tested. 

MODEL 

Heat and mass transfer takes place simultaneously in dryin~t 

However, as tempera tures evolve very slowly over the ti~ 
and the process is quite long, only mass transfer (inner 
outer) has been modelled. For modelling mass transfer 
implicit method has been used as described in (Holman 
200 1). 
Sausage has been approximated to a semi-infinite poro111 
vertical plate as the diameter is small diameter compared 10 

its length. The length (/) of the product is 30 cm and the 
diameter (d) 4 cm. Volume is considered not to change over 
time. although in real processes product shrinks. 
External mass transfer occurs at the product surface. The 
driving force is given by the difference between the parti~ 
vapour pressure of the surrounding air and of the product 
surf.1cc. The partial vapour pressure for the air can be easill 
calculated 11-om the air temperature and humidity. For the 
product it must be obtained from the air humidity in 
equilibriwn with the product surface at a considered \\".ltC! 
content, which can be easily calculated from the meal 
sorption isotherms. For this work meat sorption isothenlli 
were taken from (Comaposada et al. 2000). 
External mass tnmsfer ky is calculated using experimental 
approaches based on the Nusselt number for mass n·ansfcr. 
al so called Sherwood number. There are two situations. 
natural convection and forced con vection (when coolin! 
coils and ventilation are on). For the first case. mass transfer 
coefficient is determined using the simultaneous equations 
for mass and heat u·ansfer (Kondjoyan and Daudin 1993) 
Heat transfer coefficient for vertical cylinders is calculated 
(Le Fevre and Ede 1953) as following: 

[ 
' ]0.25 ( ) Nu = ~ 7GrPr- + 4 272+3 15Pr I 

3 5(20+ 21 Pr) 35(64+63 Pr)d 
(I) 

and then using Lewis number the external mass transfer 
coefficient is calculated. 
For forced convection U1e external mass transfer coefficient 
is calculated using the formula proposed by (Lienhard IV 
and Lienhard V 2006) for laminar and turbulent fluxes, as 
following: 
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Internal mass n-cmsfer is governed by Fick's law; as a result 
of it water will now fi·om the inner pan of the product to the 
outer. The effective diffusivity coefficient depends on 
different factors (temperature, water content, NaCI content) 
[7]. For mass transfer. Fourier and Biot numbers are defined 
ns follows: 

D· dt (3) 
Fo =---,-

dx-
/qJ· dx 

Bi==-·--
D· P (4) 

D is the diffusivit y rate of water in meat. For this work the 
diffusivity value ranges from 6.4g4 7x I o·" m1/s at 11 "C to 
I J34x I o·'" m2/s at 19 "C. 
tit is t11e iteration time and it has been set at I second. 
t!x is the longihidinal distance and is set at 0 .5 nuu. 
p is the product dry matter density. At the beginning of the 
process the overall product density is 810 kg/ ml. obtained 
from a real industrial process. Considering a water content of 
around 74'Yo product dry ma11cr density becomes 209 kg/m3

. 

ky is the external mass transfer coefficient. 

A surrounding volume of air has been considered for the 
product. taking into account that in a real indusn·ial process 
U1e density of such product is 60 kg/m3

. Due to convection 
water migrates fi·om the product to the air, as a result of it air 
RH increases. When cooling coils arc on, to lower air 
htunidity of the dryer the water content in the air is decreased 
by an amount of 7 .5x I rr' kg/ m3s. 
Initial water content is 2.88 kg H20 /(kg of dry matter) and 
the only ingredient considered for the modelling is 0.035 kg 
of NaCI/(kg of dry matter). These values arc considered 
uniform in the product at the beginning of the process. These 
values used in tl1c simulation are taken from a real process. 

CONTROLLERS 

Two types of controllers were evaluated, a simple and a 
fuzzy one. The aim of these controllers was to follow a 
weigtl1loss curve (wcigthloss vs. time). obtained fi·om a rea l 
process, by increasing/lowering the relative humidity set 
point of the surrounding air. Tcmperanu·c changed according 
to the data collected from the real process. Initial 
temperature was 11 oe, and final one 19 "C. In both 
Controllers. decisions were evaluated every hour by 
comparing cunent wcigthloss to the set point. 
The simple controller strategy consists of increasing relative 
humidity by I% when the wcigthloss is below the set point, 
and ot11crwisc when is above the set point. 
The fuzzy controller is more complex and consists of three 
Inputs (Figures 1 .2.3) and one output (Figure 4). Relative 
Hulllidity is changed depending on the weight error (Figure 
I), when comparing the wcigthloss curve and tile current 
Weight value, expressed in water content (kg H20 /(kg of dry 
Oiatter). Also how this error increases and decreases (Figure 

2) is considered and the water content on the surface (Figmc 
3). Knowing water content on the sur£1cc is important in 
order to avoid drying defects like crusting (Gou et al. 2005). 
Output consists of increasing or decreasing the relative 
luunidity set point. 

no error p_error 

-2.5 -0.9 -0.18 0.1 R 0.9 2.5 

Figure I : Membership fi.mction plot for input variable weight 
error (w _err) expressed in (kg H20 ikg of dry matter) 

n dif p_dif 

-I -0.35 0.35 

Figure 2: Membership fun ction plot for input variable e1Tor 
change (eh_ err) expressed in (kg H20 /kg of dry matter) 

low Xs 

0.35 0.55 1.1 

Figure 3: Membership function plot for input variable water 
content on the surface (Xs) expressed in (kg H20 /kg of dry 

matter) 

d hr no hr i hr 

-7 -0.5 0.5 7 

Figure 4: Membership function plot for output variable 
relative humidity set point change 

Fuzzy rules attempt to minimize the control error (Table I) 
while avoiding drying defect s. If there is no d;mger of 
crusting defects, th is means water content is above 0 .55, 
rules 1-5 attempt to minimize control error, as follows: 
If the weight error is posit ive ;md the error tends to increase, 
this means t11e process is going too fitst and ti1e error is 
increasing. relative humidity set point is increased in order to 
slmv down drying. However if the error is decreasing. the 



relative humidity set point stays constant as it is possible that 
the current set point is the right one for the stage of the 
process and the error will be reduced. 
Otherwise. if the weight error is negative and the error is 
becoming more negative, this means the process is going too 
slow and the magnihide of the error increasing, the relative 
humidity set point is diminished in order to increase the 
speed of drying. However, if the error is decreasing the 
relative humidity set points stays constant for the same 
reason as before. In case there is no weight error relative 
humidity set point stays constant. 
However if water content on the surface is low, priority is 
given to avoid drying defects and the relative humidity is 
increased (rule 6). 

Table 1: Fuzzy Rules 

Rule Input Out ut 
N" w error eh error Xs RH -

set point 
p_err dif not(low H) i hr 

2 p_err n_dif not(low H) z hr 
3 n err p_dif not(low _H) z hr 
4 n err n dif not (low_ H) d hr 
5 no error not(low H) z hr 
6 low H i hr 

A PlO controller was also considered, but its implementation 
was not so straightforward as for the fuzzy controller and 
was discarded. 
One of the parameters to evaluate control performance is the 
mean control error. Control error is the difference between 
the set point and the real value of the parameter under 
control at a given moment. this value is then averaged for all 
the process time. 

T 

mean control error- ; . J abs(setpoint- output}:il 
0 

(T = overall time) 

RESULTS 

Air velocity in a real process in a drying chamber ranges 
from 0.2 to 1.5 m/s. TI1ese values were used to calculate ky. 
the average value (0.0078 kg/ m2s) was used for the 
simulation. 
The controller simulnted on Matlab-Simulink allowed 
adjusting to the set point weigthloss curve as showed in 
Figure 5. Fuzzy controller wns able to follow the set point 
curve better than the simple conu·oller. Fuzzy reacted faster 
to changes in the set point. for example between the day two 
and Lhree of the process, the fuzzy controller kept closer to 
the set point (Figure 6). Overnll mean control error. 
nonnnlized for the product initial weight, was 5.4% for the 
fuzzy controller and 11.2% for the simple one. 
Figure 7 shows the predicted RH set points by the fuzzy. 
simple control ;md the real process set points. changed 

manually. RH predicted set points are lower tlum for U1e TCQJ 

process from where this data wns taken. Thi s means that k 
follow the same drying curve, humidity gradient between att 
~nd product. mu~t be higher: This could be due to an 
Improper estnnauon of D, which should be determined r

01 
the speci !ic fermented sausage instead or a salted lllcat 
product. Despite of this. the modell ing shows di fferences 
between the controllers. Simple controller lags behind tht 
fuzzy conn·oller. Fuzzy comroller is able to take the right se 
point before the simple one. For example. between days t110 
and !ive the simple fuzzy controller stnns 
increasing/decreasing set points before the simple one. In 
some situations, between day two and three, it can be 
observed that while the simple conu·oller keeps increasing 
the set point. the fuzzy is sta rting to lower the set poi nt~ 
This feature of the fuzzy controller explains the lower mean 
control error. 
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Figure 5: Simulated weigthloss curve vs. set point curve 
(experimental). 
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controller 

CONCLUSION 

Food process modelling is a more complex task than in other 
fields. In this work a model for simulating drying of meat 
products has been proposed based on several assumptions. 
which are not always true. However, from our experience 
results are qui te satisfactory. Model could be improved in 
the fumre taking into account some aspects which have been 
neglected, as shrinkage. Time for control design has been 
reduced from weeks to several minutes. allowing to test 
diiTerent control strategies in a fe\v minutes. This will allow 
to develop advanced controllers in short periods of time. 
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ABSTRACT 

The current way of cleaning in place is in most cases based 
on experie nce and often longer than strictly necessary due to 
the lack of re liable mo nitoring tools . NIZO food research has 
developed a real-time monitoring system, called OptiCIP+, 
which is based on on-line sensors and process simulation 
tools. A prototype has been tested on two whey evaporators 
(normal and desalted cheese whey). For both test companies 
it was clear that OptiCIP+ has a high potential to cut 
industrial cleaning costs and to increase production times. 

INTRODUCTION 

Cleaning in Place (CIP) is an important unit operation that is 
commonly applied throughout the whole food industry. In the 
dairy industry, CIP is applied daily for the major part of the 
equipment. This ensures a constant product quality, efficient 
heat transfer and avo ids possible growth of micro-organisms. 
It is clear that a high frequency of c leaning has a large impact 
on the availability of the process ing equipme nt and on the 
environment (sec Figure l ). If cleaning times can be reduced, 
production capacity will increase without additional 
investments. In addition, energy savings, reduced product 
loss and less environmental pollution with cleaning agents 
can be obtained. An evaluation study in the industry showed 
that CIP procedures arc based on worst case scenarios and 
there is a potential for 30% savi ng in cleaning effic iency. 

Figure I : Cleaning effi ciency before and after optimization 
based on fouling removaL 
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An objective analysis is needed to evaluate whether 
reduction o f cleaning time is possible without a ffecting 
product quality and safety. 

OPTICIP+ 

In order to answer the need for an objective analysis, NIZO 
food research has developed a tool that is able to optimize 
the CIP procedure in a food factory. By using that system in 
combination with a model based process control system 
(Premic, developed by Honcywell and NIZO), a tool is 
availab le to monitor, optimizc and control the CIP 
procedure. 

In Figure 2 a schematic overview of the OptiCIP+ working 
principle is shown. The OptiC lP+ system consists of: 

• On-line sensors that detect the fouling in cleaning 
solutions. The resu lts arc used to monitor the fou ling and 
cleaning progress and to optimize the cleaning 
procedure . 

• A historical database in which relevant processing and 
product data and applied cleaning condi tions are stored. 

• During the production process the fou ling of the process 
equipment based on product composition, process 
configuration and process conditions (temperatures and 
product tlow) is calculated. Then OptiCIP+ selects and 
monitors the optimal cleaning procedure. 

IN·UINE 
SENSORS 

monrtoring 
foutmg rate 

ON-LINE 
SENSORS 

momtonng 
cleaning rate 

Optimized c leaning - - ---- ------! 
procedure 

COMPUTER 
MODEL 

selection and 
optimization of 

cleaning procedure 

Figure 2: Schematic overview of O ptiCIP+. 



OptiCIP+ will be integrated in the process line. The 
optimization of cleaning procedures is carried out in three 
steps: 

I . Based on the actual production data, process 
configuration and the type of product, amongst other 
production parameters, the amount of fouling is 
calculated. 

2. After production, a database file is searched and 
depending on the degree of fouling and other relevant 
production parameters, an initial (optimal) C IP 
procedure is loaded into the system. 

3. By making use of the sensor values. the CIP procedure 
will continuously be optimized during cleaning. 
OptiCIP+ indicates the moment that the equipment is 
clean and the cleaning procedure can continue with the 
next step. 
All CIP related data are linked with the production and 
product composition data and stored in a database file. 

After the next production run, the data that arc stored in a 
database file arc used to select the optimal CIP procedure in 
step 2. In this way, OptiClP+ is a self learning system. The 
optimal CIP procure and conditions (such as times, 
temperatures) arc based on the actual situat ion. Depending 
on the industrial demands OptiClP+ can be used for full 
control of the cleaning procedure or just for monitoring and 
alert purposes. 

RESULTS WITH OPTICIP+ 

After using OptiCIP+ at two test companies a good relation 
was found between the type or raw material , the amount of 
fouling calculated by OptiCIP+ and the registered fouling 
peaks determined by the sensors during the cleaning. In 
general, the results of the final measurements showed that the 
advice of OptiCIP+ was appropriate as the e vaporator (tubes) 
were both visually and bacteriologically clean. 
For both test companies the rinsing phase was not cftic ient 
enough. OptiCIP+ advised therefore to extend the rinsing 
step for a few minutes during the acid (or caustic for the test 
company that uses dcsa ltccl whey) cleaning hut to shorten the 
recircu lation time. 

RESULTS WITH SENSORS 

The total fou ling (organic and inorganic) was detected with a 
turbidity sensor (Opte k; based on color meas urement) during 
an acid-caustic cleaning. This sensor was validated by 
comparing the on-l ine results with off-line measurements 
(Figure 3). The sensor func tioned we ll. 
A second turbidity sensor (Hach Langc) based on real 
turbidity measurement was tested only during a final 
e valuation of the cleaning process. This sensor also seemed 
to be re li able as on-line and oil-line results were similar. 
Since this sensor does not depend on a color measurement it 
might also be useful for non-dairy applications. 
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Figure 3: Results of on- li ne and off- line turbidi ty 
measurements. 

A nitrate-nitrite sensor (Hach Langc) tu rned out to be useful 
for on-l ine monitoring of the rins ing out of nitrate in, for 
example, an evaporator. 
A calcium-ion sensor (Metrohm) was used to detect 
inorgan ic fou ling (salts) during an acid c leaning after a 
caustic cleaning. This sensor however appeared not to be 
robust enough for industrial conditions. 

COST SAVINGS 

It was esti mated by NIZO (with data suppl ied by the two test 
companies) that the annual cost savings wou ld be € 150,000 
and € 180,000 ( investment cost exc luded) when the cleaning 
procedures arc adapted accord ing to the advice of OptiC lP+. 
These benefits arc due to a shorter c leaning process and 
consist of a reduction in cost fo r energy, water, cleaning 
agents and operato r costs. 

CONCLUSIONS 

OptiCIP+ makes it poss ible to opttrmze the CIP procedure 
in-line. By using OptiClP+ the food industry can achieve 3 

significant cost reduction by shorter cleaning times and 
higher production capac ities of up to I 0-20 %. The system 
has been de monstrated in the dairy industry. 
Both te st companies got a good understanding o f their 
curren t cleaning procedures and ad vice for optimization. 
Both companies were e nthusias ti c about the on-line 
monitoring of the cleaning process with sensors and the 
advice based on these resu lts. It is clear that OptiCIP+ has 3 

high potential to cut industrial cleaning costs . 
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NOMENCLATURE 

Brix (mass 
Bx traction or dry % 

substance) 

Cp 
specifi~ heat 

JK.'kg·' capacitv 

F Flow rate 111 3 s· 1 

" spccilic enthalpy Jkg'' 

L specific latent heat Jkg'' 

Ill !VI ass kg 

Pte 
purity (mass 

% fraction of su!!ar) 

Q h t:-ating pow~r w 
T Temperature •c 
a adjusted parameter 
.\ conccntration 

er supl:rsaturation 

p dcnsity /,gm· 3 

subscripts 
c, Crys crystal 

f feed 

i impurities 

m/ mother liquor 

magma (mother 
mg liquor and 

crystals) 

s dissolved sucrose 

11 ' \\'at er 

\'Ofl cmincd Yapor 

INTRODUCTION 

fiiUlt 

Crystall ization is a uni t operation widely developed 
in pharmaceutical. chemical and food industries, 
which aims at extract a solute from a sah1rated 
sol ut ion . In cm1e sugar industry. extraction is 
performed through 3 cascade crystallization 

operations. A. B and C stages, with an increasing 
concenu·ation in impurities from the fi rst to the last 
stage. Crystallization results mainly from the 
difference of potential between 1he supersaturated 
solution and tile sw·fi1ce of crystals (Kim and 
Myerson, 1996, Mullin and Sonnel. 1977). Despite 
important advances in model ing, the improvement 
of monitoring and control of th is process remains 
an open research fi eld (Simoglou et al., 2005). 

The expected product quali ty highly depends on the 
downstream operations (drying. fil tering ... ), and 
obviously under concerns of the industrial sector. In 
the frame of C-grade crystallization of cane sugm·, 
the level of impurities in the sucrose solution is so 
high that the industrial o~j ective is limited to a 
maximal extract ion of the remaining dissolved 
sugar from the A and B-grade operations. In this 
case. since the quality of crystals is not trivial , 
crystal size distribution modeling (Braatz, 2002) is 
not required. Moreover. the large concemration in 
impurities in the solution makes the CSD model 
parameters estimation difficu lt. 

In the Bois Rouge factory (BR), the control of the 
C-grade crystallization is performed through a 
proportional integral derivative (PlD) conu·oller, 
based on a measurement of the electrical 
conductivity of the sucrose solution. Consequently, 
the electrical conductivity is the controlled variable, 
and a setpoint tracking is usually advocated. 
However, the electrical conduct ivity is strongly 
influenced by the variability of the experimental 
condit ions and the presence of solid phases as well 
as various ionic compounds in the raw material 
(Grondin-PetTez et al., 2005. 2006). Additional 
information is needed to improve the process 
supervision. Therefore. 2 Brix sensors were 
installed at BR: a refractometer to measure Bx,, . 

the Brix of the mother liquor. and a microwave 
detector to measure 11x1118 • the Brix of the magma 



(the suspension of crystals in the sucrose solution)1
. 

In industrial context. it is well known that the main 
drawback of rcfracrometers is the problem of 
fouling, \vhereas the main difficulty of the 
microwave detector lies in the calibration. 

In this comribut ion is proposed to test a set of 
observers, either bnsed on the Brix obtained via the 
refractometer. or via the microwave detector, or 
finally based on both measurements. It will be 
shown how the combination of these 3 observers 
improves the process monitorin g and allows 
si multaneous detection of eventual sensor f.1ilure. 
The validation of the observers is carried out with 
industJial databases. collected at BR. 

This paper is orgunised as follows: the second 
section is dedicated to the process description and 
model design. In the third section, an observability 
analysis is proposed for tJ1e 3 observers. The 
validation and the interest of the combination of 
observers for sensor failure detection arc illustrated 
in the last section. 

MODEL DESIGN 

Energy and mass balance 

The C-gradc crystallization step is performed 
through a semi batch vacuum pan, operating as 
continuously stincd tank reactors (CSTR, 
Figure 1). 

f' """• 
I '~' 

... . 
" . . -, 

"'' 

Figure I: CSTR used for sugar crystallization 

The conversion from dissolved sucrose to 
crystallized sucrose is smnm•u·ized by a simple and 
non reversible conversion coefficient. Thus, the 
evolutions of mass of dissolved sucrose, crystals 

B~:,, represents the dissolved sucrose mass ti·action 

nnd Bx,... the totnl sucrose mass frac tion (crystals 

plus dissolved sucrose) 
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illld impurities and water in the reuctor are governed 
by the following expressions: 
dill, 
-,- = a ,.m/11 , 
c I 

elm dm - ·' = p F B.r Pie - - ' 
dt f f f f dl 

dml = p , Hx, {1 -Pie I \ r,l 
dl \: f. 

dm ~ } dm --" = J F l-Bx F -~ dt I r r I P,. ... dt 

During the growing phase, no water addition is 
effected, and it can be assumed that F ... = 0. The 
evaporation term can be obtained from an energy 
balance (the temperamre of the magma c<UJ be 
assumed as a constant): 

dm · · I '"1' 0 F I A. 1 • ••P ~=-+ pf / I/ + ,.,.., 1//r .... 

, ( ) dm,s .... -Cp,'E m ,,,m, ,m, T,., - -
dl 

The evolution of the specific heat of the magma is 
relatively slow and w·eak. and this parameter can be 
considered as a time varying variable in tJ\C sequels. 

Given Uwt 111,~ =m, + 111r +m .. + m , . the evolution 
of emitted vapor CUll be inserted in the equation 
can be inserted in tJ1c mass of water equation 

dm,. 

dl 

l . 
. .. + () 0 h -C I -\ rlJI j)mg T,,t!; 

State space representation 

By examining the model. it can be noted that the 
evolution of the mass of impurities depends only on 
the input vector (no link witi1 ti1e state vector). This 
means that t11e exact knowledge of the mass of 
impw·ities can be perfectly calculated at each time, 
provided that the initial vulue is known (this 
condition is usually filled) and that the purity and 
the Brix of the feeding liquor are known with 
limited uncertainties. In the sequels, we propose 
thus consider that tile mass of impurities is a known 
variable and the equation is removed from tile 
system. 

Consequently, the state vector under consideration 
is composed of 3 state variables: 

x = [x, .r: .r,]' = [111, 111, 

vector is 11 = [11, 11 Jr = [.r-:, 

m,J and the input 

Qy 



.........--

The state space representation of the system is 
linear with time varying parameters, and can be 
written as follows: 

_\- == A,x + B,u 

- a 
f"I) .U 

A, == a n n l 

A CI'\'.\ f 

h,,p - Cp,., (r )r,,-; 

B = ; 

0 0 

0 0 

0 0 

0 

0 
I 

h,,,p - Cp,,. (t )T,,,. 

All the model parameters are issued from the 
literat11re or estimated from available correlations 
(Georgieva et al., 2003), <md the temperature of the 
magma. assumed to be constant, is measured on ­
line. The kinetics p<muneter a,,, has been 

estimated via reverse technique applied on a set of 
databases and validated on a second set of 
data bases. 
It is obvious that a,,, depends on several 

parameters, i.e. the tempen!hu·e of the magma, the 
level of impurities, concentration of dissolved 
sucrose, etc. For the databases under consideration. 
it has been noticed that this parameter can be 
considered as a constant in standard operating 
conditions (i.e. 60 oc < T < 70 oc : 2.5 < s < 4 and 

l I 3 - )· · I 18-4 10·"·' _, < 0" < .. ) . a ,.,, = . c ) x s . 

OBSERVABILITY ANALYSIS 

At BR, the PID controller is based on a 
measurement of the electrical conductivity. 
Nevertheless. the Brix of the magma and the Brix 
of the mother liquor are available on line: 

B 
x, + x, +m, 

X = • 
• mg 

x, + x2 + X_~ + m1 

The slate space representation cw1 be completed 
with a non linear output function : 

l.r 1 + .r, + m, l 
a (x)= x, + x , + x ) + m, . 
c. • x, + m, 

x, +x, +m, 

The local observability is verified if. Vx".'""'"o E R 3 
, 

the observability matrix is of fbll nmk. It can be 
verified here that: 

cg,l 
a\' yo 

rank ag, l A 
OX ,• ' 

=3 

Ag, I A,' 
ox ,• 

As mentioned in the introduction, the refractometr ic 
Brix obtained is subject lo fouling, and the 
calibration of the microwave detector is a difficult 
operation. It is thus necessary to propose al ternative 
solutions allowing reliable estimation of the stat e 
vector in presence of sensor failures. It can be 
easily verified that the observabi lity property is lost 
as soon as one Brix measurement is in default. In 
the same way as for impurities, the total sucrose 
mass (crystals plus di~solvcd sucrose), does not 
depend on the state vector. Indeed, it can be written. 
tha11ks to the mass assessments presented above, 
that: 

dm>+,. - FP B· -- - P; r fer -'r dt . 

As for the impurities, the total mass can be 
perfectly known provided that the initial value is 
known (this is usually the case)_ In the case of a 
defaull on tl1e Brix of the magma, the new output 
function considered is: 

It can be straightforwardly verified that t11e rank 
condition previously mentionned is verifi ed. At last, 
in the case of a def.·udt of the microwave sensor, it 
can be verified that the rank condition wi th : 

is verified too. 

OBSERVER DESIGN AND EXPERIMENTAL 
VALIDATION 

In this section is proposed to use extended 
Luenbergcr observers (D.G. Luenberger, 1971), a 
widely proven solution : 

d\· [ ( ) (')] dt = A,x + B,u + K, g x - g x 

The computation of the gain K consists in assigning 
conveniently the eigenvalues of the matrix 
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the convergence of the observer (Sundarapandian, 
2006). For the 3 cases exposed previously, the same 
procedure is applied, respectively by considering 
g 1, g2 and g3. A trial-and-error methodology is 
usually necessary to conveniently choose the 
observers dynamics. It is necessary to respect a 
compromise between convergence rate and 
sensitivity to disturbances. The trial-and-error 
procedure has been performed first with simulated 
data, ~md then applied to the industrial databascs for 
experimental validation. Moreover, to evaluate the 
convergence rate of the observer, a large bias has 
been introduced in the initial conditions. In table I 
are given the initial conditions considered, and in 
table 2 the cigenvalucs for each observer. 

On figures la-le, the estimated mass of crystals, 
mass of dissolved sucrose and mass of water arc 
represented for each observer presented above. It 
can be noticed that the results arc similar. Let us 
recall that these observers arc carried out on data 
issued from experimental measurements col lected 
at BR. 

TOWARDS FAULT DETECTION VIA 
COMBINATION OF OBSERVERS 

In this section, the proposed observers are 
implemented simultaneously and their sensitivity to 
sensors dcfaul! is studied. In this aim, spurious data 
ru·e randomly introduced in the experimental data to 
simulate sensor fai lures. 
In the first and second cases. the Brix of the mother 
liquor and the Brix of the magma are hold at a 
constant value of 70% during 5 minutes. The results 
obtained \Vith the default on the refractometer arc 
illustrated in figures 2a to 2c. 
The sensor default is easy to detect by monitoring 
the behaviour of observers I and 2, showing 
import~mt variations in estimations. Obviously, 
observer 3 is not disturbed by the simulated fai lure. 
Concerning the default on IJ<111g, as expected, 
observer 2 is not disturbed by a default on the 
microwave sensor (figures 3a to 3c). 

CONCLUSION AND PERSPECTIVES 

In this paper, a simple but accurate model has been 
proposed to describe the C-grade crystallization 
process. in presence of a high level of impurities. 
This model has been validated thmlks to numerous 
experimental data collected at the Bois Rouge 
factory, La Reunion, France. Based on this model, 
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three observers have been proposed, thanks to the 
redund<mcy of Brix measurements. These observers 
have been tested and satisfying results have been 
obtained with experimental data. Finally, a sensor 
failure detection method is proposed, based on the 
simultaneous implementation of the three 
observers. Preliminary resul ts are encouraging and 
allow considering a real improvement of the 
crystallization monitoring and control. The next 
stage of this work is obviously the implementation 
of this monitoring strategy at the factory. 
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Table 1. Experimentnl Initia l conditions and initia l conditions implemented in the observer 

Experimental l.C 

Observers I.C 

Observer I 

Observer 2 

Observer 3 

- -

T:ft.: ,_1 

Figure l.a. Estimated mass of crysta ls 

..... 1!1._ 

.. 

Figure 2.a. F.stimated mass of crys tals 
with Bx1111 delimit 

,. 

- ·....-

Figure 3.a. Estimated mass or crystals 
with 13x111g delimit 

Ill , fkgl 111, [kgJ 
18 000 6 130 

15 000 3 000 

Table 2. Eigenva1ues of the 3 observers 

-1. 5 X I (f~ -2 X JO-•I 

-1 X IO"- -9 X 10·' 

-L2 x w-- -9 x Itr ' 
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·~· 

Figure l.h. b timated mass of 
dissolved sucrose 

.·. 

Figure 2.b. Estimated nuL-;s of 
dissolved sucrose with Bx1111 de fault 

.,T I• 

F igure 3.b. F.stimated mass or 
dissolved sucrose with 8 X,11g dela ult 

m. L kgJ 
4660 

3 000 

-6 X 10"2 

- L2 x w--
- L5 x w--

- .. d 

.. ~ 

.. ::~ 
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Figure I.e. Estimated mass or water 

, . ....---
1'1 
J l~--

Figu•·e 2.c. Estimated mass of water 

with Bxml delimit 

r 1 

Figure 3.c. Estimated mass of water 
with i3X111p delimit 
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ABSTRACT 

The objective of this study was to analyse the antioxidant 
protective effects of the incorporation of Boletus edulis 
extract in beefburgers. The relationship oftotallipids/fatty 
acids to lipid peroxidation of hamburger during storage 
was examined. Beef burgers samples (lipids content: 15-
18%) were stored for 8 days, and thiobarbituric acid 
reactive substances (TSARS) formation inhibition, free 
radical scavenging activity and reducing power were 
determined. The antioxidant potential increased with the 
amount of extract added to beef burgers, giving higher 
radical scavenging properties and TSARS inhibition 
capacity. These findings indicated that Boletus edulis 
extract had a protective antioxidant effect against lipid 
peroxidation of beef burgers patties. 

INTRODUCTION 

Lipid peroxidation is a major quality deterioration problem 
in foods. The primary products of the reaction are lipid 
hydroperoxides, and they are converted to secondary 
products such as aldehydes. The development of warmed­
over flavor, which is caused by aldehydes, can be 
accelerated by lipid peroxidation in raw meats during 
storage. Lipid peroxidation products are also considered as 
compounds harmful to human health. It has been reported 
that oral intake of fatty acid autoxidation products 
stimulated lipid peroxidation in living organs. Secondary 
products of lipid peroxidation such as malonaldehyde and 
4-hydroxynonenal are cytotoxic and mutagenic compounds 
[1 J. Thus, lipid stability is one of the important factors for 
maintaining meat quality during storage. Several 
antioxidants are used to prevent lipid oxidations in animal 
meats. 

Different mushroom species were reported to have 
antioxidant activity, which was mainly related to their 
phenolic content [2]. Moreover we have reported the 
antiox idant properties including free radical scavenging 
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and lipid peroxidation inhibition properties of Boletus 
edu/is methanolic extracts [3]. The objective of the present 
study was to evaluate the antioxidant protective effects of 
this mushroom extract when incorporated in beef burgers 
patties during storage. 

MATERIALS AND METHODS 

Samples and sample preparation 

Boletus edu/is Fr. was a commercial dri ed sample obtained 
in a local supermarket. The sample was extracted wi th 
aqueous acetone 70% (v/v) following the procedure 
described by Bao et a l. [ 4]. The mushroom extract was 
added separately to each portion of beef burgers to give a 
final concentration of 5, 1 and 0% (control). Each sample 
was thoroughly blended, and a I 00 g portion of the 
hamburgers was packed individually and subsequently 
stored at 4°C for 8 days. 

pH Measurement 

The pH was measured after homogenization of the samples 
(-3g) with dist illed water, centrifugation and fil tration. 

Determination of total Iipids and fatty acid composition 

Total lipids were extracted ll'om lyoph ilized sample in a 
Soxhlet apparatus, and determined gravimetrically 
following AOAC procedure. Th e fatty acid profile was 
analysed, after a trans-esterification procedure, with a 
DANI model GC 1000 instrument equipped with a 
split/splitless injector, a FID and a Macherey-Nagel 
column (30 m ' 0.32 mm ID ' 0.25 ~un dj). The oven 
temperature program was as follows : the in itial 
temperature ofthe column was 50 °C, held for 2 min, then 
a 10 °C/min ramp to 240 °C and held for 11 min. The 
carrier gas (hydrogen) flow-rate was 4.0 ml/min (0.61 bar), 
measured at 50 °C. Split injection ( 1:40) was carried out at 
250 °C. 



Evaluation of antioxidant activity 

The lyophilized samples were extracted with methanol 
(I h+ I h) and submitted to three different antioxidant 
activity evaluation assays. The results were expressed in 
EC50 values (extract concentration necessary to achieve 
50% of antioxidant activity). 

DPPH radical-scavenging activity 

This methodology was performed using an ELX800 
Microplate Reader (Bio-Tek Instruments, !ne). The 
reaction mixture in each one of the 96-wells consisted of 
extract solution and aqueous methanolic solution 
containing DPPH radicals. The mixture was left to stand 
for 60 m in in the dark. The reduction of the DPPH radical 
was determined by measuring the absorption at 515 nm. 

Reducing power 

This methodology was performed using the Microplate 
Reader described above. The presence of reducers ( i.e. 
antioxidants) causes the conversion of the 
Fe3+tferricyanide complex used in this method to the 
ferrous form. Therefore, by measuring the formation of 
Pert 's Prussian blue a t 700 nm we can monitor the Fc2+ 
concentration; a higher absorbance at 700 nm indicates a 
higher reducing power (RP). 

Inhibition of lipid peroxidation using thiobarbituric 
acid reactive substances (TBARS) 

It was measured the colour intensity of the 
malondialdehyde (MDA)-T BA complex form ed in the 
system by its absorbance at 532 nm [3]. 

Statistical analysis 

Data were submitted to analys is of variance using the R 
Development Core Team (2008) software. A factorial 
design of 2x3 x3 was used, and treatment means were 
compared using the multiple comparisons Fisher' s least 
significant difference with a significance level of 5%. 

RESULTS AND DISCUSSION 

The effect of storage time and Boletus edulis extract 
concentration in pH and EC50 values of DPPH, RP and 
TBARS of the beef burgers are shown in Table 1. The beef 
burgers initial total lipids content was 17.7 g/ 100 g. 
The pH and EC50 values of DPP!-1 and TBARS decreased 
(P < 0.05) with the increase of beef burgers storage time. 
This trend was also observed for RP EC50 values, however 
the effect it wasn ' t statistica lly significant (P > 0.05). 
The pH and EC50 values of DPPH, RP and TBARS 
decreased (P < 0.05) with the increase of Boletus edulis 
extract concentration. These results show that after one day 
of storage the beef burgers are already subjected to ta t 
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oxidation. The addition of the mushroom extract increased 
the antioxidant potential (decreasing of EC50 values) and 
the reducing power of beef burgers patties. On contrary, 
the addition of mushroom extract inhibits the formation of 
TBARS on beef burgers patties. The treatment with 
Boletus edu/is extract promoted lower oxidation index, and 
the fatty acids were remarkably protected !Tom oxidation 
after 8 days of beef burgers patties storage (data not 
sho'vvn). 

Table I: Effect of storage time (days) and Boletus edulis 
extract concentrations(%) in pH and ECso values of DPPH 
(mg/ml), RP (mg/ml), and TBARS (mg/ml) of beef burgers 

11 pH DPPH RP TBARS 
Storage, days 

I 9 5.7±0.02' 105±30.4' 3.7±0.49' 20.6±5.41' 
8 9 5.1 ±0.05b 5. 1±0.05h 3.3±0.43" 12.8±3.70b 

[Extract], % 
0 6 5.5±0. I 0" 147±35.7" 5. 1±0.46" 34.6±3.31' 
I 6 5.4±0. 17' 44±1.63b 3. 1±0.23h 10.0± 1.60b 
5 6 5.3±0. 17b 35±2.80h 2.4±0. I 2h 5.5±0.39' 

Main effects 
Storage *** *** NS *** 
[Extract] *** *** *** *** 

Storane*rExtract] *** *** NS *** 
Different letters within columns indicate signilicant (P < 0.05) di fferences 
between mean values; NS = non significant (P > 0.05 ); *** P < 0.00 I. 

The interactions between Boletus edulis extract 
concentration and storage time efTects on pl-1 and EC50 

values of DPPH and TBARS are shovm in Figure I. The 
in teractions were highly significant for pl-1 and EC50 values 
o f DPPH and TBARS. lt is remarkable that antioxidant 
capacity of the samples increased with the increase of 
mushroom extract concentration. Nevertheless, the same 
behaviour was observed in control samples, with a 
reduction in pH and EC50 values of DPPH and TBARS 
with the storage time. The activity of some antioxidant 
defences (non-enzymatic or enzymatic) present in beef 
burgers is increasing along the storage time, in response to 
the oxidative stress inherent to the storage process. Thus, 
further work is necessary to elucidate the interactions 
herein reported. 

CONCLUSIONS 

Based on the study results, it is noteworthy to point out that 
Boletus edulis extract had a protective effect in beef 
burgers against lipid peroxidation. The addition of 
mushroom extract can be used to extend the beef burgers 
shelf-lite during storage. Hydrophilic extract prepared 
from Boletus edulis is a promising source of natural 
an tioxidants for tood and food stuffs. 
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ABSTRACT 

The objective or this study was to investigate the effect of 
particle surface moisture content on growth rate during 
agglomeration. In order to establish the relationship between 
process conditions and particle surface moisture content and 
temperature (and their spatial distribution in the fluidized 
bed), the combined population balance and thermodynamic 
model, as described by Ronsse et al. (2007a,b), was used. 
Growth kinetics were experimentally verified using I 00 ~un 
glass beads and maltodextrin based aqueous binder solutions, 
under varying process conditions. Studied process variables 
inc luded binder concentration, fluidization air temperature, 
liquid binde r feed rate and liquid binder atomisation 
pressure. 

INTRODUCTION 

Fluidised bed agglomeration is a widely used unit operation 
in the agrochemical, food and pharmaceutical industries with 
the a im of increasing particle size and consequently, to 
modify the behaviour of powders. In the fluidised bed 
agglomeration process, the binde r, in the form of an aqueous 
or organic solution of a polymer, is continuously atomised 
onto the fluidised particles (Link & SchlUnder, 1997; Zank et 
al., 2001 ). Particle growth is realised by means of 
interparticle liquid bridge formation (Link & SchiUnder, 
1997; Saleh et al. , 1999) . In order to solidify the inte rpartic le 
liquid bridges, the bed is supplied with air having a high 
evaporative capacity (Depypere et al., 2003) 

As the fluidised bed agglomeration process involves a series 
of complex thermodynamic interactions between the different 
phases invol ved, the agglomeration process is prone to yield­
reducing or quality-degrading s ide-effects, i.e. uncontrollable 
particle growth and bed quenching (Guignon et al., 2002; 
Teunou & Ponce let, 2002). Although controlled 
agglome ration is the objective in many fluidised bed unit 
operations, in some applications agglomeration is also 
considered a negative s ide-effect (Dewettinck & 
Huyghe baert, 1998; Kage et al. 1998; Nakano & Yuasa 
200 I). For ins tance, in aqueous film coating, the preferred 
particle growth mechanism is layering, i.e. the binde r is 
deposited on the particle surface without stable interpartic le 
bridge formation. Whe ther growth by layering or growth by 
agglome ration is promoted, de pends on process conditions 

including the fluidised bed's evaporative capacity (as a 
function o f fluidisation air supplied to the bed) and the 
spraying rate of the dissolved binder, as is exempl ified in 
Figure l (Gouin, 2005). 
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Figure I. Relationship between partic le growth kinetics in 
tluidised bed coating and the spraying rate and fluidisation 

air tlow rate process variables (after Gouin , 2005). 

One of the more common modelling me thodologies for the 
fluidi sed bed agglomeration process is population balance 
mode lling. The population balance equation is a statement of 
continuity that describes how the statistical distribution of 
one or more particle-re lated variables changes with time and 
space (Peglow et al. , 2007). If the fraction of particles with 
size 11 at time t is g iven by the number densi ty function n(t, 
u), then the change in numbe r of particles with size 11 as a 
result of binary aggregation of particles with size (u - v) and 
v is given in the population ba lance equation as (Iveson, 
2002; Peglow et al. 2007), 

on(t,u) = _!_ f'p(t,U- V, V }I(t,U- V )n(t, V )dv-at 2 J) · 

r ,B(t,u,v}7(t,u)n(t,v)dv 
( I ) 

In the above equation is fi(t,u ,v) the so-called agglomeration 
kernel and expresses the normalised frequency of collisions 
between granules with s ize u and v that result in binafl' 
aggregation. The problem with these ke rnels is that they arc 
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one-dimensional and only relate particle size to aggregation 
probability. 

With regards to fluidised bed agglomeration, it is clear that 
orowth kinetics is not only influenced by particle size, but 
" also by particle surface moisture content and to a lesser 
extent, particle temperature - as it, combined with surface 
moisture content influences the plasticity and viscosity of the 
binder on the particle surface. The objective of this study is 
the feasibility analysis of including particle SU!face moisture 
content and temperature into future agglomeration kernels. 

MODEL DESCRIPTION 

The model used in this study is a modified version of the 
fluidised bed coating model presented and validated by 
Ronssc et al. (2007a, b) and also used in scale-up studies by 
Hede et al. (2009). The model is based on the horizontal 
discretisation of the bed into 11 control volumes (or layers, 
S;), each having a constant volume and containing a constant 
number of particles. Distinction is made between coating and 
non-coating control volumes. The atomised droplets have 
only a limited penetration depth in the fluidised bed, hence 
the model 's definition of coating control volumes, which are 
the control volumes where droplet adhesion, mass (drying) 
and heat transfer occur simultaneously. In non-coating 
control volumes only mass (drying) and heat transfer occurs. 
A schematic overview of the model is given in Figure 2- for 
more details, the reader is referred to Ronsse er al. (2007a). 
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Figure 2. Scheme of the batch top-spray fluidised bed coater 
and the overall model, includi ng mass f-l ows of the gas phase 

(air), the solid phase (particles) and the sprayed coating 
solution. 
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Although the original model was intended for modell ing 
coating processes, this model was selected for this study 
based on its possibili ty to predict the distributions of particle 
surface moisture content, total binder content and particle 
temperature. 

The original model was modified so the binder solution 
dispersion on the particles momentarily residing in the 
coating control volumes was not continuous. Instead, the 
binder solution was dispersed in discrete quantities 
corresponding to a pre-set droplet volume among randomly 
selected particles, momentari ly residing in the coating control 
volumes. Furthermore, the degree-of-wetting of the particles 
was also added to the model. The degree-of-wetting($,) of a 
particle is defined as the ratio of wetted surface area (A wc1) to 
total particle surface area (Ap). 

</J,, = ~1('1 
,, 

(2) 

In the model, for each timestep a number of particles in the 
coating control volumes arc randomly selected for droplet­
particle adhesion. If particle-droplet adhesion occurs, then 
the welted particle surface area (Awc1) is increased by the 
droplet maximum spreading surface area, 

Jrd 2 
A (f +/).t) = A (t)+ max 

u·et lrt 't 
4 

(3) 

In Equation (3) is dm:ox the maximum droplet spread diameter 
(m) after impacting on the particle substrate. The maximum 
droplet spread diameter was calculated using the Pasanclideh­
Fard et al. ( 1996) correlation, 

dmax: 

-d { -- W- e-+ 12 
- ~ 3( 1 - cos eJ +- 4--,(_w_e/.,...-/Re=R=-<e ) 

(4) 

In equation (4) is d, the diameter of the droplet before impact 
(m), ~1 is the droplet/particle contact angle, Re is the 
droplet's Reynolds number and We is the droplet' s Weber 
number, calculated according to 

We = pv'ld' Re = pvd (5) 
Cl fl 

Where p is the droplet' s density (kg/m3), cr the surface 
tension (N/m), 11 the viscosity (Pa.s) and v is the droplet 
impact velocity. In the model used in this study, the droplet 
impact velocity was assumed to be equal to the critical 
impingement velocity, ~'cri t· The critical impingement velocity 
is the velocity above which droplets no longer adhere onto 
the contacting substrate (i.e. the fluidised particles), it was 
calculated according to Link & Schliincler ( 1997), 

v . = 4,u(3 tan(Ba/2 )+ tan 
3 (8,) 2 )p 

C/1/ dp tan 2 (e" / 2) 
(6) 



One of the limitations of the use of the degree-of-wetness is 
that once a particle is completely covered with liquid binder 
(i.e. Ap = Awc1), the degree-of-wetness no longer keeps track 
of the total liquid binder and surface moisture content (i.e. cjlP 
= I). Therefore, the particle surface moisture content was 
introduced as an absolute variable (Wp in mg/m2) along the 
degree-of-wetness. Similar to Equation (3 ), in case of 
droplet-particle adhesion, the particle surface moisture 
content is calculated as, 

(7) 

In Equation (7) is p the droplet' s density (kg/m3 ) and C, the 
binder concentration of the droplet (kg/kg). 

EXPERIMENTAL SET-UP 

The experiments were performed in the top-spray reactor of 
the Glatt GPCG- I fluidised bed unit (Glatt Gmbl-1, Binzen, 
Germany), of which an overview is presented in Figure 3. 

Exhaust air 

Atomisalion air 

CoJting 

,, - Fillet 

Expans1on 
ch~mber 

soi\Jiion Air distributor 

Figure 3 . Schematic overview of the Glatt GPCG-1 fluidised 
bed coating unit. 

Glass beads (Sovitec, Belgium) with a volume weighted 
average diameter of I I 0 ~lm and a density of 2650 kg/rn3 

we re used as the core material. The binder consisted of a I 0 
w% aqueous solution of a hydrolysed starch, more 
specifically Maldex 18 (Tate & Lyle, Be lgium). The g lass 
beads we re fluidi sed with heated air (75 °C) and with t1ow 
rates betwee n 48.3 and 68.4 m3/h. Compressed air at 2.5 bar 
was used to atomise the binder solution. 

In each batch experime nt, 0.75 kg of glass beads were used 
and the process was terminated when the binder-to-core mass 
ratio reached 8 w% (i.e. 0.06 kg binde r per 0.75 kg core 
mate ria l). Throughout the process (every l 0 minutes) and 
upon completion, samples of the agglomerated core material 
we re taken and particles s ize distribution was measured using 
laser diffrac tion analysis on a Mal vern Mastersi zer S 
equipped with a Qspec dry powder feeder. Based on the 
particle samples take n throughout the agglomeration process, 

the growth rate, G (in f.tm/min), was dete rmined. An exampl 
of growth rate calculation fo r a single agglomeration procese 
is illustrated in Figure 4 . In this example, 7 particle samples 

. h l . I were taken dunng t e agg omeratton process (on average 
every I 0 min), and the volume-weighted average particle 
diameter, d4_, was determined using laser diffrac tion analysis 
As can be seen from Figure 4, particle growth was almos; 
linear (R2 = 0 .97 in the example) and the refore, growth rate 
(G in ~lm/min) was defined as the slope of the regression line 
in the d41 versus time plot. In the il lustrated example, the 
growth rate was equal to G = 0.52 Mm/min. 
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Figure 4 . Example calculation of the growth rate, G (in 
~unlmin) of an individual agglomeration experiment. 

RESULTS AND DISCUSSION 

In the agglomeration experiments, differe nt series of 
experime nts were performed m which the fo llowing 
parameters were changed: inlet air temperature , binder 
conce ntration, atomisation ai r pressure and binder spraying 
rate. Initial fluidisation a ir flow rates we re kept constant fo r 
all experiments. Using the boundary conditions of each 
experime nt, the process was simulated using the 
aforementio ned mode l. Prior to analys ing the growth 
kinetics, the overall model was validated using 
expe rimentally measured initial steady-state outlet air 
humidity, as shown in Figure 5. From these results , it can be 
seen that the model proposed in this paper approache 
re lative ly closely (R2 = 0 .7) the experimentally measured 
values. 

Next, the model-predic ted surface moisture content during 
initial steady-state was compared against the experimental 
growth rate, based on particle s ize measurements at regular 
time intervals throughout the process, and is shown in Figure 
6. The results suggest (R2 = 0.6 1) that particle growth 
kinetics are positively influenced by surface moisture 
content. This effect is due to the available bi nder liquid to 
form interparticle liquid bridges. Although surface moisture 
content (as predicted by the model) is indicative for the 
volume of availab le binder on the particle, the model does 
not take into account the particles' binder concentration 
which strongly re lates to interparticle bridge strength and 
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consequently, to growth kinetics. This could explain the 
rather weak correlation in Figure 6. With regards to particle 
temperature, a less clear correlation could be found between 
particle temperature and growth kinetics. 
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Figure 5. Modelled versus experimental outlet air absolute 
humidity (in kg/kg). 
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Figure 6. Model-predicted particle surface moisture content, 
Wr (in mg/m2) plotted versus experimental growth rate (in 

~un/m in). 

Although these results do suggest a moderate correlation 
between model-predicted surface moisture content and actual 
(experimental) growth rate, better understanding can be 
provided if the individual parameter variations are studied. In 
Figure 7, the effect of atomisation air pressure on the 
experi mental growth rate and model-predicted surface 
moisture content is given. The model-predicted moisture 
content as a function of air pressure is not a smooth curve, 
due to some boundary condi tions (like ambient temperature, 
inlet air re lative humidity, . . . ) not being constant in each 
IT!odelled experiment. Higher atomisation air pressures result 
in a reduced particle growth rate due to smaller droplets 
being produced at higher atomisation air pressures. Smaller 
droplets evaporate more rapidly, reducing the amount of 
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available liquid binder on the particle surface and hence, 
effectively reducing the growth rate. Considering atomisat ion 
air pressure, the model was able to predic t the surface 
moisture content accurately and correlate it with the 
experimental growth rate. 

Similar conclusions can be drawn from Figures 8 and 9, 
where the effects of liquid binder spraying rate (in g/min) and 
fluid isation air temperature (in oq on the model-predicted 
surface moisture content and the experimental growth rate 
are plotted. In both cases, there is a strong correlation 
between the model-predicted surface moisture content and 
the actual (experimental) growth rate. 
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However, when studying the e ffect of binder concentration 
on the growth rate, as shown on Figure 10, the evolution of 
model-predicted surface moisture content is opposite to the 
experimental growth rate. Increasing the concentration of the 
binder will likely increase stickiness, or rather, the strength 
of the intcrparticle liquid bridges, formed during particle­
particle collisions in the fluid ised bed which will result in an 

, 



increase in growth rate. The model on the other hand, only 
accounts for the moisture in the binder which adheres onto 
the fluidised particles. As the concentration of binder 
increases, so decreases the moisture content, hence the 
reduct ion in predicted particle surface mois ture content with 
increasing binder concentration. 
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CONCLUSIONS 

Based o n these preliminary ti nd ings, it is clear that the 
partic le surface mo isture content is an important variable in 
modell ing growth kinetics in fluid ised bed agglomeration 
processes. A moderate to good correla tio n was fo und 
be tween mode l-predicted surface moisture conte nt and actua l 
growth rates. T herefore, in future population balance models 
for agglomeration, agglomeration kernels shou ld take the 
modelled particle surface moisture content into account. 

The importance of the particle surface moisture content with 
regards to particle growth could be expla ined by the required 

liquid bi nde r on the particle's surface to form inte rpanic! 
bridges during particle-particle coll is io ns. However, the 
proposed model in this s tudy does not account for the 
concentration o f the dissolved binder of the free ly availabi~ 
binder solution on the particle surface. The latter plays an 
important role in liquid bridge strength and hence, growth 
kinet ics. Therefore, the proposed model is not yet capable 01 
predic ti ng agglomeration tende ncy with varying 
concentrations of liquid b inder. 
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ABSTRACT 

The objectives of this study were to evaluate the impact of 
proportional and absolute errors on subcutaneous fat depth 
(SFD) measurements, and the effects on the stability of 
models to predict the lean meat proportion (LMP) of lamb 
carcasses. Ninety eight lambs (72 males and 26 females) of 
Churra Galega Bragan<;:ana breed were slaughtered, and 
carcasses were weighed and hot carcass weight (HCW) was 
recorded approximately 30 min after exsanguinations. 
During carcasses quartering a calliper was used to perform 
SFD measurements, over the maximum depth of 
longissimus muscle (LM), between the 12th and 13th ribs 
(C 12), and between the 3rd and 4th lumbar vertebrae (C3). 
A computer program was written in order to simulate 
measurement errors for C 12 and C3 measurements. Two 
scenarios were simulated, and C 12 and C3 were 
contaminated with: I) proportional errors of 5, l 0, and 
15%, and 2) absolute errors of 0.25, 0.50, and 0. 75 mm. 
Simple linear models to predict LMP were developed using 
as independent variables: I) the measured (original) SFD 
measurements, and 2) the biased SFD measurements. The 
coefficient of determination and the residual standard 
deviation were computed. Our study demonstrates that 
measurement errors can have a high impact on the SFD 
measurements, and on models stability. We conclude that 
SFD measurements of higher magnitude should be 
preferred as predictors of LMP since they are less 
influenced by measurement errors, thus contributing to 
more stable regression models. 

INTRODUCTION 

The development of objective methods for carcasses 
classification is an important research topic as can be 
observed from the recently published papers (Hopkins 
2008, Kongsro et al. 2009, Lam be et al. 2009). Commonly, 
these methods are based on linear regression models to 
predict the lean meat proportion (LMP), using the 
subcutaneous fat depth (SFD) and other carcass 
measurements as independent variables. The general linear 

regression model can be represented by Equation I, 

Y, = [30 -t- .. L)J;X;+&;, i = l,2 .... ,n (t) 

where: Y, is the response (LMP) in the ith case, X; is 

the value of the independen t variable (SFD) in the ith 
case (assumed to be a known constant measured without 

error), (30 and /J; are the regression coefficients, and E:; 

is the independent error term assumed as normally 

distributed ( N- ( 0, a 2
) ). 

Generally speaking, the best predictors (X; 's) of LMP will 

be those which give maximum precision in relat ion to cost 
(Kempster 1986). Several research studies have been 
conducted in order to compare the re lative precision of 
LMP predictors, namely: SFD measurements taken on the 
carcass (Hopkins et al. 2008, Hopkins 2008, Lambe et al. 
2009) or in live animals (Teixei ra et al. 2006, Theriault et 
al. 2009). These studies are focused on fi nding the "Best 
Predictor", assuming that SFD measurements, taken at 
different anatomical positions, differ in the predicting 
ability of LMP. However, no comprehensive explanation is 
presented for the differences in the predictive ability of 
alternative (taken at different anatomical positions) SFD 
measurements within and among studies. 
The SFD measurements are affected by several sources of 
errors (experimental error) as described by Daumas and 
Dhorne ( 1992) for pigs, and by Young and Deaker ( 1994) 
for lambs. If the error is systematic, the predictor is said 
biased (Hauck et al. 2008). At abattoir line the carcasses 
are classified based on one unique SFD measurement, and 
the errors are always unkno'-Vn. If SFD measurement 
suffers of uncontrolled measurement errors the estimation 
of the regression coefficients will be unstable resulting in 
biased equations Chatterjee et al. (2000), thus making the 
prediction of LMP unreliable. 
In this paper we present a simulation study concerning the 
impact of proportional and absolute errors on the 
predictive stabi lity of regression equations using the SFD 
measurements as predictors ofLMP. 
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MATERIALS AND METHODS 

Data 

Data used in this study were collected on ninety eight 
Jambs (72 males and 26 females) of Churra Galega 
Braganyana breed. Lambs were slaughtered after 24-h fast 
in the experimental slaughter-house at the Escola Superior 
Agniria de Bragan<;:a, and carcasses were weighted 
approximately 30 min after slaughter in order to obtain the 
HCW (kidney and kidney fat included) according to Fisher 
and Boer ( 1994). Carcasses were halved through the centre 
of the vertebral column, and the kidney knob and channel 
fat was removed and weighed. During carcasses quartering 
a caliper was used to perform subcutaneous fat depth 
(SFD) measurements, over the maximum depth of 
longissimus muscle (LM), between the 12th and 13th ribs 
(C 12), and between the Jrd and 4th lumbar vertebrae (CJ). 
The carcasses left side was dissected into muscle, 
subcutaneous fat, intermuscular fat, bone, and remainder 
(major blood vessels, ligaments, tendons, and thick 
connective t issue sheets associated with muscles), and the 
carcasses LMP was calculated as the dissected muscle 
proportion (%). 

Errors simulation 

A computer program was written under the Python 
language (Lutz 2007) in order to simulate measurement 
errors for C 12 and C3 measurements. Two scenarios were 
simulated, and C 12 and C3 measurements were biased 
with : I) errors proportional to the magnitude of the 
measurement of 5, I 0, and 15%, and 2) absolute errors of 
0.25, 0.50, and 0.75 mm. 

Statistical analysis 

Data were analyzed using the R Development Core Team 
(2008) software. Linear regression models to predict LMP 
were developed using as independent variables the origina l 
(measured) C 12 and C3 measurements and the biased 
ones, through regression procedures tmder the MASS 
package (Venables and Ripley 2002). The coeffi cient of 
determination (R2

) and the residual SO (RSD) were used to 
compare the models. 

RESULTS AND DISCUSSION 

The means and SO for the orig inal and biased SFD 
measurements are shown in Table I. The means for HCW 

and LMP were 12.1 kg ( ± 3.45) and 60.1 % ( ± 3.63), 
respectively. The C3 measurement presented a magnitude 
1.9 times higher than that ofthe C 12 measurement. 
The correlations of LMP with the original and biased SFD 
measurements are shown in Table 2. Both, C3 and C 12 
measurements were moderately and negatively correlated 
(r between 0.4 1 and 0.49) with LMP. When biased with 
proportional errors, the correlations of CJ and C 12 
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measurements with LMP presented similar values to those 
observed for original values. 

Table 1: Mean and SO of the Original and Biased SFD 
measurements 

Error C 12, mm C3, mm 
Original 2.1 ± 0.84 3.9 ± 1.92 

Proportional error,% 
5 2. 1 ± 0.84 3.7 ± 2.08 
10 2.1 ± 0.84 3.9 ± 1.91 
15 2.1 ± 0.85 3.9 ± 1.94 

Absolute error, mm 
0.25 2.0 ± 0.88 3.9 ± 1.92 
0.50 2.0 ± 0.98 3.8 ± 1.94 
0.75 1.9 ± 1.12 3.8 ± 2.00 

A slight decrease on correlations (I to 3 percentual units) 
was observed with the increase of the proportional error 
(Table 2). However, when biased with absolute errors a 
different behaviour was observed for C 12 and C3 
measurements. The correlations of C 12 measurement with 
LMP decreased wi th the increase of the absolute error, 
attaining a maximum decrease of 16 percentual units for 
LMP, when biased with an absolute error of0.75 mm. For 
C3 measurement, the decrease in the correlations were 
substantially lower (around 50% lower), being 6 percentual 
units when biased with an absolute error of 0.75 mm. 
Thus, these results show that measurement errors can 
present a higher impact on the lower magnitude SFD 
measurements (like C 12 measurement). 

Table 2: Correlations of Orig inal and Biased SFD 
measurements with LMP 

C 12 C3 
Orig inal -0. 59 -0.5 1 

Proportional error, % 
5 -0.58 -0.51 
10 -0.57 -0.50 
15 -0.56 -0.49 

Absolute error, mm 
0.25 -0.55 -0.50 
0.50 -0.48 -0.48 
0.75 -0.41 -0.45 

The simple linear regression models and RSD values for 
the Original and Biased C 12 and C3 measurements as 
predictors of the LMP are presented in Table 3 and 4, 
respectively. The models R2 values for the Original and 
Biased C 12 and C3 measurements as predictors of the 
LMP are presented in Figure I and 2. The original C 12 
measurement explained 34.7% ofthe LMP with an RSD of 
2.95%, and the orig inal C3 measurement explained 26.4% 
of the LMP with a RSD of 3. 13%. The increase of the 
proportional errors produced a slight decrease in the R

2 



(3.8 percentual units for Cl, and 2.0 percentual units for 
C3 measurement biased with a proportional error of 15%), 
and an increase in the RSD (0.08% for C12, and 0.04% for 
C3 measurement biased with a proportional error of 15%). 
The increase of the absolute errors produced an important 
decrease in the R~ (17.9 percentual units for C\2, and 5.9 
percentual units for C3 measurement biased with an 
absolute error of 15%), and an increase in the RSD (0.38% 
for C 12, and 0.12% for C3 measurement biased with a 
proportional error of 15%). 

Table 3: Simple linear regression models parameters (±SE) 
and RSD for the Original and Biased C 12 measurements 

as predictors of the LMP 

1nterce2t C l2 RSD 
Original 65.4±0.797 -2.53±0.355 2.95 
Proportional error,% 
5 65.4±0.802 -2.51±0.358 2.97 
10 65.2±0.808 -2.46±0.362 3.00 
15 65.0±0.81 0 -2.37±0.363 3.03 
Absolute error, mm 
0.25 64. 7±0. 773 -2.27±0.352 3.05 
0.50 63.6±0.724 -1.79±0.332 3.19 
0.75 62.6±0.661 -1 .33±0.302 3.33 

Both SFD measurements presented similar results when 
contaminated with proportional errors (Tables 3 and 4). A 
slight instability in the estimation of the regression 
coefficient for C12 (variation of 6.3% from unbiased to 
biased with proportional error of 15%) and C3 (variation 
of 5.2% from unbiased to biased with proportional error of 
15%) measurements were observed. When SFD 
measurements were biased with absolute errors a higher 
instability in the estimation of the regression parameters 
was observed (Table 3 and 4). 

Table 4: Simple linear regression models parameters (±SE) 
and RSD for the Original and Biased C3 measurements as 

predictors ofthe LMP 

Interce2t C3 RSD 
Original 63 .9±0.720 -0.972±0.166 3.13 
Proportional error, % 
5 63.9±0.721 -0.965±0.166 3.14 
10 63.8±0.719 -0.948±0. 166 3.15 
15 63.7±0.716 -0.921±0.166 3.17 
Absolute error, mm 
0.25 63 .7±0.709 -0.93 1±0.165 3.16 
0.50 63.4±0.692 -0.867±0.162 3.20 
0.75 63.1±0.672 -0. 787±0. 158 3.25 

For C 12 measurement, the regression coefficient showed a 
variation of 47.4% when comparing the unbiased to the 
biased measurement with an absolute error of 0. 75 mm. 
For C3 measurement, the regression coefficient showed a 
variation of 19.0% when comparing the unbiased to the 
biased measurement with absolute error of 0. 75 mm. This 

trend increased with the increase of absolute error, and the 
model instability was higher for C 12 measurement (lower 
magnitude measurement). These result shows that lower 
magnitude SFD measurements can present unstable 
regression relationship with LMP. 
The use of biased SFD measurements impacts on the 
predicting ability of the LMP models, and the Cl2 
measurement (lower magnitude) is more susceptible to 
measurement errors. Thus, the use of SFD measurements 
of lower magnitude will produce more unstable regression 
models, since they are more susceptible to measurement 
errors. 
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Figure 1: Coefficient of determination values for simple 
linear regression models using the Original and Biased 

C 12 and C3 measurements contaminated with proportional 
errors as predictors of the LMP 
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Figure 2: Coefficient of determination values for simple 
linear regression models using the Original and Biased 
C 12 and C3 measurements contaminated with absolute 

errors as predictors of the LM P 

For regression equations including SFD measurements 
biased with proportional errors, the R2 decreased similarlY 
in the C12 and C3; thus the effect was independent of the 
measurement magnitude. However, the assumption that 
SFD measurements are affected only by proportional errors 
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is not realistic, especially if measured by ruler on the 
carcass. 
Differences in fitting quality of models can result from the 
noise of independent variables, due to the measurement 
errors. Kempster ( 1986), considering the search for best 
predictors of carcass composition, stated that in the real 
world the examination of the underlying features of growth 
and development is more important than the prediction 
problem. Why some predictors are more precise than 
others? Why do some predictors have more stable 
regression relationship? This study provides some answers 
to these questions from Kempster ( 1986). 
Young and Deaker (1994) identified several causes of 
measurement error that may influence direct 
measurements, namely: tissue damage at slaughter, tissue 
displacement during measurement, tissue distortion prior 
to measurement, positioning of the measurement site, 
anatomical location. These authors considered that small 
measurements (like C 12 measurement) have proportionally 
greater errors of measurement, which is confirmed by this 
simulation study. 

CONCLUSIONS 

The magnitude of SFD measurements influences its 
susceptibi lity to measurement errors, and SFD of higher 
magnitude are more stable since they are less affected by 
measurement errors. Regression models using as predictors 
SFD measurements of higher magnitude (C3 per example) 
have more stable regression relationships with LMP across 
samples. For light carcasses (Mediterranean lambs market) 
it will be very difficu lt to discriminate carcasses using the 
Cl2 measurement as predictor. Thus, SFD measurements 
of higher magni tude (like C3 and GR or sterna! tissues 
thickness measurements) should be preferred as predictors, 
since its higher magnitude leads to lower bias due to 
measurement errors, contributing to more stable regression 
models. 
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ABSTRACT 

Incorporation of barley [-l-glucan as a functional ingredient 
has many health promoting effects for humans. Composite 
!lour was formulated by substituting the wheat 11our (WF) 
with barley 11our (BF) and other ingredients. The high 
molecular weight (HMw) of ~-glucan in composite !1our 
gradually degrades to medium molecular weight (MMw) and 
to lower molecular weight (LMw) during the bread baking 
process. The model observed a 25 % and 7 % reduction in 
HMw and MMw. respectively and a subsequent increase in 
LMw by up to 30 % for baked breads. A sensitivity analysis 
highlighted the significant impact the addition of barley flour 
(BF) had on the level off~-glucan and Mw distribution within 
the baked bread with a positive correlation coefficient of 
0. 70. A negative correlation coefficient of 0. 70 was observed 
for the effect of WF addition on [~-glucan content and 0.50 
for its elTect on Mw. The ;malysis also showed the 
importance of mixing time (Mt), fermentation time (Ft), 
molecular weight of WF and baking loss on the level and 
Mw of 13-glucan in baked breads. The model serves as a tool 
to f.1cilitatc both product and process development lor 
functional foods. 

INTRODUCTION 

Barley grain is an excellent source of soluble and insoluble 
dietary fibre with increasing appeal among hum;ms as a 
functional and nutraceutical ingredient. The nutritional 
quality of white bread can be enhanced by the substitution of 
wheat wi th oats or barley. A barley-based food product with 
high levels of [3-glucan could meet the human daily 
requirement for dietary fibre. Incorporating barley ~-glucan 
into food products was shown to help reduce blood 
cholesterol levels (Kcenan et al. , 2007) and lowering blood 
glucose levels (Cavallero et al.. 2002) in humans. Partial 
substitution of wheat flour with barley flour can add 
significant levels of ~-glucan (BG) to the food products ;mcl 
significantly improve the nutritional and health benefi ts 
without significantly altering the product quality (Andersson 
et al. , 2004). Considering the benefits of using barley in 
baked products, this study focuses on modelling the effects 
of the addition of barley flour (by substituting wheat flour) 
on the level and molecular weight of j)-glucans in baked 
bread . The objective of this study was to create a predictive 

modelling to assess the levels and molecular weight (Mw) of 
[3-glucan during the bread baking process using Monte Carlo 
simulation techniques. 

MATERIALS AND METHODS 

Model inputs: 

The simulated mean level of ~-g lucan from sixty popular 
hull-less barley cultivars collated 11-om the scientific 
literature was 5.68 g 11 OOg (Tiwari and Cunm1ins, 2008). 
Wheat flour with a minimum of 0.30 and maximum of 1.0 
gllOOg of[3-glucan content (Cavallero et al. , 2002) was used 
as a basic ingredient to make various composite flour 
combinations of wheat and barley !lour. Figure 1 details the 
milling and baking process involved. 

Wheat flour 
& other 

ingredients 

Figure 1 Flow diag ram for milling and bread makillg 
process 
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Model development: 

processing of hull-less barley: 

Barley processing involves several steps including cleanin g, 
grading <md tempering. These stages have a negligible effect 
on B-glucnn level and therefore the model assumed a fixed 
f.1ctor of I. Pearling (P) level up to 30 to 40 % increased the 
level of B-glucan. therefore n polynomial equation was fi tted 
to a dataset of Izydorczyk et al. (2003). 

The molecular weight for wheat and barley flour was 
collated from scientific literature sources (Cui et al. , 2000: 
Andersson et al. , 2004) (Table 1). 

Table 1 Input model parameter 
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Composi te flour was formulated using a uniform distribution 
with a minimum of 0 and maximum ~f 100 g substitution of 
wheat flour for barley flour. Other ingredients such as sugar 
~4 g). _salt (2 g). yeast (:) g). fa t (3 g) and water (assuming 65 
Yo we1ght of the flour) were included as the standard method. 

Mixing and f ermentation: 
Mixing and fermentation plays a vital role in the bread 
~aking process. To capture the uncertainty a uniform 
dt~t~ibution was fitted to the mixing time (Mt) with a 
llltnunum of 3 and maximum of l 0 min. To simulate 
fermentation time (Ft) a minimum of 0 and maximum of 60 
lllin was used to model BG the model Mw deoradation 
f.1ctors were calculated from a dataset of Anders~on et a!: 
(2004)_ 

Baking: 

Studies show that there is no significant effect of bakin o time 
(Btime) and temperature (Btemp) on both the level 

0

0f P­
glucau and its Mw. Hence, this model assumed a fixed factor 

of I (no effect) for the influence of Btime ( 15 to 25 min) and 
Btemp (215 to 240oC) on the Mw of [3-glucan for the 
conditions specified. The weight loss during baking was 
assumed to vary with a minimum of 10 'Yo to a maximum of 
15 % (FAO, 2007) depending on baking time and 
temperature. 

Nludel Validation: 

Two validation (V I and V2) models was developed i.e V 1 is 
85% substitution of WF; V2 is 70% substitution of WF and 
the simulated results compared with the experimental data 
(unpublished dnta). 

Scenario Ana~vsis & Alodel n111: 

To capture the uncertainty and variability in the level of flour 
substitution two scenarios were developed to observe the 
effect of various processing conditions from U1e baseline 
model. Scenario l looked at the possibility of substituting 20 
% WF with bnrley flour (BF) whereas: scenario 2 looked at 
the possibility of a 30 % substillltion ofWF with barley flour 
(BF). A substitution level of 20 to 40 % wns assumed as 
scienti fic evidence suggests thnt U1e quality and rheological 
characteristics or the final product will be of a consumer 
acceptable standard (Andersson er al., 2004: Trogh et al.. 
2004: Izdorczyk et al.. 2008). 

The simulat ion was performed using the parameters and 
calculations presented and the model run for I 0,000 
iterations with ((ORisk add-on package (Palisade Software, 
Newfield, NY. USA). Table 2 shows simulated output 
mean level of Jl-gluean and its molecular weight. 

RESULTS AND DISCUSSION 

Model Validation for BG in baked bread: 

The simulated validation model shows that 85% substihtt ion 
of WF degraded 0-glucan li-om 1.20 gll OOg in flour to 0.6 1 
g! I OOg in bread. With a 70% substitution of WF [3-glucan 
degraded from 1.69 g/ IOOg in flour to 1.02 g/ 1 OOg in bread. 
The simulated data is within the range of experimental data 
as shown in (Table 2). 

BG and 1'vfw of the fi-glucml level injbmwlated breads: 

The predicted mean 0-glucan level for baked WF bread was 
0.26 g/ IOOg, whereas for BF with WF the mean 0-glucan 
content was 2. 79 g/ lOOg. The level of 0-gluean in composite 
flour nnd resulting bread was significantly increased with a 
decrease in the nmount of WF used in the composite 11our, 
whereas the greater the ratio of bm·Jey flour to WF the 
greater the impact on U1e level of P-glucan (Figure 2a). The 
simulated model shows the shift in molecular weight from 
HM:w towards LMw for all composite flour breads. whereas 
a shift in MMw to LMw was observed in WF bread. 

The simulated model shovvs the shift in molecular weight 
from HMw towards LMw for all composite fl our breads. 
whereas a shift in MMw to LMw was observed in WF bread 



-(T able 3). The mean Mw for WF bread was reduced from 
0. 13 x I 06 (flour) to 0.08 x I 06 g/mol (baked bread) and a 
significant reduction was observed in mean Mw which 
reduced from l x 106 to 0.53 x 106 g/mol for \VF substituted 
with BF (Fig m·c 2b). 

A decrease - 36 o;., in HMw f'l -glucan was observed with 
corresponding increase in MMw and LMw ~-glucan. The 
simulated Mw distribution of ~ -glucan showed a 20 % 
reduction in HMw B-glucan during the fermentation process 
for all composite flour breads when compared to the initial 
recipe. 

Ta ble 2: Simulated output mean level of 1~-glucan (BG) 
and molecular weight (Mw) from flour to baked b read 

l'ar:un cters 

Vafidmiorr 

VI 

V2 

Base fine 

WF 

BF+WF 

Scenario 1 

WF 

BF+WF 

Scenario 2 

WF 

BF I \VF 

i\lolccular 
wcij!ht (I! I mol) 

Flour Br cml 

0.13 0.08 

1.00 0 53 

0.20 0 .08 

0.55 0 .17 

0. 17 0 os 
0.70 0.28 

P-Giuclln (g/l OOg) 

Flour Br~atl 

1.20 
( 1.40- 1.45) O.G l 

t (O.G I 0.62) 
Ui? 1.02 

(2 .11 - 2.36) (0.87- 0.89) 

0.33 0.26 

3.49 2.79 

0.52 0.42 

1.86 1.49 

0.46 0.36 

2.46 1.97 
Experimental (bta (u npublished) 

T able 3 Percentage change in molecula r weigh t and the 
simulated levels in the baked bread 

Molecular weight WF BF+WF 
(g/mol) (%) (%) 

Flour Bread Flour Bread 

Mw > 1,000,000 39 15 

MW: 200,000- 1000000 21 2 6 ! 55 

Mw < 200,000 79 98 ::1 0 

Sensifivi~v miaZvsis for the level of BG and i fs Mw in baked 
bread: 

The sensitivity analysis of f~-glucan showed a negative 
influence from the addition of WF with a correlation 
coefficient of -0. 73. while a positive correlation coefficient 
of 0. 73 was noted for the addition of barley flour. This 
shows that a major influence on ~-glucan levels in baked 
bread is the quan tity of BF added. The analysis also shmved 
the importance of the level of barley ~-glucan content and 
a lso noted a reduction in ~-glucan during the baking process 
(BGloss) with a nega tive correlation coeffic ient of 0.19 in 
baked bread. 

The sensitivity analysis high lights the importance of th 
molecular weight of the barley !lour in bread with a positiv: 
correlation coefficien t of 0.66 followed by 0.50 for th 
amount of BF addition whereas WF addition were shov,n t c 
have a negative influence on Mw of baked bread with 

0 

correlation coefficient of 0.53. The sensitivi ty analysis als~ 
high lighted the negative impact of increased Mt <md Ft 00 
the Mw ofl3-glucan . This may be due to increased enzylllatic 
activity of B-glucanase due to the activation of endogenous 
[3-glucanases_ 
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Initial mean (Hour): 0 .3.1 
Skcwnoss: 0.62 

Kurtosis: 2.64 
Final mean (bread): 0.26 

Skcwncss: 0.76 
Kurtnsis: .1.09 

0.8 

B-Giucan level (g/J OOg) 

I OIHIOO 

Recipe : 1002881 
Mixing : 831487 
Fermentation : 622937 
Baked bread : 530885 

IOOUOiHI tOOtoiN 

;\lolccular Weight (i\lw) gimul 

Figure 2 Simulated mean BG a nd Mw in initia l flour and 
in bread 

CONCLUSIONS 

The substitution o f wheat flour with barley flour 
significan tly improves the nutritional quali ty or white bread 
( l 00 % WF) by increasing the level <md molecular weight of 
B-glucan. The higher molecu lar weight of B-glucan in 
composite !lour sign ifican tly reduced during the bread 
baking process. Therefore a short fermentation time maY 
limit the degradation of high molecular weight ~-gluc~Ul. 

The scenario ;malysis predicted a 20 or 30 % addition of 
barley flour signifi cantly improves the ~-glucan of bnkcd 
bread. The greater the proportion of barley !lour added to tlJC 

wheal flour the greater the level of the ~-glucan and its 
molecular weight. a lthough th is addition may be at thC 
expense of organoleptic quality of the baked bread_ 
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ABSTRACT 

A previous implemeutat ion of dynamic experiments for 
the estimation of the parameters of the Cardinal Tem­
perature l:VIodel with Inflection (CTMI), which descr ibes 
the temperature effect on t he microbial growth rate, re­
vealed t hat the maximum growth temperature (1;,w:c) 
can only be estimated accurately when temperatures 
close to the true Tuuu: a re included. Here, alternativP 
approaches to estimate the four CTMI parameters are 
considered. 
In a fi rst step, it is evaluated if the informativP char­
acter of t hP optimal experiments can be improved by 
changing the struct ure of t he dynamic temperature in­
put.. Based on the vah1e of the optimization crit erion, it 
was concluded that the previously selected temperature 
profile, which consists of a constant phase followed by a 
linear temperature change and a second constant plmse, 
is the most efficient taking into account computational 
requi rements aud practical implementations. 
In a second step, alternative experiments in whieh t he 
temperature exceeds t he growth/inactivation interface 
are evaluated . Results from a simulation study illustrate 
that t h0 accmacy and reliability of t he Trnax est imate 
largely depends on the seleeted temperature profile. A 
very accurate and realist.ir T"'""' value is obtained fro m 
experiments wi th an initial temperature slightly lower 
than the true Tm<tx · vVhen t he dynamic temperature 
starts at temperatures above 1~nax, a larger uncertainty 
and variability is observed. From this, it can be con­
cluded that information with respeet to growth at tem­
PCl·atures close to T"""" is required for an accurate and 
reliable 1~"""' estimate. 

INTRODUCTION 

Temperature is one of t he most important factors in­
fiueneing the behavior of spoilage microorganisms and 
pathogenic bacter ia in food procluets. In predictive food 
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microbiology, models are developed that describe micro­
bia l dynamics as a fun<:tion of (ehanging) environmental 
conditions. Ult imately, thesf' models enable Ll 1<> pre­
diction of microbial growth , survival and inactivat ion 
in real food products. Amongst tlw different kinetic 
models constrm:tecl in pred ictive microbiology to de­
scribe the effect of temperatur0 on t he microbial growth 
rate, the Cardina l Temperature IVIodel with [nflection 
(CTMI) (Rosso et a l. 1093) is often preferred as (1) all 
its parameters have a b iological interpretation , and (2) 
t heir structmal correlation is limited. 
In our previous research, a framework wa~ constructed 
based on the mathematical technique of optimal experi­
ment design for parameter estimation (OED/ PE), which 
euables ellicieut estimation of the CT MI model parame­
ters from a small set of dynamic experiments (Van Der­
linden et al. 2008, 2010). Implementation of OED/P E 
re::ml ts in accurate and reliable CT MI parameter esti­
mates for Eschcr-ichin. coli K l 2 MG 1655. However, a 
drawback of t his OED/PE framework was uncovered: a 
reliable and accurate estimate of the maximulll temper­
ature for growth (Tuw.c) i:; only obtai11ed when temper­
atures at or very close to t he true T ,11a.r are included 
in the optimal temperature profile. This requires a reli­
able t~stimate of 1~na:c at the beginning of the OED/ PE 
implementation. 
In t his paper, two alternative experimental approaches 
aiming at au improved estimat ion of the CTrvU param­
eters, and specifically of Tma.c, are evaluated . 
In a first step, it is evaluated if the informative character 
of t he optimal experiments can be improved by chang­
ing the st ructure of the dynamic tempera.tme input . In 
the preceding OED/PE implementat ion, a rather simple> 
temperature profi le struct ure was selected which con­
sists of a sequence of a constant phase, a linear phase and 
a second constant pha~e. Now, t hree types of input pro­
fi les are considered, i.e., piece-wise constant, piece-wise 
linear and piece-wise constant-linear. For each type of 
profile, optimal experiments are calculated based on the 
D-criLerion. Based on the opt imization criterion value, 
it can be decided if CT MI parameter estimation can be 
improved by changing t he temperature input. 
In a second step, al ternative experiments in which t lw 
temperatme exceeds the growth/inactivation interfacf' 



are proposed. In this approach, it b assumed that there 
exists a temperature range 8 in which t he high temper­
ature prevents growth but does not yet induce inactiva­
Lion , i.e. , the maximum specific evolut ion rate fLmax is 
equal to ~::ero :;uch tlmt the cell count as a function of 
t ime is constant. In this case, the temperature profile 
cros:::;es the growth boundary and T,,. ,, eau be deter­
mined as t he temperature at which growth :::;tarts. Via 
a s imulation study, the info rmative character of tem­
perature profiles with the initial te111peratmc si tuated 
b1~tween T""''. and T,a.,.+6 is evaluated. 

METHODS 

Models 

P1imar-y model. For homogeneous environm ental condi­
tions, the general expression for microbial behavior as a 
function of time reads as follows 

dn(t) = JJ(·) 
dt 

(1) 

In t his equation, n(t) [ln(CFU/mL)] represents the cell 
density at time t [h] and Jl. [1/ h] is the overall m<L-xi­
murn specific evolution rate, which is determined by the 
enviromncntal conditions. Growth is sustained. when J.L 

is positive, however , when fL is smaller than zero, cells 
inactivate. A common growth model in predictive mi­
crobiology is the model of Baranyi and Robert!:i (1994) 

cln(i) Q(t) ---cit = Q(t ) + 
1 

· ft, , .. c(T(I )) · [1 - exp(n(t) - n 11,.,.r)] 

rfQ(t) r 

(i.t = flma ,; (T(t)) · Q(t) 

(2) 
with n1110,., the maximum valne for n(t) ancl/lmux [L/h] 
the maxilllum specific growth rate. Q(L) [-] is a measure 
for the physiolog ical state of the cells. 

Secondm11 model. Tlw Cardinal Temperature rviodel 
with Inflection (CTMI) (Rosso et al. 1993) is used to 
model the influence of temperature on tlw maximum 
specific growth rate flmu.r 

wit h 

r(T ) 
(T - T,,;I/) 2 (T- T, IIWI") 
(1:,pt - Tmin)(rA- ra) 

! A (Tnpt - T,,,.)(T - Topt ) 
rB (Topt.- Tma:r)(T,,,I. + Tmin- 2T) 

(4) 

The parameters included in thb moclel are the three car­
climli temperatures T"' '" [0 Cj, Topt. [0 C], Tma.c [0 C] (i.e., 
the minimum, optimum and m<L"Ximum temperature for 
grmvth, re!:ipectively) and JLopl [1/h] (i.e., t he maximum 
specific g rowth rate at Topt) . 

Optimal exp erimen t d esign for p arameter estj. 
m a tion (OED / PE) 

The unknown pa rameters to be est imated in the 
OED / PE cycle a re the four paramet1~rs of t lw CTMI 
model: p = [T111in To111 Tma .. r: ftopt]T. The OED/ PE: 
technique i!:i implemented Lo maximim Lhe information 
embedded in the ontput o f the dynamic growt h exper­
iments, i.e., cell density as a function of Lime, by opti­
mizing the dynamic ternperaturf> input T he informa­
tion content of a dynamic experiment wit h continuous 
measurement of n( t) and dmat ion t 1 can be quantified 
by the Fisher in for mat ion matrix (see e.g., Wai ter and 
Pronzato 1997) 

F -11
·
1 

(fJn(t)l )TQ (Dn(t)l ) 
- ~ p = p O f) p = p O clt 

o up P 
(5) 

with fJn(l)jfJp the !:iensi t ivity matrix, and Q the errors 
on t he ontput measurement!:i. Here, Q is taken equal to 
the inverse of the rneasmcment error variance, i.e., 3.27 
X 10- 2 (experimentally determined in t he laboratory). 
For uonlinear models, t hese sensitivity functions are de­
termined by the unknowu t rue parameters p , and F is 
computed using nominal values p 0

, an initial guess for 
the unknown model parameters obtained from litera­
t u re or prelimiuary experiments. As a consequence, the 
optimality of t he design is only locally valid , i.e., for pa­
rameters close to p 0

. vVhen the nominal values differ 
significantly from Lhe true para!lletcrs, convergence to 
the latter values is not guaranteed. OED/PE is there­
fore an iterative procedure in which opt imal experiment 
design a nd parameter est imation are al ternated to im­
prove the nominal values until convergence to t lw true 
parameters is obtained. 
Th0 (i nit ia l) nominal parameters (p 0

) for Escherichia 
coli K12 MG1G55 were taken a~ follow:::;: T, ;11° = 
11.33°C, T opt,0 = 40.85° C, T,"""o = 46 .54°C, and 
{101,1° = 2.397 1/ h. These values are assumed realistic as 
they are derived from a la rge !:iet of sta tic experiment · 
(Bernaerts e t al. 2006) . The iui tia! and maximum cell 
den:::;ity a re taken equal to 7.000 and 22.55ln (CvU/ mL), 
respectively. 
D-optimal experiments arc desiguecl by minimizat ion of 
the joint confidence region on p via Lhe ma.ximization 
of the determinant o f F. T he t ime-varying temperature 
input T;,p ,.1 ( t ) is panuncterized using the control vector 
parameterization a pproach. To guarantee model valid· 
ity and pract ical implementation of thE> clynamic cxper· 
imeuts, de!:iigned for Escherichia coli 1<12 l'viG 1655, con­
straints are imposed on the temperature input ( i ) the 
absolute maximum rale of temperature change was set 
at 5° C/ h , (ii) the absolute maximum difference between 
two temperatures in a step is 5° C, and ( iii) the dynamic 
temperature profi les are confined to (l2°C, 45°C]. The 
duration of the experiments is set at 38h. 
Two d ilferen t opt imjzation strategies a re followed. The 
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The 

fi rst approach is to estimate all parameters simulta­
neously from one opt imal experiment (single OED/ PE 
strategy) . Alternat ively, the optimization problem is re­
duced to a series of two-parameter estimation problems, 
j,e., an optimal experiment is designed for a combina­
tion of two parameters while presuming the other pa­
rameters known. In this global 0 ED / PE strategu, all 
two-parameter optimal experiments are designed based 
on identical initial parameter estimates and parameters 
are estimated simultaneously from all resulting experi­
mental data. 

The optimization problem is solved based on a hybrid 
optimization method whereby the stoclmstic Integrated 
Control Ra ndom Search algorithm (ICRS) (Banga et 
al. 1997) is combined with a deterministic algorit hm 
(E04UCF) (The Numerical Algori thms Gronp Ltd .) . 

More background information on the applied OED/ PE 
approach and the selected parameter values and con­
straints can be found in Van Derlinden et al. (2008) . 

Simulation study 

The simulation study consists of two steps . 
(1) Microbial Jynarnics with respect to the selected dy­
namic tcmperatme profile are simulated using the val­
ues for the primary model as given in Table 1. For each 
simulated data point (every 30min), an error is added 
to mimic the uncertainty due to experimenta l errors and 
biological variability. 
(2) Parameters a re estimated from the simulated rlata 
via the minimization of t he sum of squared errors (SSE), 
using the lsqnonlin routine from the Optimization Tool­
box (Matlab, The Mathwork Inc.) 

N 

SSE = l:)n(t,)- ·n(ti, p))2 (6) 
i = l 

with n (t,) the cell density measurement and n(ti , p ) the 
model predict ion at time t,. The vector p contains the 
four CTMI parameters, t he maximum cell density n""'"" 
the initial cell density n(O) and the initial physiological 
state of the cells Q(O). The parameter variances (.s?) 
are obtained from t he main diagonal of t he parameter 
covariance matrix P which is ca lculated as { J 'l' · J } · 
MSE wit h J the .Jacobian matrix. 

Table 1: Va lues for t he parameters of t he primary model 
as used in the simulation study. 

n(O) 
Q(O) 

[ln (Cf'U/mL)] 
1-1 

10.00 1tmax 

1000 8 
lln(Cf'U / mL)] 
1-1 

22.55 
::!.000 
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~ 
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s .8.t 
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Figure 1: Representation of t he parameteril:ecl temper­
ature profile, which is characterized by four degrees of 
freedom: T 1 [

0 C] the ini t ial temperature, t" [h] t he t ime 
at which the increase or decrease in t emperature starts, 
.6T/ .6t [°C/h] the rate of t emperat ure change and .6t 
[h] the duration of the t emperature change. 

RESULTS 

Previously, dynamic experiments were designed based 
on the mathematical technique of optimal experimenl 
design for parameter estimation (OED / PE) to estimate 
the four parameters of the CTMI efficiently (Van Derlin­
den et al. 2008, 20 10). From this OED/PE implementa­
tion, it was discovered that the rn<L"Xinmm temperature 
for growth T mn:r can only be estimated accurately if t he 
dynamic' temperat ure profile encloses temperat ures at 
or very close to t he t rue maximum growth temperature. 
This, however , implies that Tm.a."C must be known at t he 
start of the OED/ PE cycle. In this paper , tv.ro a.ltcr­
nativc cxpcrirncntnl approaches aiming at an improved 
estimation of the CT rvii parameters, and speci fically of 
T""""' are eva luated: (1) an adaptation of the input pro­
file parameterization, and (2) and extension of the con­
sidered t emperature region. 

Selection of a n input profile parameterization 

To obtain a fi ni te optimization problem, t he dynamic in­
put profile was previousl,')r parameterizcc! taking a rather 
simple structure, i.e., a constant temperature phase is 
followed by a linear p hase and a second constant phase 
(sec Figure 1). Possibly this rather simple tempera­
ture profile limi ts t he maximum information of the op­
timal experiments. An increa:;e of t he temperature in­
put complexi ty is likely to increase the information en­
closed in the dynamic experiments. Here, the c!Iect of 
the T,111111t (t) structure on t he informat ion content, and 
the subsequent parameter estimation, is evaluated. 
For tlw construction of the input profile parameteri:;m­
tion, two basic functions are selected, i.e., const ant and 
linear. From this, three types of parameterization are 



constructed: ('i) piece-wise constant, (i'i) piece-wise lin­
ear and ('iii) piece-wise constant-linear. For each type, 
the informat ive character is evaluated by calculating the 
the D-optimal experiment for all two-parameter combi­
nations (the global OED/ PE approach) and a single op­
t imal experiment (the single OED/ PE approach). (For 
more informat ion on the global and single OED / PE ap­
proach, see Van Derlindcn et a l. (2010).) The results 
are illustrated in Figure 2 for the parameter combina­
tion (Trnaa:, {Lop!)· 

Piece-wise constant temperature profih~s (P\VC) include 
a sequencf' of temperature s teps. One temperature step 
is described by three degrees of freedom (1'1, ts 1 and 
T2), two steps by five DOF (Tt, i"t' T2, ls2 and T:1), 
a.nd so on. The absolute difference between subsequent 
te1nperatures is constrained to 5°C to guarantee model 
validity. T he time period (l 8 ;, wit h i ~2) between two 
temperatures is constrained by a lower bound (2h) to 
prevent merging of several steps to a large tempera­
ture step. Optimal designs are calculated for four piece­
wise constant parameter i~atiom;, i.e., a sequence of two, 
three, four aml five constant phases. vVhen more phases 
were considererl, converge!lcc to the global optimum was 
rarely attained clue to t he high number of degrees of free­
dom ( ~ 11). In general, all optimal designs consist of 
a sequence of decreasing temperat ure s teps. Values for 
T; and t.,; are specific for each parameter combination 
and different when the temperature profile complexity 
is increased. Iviost often, the increase in number of con­
stant phases results in an extension of the crossed t em­
perature region. With the increasing number of constant 
phases, also the informative content is increased, i.e., 
higher criterion values a rc obtained . T he time interval 
between two temperature jumps coincides always with 
the lower bound (2h) and t he magnitude of thf' temper­
ature steps reaches its maximum value, i.e., 5°C. This 
observation is consistent with the fact that one large 
temperature step is favored to multiple smaller steps. 
For all parameter combina tions, the higher complexity 
profiles exhibit a fast temperature decrease in t he first 
part of the experiment, fol lowed by a long phase at a 
low temperature. 

Piece-wise linear pararneteriza.tions ( PWL) consist of 
a sequence of linear temperat ure phases. The abso­
lute maximum rate of temperat ure change is limited 
to 5°Cjh. If the dynamic temperature profi le crosses 
the lower or higher temperature boundary, tempera­
t m c is reset at the respective ternperatme limit. . A 
temperature profi le consist ing of Olle linear temperature 
change is only characterized by two degrees of freedom, 
i.e., T1 and (~Tj~t) 1 . In this case, the temperature 
change is maintained unless a tempera ture boundary is 
at ta ined. For a sequence of two linear pieces, t he first 
temperature change (~Tj~t) t is implemented for a de­
fined period (t., 1), whereafter temperature changes by 
the second rate ( ~T / ~t )2 unt il the end of the ex per-
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Figure 2: Tempemture input pamm.eterization evalu­
ation. D-optimal temperature profi les for t he two­
parameter combination Tmax, llopt · (Upper) Piece-wise 
constant profiles: ( 'i) two constant phases (-), ( ii) three 
constant phases (- -), ( iii) fo ur constant phases (- ·) and 
(iv) five constant phases(·· ). (Center) Piece-wise linear 
profiles: (i) one linear phasf' (-), (ii) two linear phases (­
-) and (iii) th ree linear phases(-· ) . (Lower) P iece-wise 
const ant-linear profiles: ( i) a sequence of a linear and a 
constant phase(-) and (ii) a sequence of a constant, a 
linear and a constant phase (- - ). 
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imenL or ti ll a temperature boundary is encountered. 
Three piece-mise linear pararneterizations are con:,;icl­
ered, i.e., one, two and three linear phases. For a tem­
perature profile enclosing one linear pha:,;e, the most ill­
formative data are obtained from a linear temperature 
decrease at a moderate rate. The initial temperature 
is dependent on the parameter combination hut the fi­
nal ternperatme is always equal to l5°C. This mean:,; 
that the optimal ternpera.tme profiles all consist of a 
linear temperature decrease and a final constant phase 
at l5°C. Adding one linear phase to the input profile 
significantly increases the value of the D-criterion. Op­
timal temperature profiles either exist of a rather fast 
temperature decrease followed by a slower temperature 
reduction, or, of an approximately constant temperature 
phase followed by a st<~ep temperature decrea:,;e and a 
final constant pha:,;e at l5°C . When the complexity of 
the temperature profile is fur ther increased by adding 
a third linear phase, all temperature inputs are con­
structed of an initial constant phase (or with a very 
slow rate), a linear temperature decrease and a final 
phase at a constant temperature or again a (very) :,;low 
temperature decrease (or increase). For most parame­
ter combinations, the latter increase in the input profile 
complexity is still beneficial, i.e., the value of the D­
criterion is higher. The addition of a fourth linea r phase 
result:,; in approximately identical optimal temperature 
profiles as for three linear phases, and the value of thP 
optimization criterion is nearly equal. Furthermore, due 
to the increased number of degrees of freedom as:,;ociated 
with the sequence of four linear pha:,;es, convergence to 
the exact global optimum is very t ime-consuming. For 
some parameter combinations, the global optimization 
algorithm never converged to the global optimum. 

In piece-wise constant-linear constructions ( PvVCL) , 
constant and linear temperature phases arc combined. 
Two simple pararneterizations arc considered. In the 
first temperature profile, a linear temperature change is 
followed by a phase a t a constant tempem tm e. As op­
posed to the above one-linear temperature profile, the 
duration of t he linear temperature change is a degree of 
freedom. As such, the ternperaturP of the final constant 
phase can be optimizecl. Three degrees of fre<~dom de­
fine this structure: T1, ts 1 and ( 6T / 6t )I . In the :,;econd 
temperature profile, the former pararneterizat ion is ex­
tended with a n initial constant t emperature phase. T he 
number of DOF is increased to four (T 1 , t8 1 , (6Tj6t) 1 

and t~ 2 ). As above, experiments with decreasing tem­
perature embed the most information. For the :,;implcst 
PWCL temperature input profile, a linear temperature 
change i:,; followed by a phase at a constant temperature. 
Values for T1 , (6Tj 6 t) 1 and the 0 -criterion are simila r 
to the r e:,;ults for one-P\VL and some two-PvVL optimal 
temperature profiles . Compared to one-PvVL, a higher 
D-criterion value is obta ined t hank:,; to the additional 
flexibility of the final temperature. The information 

content i:,;, however, lower than the two-P\¥L as t his 
latter structure not only enable:,; selection of the con­
:,;tant final temperature (by choosing ( 6T / 6t )2 equal 
to zero) but also enables (slow) temperature changes. 
Next, this profile st ruct ure is extended wi t h an init ial 
constant temperature phase. The addit ion of this con­
:,;tant piece results in a :,;ignificant illcrease in t he cri­
terion value. Compared to the three-P\tVL parameteri­
zation, optimal experiments and D-cr itcrion values are 
almost ident ical. As :,;uch, the additional constraints , 
i.e., the initial and final linear phase are restricted to a 

constant phase, have only a limited efFect . This simplifi­
cation of the input profile structure reduces t he number 
of degrees of freedom. For t his temperature profile pa­
rarneterization, convergence to the optimal solutions is 
easily obtained with the hybrid opt imization algorithm. 

Extending the temperature region towards the 
growth/inactivation region 

\Vith respect to the bottleneck of Tmax e:,;t imation, an 
alternative solution can be formulated. \¥hen the up­
per boundary on t he temperature input is set at a 
value significantly higher than the expected T"'"·"' ( op­
timal) dynamic experiments can be designed t hat cross 
Tnw:~: · The microbial behavior at temperatures larger 
than Trna:r: , however, can not be described by the CT!\ fi 
model as this model only descr ibes the effect of tem­
perat ure on the microbial growth rate in the growth 
region, i.e., from T,, ; ~~. to T,,.a,c· Furthermore, microbial 
studies with respect to microbial dynamics at tempera­
t ures slightly higher t han Tma:< are quasi non-existing. 
Because of its high relevance f{Jr heat processing, mo:,;t 
research fo cuses on (t he rnodeling of) the microbial in­
activat ion at high temperatures. 
Due to this lack of knowledge, microbial dynamics cor­
responding t he proposed structure of dynamic experi­
ments are unknown . Two pos:,;ible scenarios <~xist (see 
Figure 3). (1 ) A temperature range (8) exist :,; in which at 
macroscopic level neither growth nor inactivation is ob­
served. This might be clue to a balance between growth 
and inactivation. (2) Microbial inactivation is induced 
at all temperat ures exceeding T""' "' i. e., 8 = 0. In both 
cases, a global kinetic model is required t hat take:,; into 
account both growth and inactivation. 
Here, the first scenario is considered, i.e., it is assumed 
that there exists a ternperature range 8. In this case, the 
temperature profilf' crosses t he growth boundary and 
Tm.u•; can be detennined as t he temperature at which 
growth :,;tarts. The informa tive character of th is type of 
dynamic experiments wi th respect to t he estimation of 
Tmax is evaluated based on simulated growth data. The 
temperature profiles are based on the optimal experi­
ment previously designed for the simultaneous est ima­
t ion of the four CTMI parameters (Van Derlinclen et al. 
20 10) . The cha racteristics of t he selected temperature 
profile and their values are given in F igurP 1 and Ta-
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Figure :5: The microbial evolntion rate fL111 , .. , as a func­
tion of tcrnperature, with T min , Topt., Tm"'"" the mini­
mum, opt imum and maximum growth temperature, and 
c5 the range in which at macroscopic level nei ther growth 
nor inactivation is observed (adapted from Van Impe et 
al. 1992). 

bl(> 2, re~pectively. For four series of CTMI parameter 
values, four or fivP. ternperatnre profile~ are considered 
with difference in t he ini tia l temperature, the duration 
of the firs t constant phase, and thP. rate of temperature 
change (see Table 2) . For two/ t hree profiles, t he ini­
tial temperature is lower than the true Tma x · For the 
other three/ two, t he profile starts within the tempera­
ture range c5 for whiclt fLmu:c is equal to zero. Also, the 
D-criterion va lue, i.c, clct(F ) , is given for all tcrnperaturc 
profiles corresponding to the selected CTMI parameters. 
The results of the simulation study are summarized in 
Figure 4. For each combination of CTl\H parameters 
and temperature profile, ten growth curves are s imu­
lated from which the CT IVII parameter estimates a re 
derived. 
For Tmin , tlw largest variabi li ty and uncertainty on 
the parameter esli matcs can be ob~erved for the first 
temperature profile, i.e. , with T 1 equal to 45°C (and 
46°C for the higher true Tma:" values) . vVhen this start­
ing temperature is increased, the range of 1~11 .; 11 esti­
mates clecrea;;es. ror the all dynamic experiments with 
T1 larger than Tmax , similar values are obtained. Val­
ues of the standa rd deviation have the samP order of 
magnitude as for t he fin;t temperature profile. 
For Topt , no real t rend as a function of t he crossed 
temperature range can be observed. For a ll tempera­
ture profiles, a rather large variabili ty on the estimates 
exi;;ts, i.e., value;; can deviate more lhau 1 oc from its 
true value. 
For Tmax' values estimated from the firs t series of 
growth curve;;, i.e. , with T1 smaller than T,,.,u, vary 
euonuously. Also, for some estimate;;, the estima tion 
error is greater th<1ll l °C. Increasing T1 Lo the temper-

Table 2: Dynamic temperature profiles irnplf~mented in 
lhe simulation study. Different profiles are taken for 
the fom series of true secondary model values (p). The 
structure of the temperature profile is shown in F igure 
1. 

(1) 
(2) 
(:J) 
('1) 
(5) 

(I) 
(2) 
(:1) 
(4) 

(1) 
(2) 
(:3) 
('1) 
(5} 

1't t ., i::>.T / i::>. t i::>. t 
[

0 C] [h] [0 C/h] [h) 
p = [9.144 39.58 46.71 2.094] 

45.oo a .ooo -4 .500 TJJoo 
·16.00 3.000 -4 .500 7.200 
47.00 3 .000 -11.500 7.¥ 10 
48.00 .'3.000 -4 .500 7.600 

p - [10.33 40.85 46.54 2.397] 
4.5 .00 2 .500 -5.000 7.000 
46.00 3.000 -.'i.OOO 7.:!00 
47JJO :3 .500 -5.000 7.400 
48.00 4 .000 -:i.l!OO 7.GOO 
1\9.00 4.500 -5.000 7.800 

p - [8.7GO 40.25 46.25 2.250] 
4G.oo :uno - s .ooo 7.2oo 
47.00 3.500 -5.000 7.'100 
48.00 4.000 -5.000 7.600 
49.00 4.500 -5.000 7.800 

p = [9 .123 39.65 47. 16 2.023] 
45.00 5.000 -5.000 7.000 
4G.OO 5.000 -5.000 7.200 
47.00 5.000 - 5.000 7.400 
48.00 5.000 - 5.000 7.{i00 
'19.00 5.000 -5.000 7.800 

15.00 
15.00 
15.00 
15.00 

15.00 
15.00 
15 .00 
15 .00 
15.00 

15.00 
1i'L00 
15.00 
15.00 

15.00 
15.00 
15.00 
15.00 
15.00 

det( F} 

1.541 1Q!r 
8 .()6:3 104 
2.588 lQ:s 
2.535 103 

Ul83 JQ:r 

3.014 1Q5 

L618 103 
1.478 10:s 
1.:~47 lO:l 

11.780 10" 
1.233 10~ 
1.1117 103 

1.064 103 

1.423 102 

1. 192 10'1 

[. ;~(i0 lOG 

1' 107 103 

1.081 lO:s 

ature close to T 11,,,u;, i.e., 46°C for eases (1), (2), and 
(3) , and 47°C for case (4) , significantly improves the 
est imation of the maximum growth temperature. All 
values arc realist ic and very accurate, i.c, t hey are all 
situated in a range of 0.5°C around the true' T,1a x · 

This observation confirms what was previously· con­
cluded from t he sensi tivity functions of the CT:tvii with 
respect to its parameters (8~tma:c/8p) . T he sensitiv­
ity function Df.L 11w:~:! iJT""''" shows an extreme optimum 
aL T 11w.o: which means that Tn"'"' can be estimated best 
when Tmctx is included in t he temperature profile. Fur­
ther increasing T 1 has a contrary eJTcct, i.e., the vari­
ability and the estimation error on t he Tm a:c estimates 
is ~ignificantly enla rged. From this, it can be conclncled 
t hat extending the cl_ynamic temperature profiles totem­
peratures above the rna.ximum growth temperat ure does 
not increa;;e the experimental informat ion content. By 
starting t. lH' experiment with a constant phase al. 46°C, 
or 47°C for case (4), the growth rate at this temperature 
can be estimated rat her easily and accurately. However, 
by increasing T 1 , no growth occurs in the first phase and 
the growt h rates can only be derived during t he temper­
ature decrease. Clearly, the information with respect to 
growth al. temperatnres close to Tm"'" is required for an 
accurate and rel iable T""'·"' estimate. 

As with Tapt , no real t rend;; can be observed for f.Lopt · 

The range of t he parameter estimates is approximately 



I in 
for 

fhe 
;ure 

= 

:or-
.o·t 
oo 

.03 
o:J 

and 
the 
All 

~ all 
ruu ; • 

~011-

vith 
tiv­
mm 
)eSt 
7ur­
·ari­
'l.tes 
ded 
em­
loes 
By 

;oc, 
;ure 
ver, 
and 
Jer­
t to 
:an 

opt · 

tely 

"' '" "' 
(1 ,, (2 (3) (4 

'" 

" t iJ OH ... 
~~ ·: ----- ----- ·---- -- --- ---------- - ___ __l ___ j ____ ~1 '·::f ·----·· ·· ·· l ~ .. -----_____ ,~- --- 1- - -- t---- t-----r r ~ L ....... .......... e': 0 J 11 ~ ••••• - --- -

H 1 14 4~ -... -,----,,c-, - ];---;:;-------;: 7u ., " T,["C] r,r·q r ,1 CJ 

(1) .. 

'~L_~,,~~-..,,~, -- ,T,-~.,~-~ 
TlCI 

(1) 

~." ---------l -
... ~ 48 

'1.7-, ---:c----:.,,c---.,.c~-!;;--o;---;'. 

TtCJ 

(1) 

" 

-1-- ---f-... - -----

1 .~~\---;~--:;------,.,;-- .:~. --:;;----; 
T,f~CI 

(2 

~~. -~-~~-~.,-~-~.,----~ 
r,rq 

''[ . ., 
,, 

(2 

(2) 

(3) (4) 

u 
--- ··· ·· ··- -- - -- --- --- --- :ii- 41 

-- --·1-----l ---- -- -- -----
" ,., 
~~.-~-~~.~,-~ 

T1['C] 

(3) 

" ' 

~~~.-~.~.-~-~ .. -~-~--:. 
f \('Cj 

" 
(3) 

(4 

u 4 ') 

·····1··---· ---- ····· ----·· 

·~~.-~-~--:..,;---c~--;-~ 
T11'CJ 

(4) 

·~~.-~-~--:..,;--~-~-~ 
r ,rq 

Figure 4: Summary of the parameter e;;tirnates and error bars as a function of the dynamic ternperature profile. The 
dashed lines indicate the value t aken as tlw true value for the simula tion of the growth curves . [(1) p = [10.33 40.85 
46.54 2.397], (2) p = [9.144 39.58 46.71 2.094], (3) p = [8.750 40.25 46. 25 2.250], and (4) p = [9.123 39.65 47.16 2.02:3]] 

the same for all temperature profiles , except for the ex­
periment~ with T1 approximately equal to T , w x · In this 
case, parameter estimates are situated closer around the 
t rue ~Lopt and the estiumtion errors are smaller. Possi­
bly, the accurate estimate of T ma:r pushe~ the value of 
Jl o p t towards more rea lis t ic and accurate va lues. 
Genera lly, it ca n lw concluded that increa1:>ing the tem­
perature region beyond the growth/ inactivation inter­
face does not improve t he estimation of T,,u: . This 
conclusion could have been expected ha~ecl on t he cal­
cula ted D-cri terion values. T lw value of det(F) increases 
with increasing T1 values until T1 reaches Tmn:r · vVhen 
the init ial temperature is larger than T""'"" t he infor­
mative cha racter or lhe dynamic experiments clecr·eases, 
i.e. , det(F) decreases. Overa ll , the infonnation conteut 
is maximal when T1 is equa l to Tma x · However , this 
returns the previously formulated drawback: T "'""' can 

only be est imated accurately and efficiently when its 
value is known at the beginning. 
\Vhen the four CTJ\H parameters are estimated ~imu l­

ta neously from all t en generated data ~et~, reliable and 
accurate estimate~ are obtained for a ll temperature pro­
file~ (data not ~hown) . Even for t he exper iments with 
the lower T1 values, which separately can not guaran­
tee reliable pa rameter estimat es, CTMI parameter esti­
mates are almost identical to t he true parameters. 

CONCLUSION 

The previous implementat ion of OED/ PE for t he est i­
mation of the CTMI parameters revealed tha t T nuu: can 
only be estimated accurately when temperatures clo~e to 
t lw true T nw a: are included . Here, alternat ive dynamic 
experimenta l approaches arc considered and evaluated 



with rc<ipcct to their informa tive character for t he esti­
ma tion of T,, a:c · 
Au rva lua tion of other possiblP structures of the lcmper­
ature input revealed that the previously selected profile, 
which consists of a constant phase followed by a lin­
ear tempera ture change aud a second constant phase, 
is t he most efficient Laking inlo account computat ional 
requirements and pract ical implementa tions. 
Alternat ive dynamic experiments in which the tempera­
t ure exceeds the growt h/ inactivation interface are eval­
uated \Vi th respect to their informative character for thr 
cst imatiou of T rna:r a rc evaluated in S'ilico. The results 
from t he simulation study show that a combinat ion of 
ten growth curves results in accurate aucl reliable CT MI 
parameter estimates for all tcm peraturP profiles. How­
ever , when only one dynamic experiment is considered, 
differences are observed for the diffPrent temperature 
profiles. A very accurate and rel iablr T 111 , ," value was 
obtained from experiments with an initial temperature 
s lightly lower than the true Tnw:c· vVhen t he dynamil· 
temperature pro!l les started at a temperature above 
Trrwx ' a larger uncerta inty and variability on lhc esti­
mates \vas ob:;erved. From this, it can blJ eonduded 
that informat ion with respect to growt h a t temperature:; 
close to Tmn.:.: is n~quirccl for an accnrat e and reliable' 

T r'"''" estimate. 

In futme research, bioreaetor experiments will be per­
formect, designed based on tlw single optimal experi­
ment for the simultaneous estimation of the fom CT MI 
parameters (single OED/ PE), to further evaluate t he 
propo::;ed approach. By performing a series of dynamic 
experiments with T1 varying around t he assumed T,uu: 
the above conclusions can be evaluated. It can be a!:i­
sumed that from the exper iment wi t h T1 t he closest to 
t he t rue Tmax , a more accurate and reliable T111a:c will be 
yieldect, compared to t he other dynamic experiment!:i . 
Research in t he fu rther futme should fo cus on the de­
velopment of a global kinetic model aiM to describe the 
c~ffecL or temperature both on microbial growth ami in­
activation. Once such a model is available, dynamic 
experiments can be designed airniug al an e!Ticient iden­
ti fication of the growth/ inaclivat ion interface. 
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ABSTRACT 

The exposure to Salmonella Typhimurium associated to the 
consumption of Irish fresh pork sausages was estimated using 
a simulation model underpinned by predictive microbiology 
data of Salmonella in pork sausage, by specific Irish retail 
and consumption data, and by results from parallel frying and 
grilling experiments. Considering the contaminated sausage 
packs only (4.6%; 95% Cl: 3.2-6.4%), the estimated initial 
levels of Salmonella in fresh pork sausages at retail (69.7 
CFU/g; 95% Cl: 15-200 CFU/g) reduced to mean 
concentrations of 0.045 CFU/g (95% CI: 0.02 1-0.623 
CFU/g) after frying and 0.078 CFU/g (95% Cl: 0.054- 1.668 
CFU/g) after gri lling. Exposure to Salmonella (0. 11 7 CFU; 
95% Cl: 0.0208-1 .9 19 CFU from fried servings and 0. 199 
CFU; 95% Cl: 0.061 -7.409 CFU from grilled servings) 
resu lted from the consumption of a very few moderately 
contaminated servings, as the model predicted that the 
probabilities of survival of Salmonella cells in cooked 
servings were very low at 0.59% (95% Cl: 0.45 -0.73%) for 
frying and 0.74% (95% Cl: 0 .59-0.86%) for grilling. 
However, in these fried and grilled undcrcooked servings, 
Salmonella numbers were expected to be -250 CFU (95% 
Cl: 0.03- 1572 CFU) and - 687 CFU (95 % Cl: 0.35-3597 
CFU), respectively. The estimated Salmonella concentration 
in undercookecl fried sausages ( -4.4 CFU/g; 95% Cl: 0.00 1-
37.098 CFU/g) compared well with experimental findings. 

INTRODUCTION 

From the foodstuffs implicated with salmonellosis in Ireland , 
pig meat has been identified as a sign ificant source of 
Salmonella with an incidence of 2.9% as surveyed in 
processing plants (Anonymous 2009), and an estimated true 
prevalence or 4.0% (95% Cl: 0.3 - 12.0%; Gonzales-Barron 
et al. 2009). During further processing of meat, such as 
cutting and mincing, Sabnonella Typhimurium from 
contaminated pork cuts may then spread into meat 
Preparations. A retail pork preparation reported to support 
the growth of Salmonella Typhimurium (Anonymous 2008; 
Boughton et al. 2004; Scannell et al. 1997), is the highly­
consumed Irish fresh pork sausage. From an Irish 
consumption database (Anonymous 200 I), it has heen 
Observed that on average a person eats 90 g of sausages per 
Week. Assuming that approximately 55% of the Irish 

population - 4.2 million- consume pork sausages, an average 
of I I 000 metric tons of sausages would be consumed each 
year. While the prevalence of Salmonella Typhimurium on 
Irish pork cuts is relatively low and the fresh pork sausage is 
a product that still undergoes cooking, pork sausages can 
become a potential hazardous product if undercooked. as 
suggested by the 24 reported outbreaks of salmonellosis 
associated with sausages or sausage meat, corresponding to 
more than I 000 cases of food poisoning in England and 
Wales between 1988 and 1994 (Nichols and Louvois 1995; 
Wall et al. 1994). 

Thus, the objectives of this work were (i) to develop a 
consumer-phase stochastic model able to estimate the 
exposure to Salmonella Typhimurium per serving of cooked 
(fried and grilled) fresh pork sausage, and (ii) to carry out 
four 'what- if scenario analyses changing the most sensitive 
model parameters in order to reduce exposure. The second­
order model, structured in four modules, was built using 
predictive microbiology data of growth and thermal 
inactivation; results from parallel logging experiments of 
temperature profiles of the product during refrigeration, 
frying and grilling; and specific Irish data on Salmonella in 
fresh pork sausages at retail , surveys on transport time and 
average refrigeration temperalllres, and a consumption 
database. Results of the model at the exposure assessment 
phase were compared against experimental findings. 

METHODOLOGY 

Prevalence and concentration of Salmonella 
Typhimurium in fresh pork sausages at the point of retail 

The initial concentration of Salmonella in fresh pork 
sausages (A.0 ) from contaminated packs at retail was 
approached using the MPN data compiled in Mattick et al. 
(2002). Likeli hood functions of CFU/g representing the 
uncertainty around the positive tube counts triplets were built 
for each of the tested sausages (6) from every pack (10). 
Bayesian analysis was then used to derive a more-informed 
posterior distribution of the initial Salmonella concentration 
in every pack, under the assumption that the counts from 
each of the portions of sausage mix stuffed into casings (and 
subsequently packed) were Poisson distributed. A 
parametric bootstrap technique was then performed to 
propagate the uncertainty of the I 0 posterior distributions of 
within-pack Salmonella concentration to a predefined log­
normal distribution of variability (A.11). The uncertain 
parameters JL and u of the log-normal distribution Ao fitted to 



normal distributions, .u- Nomw/(4.0389, 0.1039) and 

0'- Nonna1(0.6389, 0.0591). 

The Salmonella prevalence (Prev) in fresh pork sausage 
packs in the Irish market was modelled using the results from 
a retail survey conducted by Boughton et al. (2004). Prev 
was estimated through binomial probabilities using Bayesian 
analysis for each market outlet data: supermarkets (8/550) 
and butcher shops (15/370). Assuming a test sensitivity of 
0.80, and considering weights given to butcher shops (0.3) 
and supermarkets (0.7), Prev fitted to a gamma distribution, 
Pr ev - Gamma(37 .997 , 0.00 I 3). 

Transport and refrigeration modules 

The growth of Salmonella spp. during transport and 
refrigeration (Y(t)) was evaluated from t0 (time of purchase) 
using the dynamic Baranyi's growth model for changing 
temperatures (Baranyi et al. I 995). Mathematically, the 
increase in cell concentration from the initial value Y0 (log ..1.0 ) 

is given by the specific growth rate (dY/dt) as a function of 
the temperature T(t) and a Jag-phase parameter q0, 

.:!..._ Y "" ~ ( )) Pmax (T(t ))[1- exp(Y - Ymax )] (I) 
dt I +exp -Q t 

(.// Q "".Umax (T(t )) 
et 

Q(t) = In q(t) 

The estimates of Salmonella growth rate (jtmaJ in fresh 
bratwurst obtained from Ingham et al. (2009) were used as 
surrogate data, and further expressed as a function of 
temperature using the square-root model (p<O.O I, R2=0.77), 

~ l'max (T) = b(T-Tmin) (2) 

where T is the product's temperature (0 C), b is a constant 
( l/..Jh-°C ) and T,11 ;11 (

0 C) is the nominal minimum temperature 
for Salmonella. The normal distributions for b, T,11 ;11 , and 1!0 

(Baranyi 's Jag-phase parameter also derived from Ingham et 
al. (2009)), assumed to describe the variability in Salmonella 

growth rate, fitted to: b- Normai(O.O I 76,0.0032) , 

T.nin - Normal(-5.0 13 , 0.690) , h0 - Norma1(2.454, 0.086) 

[log CFU/gj. The latter parameter is related to q0 (from 

Equation(l))through 110 = ln(l+l/q0 ). 

For the entire duration of transport fr. the temperature profile 
of the centre of a sausage pack, approximated to a slab of 
dimensions 2L, (l 0.94 cm), 2L,. (4.50 cm) and 2L: (8.34 cm), 
was modelled using transient heat transfer equations for a 
one-dimensional (y) system. The dimensions of the sausage 
packs were the average of six common brands. The initial 
temperature T0 corresponded to the sausage temperature at 
retail , assumed to be T0 - Normal(5, 0.8) [0 C] . The thermal 

conductivity and diffusivity of sausages were kept eonstant ·t 
0.48 Jhn-s-K and 1.4 I xI 0 7 m1/s, as well as the convccti~ 
heat transfer coefficient (h.,.) at I 1.0 W /m10C. t he 

temperature of the air surrounding the pack CToo) was 
assumed to be 3°C above the ambient temperature of Ireland 
T""'1' (T""'b - Beta(5.21, 3.68, -5.35 , 25.63) for summer 

and 7~1111/J - Beta(4.03 , 3.19, -7.28, 18.52) for winter). 
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Figure I: An Iteration of a S imulated Temperature Profile o f a 
Contaminated Sausage Pack During Transport and Refrigeration 

with Its Respective Expected Salmonella Growth Y(t) and 95% Cl. 
Arrow Indicates End of Transport 

For the refrigeration module, experiments were conducted to 
capture the real oscillations in the temperature of a sausage 
pack stored in domestic refrigerators up to 7 days. The real 
temperature profiles were ass igned to categories according to 
the average air temperature of the refrigerator (T"''M): < I °C, 
(1 , 3>, [3, 5>, [5, 7>, 17, 9>, and >9°C. Mimicking the 
experimental data, T(t) for the refrigeration module was 
modelled in two stages: a brief temperature adjustment stage 
( -2-3 h) governed by heat transfer equations until 
approaching Tm•g• and a temperature oscillation period, 
which consisted of a temperature history section (t, TJs 
randomly sampled from the above experiment within the 
corresponding air temperature category until the completion 
of the total refrigeration time (!11) . For the temperature 
adjustment stage, the overall convective heat transfer 
coefficient (h u) of the cold air to the surface of the product 
was estimated from the temperature data (I! u = 16.2 W lm2°C) 
and assumed to be constant for all the surfaces of the 
product. For the three-dimensional system, T(t) was modeled 
with transient heat transfer equations using the product's 
initial temperature of T1 (product's temperature at the end of 
transport) and T,.,=T,ng· Distributions for the transport time 
(TT - hzverseGaussian(36.037, 38.76 1), refrigeration time 

( TR - Ganuna(l. l, 15)) and average fridge air temperature 

( Tm·g - Norma/(6 .355, 2.490)) were fitted to Irish data froi11 

Kennedy et al. (2005). Once the continuous temperature 
profile T(t) during transport and refrigeration was modelled 
for every iteration or sausage pack, the Salmonella growth 
rate was estimated for the specific temperature at time 1 using 
the square-root model, and the Salmonella log-concentration 
was estimated solving the Baranyi 's equation for small time 
intervals (Figure I). 
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cooking module 

In the cooking module, which comprised frying and grilling, 
the classical first-order kinetic model was used to describe 
the thermal inactivation of Salmonella in pork sausages. The 
published data (D values) obtained in Osaili et al. (2007) for 
breaded pork patties ( 48% moisture, 23% fat, 15.2% protein 
and 9.2% breading ingredients) were used as surrogate data 
of the D values of Salmonella in Irish fresh pork sausage 
(50% moisture, 24% fat, I 4% protein and rusk) because of 
the similarity in composition . An Arrhenius-type equation 
was necessary to model the relationship between D values 
and temperature so that the bacterial inactivation could be 
predicted under changing temperature during cooking. A 
separate Monte Carlo simulation was conducted o n the 
Arrhenius secondary model (Equation 3) using normal 
distributions of the D values (min) (Normal (D;, aD;), where 
D and aD are the mean and standard error, respective ly) 
reported in Osaili et al. (2007) for each of the trials i at the 
constant temperature T (in Kelvin degrees)), in order to find 
the intercept log A and the activation energy (Ea). The fixed 
value R corresponds to the universal gas constant (8.314 
J/mol-K). 

LogD = LogA + ( ~~ )( ~-) (3) 

A high corre lation (R2=0.9999) was found be tween the 
parameters Log A and £, , which is described by the linear 

relationship (p<O.OO I), £" = 1744.9- 2812.3 x LugA, where 

the activation energy £, is give n in J/mol. The values of 
LogA fitted to a normal distribution 
LogA- Nonnal(-122.5579 , 1.7982). Mathematically, the 

decline in the log cell concentration from the initial 
Salmonella log concentration (YR. after refrigeration) is give n 
by the specific death rate (dY/dt) as a function of D(T(t)). 

dY 

dt 

I 
D(T(t)) , Y(O)= Yn (4) 

An Irish consumption database (Anonymous 200 I) indicated 
that the two most common ways to prepare fresh sausages in 
Ireland are by frying and grilling (95% ). In orde r to s imulate 
cooking temperature profiles, two separate experime nts for 
frying and grilling were performed logging the temperature 
of the radial centre of sausages ( 15-21 mm diameter) every 
15 s. They were conducted under variable condi tions of 
medium and high heat, with pre-heated oil at the beginning 
of frying, and pre-heated oven at the beginning of grilling, so 
as to reproduce many of the possible cooking practices. 

In the case of frying, it was observed that the empirical 
express ion (based on non-s teady heat transfer) that described 
best the inte rna l tempe rature profile of the sausage was of the 
type, 

(5) 

Where TR is the sausage pack internal tempe rature at the e nd 
Of the refrigerated storage, which is assumed to be the initia l 
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temperature of the cooking module, and C1 and C2 are 
heating constants that determine the rate at which 
temperature increases (curve shape, slow versus fast). During 
the frying experiments, the oil tempe rature was not constant, 
but increased until reaching a maximum. In order to apply a 
simple equation (Equation 5), the concept of 'equivalent 
temperature ' of the oi l (Eq1;,il) was introduced. The 
equivalent temperature of the oil was defined as the constant 
oil temperature for which a similar temperature profi le curve 
would have been observed. The higher the EqT,if, the larger 
the tempe ra ture gradient (sausage-cooking medium), and the 
sooner the cooking. The parameter EqT,;1 and the heating 
constants C1 and C2 were estimated fitting Equation (5) to the 
available experimental data (20 temperature pro files), and 
therefore , 20 triplets (EqT,;1, C1 and C2) were obtained. The 
depe ndencies between those parameters were modelled by 
the e nvelo p method (Vose 2008) : 

C2 - Nomwt(1.530x10-7 Eq1:,;1 -2.315xl0-5 , 1.62x !0-6 ) 

C1 - Normal(- 63.033C2 -3.743xl0-4,2.81 x l0-4 ), and 

the value of EqT,;1 was sampled from 

Eq1:,;, - Normal (1 30 , 11.5) , which was estimated from the 

experimental temperature profile da ta. In this way, for every 
iteration, Eq1;,if, C1 and C2 were sampled and rep laced in 
Equation (5) to produce a random heating curve (Figure 2) 
for frying. 

In the case of gri lling, the temperature profi les were similarly 
modelled by an empirical transient heat transfer equation to 
represent the internal temperature of the sausage . The right 
term o f Equation (6) was chosen as it provided the best fit to 
the experimental temperature profi le data for grilling. 

(6) 

The parameters C3 , C4 and C5 a re heating constants, and 
EqT,,;,- is the equivalent tempera ture of the air in the oven. 
Equation (6) was fitted to each of the 20 grill ing temperature 
profiles available, and, in the same way, the depende nc ies 
be tween the four parameters defini ng this equation were 
modelled by the envelop method, which produced: 

C5 - Nonnal(-8.9 12x l0-6 EqTair +4.757xl0- 3
, 2.71x l0 -4

) 

C 3 - Normal(- 53 .56 1 C 5 + 0. 199, 1.36x I o-2 
) 

C4 - Normal(-1.077 C3 + 1.28 1 x I o-3 
, 2.24x I o-3 

) , and 

Eq1:,;1 - Norma/(250 , 16.2 ) . In every iteration, a 

tempe ra ture profile for gri lling (Figure 2) was generated by 
sampling the parameters from the above relationships, a nd 
re placing them in Equation (6) . 

For the two cooking modalities, the temperature profi le (T(t)) 

o f eithe r Equation (5) or (6) was outlined in time steps of 2 
seconds until reaching the sampled value of total frying time 
t1.=Nonnal(480,40) [s] or to ta l grilling time 
tc=Normal(660,50) [s]. A fter a sampled value of LugA and a 
calculated value of E, were obtained, and once the inner 
product tempe rature surpassed 54°C, the decrease in 
Salmonella concentration (dY/dt, Equation (4)) from the 
initial value Yn was computed deterministically in time steps 



of 2 seconds considering that the temperature-dependent D 
values needed to be recalculated in such time intervals using 
Equation (3). The Salmonella concentration after cooking (in 
general Y c for frying and gri lling) was stored for the next 
step of consumption. 
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Figure 2: An Illustrati on o f the Variability in the Simulated Internal 
Temperature Pro files o f Sausages being Cooked by Frying (left 

lines) and Grilling (r ight lines), as Imparted by the Heating 
Constants. A Cooking Curve is Sampled in Every Iteration 

Consumption module 

Using the resul ts of a North/South Ireland food consumption 
survey database (Anonymous 200 I), the variabi li ty 
distribution of the serving size (w) of fresh sausage was 
modelled as, w- ExtremeValue(42.44, 20.24), whose mean 

serving size was 57 g, restricted to a minimum of I 0 g and a 
maximum of 454 g (assumed to be the total contents of the 
sausage pack). 

The consumption module took as input the Salmonella 
concentration after cooking ( Ye) which was considered to be 
the average log CFU/g remaining in the sausages from a 
contaminated pack wi th an initial concentration of A.u. Thus, 
the numbers of Salmol!ella in a cooked sausage portion were 
assumed to be Poisson distributed with an event rate Ac = 

l'C • I 0 m CFU/g. The exposure to Salmonella from 
consumption of a serving from a contaminated sausage pack 
(£c) was calculated as a Poisson ()c.w). Within a dimension 
of uncertainty, estimations of E (exposure to Salmonella 
from consumption of a sausage serving) were calculated 
using the set of Ec values and as many zeros (no 
contaminated servings) as necessary to get the prevalence 
Prev. The complete exposure assessment model was run 
separately for fried and grilled. 

Uses of the model and validation 

The model was run with separation of uncertainty ( 1 00) and 
variability ( 10000) so that matrices of size I OOOOx I 00 were 
obtained for Ac and Ec for fried and grilled sausages. 
Add itional simul ations were conducted for the risk mitigation 
strategies or what-if scenarios #I (reduced cold storage r11 ) , 

#2 (longer cooking time tr. tc;), # I and 2 together, and #3 
(reduced ini tial Salmonella concentration ~). Comparisons 
among scenarios were conducted on the exposure parameters 

A.c and Ec. The model's results were compared aoa· 
. I t- d ' f . 0 lOSt exp~nmenta 111 mgs rom MattJck et al. (2002). Matlab 

versiOn 7.8 R2009a (The Mat~works. lnc, Natick, MA) was 
used to run the complete SimulatiOn model and to li 
probabilistic distributions. lt 

RESULTS AND DISCUSSION 

The prevalence Prev of Salmonella-positive sausage packs at 
retail was estimated at 0.046 with a 95% Cl of 0.032-0.064 
A~ p.rocessi~1~ beyo.nd the s~aught~rhouse , namely, cutting: 
mmc1n~, 1111XIIlg w1~h raw mgred1ents and handling, mal 
further mcrease the Salmonella levels, the rate of Salmonella 
contamination in pork sausages ( - 0.046), thought of as 
contaminated batches, does not appear incongruent with the 
prevalence estimates for pork meat of -0.040 (95% Cl· 
0.003-0.1 20%, as predicted by Gonzales-Barron et al: 
(2009)). The approach used here for modelling MPN value1 
provided a mechanism for inclusion of the serial dilutions 
uncertainty and, in this way, provided a more informed 
second-order distribution of ~ (CFU/g) than would be 
possible by the regular practice of directly fitting a 
distribution to the MPN/g. The concentration of Salmonella 
Typhimurium in contaminated packs at retai l were expected 
to be - 69 .7 CFU/g or 1.754 log CFU/g (95 % Cl: 15-200 
CFU/g or I .209-2.305 log CFU/g). 

Because of the short transport time (E(tR)=36 min; 95 % Cl: 
5- 132 min), the contaminated sausage packs in Ireland would 
not suffer a noticeable increase in Salmonella concentration 
at the end of transport (E(Y.r)=l.755 log CFU/g; 95% Cl: 
I .2 I I -2.308 log CFU/g). On the other hand, the average 
in ternal temperature of the sausage packs during transpon 
(i.e. , the internal temperature averaged over time) was 
relatively low (E(tT)=6.895°C; 95% Cl: 5.19- 8.46 °C) and. 
as modelled by the primary and secondary predictive 
microbiology models, this was the second factor that did not 
facilitate the exponential growth of Salmonella Typhimurium 
during transport. 

Since purchased pork sausage packs stay in refrigerated 
storage (tR) for an average of 16.5 h (95% Cl: 0.5 - 58.4 h), a 
rapid increase in the mean Salmonella concentration wa 
noticeable only for some of the simulation packs, as 
suggested by the mean YR of 1.790 log CFU/g and the longer 
right tail (95% Cl: 1.2 18-2.4 18 log CFU/g). A sensitivity 
analysis on Y R showed that the mean Salmonella 
concentration in sausages prior to cooking was mainly driven 
by the initial Salmonella load at retail (R=0.77), and that 
storage time (R=0.43) had by far a stronger effect than the 
average temperature of the sausage packs (i.e. , the internal 
temperature of the product averaged over time) (R:::O. I7). 
The likelihood of tinding hazardous levels of Salmonella 
(levels that may not be inactivated sufficiently by cooking. 
for instance >3 log CFU/g) increased when the average 
temperature of the sausage exceeded approximately 5°C and 
when the cold storage time exceeded the 30 hours. BeloW 
these values, mean Salmonella concentration higher than 3 
log CFU/g in fresh sausages were very low. The frequency of 
encountering a sausage pack with Salmonella concentration 
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higher than 3 log CFU/g prior to cooking was -0.0833% 
with a 95% Cl: 0.0736-0.0966%. 

The process of frying and grilling reduced dramatically both 
the prevalence and numbe rs of Salmonella in servings of 
fresh sausage. If we aimed to approximate ly dete rmine an 
estimate for the survival rate of Salmonella in cooked 
ausages, a threshold o f Salmonella concentration after 

cooking, "-<.:*, must be first e stablished. Le t us establish for 
the sake of simplic ity a 1-c* of 0 .0022 CFU/g, which would 
produce an average of at least I CFU present in a maximum 
serving of the full cooked conte nts of a 4 54 -g contaminated 
pack. Under this threshold, it was estimated that Salmonella 
cells can survive (Pr(l-c>0.0022)) in - 0.591 % (95 % er: 
0.450-0.730 %) of the fried sausages (arising from 
contaminated packs at retail ), and in - 0.745% (95% C l: 
0.590-0.86 1) o f the grilled sausages. In other words, out of 
IOOOO events offiying and grilling contaminated sausages, 
Salmonella cells are expected to be inactivated only partially 
in - 59 or - 75 occasions, respec tively. It is clue to these low 
probabilities that statistics on pe rcentiles above 99.4111 were 
presented in Figure 3 and Table I for the exposure 
parameters. In terms o f Salmonella concentration (Ac) given 
an initially contaminated sausage pack, the expected value 
after cooking was 0.045 CFU/g (95% er: 0 .02 1-0.624) fo r 
fried sausages and 0.079 C FU/g (95% Cl: 0.054 -1.668) for 
grilled sausages (see Scenario 0 in Table I). 

g 
:0 
"' .Q e 
a. 
Q) 

.:: 
iii 
:; 
E 
:l 
() 

100.0 ~---::::::::::::::::=:====~::=::~==~~~==1 
"'" ~--"-"'-==-==-~--

'"' / / ::___ G" OOO, m" o • <28 CFUI.,Mog 
997 ~ ( j I Fned, mean= 2 50 CFU/servtng 

996 - / .' 
995 1./ 

I 
99.4 i'----~--~--~--~-

0 500 1000 1500 2000 2500 3000 

Exposure to Salmonella (CFU) per serving of cooked sausage 
from a contaminated pack 
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The tre nd towards higher Salmonella concentration levels in 
grilled sausages compared to fried sausages can be visualised 
in Figure 3 and Table l . For instance, the probabili ty of 
occurrence of a grilled sausage with remaining Salmonella 
higher than I 0 CFU/g was approximate ly twice as hig h 
(0.267% with 95% CI: 0. 180-0.420%) as that of fried 
sausages (0 . 143% with 95% Cl: 0 .090- 0.2 1 0) (T able I). 
When sausage packs that are Salmonella-positive at reta il are 
PUrchased, it is expected that the consumers will be exposed 
on average to 2.5 CFU per fried serving, or to 4 .3 CFU per 
gri lled serving (Figure 3). Considering that only a frac tion 
(E(Prev)=4.6%) of the sausage packs are contaminated, the 
expected values of the exposure to Salmonella (parameter E) 
from consumption of any cooked serv ing were 0 .1 17 CFU 

pe r fried sausage serving (95 % Cl : 0.0208- 1.9 19 CFU) and 
0.1 99 CFU per grilled serving 95% C l: 0.06 1-7.409 CFU). 

Recalling that the survival rate of Salmonella in cooked 
sausages was very low ( -0.59% for fried sausages and 
- 0.75 % for gri lled sausages), it was desirable to estimate the 

expected mean Salmonella numbers ( J.lcs ) wi thin those 

sma ll fractions o f unde rcooked (Salmonella-positive) fried 
and grilled servings. T hey were - 2 50 CFU (95 % Cl: 172-
328 CFU) and - 687 CFU (95% CI: 508-866 CFU) per 
serving, respectively. Back-calculating, for a Salmonella­
positive serving of average weight 57 g, the expected 
Salmonella concentration in an undercooked sausage serving 

(E(A.cs)- E( Pes /w)) would be - 4.4 CFU/g (95% Cl : 0 .00 l -

37.098 C FU/g) afte r frying and - 12. 1 CFU/g after gri ll ing 
(95% Cl : 0.006-89. 860 CFU/g). These p red icted values 
turned out to be in close agreement with experime nta l 
findings on the destruction of Salmonella in Engl ish fresh 
pork sausages during cooking. Mattick et al. (2002) found 
that contaminated sausages who se inte rna l tempe ra tures had 
not reached at least 75°C during fry ing (i.e ., undercooked 
sausages), presented Salmonella in concentrations <3 MPN/g 
when fried at medium heat, and as high as 29 MPN/g (a= I 0 
MPN/g) whe n fried at high heat during only 5 min. 
Unfortunate ly, the esti mates for gri ll ing could not be 
compared since no MPN/g values for uncle rcooked sausages 
were re ported for the grilling moda lity in Mattick et al. 
(2002). However, they reported a higher recovery of 23 
MPN/g (a=9 MPN/g) fo r unde rcooked barbecued sausages. 

Table I: Stati stics of the Exposure Parameters 'Ac (Mean 
Concentration o f Salmunel/a in Fried and Grilled Sausages) and 

Ec (Dose of Salmonella per Fried and Grilled Serving) from 
Contaminated Packs, resulting from the Scenario Analyses# I 

(Shorter Storage Ti me), #2 (Longer Cooki ng Time),# I & #2, and 
#3 (Reduced Contaminatio n Levels) in Comparison with the Basis 

Scenario #0 
Param of 
exposure 

Fry ing 

Ac 
(CFU/g) 

Ec 
(CFU/scrv) 

Grilling 

Ac 
(CfU/g) 

Ec 
(CFU/scrv) 

See 

#0 
Ill 
112 

# 1,2 
113 

#0 
Il l 
#2 

# 1.2 
#3 

110 
Il l 
#2 

11 1.2 
113 

#0 
Il l 
#2 

#1,2 
#3 

Mean 
(95% CI) 

o.0455 !0.02 t 6. o.n236 J 
0 .0339 [0 .0 199, 0.0575] 
0 .0 15 1 [0.0059. 0.0767 1 
0.0140 [0.0064. 0.0288] 
0.0002[0.000 I, 0.0038] 

2.504 1 [ 1.1 946, 23.604 J 
I. 770 I 11.0876, 3.4919 1 
0.8450 [0.2575, 2.2006 1 
0. 7451 [0.398 1. 1.7632 1 
0.0 136 [0.0050, 0.2804 1 

0.0789 10.0543, 1.668 1 J 
0 .0666 [0.0478, 0. 10041 
0.0487 [0.0299, 0.08441 
0.0465 10 .0276, 0.070 11 
0.0005 10.0002, 0.00 121 

4.2754 [2.8640, 88.654 1 
3.8055 12.6204, 5.26531 
2.6623 [ 1.4785, 5.09841 
2.5066 r t.5244, 3.91 27 1 
0.0274 10.0 111' 0.0644] 

Pr (f..c> I 0 CFU/g) 
Pr (Ec> I 00 CFU) 

(%) 

0. 143 [0.090, 0.210] 
0. 122 [0.072, 0. 190 J 
0.05 () [0.0 18, 0.1211 
0.051[0.010. 0.1001 
0.00 1 [0.000, 0.010[ 

0.314 10.240. 0.3701 
0.284 10 .1 65, 0.385 1 
0.1 37 10 .068, 0.221 ] 
0. 130 [0.074, 0 .1 861 
0.002 [0.000, 0 .0201 

0.267 [0. 180, 0.4201 
0.258 [0. 166, 0.3601 
0.188 [0. 105, 0.3101 
0.1 78 [0.100, 0.2601 
0.00 1 10.000. 0.0 101 

0.5 1010.349, 0.6 16[ 
0.505 10.390, 0.602 1 
0.350 [0.225. 0.482 1 
0.349 [0 .2 15. 0.472 1 
0.004 [0.000. 0.0201 



Finally, three exposure mitigation strategies were assessed as 
scenario analyses modifying the d istributions of the 
concerning parameters. The resulting exposure parameters 
o f the basis model #0 were compared to the alternative 
models #I, #2, # I ,2 and #3. 
(# I) Reduced refrigerated storage:. It was hypothesised that 
the time that a sausage pack is stored in the refrigerator were 
reduced approximate ly by ha lf. Instead of a Gamma( 1. 1, 15) 
(mean= 16.5 h; 95% Cl: 0.56-59 h) for tR, a Gamma(0.8, 
I 0.5) was used (mean=8.4 h; 95% Cl: 0. 1-34 h); 
(#2) Extended frying and grilling times: Assuming that fresh 
sausages are labe lled with cooking protocols of minimum 
frying and grilling time, and that consumers follow the 
instructions regu larly, a second scenario was run with 
cooking times tc of Normal( 51 0,40) for frying and 
Normal (690,50) for grilling; 
(# I ,2) Combined effects of shorter cold s to rage and extended 
cooking times. 
(#3) Reduced initial concentration of Salmonella 
Typhimurium in sausage packs at retail. The unce rta in 
parameters of the log-normal d istribution~, were replaced by 
~t=Normal (-1.4068, 0.3373) and cr=Normal ( 1.1 738, 0.1 034) 
(Ao mean=0.51 4 CFU/g; 95% Cl: 0.02-2.74 CFU/g). This 
scenario represented one of extremely low Salmonella levels 
in pork sausages, and was defined using a Ao modelled from 
an Irish survey o f chilled pork sausages which were frozen 
after retail sampling and stored for few weeks before the 
MPN analysis could be conducted. 

W hile the extended frying time reduced the mean Salmonella 
concentration '-c by -66% (from 0.045 CFU/g; 95% Cl: 
0 .02 1-0.624 CFU/g to 0.0 15 CFU/g; 95% Cl: 0.006-0.076 
CFU/g), extended gri lling reduced the mean Salmrmella 
concentration by -40% (from 0.079 CFU/g; 95% Cl: 0 .054-
1.668 CFU/g to 0.048 CFU/g; 95 % Cl: 0.030-0.084 CFU/g) 
(Table l ). Neverthe less, the longer cooking times for both 
frying and gri ll ing had a stronger mitigation effect on the 
consumer's exposure to Salmonella Typhimurium than 
reducing the cold storage of sausages by ha lf. The shelf life 
of sausages by half (as applied by the consumer) reduced the 
mean exposure to Salmonella from fried sausages from 2.504 
CFU (95% Cl: 1. 194-23.60 CFU) to 1.770 C FU (95 % Cl: 
1.087-3.492 CFU) in contrast to the highe r reductio n 
obtained by frying longer (0.845 CFU; 95%CI: 0.257-2.20 1). 
Whereas the combined mitigation s trategies of shorter 
storage and longer cooking attained a marginal reduction in 
exposure to that a lready achieved by longer cooking only, it 
should be appreciated that the proper hand ling of the product 
by the consumer, in te rms of shorte r storage and more careful 
preparation, could reduce the exposure to Salmonella in up 
to 70 % (Table 1 ). Finally, the results of scenario #3 
suggested that very low Salmonella levels in pork sausage at 
retai l would evidently produce the lowest levels of exposure. 
For a hypothetical Ao of mean 0.5 14 CFU/g and 95% Cl: 
0.02-2.74 CFU/g, the estimated mean exposure Ec to 
Salmonella Typhimurium was 0.01 36 CFU (95% Cl: 0.005-
0.280 CFU) per fr ied serving from a contamina ted pack, and 
0.0274 CFU (95% Cl: 0.0 11 -0.064 CFU) pe r grilled serving. 
This hypothetical scenario illustrates how the level of 
exposure to Salmonella Typhimurium from a pork meat 
product can become insignificant (E-0.0 I36x0.046=0.00062 

CFU) by means o f a substantia l decrease in Salmonefl 
levels at the manufacturing sites which may be accomplish 

0 

by systematic control strategies of Salmonella in swied 
production, and in the whole pork meat produc tion chain. ne 

CONCLUSIONS 

During refrigeration, an inc rease in Salmonella concentratio 
in contaminated packs was more likely to occur when th: 
average of the product's tempera tu re history exceeded -5•c 
and when the cold storage time exceeded 30 ho urs. It wa~ 

estimated that out of I 00 000 refrigerated sausage packs, an 
average of only -83 packs (95% Cl: 73-96) would have 
hazardous mean Salmonella concentrations above 3 log 
CFU/g cooking that may survive cooking. The process of 
cooking reduced dramatically the concentration of 
Salmonella in sausages, which were lower in fried sausage~ 
servings (mean: 0.117 CFU; 95 % Cl: 0.0208-1.919 CFU) 
than in gri lled sausages servings (mean: 0.199 CFU; 0.061-
7.409 CFU). The Salmonella prevalence and numbers in the 
cooked servings, showed that the exposure to Salmollel/11 

Typhimurium resulted from the consumption of a few 
moderate ly contaminated servings. Out of I 0 000 cooked 
sausage servings from contaminated packs, Salmonella ce111 
were expected to be inacti vated partially only in -59 (95% 
Cl: 45-73) fried servings and in -74 (95 % Cl: 59-86) gri lled 
servings. However, for the fraction of undcrcooked servings, 
the expected value of the mean CFU in fried servings were 
-250 CFU (95% Cl: 0.03-1572 CFU) whi le in undercooked 
gri lled servings were higher at -687 CFU (95% Cl: 0.35-
3597 CFU). Thus, on average, the Salmonella concentration 
in an unde rcooked fried and grilled sausage - given 
contaminated packs - were, respectively, -4.4 CFU/g (95~ 
Cl: 0.001-37.098 CFU/g) and -12.1 CFU/g (95% Cl: 0.006-
89.860 CFU/g) at which point the model was validated with 
experimental results. Finally, scenario analysis revealed that 
proper handling of the product by the consumer, in terms of 
shorter storage and more careful preparation, could reduce 
the exposure to Salmonella in up to 70% (Table 1). 
Consumer education therefore cannot be overemphasised, 
and they should be advised of correct cooking and basic 
instructions regard ing s torage by means of informative labels 
and national safety campaigns addressing in general raw 
meat products. 
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ABSTRACT 

This sh1dy looks at the development of a Monte Carlo exposure 
assessment model for Listeria monocytogenes in cold-smoked 
salmon marketed in Ireland. The model was developed to 
assess both exposure and probability of illness by L. 
monocytogenes in cold-smoked salmon. Cold-smoked salmon 
<~re ready to e<1t seafood that are normally purchased vacuum 
packed with a shelf-life, at refrigeration temperahires, of 
several weeks. The main health concern arises from the fact 
that the fish is consumed without <my heat treatment. The 
model developed in this shldy used probability density 
distributions to simulate different processes and their effect on 
prevalence and counts of Listeria. The model was developed in 
Excel with the @Ri sk add-on package. TI1e mean simulated 
prevalence of L. monocytogenes in cold-smoked salmon was 
2 1.6 % and the simulated mean number of counts on 
contaminated cold-smoked salmon was 2.60 log 10 CFU/g. The 
model highlights the potential risk to consumers, particuhu·Jy to 
inununocompromised individual s. The sensitivity analysis 
highlights the importance of temperature control during 
transport and in consumer fhdges. ll also highlights the need 
for controlled processing to minimise initial contamination of 
the product. The model provides a systematic approach to 
evaluating consumer exposure to L. monocytugene); and enables 
a closer analysis of the parm11eters influencing human exposure. 

INTRODUCTION 

Listeria monocytoge11es is an important human food-borne 
pathogen that causes febrile gastroenteritis in healthy 
individuals and life-tJu·eatening invasive infections in 
susceptible individuals (Mead et al.. 2006). such as the 
young, elderly. pregnant and immunocompromised (De 
Cesare et al., 2006). L. monocytogenes is widely spread in 
the environment and can grow over a wide range of 
temperatures, including at refrigeration temperatures 
(Graves and Swaminathan , 200 l), in high concentrations of 
sodium chloride m1d low concentrations of oxygen (Farbcr, 
2000). These properties, along with the severity of hum an 
listeriosis, make L. monocytoge11es of pm·ticular concern for 
manufacturers of ready-to-eat foods (Shen et al., 2006; 
Romanova et al., 2002). L. monocytogenes infection has 
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School of food Science and Environmental Health, 
Dublin Institute of Technology, Catha! Brugha Street 

Dublin- !, Ireland. 

been associated with cold cuts, raw and smoked fish 
(Hamon et al., 2006, Czuprynski, 2005). The prevalence of 
these orgm1isms in freshly produced cold-smoked lish is 
relatively high and is typically between 10 to 40 % 
(Miettinen and Wirtanen 2006). An exposure assessmem 
can provide an estimate of the occurrence and level of the 
pathogen in a specified portion of a food at the time of 
consumption by an individual or a population. The 
exposure assessment developed in this study is broken 
down into four main modules : (i) retail behaviour; (ii) 
consumer transport; (iii) consumption behaviour; m1d (iv} 
dose response model. These modules are modelled 
separately with each proceeding module acting as an input 
in to the next. An outline of the model is provided in Figure 
1. The model aims to assess the level ofhum<m exposure to 
L. monocytogenes in Irish marketed cold-smoked salmon 
and to identify possible risk reduction measures to 
minimi se this exposure. 

-r 
Nuu1bcr of lisll'r·iosis ea:;;;;:,. ye m iu lrclaud -~ - - __ ___J 

Figure l: Schematic of model for Listeria monocytogenes 
in cold-smoked salmon 

MATERIALS AND METHODS 

Model Development 

The prevalence and number of L. llmJwcytogenes bacteria 
was modelled at three levels: retail behaviour, consumer 
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u-;msport and consumer behaviour. The model uses 
probability distributions to represent the uncertainty and 
variability in the model inputs. The input distributions are 
created from existing scientific data and through 
epidemiological investigations carried out during this sn1dy 
(see Table I). The model was created in Excel with the 
@Risk add-on package (Palisade Corporation, New York, 
USA). 

Table 1: Model inputs and distributions 
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Model Inputs 

The occurrence of L. monocytogenes in retail cold-smoked 
salmon was estimated from studies conducted by 
Chitlapilly Dass et al. , (20 I 0) in which 26 of 120 cold­
smoked salmon were detected as positive. The positive 
samples yielded mean generic L. monocytogenes counts at 
the retail level of2.60 log10 CFU/g. A continuous empirical 
distribution in the form of a cumulative distribution was 
fitted to the data and used to simulate counts of bacteria on 
the fish. Different time and temperatme combinations were 
modelled representing different storage regimes in the retail 
fridge. Different transport times ilild temperanrres were also 
modelled represen ting consumer retail behaviour. Storage 
times and temperatures were modelled using recorded data 
and data from literature sources. The concentration of L. 
monocytogenes counts after consumer transport was 
simulated to be 3. 1 log10 CFU/g. The concentration of L. 
tnonocytogenes counts during consumer refrigeration was 
simulated to be 4.09 log 10 CFU/g. The consumption pallern 
and serving sizes of smoked salmon in the Irish population 

was obtained from a national consumption smvcy (Irish 
Universities Nutritional alliance survey 2003) and 
combined with product contamination data to provide an 
estimate of human exposure to of L. munocytugene.s in cold 
smoked salmon. and consequent risk. 

RESULT S AND DISCUSSIONS 

A plot of the simulated prevalence of L. monocytogenes in 
Irish cold-smoked salmon is given in Figure 2. The mean 
simulated prevalence of contaminated cold-smoked salmon 
is 21.6 %. The analysis emphasises ti1e relatively high 
prevalence of L. monocytogenes likely to be present. The 
mean count of contaminated cold-smoked salmon was 2.60 
log1o CFU/g. Given the estimated smallest dose ( 1000 
CFU) required to cause illness (FSA 1. 2008) these 
predictions may be a cause for concern, particularly if 
immunocompromised individuals are exposed to 

contaminated product. The log probability of illness for 
both inununocompetent and inununocompromised 
individuals is shown in Figure J. It is noted that 
immunocompromisecl individual arc more than twice as 
likely to become ill when compared to immunocompetent 
individuals. A sensitivity analysis is a systematic 
evaluation of model inputs, parameters and assumptions. 
The sensi tivity analysis was measured by Spearmans rank 
order correlation and can be seen in Figme 4. The input 
having greatest impact on the results was ti1e initial 
concentration of L. monOCJ' fogenes at retail level. This 
highlights the importance of hygienic processing of cold­
smoked salmon before the fi nal distribution of the vacuum 
packed cold-smoked salmon to retail outlets. The 
importance of temperah!re control is also evident in the 
sensitivity analysis. The temperature during transport is a 
critical step as highlighted by the influence on the bacteria 
maximmn growth rate (max growth 1 ). In addition. the 
temperature in the consumer lhdge. which influences the 
maximtun growth rate (max growth rate 2). had a 
significant effect. This emphasises the need for careful 
monitoring of temperature control during transport and 
during consumer storage. 
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Figm·e 2: Prevalence of L. monocytogenes in cold-smoked 
salmon in the Republic of Ireland 
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figure 4: Sensitivity analysis of probability of illness by 
~ ingesting L. monocytogenes to model inputs. 

CONCLUSIONS 

Exposure modelling can be a valuable tool in assessing 
risk to human health. The model described in this paper 
predicted the hmnan exposure to _L . monocytogenes 
contaminated cold-smoked salmon wrthm d1fferel1l nsk 
populations. The health risk posed by L. IIIOiwcytogenes 
can therefore be quantitatively assessed. The model results 
indicate there may be cause for concern if L. 
/IIOI/ocytogenes counts are not reduced during the 
processing of cold-smoked salmon. The model highlights 
the importance of temperature control during transport and 
storage while also minimising the initial contamination of 
cold-smoked salmon in the processing plmlt. The model 
can be used as a decision support tool by identifying risk 
reduction measures to protect Inunan health 
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ABSTRACT 

A second-order simulation model was built to estimate the 
risk of Salmonella Typhimurium associated with the 
consumption of Irish fresh pork sausages using the results 
from a previous exposure assessment model and an Irish 
consumption database. To select appropriate hazard 
characterisation models, an appraisal of the current dose­
response models fitted from available feeding trials data and 
outbreaks data was conducted. Using an infection and an 
illness dose-response model of the exponential type, for an 
infec tion end-point, the mean annual risk in an Irish sausage 
consumer was estimated to be 8.54x I o-s (95% Cl: 2.4 1 X I 0'5-

2.85x I o·"), or I 92.8 expected infections per annum (95 % Cl: 
24-695), while for an illness end-point. the risk parameters 
were lower at 7.68x l0'6 (95% Cl: 2.22x l0.6-2.54xJ(r5

) , or 
18.0 expected cases per annum (95% Cl: 2-66). While results 
of the model highlighted the importance of the consumer 
education through advise of sufficient cooking and basic 
instructions regarding cold storage and shelf li fe, with some 
'strong' assumptions, it was further estimated that the fresh 
pork sausage may have a plausible contri bution of 30% to the 
total cases of salmonellosis within the pork sources. 

INTRODUCTION 

Although the incidence of salmonellosis in Ireland is much 
lower ( I 0.2 cases per I 00 000) than the average for the EU 
(31.1 cases per I 00 000) (Anonymous 2009), in the last five 
recorded years (2003-2008), the confirmed cases of 
salmonellosis in Ireland have not declined ( -440 cases) 
despite the current efforts of the national salmonellae control 
programme, which aims to reduce the incidence of 
Salmonella in pigs at slaughter. From the foodstuffs 
implicated with salmonellosis in Ireland, pig meat has been 
identified as a significant source of Salmonella with an 
incidence of 2.9% as surveyed in processing plants 
(Anonymous 2009), and an estimated true prevalence of 
4.0% (95% Cl: 0.3 - 12.0%; Gonzales-Barron et al. 2009). 

A consumer-phase exposure assessment of Salmonella 
Typhimurium has been previously carried out for a 
representative retail pork preparation, the Irish fresh pork 
sausage (Gonzales-Barron et al. 20 I Oa), for being a highly 
consumed foodstuff known to support the growth of thi s 

pathogen (Anonymous 2008; Boughton et al. 2004; Scannell 
et al. 1997). The objective of this work was to characterise 
the risk of salmonellosis from the consumption of Irish fresh 
pork sausages, in terms of ri sk per serving, annual risk per 
consumer, and expected cases per annum, using the outputs 
of the previous exposure assessment model in combination 
with Irish consumption data and hazard characterisation 
models to infection and illness endpoints. In order to select 
appropriate Salmonella dose-response models for risk 
characteri sation, a parallel objective of this study was to 
appraise and compare current dose-response models as fi tted 
from available feeding trials data and outbreaks data. 

METHODOLOGY 

Infection and illness dose-response models 

For the characterisation of the risk of salmonellosis posed by 
the consumption of fresh pork sausages, an exponential dose­
response model was used. Assuming that all the ingested 
microorganisms have the same probability r;,1 of being 
individually capable of causing an infection to a specific 
consumer and that the probabil ity of a single-hit r ;,f is 
independent of the size of the inocu lum (Haas et al., 2000), 
the probability of infection n(in i1 D) after ingesting D 
microorgani sms is the binomial probability of one or more 
hits, 

Jr(infiD) = l-exp(- 1;11rX D) ( I) 

As in Anonymous (2003), this model was fitted to the human 
feeding trials' data of the serovars Anatum I, 11, 11, 
Meleagridis I, I!, III , Newport, Bareilly and Derby 
(McCoullough and Eiselle I 95 I a,b) by finding the parameter 
r ;,f that optimises the log likelihood function derived in Haas 
et al. (2000). In these sources, data was available on dose D, 
number of exposed subjects N and number of infected 
subjects Y for j (50) observations. Uncertainty around the 
parameter r ;4 was built by a bootstrap procedure taking into 
account only the stochastic variability of the data. A 
bootstrap sample {(DJ, NJ, y•J) } was generated by sampling 
binomial observations Y J - Binomial (NJ, 71) with irJ = Y JNJ, 
for j = I, ... , SO. The uncertainty around r ;,f was modelled as 
a (best tit) Jognormal ( -1 2.040, 0.22425) distribution with an 
expected value E(r;,rj) of 6.85x I o-6 and a 95% Cl: 4.6 I X I 0'6-

9.96x 10-6 . 

As infection does not necessarily implies illness, the use of 
the infection dose-response model presented above for the 
risk of illness may produce worst-case scenario esti mates, 



which would lead to overly pessimistic conclusions. Since 
experimental evidence and theoretical conside ra tions (Teunis 
e t al. 1999) indicated that the fraction of Salmonella-infected 
subjects who consequently develop illness is dose-dependent, 
the oversimplifying assumption of a constant probability of 
illness g iven infection cannot be applied in this model for the 
estimation of illness cases. Latimer et a l. (200 I) developed a 
composite dose-response model for salmonellosis based on 
clinical illness rather than on an infec tion endpoint. For the 
Salmonella serovars of moderate pathogenicity, the 
exponential and the beta-Poisson models presented exactly 
the same degree of fit. So, in some sense, limiting the 
analysis to the exponent ial mode l (instead of the beta­
Poisson) fo r moderately pathogenic strains of Salmonella can 
be appropriate, since both components had the same degree 
of confidence, but the exponential has only one parameter. 
The expected value E(ri11) reported in Latimer et a l. (200 l ), 
obtained from fitting the exponential model to illness rates 
and doses from the human feeding trials for moderately 
pathogenic Salmonella was 5.58x I o·7• In this work, the 
original feeding tria l's data were fitted again to the 
exponential dose-response and the uncertainty around r;11 was 
modelled using the same Bootstrap procedure already 
described. The uncertainty distribution of r;11 was mode lled as 
a (best fit) inve rse Gaussian ( 1.0946x I o·6, 5.7834x I o·5) 

distribution with an expected value E(r,11) of 5.954x I o·7 and a 
95% Cl: 3.4 1x l0-7-9.30x !0-7. 

Risk of infection and illness per serving 

For the application of the exponentia l dose-response models, 
the mean close fro m a contaminated sausage pack Dc=Acw 
was obtained as a two-dimensional output ( I OOOOx I 00) from 
the e xposure assessment model of Salmonella Typhimurium 
in fresh pork sausage, described in Gonzales-Barron et al. 
(20 I Oa). Recall that ?rev is the one -dime nsional (uncertain) 
pre valence of Salmonella in pork sausage packs. Thus, 
within a dimension of uncertainty, as many ' no contaminated 
cases o r packs ' (zeros) as necessary to get the uncertain 
pre vale nce Prev were added to the variabi lity vectors of the 
mean close De in order to get the mean close D or exposure to 
Salmonella Typhimurium from consumption of any sausage 
serving . The expec ted values of the mean risks of 
salmonellosis infection (n;,1) and illness (7fi11) were then 
estimated as, 

11 

Il -exp(-'inr xD) 
E(.~rinf ) = ..ci_=l.__ ___ __ _ 

11 

(2) 

11 

Il - cxp(- ,;11 x D) 
Ekll) = ...:c:i=_,_l - ---

! . 11 

where 11 is the length of each variability vector (n-1 0000 
iterations I Prev; n differs according to the sampled unce rtain 
Prev value). These mean risks we re calculated separately for 
fried ( 77:1-".in.f and 7rv.i11) and grilled ( 7ru.inf and 1f(u/l) sausage 
servings. 

Mean annual risk of infection and illness 

A second s imulation was carried out fo r modell ing the annual 
mean ri sk of infection and illness (AR;,1; ARiu) pe r exposed 
consumer (i.e., consumer o f raw sausages) using occurrence 
data of fried and grilled sausage consumption and the 
variability in number of servings per week among consumers 
both extracted from the frish consumption databa~ 
(Anonymous 200 I ). Out of the 1379 adults (N1), 769 
participants (N5) consumed sausages, and from this fraction 
(JJs=76911 379=0.557), some participants consumed only 
fried sausages (Nr-=397), othe rs only gril led sausages 
(N0 =276), and others both fried and grilled sausages 
(N r-c=96). The exclusive probability that a n exposed 
consumer eats only fried sausage, on ly gri lled sausage or 
inclistinctive ly bo th were then calculated as Pr-=0.516 
fJG=0.359 and Pr-c=0.125, respectively. A consumer of eithe; 
only fried, only gril led or any fried/gri lled sausages would 
have a mean wee kly consumption (S, .) of l -8 servings 
randomly sampled from the variab ility distri bution, 

. {{1,2,3,4,5,6,7,8} 
S . - Dtscret 

" {0.571,0.248,0.1 07 ,0.045,0.0 13,0.008,0.003,0.003), 

In an ite ra tion, the consumer's class (only fried (F), only 
grilled (G) or both (FG)) was sampled from a multinomial 
distribution (pr , pr,, p 1.d . For tha t consumer (i teration), the 
number of weekly se rvings of pork sausage was sampled 
from the variability distri bution of s .. . Assuming that the 
sampled number of wee kly servings s ... is a mean value, and 
that the consumption rate of sausages do not vary among 
weeks, months or seasons, the annual number of servings (Sy) 
for that consumer was then calculated 
ass, - Poisson(S ,. x52 ) . If it is assumed that the risk of 

infection 7fi,f posed by one exposure (serving) is statistically 
independent from any othe r exposure , the n the mean annual 
risk of infection (ARi,1) fo llo wing a series of exposures or 
servings S,. can be estimated as, 

Sv 

AR;11r = 1-IT (1 - lr;nr. 1 ) (3) 
J=l 

If the consumption modality class pre viously sampled is 'F'. 
7l:i,f in Equation (3) will be re iteratively sampled from the 
distribution of mean risk o f infect ion pe r fried se rving no nf 
Similarly, if the consumption modali ty is 'G ' , 7r;, r in Equation 
(3) will become 7f1;_;,1. In case the consumption modality class 
is 'FG' , the type of se rv ing j (fried ve rsus gri lled) will be 
determined by a Bernoulli trial ( l , 0.5 ), and 7f;,r for servingj 
will then be sampled from 77:1.-_inf or iTG.inf' accordingly. The 
same approach is fo llowed for the mean annual risk of illness 
(ARif,). 

The e xpected number of infections (lnf ) and illnesses (/11) in 
a year were calculated as PsxNxAR;,1 a nd psxNxARm, 
respectively, whe re Ps is the probabil ity that a consumer eats 
fresh pork sausage (Beta(769+ 1, 13 79-769+ /)) and N is the 
population of Ire la nd according to last census (N=4 118 318 
inhabitants olde r than 2 years of age) . The ri sk assessment 
model was programmed in M at! ab version 7 .8 R2009a (The 
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RESULTS AND DISCUSSION 

Available dose-response models for estimating the public 
health impact of Salmonella 

A number of dose-response models have been published for 
Salmonella (Table I), based on different types of data 
(feeding trials, outbreaks), outcomes (infection or illness) 
and assumptions on the dose-response relationship: 
exponential (Rose et al. 1995) , beta-Poisson (Anonymous 
2003; Teunis et al. 1999; Fazil 1996), Gompertz (Coleman 
and Marks 1998), and a three-phase linear (Oscar 2004a). 

Table I: Human Dose-Response Models Available for Salmonella 
Serovars 

D-R model Scrovars 

Feedint; trials data: 
Infection - Non-lyphi, not 
Exponential specitied 
Infection- Anatum I, 11, Ill, 
Beta-Poisson Meleagridis l, 11, 

Ill, Newport. 
Bareilly, Derby 

Infection - Mcleagridi s lii 
Beta-Poisson 
Illness given 
infection 

Infection­
Three-phase 
linear 

Illness -
Gompertz 

lllness­
Composite 
exponential 
beta-Poisson 
model 

Outbreak data: 
Beta-Poisson 

Anatum I, 11, III, 
Meleagridi s I , ll , 
Ill, Newport, 
Bareilly, Derby, 
Pullorum I, 11 . Ill , 
IV 
Anatum I, ll, Ill, 
Mclcagridis I, 11, 
Ill, Newport, 
Bareilly, Derby 
Low pathogenicity: 
Anatum ll, 
Melcagridis l 
Moderate 
pathogenicity: 
Anatum I, Bareilly, 
Newport 
High pathogenicity: 
surrogate Shigella 
dysenteriae I 

Enteritidis, 
Typhimurium, 
Heidelbcrg, 
C ubana, lnfantis, 
Newport, 
Oranienburg 

Source and 
Observations 

Rose et al. ( 1995). 
Pooled data 
Fazil ( 1996), 
Anonymous (2003). 
Pooled data 

Teunis et al. ( 1999). 
Probability of illness 
after infection 
depended on the 
magnitude o f the dose 
Oscar (2004a). 
D-R model specific to 
each sero var 

Coleman and Marks 
(l99R). 
Different intercepts 
for each strain 
Latimer et al. (200 I). 
Composite model 
consisted o f 50/50% 
(cxp/beta-Poisson) for 
low and moderately 
pathogenic 
Salmonella strains, 
and 9.8/90.2% for 
high ly virulent strains 

Anonymous (2003). 
Pooled data 

Generalised Enteritidis, Bollaerts et al. (2008). 
linear mixed Typhimurium, Random effects 
model with Heidelberg, speciti c to c lusters of 
fractional Cubana, lnfantis, serovar-food matri x 
polynomial of Newport, with d istincti on of 

~-e __________ O~ra~n~ie~l~lb~u~r9~o------~~~~o~s~t ~st~Js~·c~eLpt~ib_i_li_ty~---

While, the exponential and the Beta-Poisson models are the 
most commonly used relationships, more sophi sticated 
models have been proposed by Latimer et al. (200 I), who 
developed a composite model consisting of a dose-response 
function for each level of pathogenicity, and by Bollaerts et 
al. (2008) who modelled dose-illness based on 
epidemiological data using ge neralised linear mixed model 
accounting for data susceptibili ty and serovar-food matrix 
clusters. 

Although a series of stud ies of experimentally-induced 
human salmone llosis have been conducted extensively 
between 1936 and 1970, many of the studies have been 
deemed to be unsuitable for a number of reasons, and 
therefore much of the data originally obtained have not been 
used in further analys is to derive conclusions of the 
pathogenicity of non-typhoid Salmonella in humans. While, a 
number of deficiencies have been raised (B laser and 
Newman 1982; Anonymous 1998) about the experimental 
design of the human feeding trials conducted by 
McCoullough and Eiselle ( 195 l a, b) for Salmonella Anatum 
I, II, II, Meleagridis I , ll, Ill, Newport, Bareilly and Derby, 
the trials on the above serovars continue to be the most 
extensive human feeding trials of non-typhoid Salmonella 
that have often been used to develop dose-response models. 
A summary of the feeding trial data of the serovars 
mentioned is shown in Figure I. For reference, the serovars 
of higher pathogenicity (as defined by Latimer e t al. (200 I )), 
Anatum I, Bare illy and Newport have been distinguished 
from the rest. Salmonella Derby was dis tingui shed from the 
rest for being the second most common serovar, followed by 
S. Typhimurium (56.3% and 45 .3% ), present in pig carcasses 
(2 1.4%) and pork meat (18.3% ) in Ireland (Anonymous 
2009). 

While some overlap exists for medium and high doses among 
the beta-Poisson, Weibull-gamma and GLM curves 
(generalised linear model with compleme ntary log-log lin k 
function), the critical region is the lower-close region (Figure 
I). Although these are the dose levels most like ly to exist in a 
cooked product (such as the fresh pork sausage), this is the 
region for which human feeding trials data are inexiste nt. 
The smallest dose tested was greater than I 04 CFU (Figure 
I ). Thus, g iven the lack of data for low doses, selec ting a 
dose-response curve from this information would have to be 
based mainly on the level of conservatism to be employed in 
the mode l. As Teuni s et al. ( 1999) pointed out, the use of 
worst-case scenario estimates (i.e., such as those that would 
be produced using Weibull -gamma and GLM) can lead to 
overly pessimistic conclusions, aided by the fact that the 
foodstuff under consideration is a cooked product. In order 
to address this problem, Marks et al. ( 1998) compared a 
beta-Poisson model (a s ingle-hit model whereby I CFU can 
cause infection) with a proposed modified beta-Poisson 
mode l that also employed a threshold level in a risk 
assessment for Escherichia coli 0 157 in hamburgers. The 
introduction of a threshold means tha t, only at low doses, the 
location of the dose-response curve is shifted along the x­
axis by the threshold amount (3 CFU in thei r mode l). The 
resulting est imates of risk using the simple beta-Poisson were 
I 00- to I 000-fold larger, de pe nding on the cooking 



temperature, than in the threshold beta-Poisson, which led 
the authors to the conclusion that the simple beta-Poisson 
model was inadequate for cooked foods. While in our study, 
the overestimation of the risk for low doses as modelled by 
the beta-Poisson has also been observed, the threshold 
approach suggested by Marks et al. (I 998) was not followed 
primarily due to the arbitrary nature of the threshold 
selection. Hence, the simple exponential model was chosen 
(Figure I). Although this model is the least conservative of 
all for low doses, a high degree of conservatism is introduced 
by the use of infection (defined as the recovery of the 
administered strain from faecal samples) as the dependent 
variable or endpoint as opposed to illness endpoint. On the 
other hand, since no actual feeding experiments with humans 
have been done with the most common serovars responsible 
for food-borne human salmonellosis (Salmonella 
Typhimurium and Enteritidis), uncertainty still remains on 
how all dose-response models derived from the human 
feeding trials will characterise the infectivity of Salmonella 
Typhimurium. 
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Figure I. Comparison Between Dose-Response Models 
(Exponential, Beta-Poisson, Weibuii-Gamma and Generalised 
Linear Model, GLM) fitted to Original Feeding Trial Data of 
Salmonella Anatum I, 11, Ill, Mclcagridis I, 11, Ill , Newport, 

Bareilly and Derby for Infect ion Endpoint. GLM Dose-Response 
Curve Specific to S. Derby (Fixed-Effects) is Shown 

Epidemiological data from salmonellosis outbreaks have 
been proposed (Bollaerts et al. 2008; Anonymous 2003) as 
an alternative source to de rive dose-response relationships 
that can overcome some of the major shortcomings of the use 
of feeding trial data, namely (i) the selection of young 
healthy volunteers, and (i i) the lack of inc lusion of low 
doses. Epidemiological information of salmonellosis 
outbreaks was available from 20 well documented outbreak 
studies (Anonymous 2003) with 5 data points for susceptible 
and I 5 points for the normal population. The disparity 
among dose-response models fitted to the outbreak data 
(Salmonella Enteritidis, Typhimurium, Cubana, He idelberg, 
Infantis, Newport, Oranienburg) is shown in Figure 2. The 
beta-Poisson curve, as modelled by Anonymous (2003) for 
the pooled serovars, estimated higher responses than the 
beta-Poisson for the feeding tria l data, even under the 
extremely conservative assumption that infection, as 
measured in the dose-response c urve, equates to illness. 
Bollaerts et al. (2008) exte nded the analysis of Anonymous 
(2003) and modelled dose-illness using gene ralised linear 

mixed model (GLMM) and fractional polynomial o f close in 
order to account for the hete rogeneity caused by difference 
in host susceptibili ty, serovar type and food matrix. Cluster~ 
specific random_ effects for serovar-food matrix were used in 
the GLMM, whtch produced modelled dose-response curves 
for the combinat ions of Typhimurium-ice cream and 
Typhimurium-wate r for both normal and susceptible 
populations. Their GLMM curves are shown in Figure 2 in 
comparison to GLM models for the pooled serovars and for 
Salmonella Typhimurium only (fixed-effects). Notice that the 
overall infec tivity of the pooled serovars is greater than that 
of S. Typhimurium (Figure 2). 
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Figure 2. Comparison Between Dose-Response Models (Beta­
Poisson and Generalised Linear Models and Mixed Models, GLM, 

GLMM) Filled to Outbreak Data of Salmonella Enteritidis, 
Typhimurium, Cubana, Heidelberg, Infant is, Newport and 

Oranienburg. GLMM Dose-Response Curves Specilic to Serovar­
Food Matrix, as Fitted by Bollaerts et al. (2008) fo r the Normal (N) 
Population and GLM Curves for All Scrovars and for Typhimurium 

(Fixed-Effects) Fitted to the Normal and Susceptible (N+S) 
Populations are Shown 

Although the outbreak studies seemingly a llow the derivation 
of illness-response models for Salmonella Typhimurium 
specifically, and while epidemiological data do reflect real­
li fe situations (involving the whole population, different 
types of pathogens and food matrices), such models were not 
selected in the present risk assessment study because the 
major weakness of thei r use is the high uncertainty around 
the amount of contaminated food consumed, the tow! 
exposed population and the attack rate. Additionally, the 
models developed in Bollaerts et al. (2008) assume that the 
probability of illness given infec tion is dose-independent, 
which is incongruent with experimental evidence 
(McCoullough and Eiselle 195 l a,b) and the theoretical 
considerations of Teunis e t al. ( 1999). For this reason, the 
exponentia l illness dose-response model for moderately 
pathogenic Salmonella developed by Latimer et al. (2001) 
was used in this s tudy, (in addition to an infection endpoint 
model) , and has been explained in the 'Methodology' 
section. 

Risk characterisation of salmonellosis from Irish fresh 
pork sausages 

In accordance to the previous exposure assessment model of 
Salmonella Typhimurium in pork sausages (Gonzales-Barron 
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et al. 20 I Oa), the mean risk of infection per grilled serving 
(J.399x I o·") was higher than the one per fried serving 
(6.246x I o·7) meaning that out of I 0 million servings per 
cooking modality, 6 (95% Cl: 2.7-11.7) and 14 (95% Cl: 
7.5-26.5) infection cases are expected, respectively. These 
relatively low values of risk per serving compared well with 
the risk per serving of cooked chicken ( - 0.44x I o·7

) 

estimated by Oscar (2004b), bearing in mind that a 
contaminated product where Salmonella resides mostly on 
the surface (chicken) is less likely to retain acti ve Salmonella 
cells after cooking than a product where Salmonella cells arc 
distributed within. However, the order of magnitude of our 
risk estimate diverged from the risk per serving of chicken 
(-1.13x 10·5) estimated in Anonymous (2003) . Differences 
between the modelled food chains, initial contamination, 
time-temperature profiles, growth models and dose-response 
models explain the divergencies. 
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Table 2: Expected Values and 95% C l of the Characterisation 
Parameters o f Risk Associated to Salmonella Typhimurium in 

Iri sh Po rk Sausa<res 
Parameters of 
risk 

Mean ri sk per 
fried serving 

(rrr inf, 1tr ;u) 
Mean ri sk per 
grilled serving 

( 1!c inr. 1tG ;u) 
Mean annual 
risk per 
consumer 
(AR;11r,AR;1) 

Expected 
annual cases 
in Ireland ( lnf, 
Ill) 

Infec tion endpo int 

6.246xlo·7 

[2.78x I o·7- I.I 7x I o·fi l 

1.399x I o-r• 
[7.54x I 0 7-2.65x I 0 6

) 

8.541 x l0·5 

[2.41 X 10"5-2.85x I o·~l 

192.8 
124-695) 

Illness endpoint 

5.567xlo-~ 
[2.44x I o·R- 1.04x I 0 '7] 

1.247x 10·7 

[6 .55x I o·R-2.38x I 0"7) 

7.679xl0'6 

[2.22x I o·6-2.54x I 0'5] 

18.0 
[2-66] 

The results of this model suggested that the expected annual 
number of infection cases (Inf= 192.8; 95% Cl: 24-695; 
Table 2) is linked to the very unusual occurrence of risky 
situations (i.e., a combination of events such as high ini tial 
microbial load, extensive storage time, insufficient cooking, 
etc. that lead to highly contaminated products) . Figure 3 
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illustrates that the percentiles where the risk becomes 
appreciable are above the 99.4% and these are the highest 
percentiles requiring considerat ion. It can also be noticed 
that the cumulati ve distributions for 7rF.inf• and 7rG.inf and their 
95% Cl appear clearly fuzzy, and this is because the number 
of iterations needed to be very high so as to obtain a 
considerable number of rare events that allow more certain 
estimates. The authors propose that, after the cooking stage 
(which produced mostly iterations of 0 CFU/serving), a 
branching of the model should be done, by fitting a two­
component hurdle negative bi nomial distribution (Gonzales­
Barron et al. 2010b) to the exposure simulated data (Ec) so 
as to characterise the prevalence (Pes) of cooked servings 
with remaining Salmonella (probability of undercooking) and 
the mean numbers of Salmonella from undercooked servings 
only. Values of risk per serving can then be calcu lated only 
for the sampled non-zero Ec. As the probability of 
occurrence of a positi ve Ec count given a contaminated pack 
at retail is known to be Pes. and the probability of having a 
contaminated pack at retail is known to be Prev, zero values 
ought to be added to the above non-zero simulation data so 
that the counts of non-zeros represent a proportion of 
PcsxPrev of the total counts. In this way, the parameters of 
the hurdle negative binomial would greatly reduce the 
number of iterations that would normally be required for the 
risk characterisation of a cooked product, and would 
therefore lead to a neater estimate of the risk. 

Taking into account both the fr ied and grilled sausage 
servings and extrapolating over a year period, the risk 
increased considerably to 8.541 xI o·5 (mean annual risk) due 
to the frequent consumption of this food commodity ( 1.7 
servings per week). Results also highlighted the importance 
of the consumer stage as some relatively low contaminated 
sausage packs at retail could lead to high risk of 
salmonellosis if the product was stored for long time or at 
abuse temperature or ultimately undercooked. Figure 4 
illustrates, that although a weak trend exists between higher 
initial Salmonella concentrations and higher risks per 
serving, low initial Salmonella concentrations may as well 
lead to high risks with poor consumer practices. 
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When a dose-response model for illness endpoint was 
applied, the risk estimates were approximately ten-fold 
reduced (Table 2). The mean annual risk became 7 .679x I o-6 

(95% Cl: 2.22x I o-6 -2.54x I o-5) and the expected annual cases 
of illness 18 (95% CI: 2-66). At this stage, however, 
validation of the risk assessment model cannot be attempted 
due to the lack of source attribution studies of Salmonella 
Typhimurium in Ireland. In a Danish source attribution study 
(Hald et al. 2004), it was estimated that 9% (95% Cl: 7.8-
10.4%) of the domestic cases of salmonellosis in Denmark 

was the contribution from pork sources. If we assumed that 
this attribution estimate can be applicable to Ireland, that 
pork sausage are contaminated only with Typhimurium, and 
that 15% of the salmonellosis cases are not diagnosed while 
80% of the diagnosed cases ( -440) are reported, the annual 
incidence in Ireland would be approximately 647 cases, and 
the cases attributed to pork and pork products would be -58 
(50.5-67.3). We could then proceed with a rough estimate 
that the Irish pork sausage has a plausible contribution of 
-30% within the pork and pork products sources. 

Nevertheless, it is clear that the risk assessment model does 
not aim to accurately estimate the number of cases of 
salmonellosis and the source contribution, since 
epidemiology-based estimates are more precise by nature. 
Indeed, the main interest of any risk assessment is to identify 
the key factor influenc ing the risk, and to gain a clear 
understanding of the e ffect of mitigation interve ntions on 
outcomes, even when high uncertainty in the parameters is 
present. In our risk assessment, great uncertainty was 
introduced by the dose-response model as it was built by 
pooling results from different strains , and in general this is 
believed to be the weakest point of any risk assessment 
model. For the partic ular case of salmonellosis, while there 
have been many attempts to mode l the available data (Figure 
I and Fig ure 2), no acceptable dose-response model exists as 
ye t fo r Salmonella Typhimurium. Finally, in this study no 
ri sk estimates among subpopulations could be modelled 
because of the absence of age categorisation in the Irish 
consumption database. 

CONCLUSIONS 

The broad range of dose-response relationships discussed 
here showed the presence not only of parameter uncertainty 
but also of model uncettainty. In its current form, the 
consumer-phase model estimated mean annual ri sks in a 
sausage consumer of 8.541 x I o·> and 7 .679x I o-6 for an 
infection and an illness endpoint, leading to annual expected 
infection cases of 192 .8 (95% C l: 24-695) and illness cases 
of 18.0 (95 % Cl: 2-66) in Ireland. Results also hig hlighted 
the importance of the consumer education through advise of 
correct cooking and basic instructions regarding cold storage 
and shelf life. With some ' strong' assumptions, it was further 
est imated that the Irish pork sausage may have a plausible 
contribution of 30% to the total cases of salmonellosis within 
the pork and pork products sources. Nevertheless, further 
refinement of the model could be attained by defining 
subpopulation categories (chi ldre n, normal, susceptible) and 
improving the precision of the dose-response models. 
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ABSTRACT : 

One of the problems not clearly solved nowadays in 
food toxicology, is the evaluation of internal exposure to 
natural chem ical contaminants. The worst solution is 
based on the concept that internal and external exposure 
are of the same level. One can go through this concept 
by considering biomarkers which can be used to 
calculate the inner contamination. Another solution is 
the use of a PBTK simul ation method (Physiologically­
Based Toxico-Kinetics). This method allows the 
knowledge of distribution of the contaminant over a ll 
the organs and their evolution in time. Unfortunately, 
the modeling and simulation processes are very hard to 
implement and use. The use of a technology issued from 
virtual modeling shows a good opportunity of 
developing a user interface easy to use for biologists. 
This interface is based on the multi interactions 
paradigm which is an evolution of the multi agent 
simulations. 

INTRODUCTION 

Food toxicology is a science which is interested in the 
analysis of bad consequences of eating on health. For 
new chemical components of food, a toxicological 
study is made which allows the determination of a 
usable limit o f thi s chem ical in food in order to be sure 
that no adverse consequences could occur. For natural 
components, it is impossible to decide in such a way 
and so a method of evaluation of the internal exposure is 
needed. For some natural components biomarkers are 
well known in blood or urine for instance. In those 
cases, the knowledge of the quantity of biomarkers 
allows the determination of inner exposure. 
Unfortunately, for most chemicals no biomarker is 
lmown and the only solution is to mathematically 
calculate that exposure. In order to do this the PBTK 
modeling and simulation method is considered as the 
best cutTent solution (US EPA, 2006). However, this 
method is very difficult to use and few results are 
obtained because of two main reasons (Krishnan and 
A.ndersen, 2008). The tirst one is that numerous 
parameters are needed for each chemical and it is not 
very easy to detennine them. The second problem is that 
this method was developed by computer scientists and 

mathematicians and need a large mathematical and 
numerical background to be used in good conditions. If 
solutions are generally found for the first problem, 
consisting in the comparisons of the chemical under 
analysis with other chemicals o f the same fam ily for 
instance, no real progress was made for the second 
problem, which needs to move from a mathematical 
paradigm to another one. This last one could be the use 
of virtuality. 

PBTK MODELLING 

Pharmacokinetics involves the study of the time course 
of the parent chemical or metabolite concentrations or 
amounts in biological fluids, tissues, and excreta and the 
construction of mathematical models to interpret such 
data (Wagner, 198 1 ). The time course of the 
concentration of a chemical or its metabolite in biota is 
determined by the rate and extent of absorption, 
distribution, metabolism, and excretion (ADME). The 
pharmacokinetics or ADME of a substance detern1ines 
the delivered dose or the amount of chemical avai lable 
for interaction in the tissues. Relating adverse response 
observed in biota to an appropriate measure of delivered 
dose (e.g., concentration of the toxic chemical in the 
target tissue) rather than administered dose or exposure 
concentration is likely to improve the characterization 
of many dose-response relationships. 
Adverse tissue responses are more d irectly and closely 
related to the internal target tissue dose of the toxic 
moiety than to the concentration of the parent chem ical 
in the environment. Therefore, the scientific basis of, 
and confidence in, risk assessments are enhanced when 
they are supported by estimates of the internal tissue 
dose. Data for the internal tissue dose levels, however, 
are generally not available, and the relationship between 
external and internal dose may not be easily resolved. 
PBTK models provide a means of estimating the 
internal dose for many different exposure regimens 
based on what is known about the physiology of the test 
species and the chemical of interest. PBTK models 
reduce the uncertainty in dose-response and exposure 
assessment 

MULTI INTERACTIONS PARADIGM 

A classical PBTK model is a compartment model, each 
representing organs or group of organs. The flows 
between compartments represent the veins and arteries. 
This kind of description can be computed in tenns of a 
multi-agent model. Each organ (or group of organ) 



being an agent. 
In a multi agent model, each agent has three functions: 
observing his neighborhood, deciding if something has 
to be done, and applying that decision. Then, for 
instance, if you model a colony of individuals 
interacting, each individual is an agent with its own 
behaviour. This method of modeling has a great 
advantage in programming because each agent is 
independent and can have its own functionalities. It is 
easy to understand the program and to modity it, 
because all algorithms are simples. The complexity of 
the global behaviour comes from the multiplication of 
agents. Classically one has an individual-based vision of 
the world, or in our area an organ-vision of the human 
body. That means that the impo1tant point is the 
description of these organs, and then, in order to link 
these isolated parts, one describes the possible 
interactions. Then, interactions between two organs 
have to be described in these two organs. 
Anyway, in a PBTK model, what is really important to 
model is not the state of each organ but the evolution of 
the chemical concentrations. These concentrations 
change because of the flows between the compartments. 
Then the important elements are these flows, which are 
called interactions in this new paradigm. That is the 
reason why we propose a multi-interactions model. In 
this case the main elements to be modeled are the 
interactions between organs, these last ones being 
described only through their state changes due to the 
flows vanat10ns (the interactions). A theoretical 
description of this paradigm can be found 111 

(Desmeulles et al. 2009). 

TOXCIN PROGRAM 

The ToxCin program is an application of the multi­
interactions paradigm to PBTK modelling. In the 
application of this concept, we use ditferent elements: 

The phenomenon, which can create new 
interactions when it is justitied. The 
interaction is a specific manifestation of 
the phenomenon. Interaction is classically 
called fl ow. 
The organization is defined as a set of 
phenomena and interactions. Practically, 
each one corresponds to one organ. 
The components are compartments 

I lD. 111fluence_t_sur_ Vt 

orgamzat10n. 

Period de l'actlvttc (s) o 

Variabl e 

corresponding to concentrations, volumes 
and parameters necessary for simulation. 
The influences are mathematical element 
allowing the creation of links between two 
components. 

For instance, on fig I, the two biggest rectangles are two 
organizations representing organs. Inside these elements 
small rectangles are components corresponding to 
concentrations of the chemical and volume. The circle 
inside organization 2 is an interaction representing 
metabolization in that organ. The circle situated outside 
the organizations is an interaction representing the flow 
of chemical betwwen the two organs. All these elements 
are defined by values and equations such as chosen on 
fig2 

(O) organet . 

- -· 
... 

Figure 1: example of a simple model showing two 
organizations with flow between these ones and a 

metabolization. 

ToxCin was applied on an example of dioxin exposure 
through inhalation already published (Bois, 2002), in 
order to evaluate its possibilities and limitations. The 
model is shown on tig3. Comparisons between the 
simulation results between the classical PBTK 
modell ing using MAT LAB programming, and this new 
methods show good agreement. The avantage ofToxcin 
is its programming simplicity only based on a visual 
method and not necessitating any knowledge in 
programming. Anyway at this time there is no help for 
defining the equations needed or for tinal visualization 
of the variations of chemicals concentrations in the 
organs analysed. 
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Figure 2: Example of a defining window for an influence in the dioxin model of fig3. 
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Figure 3: The PBTK model created by ToxCin, concerning the women exposure to dioxins 

CONCLUSION 

The current model is yet under tests but it can do 
classical PBTK model ing i.e. calculating the variation 
of concentrations of chemicals amongst the di fferent 
organs or in the blood. Its main current interest is the 
interface which is tota lly graphical and can be used by 
everybody after a short-time training (Fig I and 3). The 
only e lements to enter are the biological and chemical 
constants (which could be taken from scientific 
litterature) and (for the moment) the transfer equations 
in the interactions and influence. Its further evolutions 
will be in the possibi lities of working together on the 
chemicals and its metabolites, in adding a method in 
order to take into account the parameters variabi lities 
and in a better user interface with an help in wri ting the 
different mathematical equations, and better results 
publishing properties. 

REFERENCES 

Bois FY., 2002. Modelisation toxicocinetique de la 
concentration sanguine de 2,3, 7 ,8-tetrachloro­
pdioxine apres ingestion chez la femme. 
Environnement, Risques et Sante I: l- 1 0 

Desmeulles G., Bonneaud S., Redou P., Rodin V., 
Tisseau, J., 2009. In virtuo experiments based on 
the multi-interaction system framework : the 
RelSCOP meta-model. CMES 47 (3): 299-330 

Krishnan K. , Andersen MF., 2008. Physiologically 
based Pharmacokinetic and Toxicokinetic 
models. In: Ha yes A W. Eel. Principles and 
methods of toxicology. lnfonna Healthcare, NY, 
23 1-293 

US EPA. 2006. Approaches for the application of 
physiologically based pharmacokinetic (PBPK) 
models ans supporting data in risk assessment. 
EPA. NCEA. Washington. 

Wagner JG ., 198 1. History o f pharmacokinetics. 

Phannacol Ther I 2:537-562. 



FOOD 
QUALITY 



I • 

158 



NUMERICAL MODELLING OF THE HEN'S EGG BEHAVIOUR UNDER IMPACT LOADING 

Jaroslav Buchar 
SVS FEM 

Skrochova 42 
615 00 Bmo, Czech Republic 
E-mail : buchar(mmcndelu.cz 

S;'trka Nedomova 
Department of Food Technology 

Mendel University in Brno 
Zemedclska I 

Libor Severa 
Department of Physics 

Mendel University in Brno 
Zcmedelska I 

613 00 Brno. Czech Republic 613 00 Bmo, Czech Republic 

Kcvwords 
egg, dynamic loading. ball impact. numerical simulation 

ABSTRACT 

A method for evaluation of an eggshell 's behavior tmdcr 
impact loading is discussed. Hen's egg suppo11ed in a cube 
made or soll polyurethane foam was loaded by the impact of 
the steel bar. The munerical model of the egg and loading 
was developed. Numerical data have been obtained using 
the LS DYNA 30 finite clement code. The model shows a 
satisfying agreement between experimental and numerical 
data and can be success fully used for the evaluation of 
stress state in theeggshcll under dynamic loading. 

INTRODUCTION 

Shell cracking is an important cause of economic loss in 
the poultry industry. Some of it is due to forces acting on 
the euns under quasi-static conditions, as at the bottom of a 00 

pile of loaded trays. but the greater part occurs under 
dynamic conditions: when an egg f.11ls on to the cage floor 
at ovi-position . when it rolls out of the cage and hits 
another on the rollaway. when it hits a collection-belt 
guide-bar, when it is dropped on to a grading machine 
bobbin or on to the grading table after weight grading and 
when it hits the end of the grading table or another egg 
already there. Breakage occurs whenever the stress at some 
point in the shell exceeds the ultimate su·ength of shell 
material at that point. 

Solution of this problem is complicated namely by two 
factors: shape of the egg and the nature of its contents. No 
full explanation could be found for the different effects of 
egg size and eggshell thickness on the mechanical 
behavior. For example (Stewart 1973) utilized simple 
stmctural models to simulate the dynamic mechanical 
behavior of the egg using the finite element (FE) method. 
The analysis was incomplete since the egg content, i.e. the 
interior fluid, was not incorporated in the model. Since the 
content effect was neglected. the analysis results showed 
several deficiencies when comparing numerical and 
experimental data. Influence of egg shape on mechanical 
properties at static loading are solved e.g. in (Nedomova et 
al. 2009). In spite of important observations achieved 
using the above-mentioned stmctural models, there is still 
a gap between models including only the eggshell and 
highly detailed structlU'al models incorporating both 
eggshell and fluid content. Considering this fact, U1e 
objective of this paper is to create a more realistic model 
for an egg response to the dynamic loading. 

THE SOLVED PROBLEM 

The solved problem consists in the numerical simulation of 
an experimental method shown in Fig. I. This method 
consists of three major components; they are the egg 
supporL, the loading device and the response-measuring 
device. 

1) The egg support is a cube made of soft 
polyurethane foam. The stiffi1ess of this foam is 
significantly lower than the eggshell stiffness: 
therefore there is a very little influence of this 
fonm on the dynamic bebavior of the egg. 

2) A bar of the circular cross-section with strain 
gauges (semi-conducting, 3 mm in length) is used 
as a loading device. The bar is made from 
aluminwn alloy. Its length is 200 nun. diameter is 
6 mm. The bar is allowed to fall freel y from a 
pre-selected height. The instrumentation of the 
bar by the strain gauges enables to record time 
history of the forc e at the area of bar-eggshell 
contact. 

3) The response of the egg to the imp<tct loading. 
described above, has been measured using the 
laser vibrometer. TI1is device enables to obtain 
time history of the eggshell surface displacement. 

In order to solve the problem, numerical model of the 
experimental ammgemcnt must be designed. Numerical 
model should reflect the main features of the egg structure. 
The detailed description of the single elements of this 
structure is given e.g. in (Wells 1968). The finite clement 
model has been developed using U1c following assumption: 

a) Eggshell is a homogeneous isotropic linear clastic 
material. The properties of such material are described by 
Young modulus£, Poisson ratio vand material density p. 

b) Membranes are also taken as a linear clastic material. 
No difference between membranes has been considered. 

c) Air is considered as an ideal gas. 

d) Egg yolk <md egg white are considered as compressible 
liquids (Severa et al. 20 I 0). 

The next problem consists in the description of the egg 
shape. A graphical user interface (GUI) was used. It allows 
the user to accurately determine the necessary dimensional 
properties of eggs from digital photographs of the eggs. 
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The application required one measured dimension (the egg 
length, L, measured with vernier calipers). and calculated 
any user-defined distance on a digital egg photograph from 
the derived number of pixels per unit length. Based on a 
user-defined 2-D cartesian coordinate system. the 
coordinates of the required points were defined in a plane 
of symmetry. After this determination step, the egg 
contour was calculated. The counter is described by the 

functions: 

x= pcosfjl y= psin tft, 

where 

j-:=n 

r(rp) = L P/P; 
i= l 

The analysis of our data led to the conclusion that the first 
four or five coefficients of the power series ~u·e quite 
sufficient for the egg·s counter shape description (the 
correlation coefficient between measured ~md computed 

egg's profiles lies between 0.98 and 1) 

The munericalmoclel is shown in Fig. 2. 

..- Impact rod 

~V 

Laser vibrometer 

Polyurethane 
support 

Figm·e 1 Schematic of the impact loading of an egg 

EGG · ROD IMPACT.VEL.0.700 1.4(S - SHARP 
Time = 0.19994 

Figure 2 Finite clement model of the solved problem 

Parameters of the model are as follows: 
• Tota1number ofnodes 141249 
• Total number of solid elements 88050 
• Total number of shell elements 46710 

• 
Numerical analysis has been per formed with use of LS 
DYNA 3D fini te element code. 
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Following problems have been solved: 

I. Impact of the rod on the blunt end of the egg (Egg 
:n 1 has been used) 

2. Impact on the egg equator (Egg 349) 
3. Impact on the sharp end of the egg (Egg 34 7) 

The main characteristics of used eggs are given in Table I. 
Tile height of the rod nlll has been kept at 25 mm. The 
impact velocity of the rod is than 0. 7 m/s. 

Table 1 Main characteristics of the eggs used in the 
muncrical simulation of the impact loading 
Egg Mass Shape E 
No. m (g) index (%) (GPa) 
33 1 63.6 74.62 73 
347 61.4 75.73 47 
349 62.4 75 .00 47 
339 71.5 70.17 45 

RESULTS AND DISCUSSION 

Eggshell 
thickness (mm) 

0.230 
0 .235 
0.240 
0 .235 

In order to verify validity of the model of an egg, the time 
histories of the forces and surface displacements have been 
evaluated. TI1esc data can be compared with experimental 
ones. In Figs. 3 and 4, the numerical and experimental 
records obtained for egg No. 331 arc presented. Results for 
the remaining problems exhibit the same qualitative 
features. The computed peak values of the force agree well 
with experimental ones. There are some di fferences in the 
time course of both fimctions. Owing to some problems 
with the force record (finite length of the strain gauges 
etc.) the observed discrepancy seems to be acceptable. 
Very reasonable agreement has been exhibited between 
computed and experimentally recorded time histories of 

the surface displaccmcnts. 
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Figure 3 Experimental and numerical time histories of 
the force at the contact between the •·od and the 
eggshell 

EGG # 331 • BLUUT END- tt • 25 mm 

---

.. , ,, 
TIME jms) 

Figure 4: Dependence of the surface displacement on 
time. Comparison between numerical and experimental 
results 

The numerical results did not respect some cxperimemally 
observed peaks. These peaks are probably a consequence 
of possible tnmsient phenomena in the recording system. 
Their occurrence has been detected only for a limited 
nwnbcr of experiments. 

If we take into account some assumptions. namely the 
assumption on the egg liquids behavior, the agreement 
between numerical simulation and experiment seems to be 
more than satisfactory. Owing to this fact the next results 
of the numerical computations can be accepted as 
relatively reliable. The development of the stress state after 
the rod impact is documented in the Fig. 5 a-c. 

,._1 

(a) 
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(b) 

(c) 

Figure 5 a-c Development of the equivalent stress in the 
eggshell. Egg No 331 -blunt end. a) time= 0.19996 ms; 
b) time = 0.39998 ms; c) time = 0.6 ms 

Previous figures show the time development of the 
equivalent stress. It can be seen that stress is localized on a 
rela tively small area around point of the contact between 
rod and eggshell. 

[n the next step the stress development in the cg[!shells has 
been modelcd. This computation has been pe~f~rmed for 
the impact conditions at whi ch tile eggshell rup ture has 
been observed (impact velocity = 0.7 m/s). The 
distr ibution of stresses through the eggshell thickness is 
th e most appropriately exam ined using the solid clement 
model. Directly under the rod impact on the inner surface 
o f the shell an equi-bi axial stress distribution develops in 
which the hoop and meridional str ess arc equal. The 
development of the stress on the outer and inner sur faces 
of the eggshell is shown in the Figs. 6a,b. The more 
detailed analysis revealed that the comprcssive stress 
decreases with ti1e distance from the poim of the rod 
impact and it changes to the tensile stress. The stress at the 
inner sur fi1ce is onl y tensi le. Very simi lar fea tures of the 
stress dis tribution in the eggshells have been also reported 
for the numerical simulation o f the quasi-static 
comprcssive loading o f the eggs - sec (MacLcod et a l., 
2004). If we take the maximum of the tensile stress as a 
measure of the eggshell str engtl1. we obtain results given in 
the Table 2 . It seems that these stresses are independent on 
the position of the poin t of the rod impact. 



Figure 6a Time devciOJ)ment of the stress at the inner 
surface of the eggshell 
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Figure 6b Time development of the stress at the inner 
surface of the eggshell 

Even if there is still a lack of experimental and namely the 
numerical results. the obtained results suggest that the 
value of the maximum of the tensile stress at which the 
eggshell rupture starts can be independent of many factors 
affecting the value of the experimentally found rupture 
force. This stress can be considered as an intTinsic stTcngth 
property of the eggshell material. In order to verify this 
hypothesis many other experimen ts are needed. 

Table 2 Maximum values of the tensile stress computed 
on 01e inner surface of the eggshell . 

EGG POSITION OF MAXIMUM OF THE 
No THE ROD TENSILESTRESS (MPa) 

IMPACT 
33 1 BLUNT END 495 
349 EQUATOR 510 
347 SHARP END 480 

CONCLUSION 

Proposed numerical model of the impact loading of the 
egg seems be reliable owing to a good agreement between 
numerical and experimental results. The tensile stTesses 
which cotTespond to the impact conditions under which the 
eggshell damage starts have been determined. It seems that 

.. 

" 

this quantity may represent an intrinsic property of the 
eggshell. The verificat ion or this hypothesis needs not only 
some other experiments and numerical computations but 
also some experiments with rod of different diameters and 
the rod tip shape (conus, ball etc.) This model can be thus 
used for solution of other problems of impact loading. The 
fi.tr01cr development of this model must involve 
incorporation of the eggshell breaking. 
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ABSTRACT 

To assure food quality and safety, the development of 
simple, high performance and cost effective analytical 
devices such as lab-on-a-chip (LOC) is vital. We presented 
mathematical models for designing electrokientically driven 
LOC system and validated with double enzyme glucose 
assay. Optimizcd operating conditions are used to analyze 
glucose in real sample. Thus, the results a~:,rree well \Vith 
standard microplate assay. The model is generic and used to 
develop a multi-analyte microfluidics device that quantifies 
glucose and fmctose fi om the same sample. 

INTRODUCTION 

To secure quality and safety in the food production chain , 
food has to be continuously monitored for the presence of 
health threatening pathogens, chemical resiclucs, food 
allergens and food quality attributes. Advancement of 
analytical systems is critical for more sensitive and hioher 
Uu-oughput assays to successfully meet the challenges of ~ver 
decreasing detection limits and increasing workloads. 
Standard bioassays performed in conventional methods using 
test tubes have been successfully transformed into 
llliniaturized versions, using microplate or microarrays, for 
htgh throughput quantification of components in food 
samples (Vermeir et al.2007). Microfluidies technology 
today provides a means for further reduction in sample 
volu~11es , and offers a platform for automating sample 
tn~ntpulation, which has led to the development of 
OUntaturized devices like Lab-on-a-chip (LOC) or Micro 
Total Analysis Systems ( ~LT AS) (Dittrich et al. 2006: 
Haeberle and Zengerle 2007). Food producers benefit fron~ 
such devices because they are very sensitive, demand short 
analysis time, use very small volumes of reagents, arc cheap 
~0 construct and operate in a high throughput context. 
Urthermore. they are easy to use and compact for field 

deployment. Although U1ere has been progress in the 

application of LOC for analysis in some domains, 
commercialization of LOC to real sample analysis is still at 
its infancy. On one hand. there is the challenoe in ::> 

miniaturizing device components (such as valves, mixers, 
pumps) and integrating in such a way the LOC is efficient 
and simple for the users to operate. On the other hand, 
transport phenomena in microscale level is different from 
that we know at the macroscale and need to be considered 
carefully in the designing of analytical devices (Li 2004). For 
instance, in electrokinetically (EK) driven systems, di lTerent 
species will have different transport velocities. which makes 
mixing of substrates and reagents a challenging task (Atalay 
et al. 2008). Computer aided simulations have become a 
useful tool in many disciplines and have proven their 
significance in the llrocess of engineeri.no new desi!!ll 1:1 1:1 

development (Lammenyn et al. 2006). Hereto. 
computational fluid dynamics (CFD) plays a mnjor ro le in 
the optimization of the design :md analysis of many 
processes in food industries (Norton and Sun 2006). 
Numerical simulations arc particularly important for LOC 
researchers due to the ability to analyze tightly coupled 
physical domains (common at microscale phenomena), to 
help elucidate experimental results, and to validate analytical 
models, used to determine values of variables that cam1ot be 
measured experimentally. show design feasibility. <md obtain 
experimental results rapidly at relatively low cost 
(Krishnamoorthy et al. 2007). Perhaps even more 
importantly "numerical prolotyping" applied at d1e concept 
stage can provide excellent estimates of potential chip 
performance enabling the researcher to take a successful path 
from the beginning (Li 2004; Lammertyn et al. 2006). 
Therefore. W\! have presented numerical models used to 
design and optimize enzymatic assays in elecu·okineticall y 
actuated LOC devices. The models are validated using 
double enzyme glucose assay and implemented to design a 
multi-analyte microfluidics device that quantifies glucose and 
fructose from the same sample. 



MATERIALS AND METHODS 

Design of the assay and chit) layouts 

An integrated microOuidic system was designed to analyze 
two components (glucose and fi·uctose) based on a complex 
enzyme assay. Glucose was analyzed using two consecutive 
reactions catalyzed by hexokinase (HK) and glucose-6-
phosphate dehydrogenase (GGPDH): 

HK 
D- glnco« r ATP --> D - glncosc • 6- phosphate + ADP 

r G6PDH 
D ·glucose. 6 - phosphatc + NAD D · gluconotc - 6- pho>phate ·- NADll r H+ 

In this process seven species were involved to generate ti1e 
NADH (optically detected, excitation and emtsston 
wavelength of 360 nm and 460 nm respectively). Fructose 
was analyzed in similar way with the presence of an extra 
enzyme. phosphoglucose isomerise (PG!): 

HK 
D · fntcto'e + AlP ----+ D . fructose . 6. phosphate + ADP 

PGI 
D · fntc tusc · 6 · phosphate --7 D - gluco'c - 6. pho;photc 

+ G6PDII + 
D ·glucose· 6 - phosphate + NAO ---=.:.:.::.~D. gluconatc - 6- phosphate - NADH - H 

A fluorescence microscopy set-up was used to monitor the 
different processes (fluid flow and enzymatic reaction) in the 
microOuidic chip, shown in Figure I . 

:-.rictochip holder 

Cables 

(a) 

H\. supplier 

(b) 

'.V.utt2 

,,..,.. 

Figure l : Experimenta l Setup for Electrokinetic Actuated 
Microfluidic LOC Mounted on Inverted Fluorescence 

Microscope Stage (a) Schematic Representation of the 
Microfluidic Chip (b) 

Images of the microfluidic channels were capntred by a 
charge-coupled device (CCD) camera (C9 1 00- I 3. 
Hamamatsu, Shizuoka, Japan) fitted to the microscope. 
Electrokinetic transport was achieved using a computer 
controlled high-voltage sequencer (Labsmitil Inc., 
Livermore, USA). In order to assure good connection 
between the reagent reservoirs in the chip and the Iugh­
voltage sequencer, the microOuidic chip is placed in a chip 
holder. The layout of the glass microchip is schematically 
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shown in Figure I b. The coenzymes (NAD ' and ATp 
prepared with carbonate bu ffer) mi:xcd with ti1e sample of['. 
chip and transferred into reservoir 4. All the reservoirs ar 
filled with respective reagents and sample (see Figure 1 b). c 

Governing equations 

Electrokinetic flow deals with the transport of liquids 
(electro-osmosis) and molecules or panicles 
(electrophoresis) in response to an electric field. The bulk 
flow is modelcd by combining Navier- Stokes equations and 
Lap /ace equation (Li 2004; Atalay et al. 2008: Atalay et al. 
2009): 

u · Vu + 'lp -l]V
2

u = 0 

V·u=O 
( I ) 

(2) 

Where u (m s·1
) is the velocity vector. p (N m-~) is the 

pressure. 'I (kg m·ts-1
) is the dynamic viscosity of fluid and p 

(V) is the electrical potential. 

The clectro-osmotic now can be considered to be induced by 
a slip velocity at the wall of the channels given by the 
Helmholtz-Smoluchowski equation (Krishnamoorthy et al. 
2007: Atalay et al. 2008: Atalay et al. 2009): 

0 eo= .UeoVr/J (3) 

Where u, . ., (m s"1
) is the elcctro-osmotic velocity, f./eo (m2 Vs· 

1
) is the clectroosmotic mobility which is dependent on the 

properties of the electrolyte and the channel wall. 

Species transport is then accomplished by three mechanisms 
(diffusion. electrophoresis and convection) (Atalay et al. 
2008; Atalay et al. 2009) according to the equation: 

o( -V ·(D. VC + f.l ('V -A- C u) - r = 0 Q/ I l ep,1 I '{J I I 
(4) 

Where C; is the local concentration of the i-lh species, D; (m2 

s·1
) the diffusion coefficient of the i-th species, Jlep is the 

electrophoretic mobili ty and r; is a bulk phase reaction tcnu. 
The enzymatic reaction can be successfully modeled by 
Michaelis-Menten kinetics (Atalay et al. 2009; Jambovane et 
al. 2009). 

Boundary conditions and numerical procedures 

The numerical simulation requires boundary conditions to 
close the system of equations described above. The 
differential equations were solved in a spatially discretized 
2D geometry of ti1e microfluidic chip, neglecting the chmmcl 
depth tiwt is equal everywhere (Li 2004). Using a mesh 
sensitivity analysis, the mesh size that govems a mesh· 
independent solution was chosen. Simulations were 
performed with the commercially available finite clement 
method software, COMSOL Multiphysics (version 3.5. 
Comsol, Inc., Burlington. MA) on a high speed computer 
(AMD Opteron !unix cluster node with 4GB of RAM). 
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Figure 2: Normalized Signal Intensity ofNADH both from 
Experiment (Solid Lines) and Simulation (Broken Line) (a) . 
Amount of Glucose in Real Sample (Four well kilO~A-11 Soft 

Drinks) Analyzcd Using Lab-on-a-Chip and Microplate 
Device (b) 

RESULTS AND DISCUSSIONS 

We have performed experiments using fluorcscei11 dye to 
visualize the presence of flow patterns (not shown) on which 
the transport model equations are validated. Model equations 
used to characterize flow pattern were then coupled with 
enzyme kinetic model for simulating the enzyme assay. 
Figure 2 presents both experimental and simulation results 
from a glucose assay in the cross microchannel. Figure 2a 
illustrates the NADH detected 5 mm away from the inlet of 
the reaction chmmcl and the simulations agreed well with 
experiments. The peak of the signal did not rise further after 
2 nm1 into the reaction cluumel due to electrophoretic f1ow 
and diff11Sion of the NADH. Flow patterns of injection, flow 
rate, amount of enzymes and length of the microreactor were 
0Ptimizcd for best sensitivity using numerical simulation. 
The setup was used to detect glucose from real samples. 
Salllples from four popular soft drinks were analyzed and 
co111pared well with the experimental result in microplate 
tests (Figure 2b). A linear relation existed for glucose 
c_oncentrations from 0.0 I g L"1 to 0.10 g L· ' . The reaction 
tune and the amount of enzymes required were drastically 
reduced compared to off-chip microplatc analysis, by a factor 
Of3Q and 15. respectively. 
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The same model was also used to design a more complex 
assay of multiple mtalytcs (glucose and fructose) in the chip 
shown in Figure I b. The assay was a two-step process. In the 
first step, potentials were applied in such a way that only two 
enzymes (HK and G6PDH) fi·om reservoir 2 mix with the 
sample from reservoir 4. Once the NADH produced by this 
reaction is detected, in a second step the potentials arc 
switched to transport a mixture of three enzymes (HK, 
GGPDH and PGI) from reservoir 1. The assays are 
sequcuced in a way to prevent cross-contamination. This 
requires extensive simulation analysis to choose appropriate 
potentials for leak free assays. 

As shown in Figure }a, during the fi rst step (glucose is 
analyzed) the flow of enzymes mixture from reservoir I into 
the reaction channel was avoided by allowing some part of 
enzyme mixture fi·om reservoir 2 flow into the first waste 
reservoir 3. In the second step, flow from reservoir 2 is 
stopped and the mixntre of three enzymes from reservoir I is 
pumped into the reaction channel for fmctose analysis 
(Figure 3b). The signal obtained is the total amOtmt of 
glucose and lhtctose. Then subtracting the amount from the 
first step (glucose only) renders the amount of fmctose in the 
sample. Figure 3c plots the LOC signal 5 nun dO\vnstream 
the reaction channel for simulation with different sample 
concemrations. For the particular conditions in Figure 3, 
there existed linear relationships between the amount of each 
component in the sample and the signal with R2 > 0.94 for 
concenrrations fi·om 0.001 g L·' to 0.05 g L·1

. Decreasing 
flow rate (but maintaining the time intervals of the two steps) 
resulted in longer residence time, but yielded higher signals. 
As shown in Fil,rttrc 3d, for the lowest flow rate it was then 
difficult to differentiate between the signals associated with 
the two steps of the assay. This could be avoided by 
increasing the duration of rhe first assay step. Changing the 
location of detection also provided similar effects. 

CONCLUSIONS AND FUTURE WORK 

While miniaturization as such improves perfonnance and 
analysis time with respect to U1c existing wet lab methods. we 
have demonstrated that biochips themselves can be 
considerably improved based on computer simulations with 
mathematical models U1at accurately describe the reactions 
and transport processes in the 11uidic system. Hence, such 
modcling approaches are important to transfonn existing and 
new bioassays into high performance multiplexed biochips 
format aimed at multi-component analysis systems that have 
a wide range or applications. Experimental validation of the 
multi-analytc assay serup is currently underway. 
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models will be merged into the final global coating quality 
model. The main objective of this paper is to d iscuss the 
spray sub-model and its experimental validation. 

ABSTRACT 

Fluidized beds are amongst others used in indus trial 
applications for coating particles. Little research has been 
performed in developing a quality model for a coating 
process. A quality mode l is able to predict the quality of the 
process in terms of coating thickness and uniformity and the 
occurre nce of unwanted side-effects, including 
agglomeration, attrition and spray loss. The quality of the 
coating process in a fluidized bed is largely determined by 
the spray characte ri stics and the particle motion. A new 
quality mode l was developed for the coating process in a top­
spray fluidized bed . The fi rst s tep in the development of the 
new model was the creation of an accurate spray sub-model 
that describes the movement and the heat and mass balances 
of the droplets in the coating process. The second step was 
the creation of a particle sub-model that describes the 
movement and the heat and mass balances of the particles in 
the fluidized bed. The third and final step will be the 
development of the g lobal coating qua lity model by 
combining the spray and the particle sub model. 
Experime ntal valida tion of the spray sub-model has already 
been carried out and is prese nted in this paper. 

INTRODUCTION 

Fluidized bed coating is a technique that is used for the 
coating of solid particles and is often used in the food and 
pharmaceutical industry . In a flu idised bed coating reactor 
three interacting phases (sol id particles, air, and droplets 
containing the coating material) can be d istinguished (figure 
I). The particles are fluidized by heated air that is coming 
from the bottom of the reactor. A nozzle placed above the 
fluidi sed bed sprays coating material towards the particles in 
the form of small drople ts. While travelling through the bed, 
the particles and the droplets exchange heat and mass w ith 
each other, with the air and with the reactor wall. To predict 
the quality of the coating process, the global coating quali ty 
Inodel needs to be ab le to describe the drople t and the 
Particle behaviour in the fluidised bed. Therefore, a spray 
sub-model and a particle sub-model were created. Both 
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Figure I : Fluidized bed coating reactor 

MATERIAL AND METHODS 

Model description (spray sub model) 

Reactor 
The fluidized bed reactor was modelled as a 2D 
ax isymmetric volume which is d ivided in cylind rical shel l 
control volumes (figure 2). 

0 

}wau segmen1 

()" .l •.•. .• ·'- · .. . ~ 
R 

(a) (b) 
Figure 2 : Discretisation of the reactor into control volumes: 

(a) Side View, (b) Top View 



Droplets 
In the spray sub-model, two types of droplets were 
considered. Firs t, there are the drople ts that move freely in 
the reactor. They originate from the nozzle and have a 
measured stati stical distribution for the angle when leaving 
the nozzle. They are characterized by the ir temperature, 
position, ve locity and diamete r. Second, the re are the 
droplets that move downwards on the wall after collis ion 
with the wall. They arc characte rised by their temperature 
and position. lt was assumed that after collis ion the complete 
droplet gets the shape of a disc and moves down the wall. 

Cas phase 
The atomisation flow originating at the nozzle was modelled 
as a j et tlow (Figure 3). 

"-!... './ 

T~nnination Zone 
or 

lmpin g~.:mcnt i'.one 

Init ial Zone 

Tra11sition i'.onc 

fully Dcvdopcd Zone 

Figure 3: Atomisation or entrainment fl ow 

/ 
"/ 

The development of a jet flow is described by a Gaussian 
ve locity profile with an increasing standard deviation with 
increasing distance to the nozzle, while the central velocity 
decreases with increasing distance to the nozzle (Zue 1999). 
When no ato misation flow is used, it is assumed that the 
motion of the droplets at the nozzle will develop an 
entrainment !low that is modelled as a jet flow with a 
velocity tha t is a frac tion o f the maximum velocity of the 
droplets originating at the nozzle. 

111ennody1wm ics 
The dynamic heat and mass transfer model, developed by 
Ronsse et al. (2007), was used to describe the dynamic 
inte ractio n between the different phases in the fluidi sed bed. 

Model description (particle sub model) 

By applying fluid isation air in a fluidi sed bed reactor, the 
particle bed gets the properties of a boiling liquid. Bubbles 
are c reated at the bottom of the reactor and move upwards 
through the bed (Figure 4). 
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Figure 4: Particles behaving like a boiling fluid 

Three different zones were defined in the lluidised bed: the 
bubble zone, the c rater zone and the wall zone. 

Bubble zone 
In this zone, the bubbles orig inating at the bottom of the 
reactor, move through the bed. The bubbles are responsible 
for the upward motion o f the particles. 

Crater z:cme 
When atomisation air is supplied at the nozzle, a crater arise 
in the fluidised bed. This zone was divided in three sub­
zones: the alfa zone, the beta zone and the gamma zone. 
In the alfa zone, it is reasonable to assume that particles, 
bubbles and fluidi sat ion air will not occur due to the high 
pressure of the atomisation airflow. At the bottom of thi 
zone, the atomisat ion now veloc ity is zero, meaning that at 
this point all the atomisation flow is dissipated in the radial 
direction. 
Beneath the a lfa zone, a zone of higher particles densities i 
assumed to exist clue to the pressure of the atomisation flow. 
This is the beta zone. Bubbles will not e nter the beta zone 
and are forced to move around it, as can be seen in figure 4. 
This means that in the beta zone only the emulsion phase will 
occur. 
In a region around the alfa zone, the gamma zone is de fined. 
In this zone, the rad ia l dissipated atomisation a ir will be 
deflected upwards due to the res is tance of the flu idised bed 
and the reactor wa ll. In this zone, a turbulent mixture of 
atomisation air and flu idisation a ir entrains particles from the 
beta-zone at the bottom and carries them upwards. Thi~ 
implies that the gamma zone is a d ilute region of particles. 

Wall zone 
The small inclination of the wall is the dri ving force for the 
downward motion of the particles in a zone close to the wall. 
Since the gas velocity near the wall is close to zero and since 
particles are forced in the d irection of the wall because of the 
atomisation a ir, higher particle densities will occur in this 
region. Hence, in the wall zone there will be no tl uidisation 
and particles wi ll start to move downwards. Since bubble 
fo llow the path of least resis tance, it is clear they will not 
occur in this zone. 
To fac il itate the modelling of the particle motions and 
collisions, a hexagonal c losest packing lattice is introduced 
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in the model. This means that the particle motion is 
discretised and that a Lime consuming algorithm to check for 
overlapping particles is not needed. (figure 5). 

.A 

B 
.A 
B 
A 

B 

A 

Figure 5: a hexagonal closest packing lattice of spheres 

Average particle velocities in the bed are calculated based on 
conservation of mass in each horizontal cross section of the 
reactor. 

Model description (global coating quality model) 

In the new quality mode l the spray and particle sub models 
are combined. This, however, requires an accurate 
description of the interaction between the droplets a nd the 
particles to be able to predict coating thickness, coating 
uniformity and agglomeration. Therefore, the surface of the 
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\ 
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I 

Drople t 
hetghl 

-~ / 
.. ~ Surfnce Purt1clo 

Figure 6: Droplet spreads over an elementary zone on the 
surface a fter collision 

particles was divided into a certain number of zones on 
Which droplets could spread a fter collis ion (fig ure 6).The 
area of an e le mentary zone was calculated using the 
spreading diameter of a drople t colliding on a solid surface 
(Werner et al. 2007) . 

Experimental Setup (spray sub model) 

The expe rime ntal setup used for the validation of the spray 
sub-mode l is shown in fi gure 7. The reactor used in this 
experiment was a large PVC tube with a height of 3.00 m, a 
diameter of 0.50 m and a wall thic kness of 0.0 I m. 
Fluidisation a ir was s imulated us ing a fan. 

Cilindric tube ~I 

Nozzle 
Probe 

droplet temperature 

' , 
I 
I 
I 
I 

' 
' ' 

Reservoir 

--.,:--

Air 

t====~W~a~te~r=====l---- .. Drain 
Figure 7: Sc he matic overview of the experimental setup 

A nozzle (Schlick 553 G318
) was placed at a height of 2.50 m 

in the centre of the reactor. The liquid sprayed was tap water. 
To reduce fluctuations in the flow rate and to minimise and 
control the temperature of the liquid feed, the water was lead 
through a boiler before being sent to a nozzle. For val idatio n 
of the heat and mass tra nsfer o f the d roplets, the spatial 
temperature distribution of the drop lets inside the reacto r was 
measured with aT -type thermocouple probe. In addition, the 
te mperature and the humidi ty of the a ir leaving the reactor 
were measured to validate the g lobal heat and mass transfe r 
inside the reactor. The experiments were carried out under 
differe nt conditions . 

RESULTS AND DISCUSSIONS 

From figure 8 it can be seen tha t there was good agreement 
between the s imulations and the experimentally determined 
te mperatures. Linear regression ana lys is showed tha t a close­
to-linear re lationship exists for both rad ial positions. The 
same conclusion can be drawn for the temperature of the air 
leaving the reactor at the top. Since the re lative humidity of 
the outlet air in the experiments was in all cases close to 
I 00%, it was expected that the outlet air temperature 
resulting from the simulations would also be close to the wet 
bulb temperature. In figure 9 it is shown that this was the 
case. The deviations are acceptable a nd can be explained by 
relatively large errors in the measurement of the inlet ai r 
tempe ra ture (± 0.5 °C) and humidity (± 2%) and in the 
measure me nt of the outlet air te mpe rature (± 0.3 °C) itself. 
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Figure 9: Corre lation between the experimental and 
simulated temperature of the o utlet a ir 

CONCLUSION 

The spray sub-model was able to predict the air and drop! 

temperatures and the a ir humidity. Further research involv:t 
the further development of a particle sub-model and ths 

combination and integration of both sub-models into a globa~ 
coating quali ty model. Currently, the particle sub-model is 

be ing developed. 
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ABSTRACT 

The tmdeclared presence of meat species in grounded and 
comminuted meat products is a concem because it 
represents an economic fi·aud, but also for public health, 
ethical and religious reasons. Meat species identification 
allows detecting adulterations such as the Jhmdulent 
substitution of cheaper meats for more expensive ones. In 
this work. model samples were prepm·ed at the laboratory 
containing poultry meat added with known amounts of 
pork meat. DNA was extracted from the model samples 
and a real-time polymerase chain reaction (PCR) technique 
using U1e SYBR Green I fluorescent dye coupled to 
melting curve analysis was proposed to obtain a predict ing 
model to estimate the level of possible fi·audulent addition 
of pork meat. The addition of pork meat was detected in 
Ute range of 0.1% to 25%, with a high correlation 
coefficient and PCR efficiency. Calibration curves were 
obtained with the cycle threshold (Ct) values by using the 
~~Ct method. The application of the approach to blind 
samples demonstrated the suitability of the proposed 
methodology for esti mating the level of porcine DNA in 
meat mixtures. 

INTRODUCTION 

According to the European Union labell ing legislation [ 11. 
meat products should be accurately labelled regarding their 
species content. The detection of misleading labelling in 
processed meat products is a very important issue to 
guarantee that species of high commercial value are not 
substi tuted by other lower value species. This is a concern 
due to economic, religious and health reasons. Moreover, 
proper labelling en ables consumers to make informed 
choices regarding the products they acquire. 
The increasing demand for transparency in the meat 
industry has provided a driving force in the development 
of suitable analytical methods for meat species 
identification mtd several methodologies based on protein 
and DNA <malysis have been developed. Although protein 
based methods. when applied in raw meat, have the 
advantages of high sensitivity and high sample tlu·oughput 
(2], they are limi ted when applied for species identification 
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in highly processed foods due to protein denaturation . The 
superior stability of DNA molecules compared to proteins, 
and their ubiquity in every type of cells have elected DNA 
analysis for species identification in processed foods l3 j . 
DNA analysis coupled to polymerase chain reaction (PCR) 
presents a fast, sensitive and highly specific alternative to 
protein-based meU10ds for meat species identification. To 
overcome the lack of quantitative information obtained 
with qualitative PCR. a real-time PCR approach should be 
used f3]. 
Prior to Utis work, we have proposed a simple quantitative 
approach based on a duplex PCR assay targeting pork 
species in poultry meat f4l The aim of the present work is 
to present an alternat ive technique based real-time PCR for 
tJte qmmtitative detection of pork meat addition. 
Considering that certified reference materials are not 
available for species identification in meal mixtures, 
model samples with known amounts of pork and poultry 
meat were prepared as reference and validation mixtures. 

MATERIALS AND METHODS 

IVIodel samples: 

Model reference samples were prepared in the laboratory 
wi th poultry and pork muscles acquired in a local retail 
market. Immediately afier purchase, both meats were cut 
and the omside portion was rejected. The samples were 
then minced separately and reference binary mixtures 
containing known amounts of pork in poultry meat were 
prepared to a final weight of 100 g (Table 1). After the 
addition of LS mL of sterile phosphate-buffered saline 
(136 mM NaCI, I .4 mM KH2 P04. 8.09 mM 
Na2HPO,.l2H20 , and 2.6 mM KCI, pH 7.2), each mixture 
was homogenised using a blender. To avoid 
contaminations, each mixture was processed separately 
using different material and di fferent blender containers. 
previously treated with DNA decontaminator solution. To 
validate the estimation approach. blind validation samples 
(Table I) were also prepared. All the binary model 
mixtures and validation meat samples were immediately 
stored at -20 oc after preparation until DNA extraction. 

DNA extraction: 

DNA was extracted using the Wizard method as described 
by Mafra et al. (51 with minor modifications. The 
extract ions were performed in duplicate for each model 
mixture (200 mg). The DNA was quantified by 



spectrophotometry using a Shimadzu UV -1 800 
spectrophotometer (Shimadzu Corporation, Kyoto. Japan). 
The DNA concentrati on was detennined by UV 
absorbance at 260 nm and the purity of the extracted DNA 
was determined by the ratio of the absorbance at 260 and 
280 lUll. 

Real-time PCR Amplification: 

The mnplifications by real-time PCR were carried out in 
20 ~tL containing 2 rtL of DNA extract (20 ng), I x iQ1N 

SYBR • Green Supermix (Bio-Rad), 500 nM of each 
primer (Table 2) . The primers were synthesised by 
Eurolins MWG Operon (Ebersberg, Gcrmany).Thc real­
time PCR assays were performed on a fluorimetric thermal 
cyder iCycler iQTM Real-time Detection System (Bio-Rad 
Laboratories, Hercules. CA, USA) using the following 
conditions: 95"C for 5 min, 45 cycles at 95"C for 30 s and 
65°C for I min. with collection of Ouorescence signal at 
the end of each cycle. For melting curve data, the 
temperature was increased by 0.5°C from 65°C to Y4"C. 
Data was collected and processed using an iCycler iQTM 
Real-Time Detection System Solhvarc version 3.1. 

Table 1: Percentage of Pork and Poultry Meat used to 
Prepare the Model Samples 

i\lodel 
Turl,cy (g) Pork (g) Tu tat (g) % l'ork 

mixtures 

Reference sa mples 
100.0 0 100.0 0 

2 99.'1 0. 1 100.0 0 .1 

-~ 99.5 0.5 100.0 0.5 

4 99.0 !.0 100.0 I 

5 95.0 5.0 100.0 5 

(, 90.0 10.0 100.0 10 

7 75.0 25.0 100.0 25 

8 50.0 50.0 100.0 50 

9 0 100.0 100.0 IOU 

Yalidation samples 

Vs ! 198.1 2.0 200.1 
y , 2 195 .3 5.0 200.3 2.5 

Vs3 185.8 15.2 200.0 7.5 

Vs-! 159.7 -tO. I 199.8 20 

Table 2: Oligonucleotides used in the PCR Amplilications 

Target gC'nc Primns Sequence :;' .. J' 

of pork addition (Table I) were amplified in parallel 
reactions tm·geting the referred genes. The amplification 
curves arc presented in Figure 1 for pork species (A) anct 
eukaryotic gene (B). To verify the specificity of the 
reactions the use of SYBR Green I as a fluorescent dye 
allows performing melting curve analysis. The analysis of 
the denaturation curves enables the calculation of the 
melting temperatures (TnJ and to verify the absence of 
unwanted double-stranded DNA fragments due unspecific 
amplification (Figme 2). The melting curves showed a 
high specificity of the obtained fragments, presenting 
chm·acteristic melting temperatures of 83.5°C (Figure 2A) 
and 87.5°C (Figure 2B) for pork and eukaryotic detection 
systems. respectively. 
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Figure 1: Real-time PCR Fluorescent Signal with SYUR Gn .. -en 

Dye vs. Cycle Number 1(Jr Pork (A) and Eukaryotic (B) 
Amplilicatiun Systems 

Prediction of JlOrk meat addition: 

Construction of the standard Clll1'e 

The application of PCR for quantification purposes 
requires the use of an endogenous control that allows the 
measLU·emcnt of the total amplifiable DNA present in the 

Amplicon silc (hp) Ref!'rencc 

Mitochondria l cytb 
Pork--r ATG AAA CAT TGG AGT AGT CCT ACT li.1T T AC C 149 [61 
Pork-R CT/1. CGA GGT CTG TTC COA TAT AAG G 

Nuclear I SS rRNA 
18SEU--r TCT GCC CTA TCA ACT TTC GAT GG 

140 [7] 
ISSEU--R T AA TTT GCG CGC CTG CTG 

RESULTS AND DISCUSSION 

Specificity of the PCR amplification: 

The real-time PCR approach used in this study was based 
on the speci fie amplification target ing mitochondrial 
cytochrome b gene for pork species detection and the 
nuclear l8S rRNA gene for cukaryotic DNA as a reference 
gene for quantification. To develop a qwmtitative 
approach, model reference samples with known amounts 

sample <Uld the normalisation of the target gene. The 
endogenous control allows verifying if amplification 
variations found with the species-specific primers were 
due to differences in target species content or to otJ1er 
factors such as DNA degradation, inhibition or differences 
in the amount and quality of the DNA obtained from tl1e 
sample f8]. Having in mind that processed meat products 
generally present several ingredients, including froUJ 
vegetable sources. for endogenous control <U1 cukaryotic 
system was chosen, allowing the amplification of anY 
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eukaryotic DNA present in a sample. Thus, the 
aU1plification curves in Figure 1 can be used to obtain a 
predicting model of pork meat addition using the <l8.Ct 
method. The calculation of <l<lCt is obtained by: 

where Ct,."k and Ctpork arc the cycle thresholds for 
eukaryot.ic and pork systems, respectively. The Ct values 
are obtained from the intersection of the fluorescent curves 
and the threshold line (Figure I). 
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Figure 2: Melting Curves using SYI3R Green I lor the (A) Pork 
and (13) Eukaryotic Detection Systems 

By plotting the <l8.Ct vs. the logarithm of pork meat 
percemage it. is possible to obtain a calibration curve 
(Figure 3). Model reference samples I ;md 9 were used as 
negative and positive controls, respectively. This approach 
allows the estimation of added pork meat in the r;mge of 
0.1 % to 25%, with a high correlation coefficient 
(R

1
=0.9943) and PCR efficiency (g9'%). PCR efficiency 

was calculated using the following equation: 

·1.5 

PCR t;{licienc){%) = ((1 oi"'"JX'i-' )- J )x lOO 

-1 ·0.5 0 

y = · 3.6273x + 5.6273 
R' = 0.9943 

0.5 1.5 

Log (po rk 's m eat'%) 

2 

Figure 3: Normalised Calibration Curve t<x the Estimation of the 
Adulteration T J:vel of Poultry Meat with Pork Meat usmg 

Eukaryotic Amplilication as a Reti:rencc Gene and the L'IL'ICt 
Method 

frolll Assay validation 

rotic Validation samples containing kiiO\vn amounts of pork 
anY llleat addition in poultry meat were <malysed in blind 
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assays using the proposed real- time PCR approach. The 
prediction of the amollllt of pork meat in the blind 
validation samples was carried out using the standard 
curve in Fi t,'ltre 3. Table 3 shows the predicted and actual 
values of pork meat percentage of the validation samples 
in the range of 1-20%. The results show a high proxim ity 
between actual and predicted values noted by the low 
standard eJTors, despite the high coefficients of variation 
for the lower percentages. This finding demonstrates the 
applicability of the proposed technique for estimating the 
addition of pork in poultry meat. 

Table 3: Results !or the Validation or the Real-time PCR 
Quantitative Assay 

Validation 
% Pork meat 

SD~ C'V (%)' E ITOI' 
<I 

sampl<'s M<'an 
Real 

p•·edictt·d" 

Vs ! 1.0 0.8% 0.22 25.0 -0. 104 

Vs2 2.5 231 0.44 19.2 -0.076 

Vs3 7.5 R.44 0.86 10.2 0 t25 

Vs4 20.0 23.4 1 2.30 9.8 0.1 70 

·'values arc the mean nf replicate assays (n - 3). 0SD - standard 
deviation. 'CV coellicient of variation. <!Error ((mean value-true 
valuc)ltrnc value). 

CONCLUSIONS 

Real-time PCR proved to be a powerfi.tl technique, highly 
specific and sensi tive for species identi fication, sui table 
for the development of quantitative assays. The developed 
real-time quantitative PCR allowed the detect ion and 
quantification of pork meat in poultry meat in a range o f 
0 . I -25% (Figm es I, 3) using the t111Ct method wi th an 
average PCR efficiency of 89% and an average corr elation 
(R

2
) of 0. 994. Th e proposed methodology was successfully 

applied to blind validation samples (Ta ble 3) 
demonstrating that it could be used to detect minimal 
ammmts of adultera tion of poultry meat. Hence, it could be 
used in inspection programs to enforce labe lling regulation 
in the meat sector industry. 
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ABSTRACT 

This paper is interested in investigating the buffer stock 
problem of a food supply chain during the Avian lnOuenza 
crisis possessing two originalities: a smgular structme 
(forty-day upstream push and twenty four-hour 
downstream pull) and suffering from simultaneous 
fluctuations of raw material supply capacities (due to 
epizooty) and customer demand (due to customer anxieties 
and fears) resulted from sanitary crisis. At the theoretical 
level we could not limit this case to a buffer optimization 
problem using a multiple period newsvendor model 
because of the non-linear feedback loops and exponential 
time delays in this food supply chain. Therefore. a 
simulation model basing on the system dynamics 
principles of Forrester ( 196 I) allowed us to understand 
buffer size choices and smoothing production policies in 
this particular supply chain. 

INTRODUCTION 

The food industry. an important sector in most economies, 
is becoming an interconnected system with a large variety 
of complex relationships, reflected in the market place by 
the information of virtual Food Supply Chain Networks 
via allinnces. horizontal and vertical cooperation. forward 
and backward integration in the supply chain and 
continuous innovation. Hence, food supply chain 
management plays a vital role representing the 
management of the entire set of production, 
manufachJring/transformat ions. distribution and marketing 
activities by ~vhich a consumer is supplied \vith a desired 
product. In f.1ct, there are t>vo principal nspects can be 
advanced for the increasing interest in food supply chain 
management: food industrialization and uncertainties 
associ:·lted with variations in product quality and safety. 
The former is the specific characteristics (multi-echelon 
and push-pull production) with various kinds of very short 
life cycle and peri shable products of food supply chains. 
The latter means that the high vm·iability in quality nnd 
tnao-nitude that is characteristic of the agricultural b 
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environment and basic food raw materials creates 
uncertainty in the ability of the industry to assure a reliable 
supply of good quality and safe products to the consw~1er. 
Therefore, finding the right balance (optimal buffer s1ze) 
between making logistic decisions based on schedules 
(push) and manufacturing and distribution activities only 
in response to internal and external customer requests 
(pull) is an importallt issue in food supply chain 
management. It requires a buffer and safety stock to ensu~e 
a stable supply usually when end customer demand JS 

unpredictable. 

According to Fisher ( 1997), the problems of supply chain 
are associated with mismatches between the type of supply 
chain (demand-pull versus supply-push) and the type of 
product (innovative versus functional). The push system is 
a schedule-driven system. liT delivery is part of the push 
concept llmt uses a centralised approach designed to 
calculate exactly whnt is needed. The pull system is a 
demand-driven system. A typicnl pull system is a Kanban 
system. Pull or push based logistics makes sense only in 
the broader context of supply networks (Simchi-Lcvi, et al. 
2000). A key issue in managing i.nbound logistics is 
finding the balance between making logistics decision 
based on schedules, called push, and manufacturing parts 
and modules only in response to internal and external 
customer requests, called pull. Push-pull is about finding 
the appropriate portion of your supply chain that should be 
managed based on push m1d those components for the 
supply chain that should be managed based on pull 
(Simchi-Levi, et al. 2Q(l3). 

In this context. we are interested in studying the problem 
of maintaining a significant buffer inventory to respond to 
a supply line of the chicken meat supply chain coping with 
both changes in customers· demand and instabili ty in 
production capacity during the Avian Influenzn crisis. 
Therefore, our paper will be organised first by a li terature 
review on push-pull supply chain management under 
uncertainties and particularly on food supply chain. We 
will then analyse the buffer issue of the chicken meat 
supply chain ~s well as eventual solutions. Final~y. we 
conclude that simulation is rclevmlt •..vay to study th ts type 
of problem of this pa1ticular supply chain and fiJrther 
research is incontestable. 
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LITERATURE REVI EW 

We can observe certain related researches that focus on 
this issue in the literature. Thi s starts with Clark and Scarf 
( 1960) who showed that a base-stock policy is optimal in a 
finite-horizon periodic problem with no fixed cost and no 
capacity constraint. Let us equally cite Chen and Song 
(20(l! ) who characterized the structlirc of the optimal 
policy in a multi-stage inventory model with Markov­
modulatcd demand. 

The main objective of a hybrid push-pull system is to 
combine the best features of both worlds, rather than 
di ffcrcntiating between the t>vo (Hirakawa 1996). There is 
an ovenvhclming need to develop integrated supply 
networks, which can synchronise flexibility with market 
demands and sill maintain high productivity (Slack, et al. 
1992). What determines the supply chain strategy arc a 
number of characteristics, including uncertainty and 
economies of scale. The greater the uncertainty is, the 
greater the need for a pull system. Zazanis ( 1994) studies 
push and pull systems in a dynamic environment by 
examining push-pull production control system under a 
make-to-order policy with safety stock. They attempt to 
model the performance of various push and pull 
production strategies and the way they respond to external 
demands. In fact, the right location of push-pull boundary 
(the interface between the push-based stages and the pull­
based stages), and hence the right balance between push 
and pulL depends on the level of uncertainty and the 
degree of economics of scale in the supply chain. 

In general, in supply chain management, the hybrid push­
pull inventory control is based on buffer management 
(Golc,:a lves, 2003) using "classical" news vendor models 
(Swaminathan and Tayur, 2003). In case of muti-echelon 
supply chains, multiple period newsvendor models have 
been proposed (see for example Salamch and Ghattas, 
200 1). However, in the complex supply chains with non­
linear feedback loops and exponential time delays, it is 
1 imited to use these models in order to solve the buffer size 
optimisation problem. Therefore, according to different 
researches (see Ballou, 1992 Bcamon 1998, Wyland et al. 
2000 ... ), computer simulation seems to be the most 
appropriate tool to lmderstand such kind of problem. 

Among many modelling approaches for analysing a multi­
echelon supply chain (see for example. Beamon ( 1998)), a 
simulation has mostly been used to sh1dy supply chain 
behaviour and performance since the late 1980s. Savsar 
(1997) shows how the simulation modelling approach can 
be utilised to determine the minimum kanbans needed to 
circulate in the system or the minimum finished board 
inventory as well as the WIP buffer levels needed to meet 
a specified percentage of demand on time in an electronic 
assembly line. In the field of food supply chain, we just 
found the research of Van de Vorst et al. (2000) applying 
discrete-event simulation for evaluating alternative designs 
of the supply chain. Nevertheless, an analysis of global 
dynamic behaviour of a non-linear multi-echelon push-pull 
supply chain becomes too complex for model ling by 
discrete-event simulation. In fact, exponential delays arc 
needed in our representat ion of the chicken supply chain. 
This coiTesponds to decision-making smoothing which 

describes a decision maker's tendency to gradually react 1 
changes in information. Smoothing appears frequently i~ 
human decision making. When decisions are based on 
smoothed information, the action is delayed. Delay results 
when perceptions (upon which a decision is based) require 
time to adjust to changes in incoming information 
(Stcrman, 1989). In addition and because of such 
complexity, many researchers have used a cybemctic 
vision based on feedback loops and considered that 
structure of the supply chain and the now control 
determine its performance. For example, Pidd (1984) 

showed that dynamic simulations have proved its 
proficiency to analyse the supply chain because of its 
interactive and incorporates hierarchical feedback process. 
lt enables the modeller to capture the mode of dynamic 
behaviour the whole system. Many supply chain models 
have been built by using system dynamics (Forrester 1961, 
Sengc and Sterman 1992, Stcrman 2000, Higuchi and 
Troutt, 2004, Kamath and Roy, 2007, Rabelo et al. 
2008 ... ) 

Created by Jay Fonestcr, system dynamics modelling has 
been used as a method of analysis. modelling and 
simulation. The ftrst production-distribution system 
identifies four supply chain echelons (Forrester, 1958). At 
each echelon, he takes into account the order and shipment 
delays and explains that the success of industrial firms 
hinges on the interaction of six nows (material, 
information, order, capital, work force , capital equipment) 
and the capacity for understanding and controlling the 
system. Recent studies on poultry supply chain modell ing 
arc focused on understanding the complex behaviour of 
poultry industry by using system dynamics approach 
(Minegishi and Thiel, 2000). Kamath and Roy (2007) also 
use the system dynamics model to identify critical 
information nows of a two-echelon supply chain of short 
lifecycle product under high demand uncertainty in order 
to obtain capacity augmentation. 

THE BUFFER lVIANAGEM ENT PROBLEM 

As a rule, a food supply chain considers farms as primary 
food producers and equally includes various types of 
processing industry, trading compani es, the food retail 
sector and final customer, each different stage of the whole 
production process being viewed as a link in the chain. 
The stages of the chicken meat supply chain being sh1died 
mainly compri se the fo llowing (sec Figure I) . 
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Figure 1: Logistic Flows Schema of the Chicken Meat 
Supply Chain. 

The firs t constraint of this food chain is that all live 
chickens have to be slaughtered after a precise number of 
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days because of prior comracts between manufacturers and 
farmers. After the slaughtering phase, the second 
constraint is that slaughtered chickens are packaged and 
packed according to the cunent retail sales and the 
available stock of these perishable products. Hence, there 
exist two potential stock management problems which 
may increase additional costs. Firstly, if the push 
production level of available live chickens is lower than 
the total current customer demand, the supplier has to 
purchase the necessmy amount of meat from external 
markets. Consequently, the supplier has to bear 
unexpected costs. Secondly, if the volume of slaughtered 
chickens exceeds the total customer demand, the 
slaughtering firms have to freeze or destroy the products 
after five storage days because of the perishability of the 
products. This means that the chain will thus incur the 
additional costs pertaining to the depreciation of the 
products. 

As discussed in the previous section, the hybrid push-pull 
inventory control is generally based on buffer managemem 
(Golr;:alves, 2003). This problem could be addressed by a 
"classical" ncwsvendor model (Swaminathan and Tayur, 
2003) . 
Given: 
h 

c 

~ 
f,F 

X 

y 

Ymax 

per unit holding cost 
per unit external purchasing cost on demand not 
satisfied within a period 
per unit stock-out cost on demand not satisfied 
within a period 
per unit contract production cost 
demand achieved within a period 
probability density and cumulative density 
fimctions for ~ 
beginning inventory within a period 
invcnt01y level after an order has been placed 
inventory level after orders have been placed with 
contract farmers and with additional external 
suppliers with a limited stock capacity. 

In the case of a stationary and independent demand for a 
single period, the objective is to minimize the expected 
costs during the period by producing enough chickens to 
bring the inventory level to y 2: x after ordering. The 
expected cost L(y,x) given x is : 

r max r~ 

L(v~\:) = c(r - x) + ;r1 J (S' - y) dF(c,') + ;r_, J (c; - y) 
,. y 1nax 

I' 

dF( S') + h f ( y - S') dF(S') 
0 

It is also frequently observed that products available on the 
external market arc cheaper than the contract fhnning 
products so that: ,,, < c. Nevertheless, given the limitations 
to the external market due to the avai lability of products, 
the processors continue to have contracts \vith fanners on 
the empirical basis of 95% of the mean demand and 5% 
purchases from exterrwl market. If v* is called base-stock 
level, the difference between y* at;d the mean demand is 
called buffer stock: 

,, 
f3 == y * - J (j /'( /)) d cY 

0 

In om chicken meat supply chain, the buffer size cannot be 
greater than five days of average consumption because of 
the perishability of the products. 

fi -::;: 5 I ( J S' ./( S') d ,; ) or jJ -::;: 5 I (y* - jJ ) or 
0 

y* -::;: F (5- !31) I f:J 
We could look to optimizc this buffer size in order to 
minimize the cost but the real problem is more 
complicated since S' is the consumption rate at the 
slaughter production stage but not at the final consumer 
stage. That is the reason we propose to develop a 
simulation model that will help us to understand the buffer 
dimensioning problem during an Avian Infl uenza crisis. 

A SIMULATION MODEL PROPOSAL 

A system dynamics model has been developed to 
investigate supply chain behavior influenced by varia tions 
of unpredictable downstream consumer behavior resulted 
from crisis situation as well as by upstream supply 
capacity shortages (sec also Vo and Thiel, 201 0) 

Demmul e.\timation 
The demand forecasti ng !or Entire Chicken and Processed 
Chicken products is defined by the Expected Order Rate 
(EOR) and linked with downstream Actual Demand (AD) 
and w·ith the desired rearing rate. It is supposed to be 
formed by a first-order exponential smoothing and 
adjusted according to the Actual Demand over a time 
period determined by the A veragc Demand Change Time 
(ADCT). Mathematically, EOR is presented as the sum or 
inteb•ration of the demand changes over a given time t: 

EOR(t) s' AD(t) - EOR(t - dt) I EOR ) __ :......:... ___ __..:.... __ _,_' I + - •(! o 

0 
ADCT 

Upstream push production 
Based on EOR. the Desired Rearing Rate is defined. It will 
be multiplied by rearing cycle time to determine the 
desired rearing WIP (1vork in process): 

Desired_rearing_ WIP(t) = 

Desired _rearing_ra/e(t) *Rearing _ c.ycle _ti111e 

The rearing WIP adjustment is determined using the 
following WlP regulation mic, which adjusts the actual 
level of rearing WIP until reaching the desired level: 
ff1P _adjustment (t) = 

Desired rearing WIP(t )- Re aring WJP(I) 

WIP _ adjustm ent_time 

The Desired Rearing Start Rate (DRSR) at time is 
determined as the sum of desired rearing quantity in 
accordance with demand forecasting and the adjustment of 
the rearing WIP: 

DRSR(t) = Desired_rearing_rate(t) I WIP_adj ustmenl(l) 

The Rearing Start Rate (RSR) at time t is based on the 
DRSR, the crisis rate (a factor representing the influence 
of Avian Influenza on rearing output) and the rearing time: 

RSR(I) = (I + Sanilarv_crisis) *Delay3(VRSR(f) ,Rearing _lime) 

The Actual levels of the WIP (rearing and processing) and 
the inventory levels at each supply chain stage can be 
formulated as fo llowing: 



Aclual WIP(t) -
I 

J l(WJP _swrt _rate{!)- H·1 P _output_ mte(t)¥.11+ Actual_ W!P(r0 ) 

0 

Acfllal invenlmy(l) = 

I f [Receipt_ ra le( I)- Sh ipm en!_ rate(!) 'fit + Acrua I_ inven 101}(/ 0 ) 

0 

Normally, the number of mature live chickens ready for 
slaughtering is equal to the rearing chickens output or the 
desired rearing rate to fill tile orders. But when there arc 
not enough mature live chickens for slaughtering, the 
producer buy or import chickens from external markets, 
which is named External purchases variable in the model. 

Push-Pull supp~v chain 
The number of raised and slaughtered chickens depends on 
forecasted demand but the number of chicken shipments 
depends on the actual demand. Therefore. the border 
between the push and the pull system is the slaughter 
inventory leveL Based on the actual demands, one part of 
slaughtered entire chickens will be packed and dispatched 
for filling entire chicken (EC) demand, the other part will 
go into processing WIP (processing chickens (PC)). If the 
actual demand is less than the projected demand. the rest 
of slaughtered chickens unused will be frozen after fi ve 
adjustment days in frosty rooms. 

ECfinished products(!) = EC_olllput(tj l!.'C_acwal_demand(t) 
Processing rate{!) PC_aclual demand(!) 
PCjinished products(!) = Processing_output(r) 

Buffer management 
We assume that the frozen chickens arc stocked and used 
within five days and after this time they will be destroyed. 

Freezing_rate(t =I/71A1E>O /~/ell Unde/iw'red_chickeus/5 else 0 
Fmzen_chicken_inveniOIJ' = 0){Freezing_rale(t) ­
UJwsed_chickens-rate(f)jdr + Frozen_chickell_illventory(r0) 

Based on the previous equations, the system dynamics 
model is simulated using iThink'0 software (the level 
equations describe the accumulations within the system 
through the time integrals of the net flow rates, and the 
rate equations define the rate of change to the levels 
(Forrestcr, 196 1)) and based on real data of the Avian 
lnlluenza crisis in France between October 2005 and 
March 2006. 

SIMULATION RESU LTS 

The objective of this paper is to show how to analyze the 
inlluencc of the demand variations on the buffer stock 
composed by available slaughtered products. 
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Figure 2. Production Fluctuation during the Crisis. 

Figure 2 shows the rearing production response to th 
fluctuation in the actual demand and to the impact of the 
avi<m influenza crisis. As we can see in the figure, chicke~ 
r~aring production (available live chickens) is not bulllpy 
like Iota/ acfltal demand because of the smoothing and 
adjustment rules in the chain with a time lag of a 40 days 
rearing cycle. 

On the other hand, because of the time needed to adjust the 
lvfas/er Production Schedule (M PS) to demand variation 
long re?-ring WlP adjustment time (55 da~s) and rearing 
cycle time ( 40 days), all 40 day old ch1ckens must be 
immediately slaughtered. Consequently, the breeders arc 
unable to satisfactorily adjust the chicken output to the 
change in the daily actual demand. This is also the reason 
why there is a rise and fall in the frozen chicken im•entoq1 

and in external purchases when the demand seesaw;. 
These l1uctmllions in.fi'ozen chicken inventmy and external 
purchases result in unexpected costs for the entire supply 
chain up to 22.6 million Euros for the crisis period of 161 
days (see Figure 3 for variation of the unexpected costs). 
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Figure 3. Variation ofUnexpeetcd Costs dming the Crisis. 

Now, we will study the effect of buffer size on the level of 
frozen chicken inventory with a sensitivity analysis. In this 
case. the value of buf!'er size is varied from I to 9. The 
simulation results show that by increasing the bi!ffer size 
we can reduce significantly the level of .fi"ozen chicken 
inventory, exlemal purchases, unexpected costs (e.g. sec 
Fig. 4 for .fi'ozen chicken inventm:v). However, in fact, we 
cannot keep ri·eshly slaughtered chickens for more than 5 
clays because of their perishabili ty. 

::JJgt 44 Oavs 

" a,§>I ? 

Buffer size: -I- I -2- j 

Figure 4. Effect of Bujjer size Variation on Frozen 
Chicken Inventory. 

Moreover, the simulation results show thaL the change in 
the expected order ra/e and the available lh·e chicke/IS 
level (upstream sectors) depends on both variations of 
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customer demand (downstream extemal environment) and 
the saniiGIJ' crises rate (upstream cxtemal environment) 
while the inventory levels at each supply chain echelon 
(downstream sectors) osci llate mainly because of the 
variation of customer demand and the supply chain 
adjustment policies. Hence, our problem is how to 
maintain a significant buffer size to respond to both 
pcrt11rbations in customer demand and production 
capacity. However, because of the complexity (the many 
delays along the multi-echelon supply chain) and the 
speci fie characteristic (short-term perishable products) of 
the chicken meat supply chain, optimizing this push-pull 
supply chain is extremely complex. We were therefore 
interested in studying supply chain behaviour in a situation 
of perturbation rather than focusing on optimization 
solutions. Nevertheless. this work is designed to underline 
this outstanding problem and to contribute to further 
research that we would like to continue in our upcoming 
studies. 

CONCLUSION 

In this paper, we have shown out the buffer stock issue in a 
food supply chain threatened by high uncertainties in the 
supply capacity (the impact and influence of sanitary 
crises on rearing farms) as well as in customer demnnd 
(unpredictable consumer behaviour effecting the sales 
rate). The complexity and particularity of this supply chain 
behaviour have been studied and discussed demonstrating 
that dynamic simulation allows us to improve our 
understanding in this field and is useful for decision 
support purposes in the supply chain management. A 
system dynamics model based on Forrester methodology 
has been developed to analyse the influence of endogenous 
and exogenous factors on U1e buffer and safety inventory 
in such a kind of complex supply chain and proposing that 
further research is necessary. Moreover. the findings also 
suggest that the main sources of comp lexity in food supply 
chain are the length of different adjustment times (order 
forecast horizon, long production adjustment time and 
very short shipment ;md customization times of the 
perishnble products). This difficulty hampers the reactivity 
of the supply chain in responding to external uncet1ainties, 
particularly in the case of simullaneous fluctuations of 
both upstream production capacities and downstream end­
customer demand. This requires more flexibility in the 
managerial policies in terms of the interval of adjustment 
times and more integration between the different supply 
chain stages in order to avoid shortage in the production 
capacity for all fresh food supply chains. 
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INTRODUCTION: 

Applicators with conveyor belt systems are widely 
used in industry for multiple applications. 
Microwave applicators with conveyor belt systems 
are rapidly spreading due to the speed of the 
process and its efficiency [Metaxas & Meredith, 
1986]. Conveyor belt carries load through the input 
and output ports of the industrial applicator. To 
improve thermal treatments, it is necessary to 
understand the different phenomena that occur 
inside the applicator. In case of microwave 
conveyors, it is difficult to predict the behavior of 
electric field inside the treatment zone. Thus, a 
numerical study is well suited to calculate electric 
fi eld inside and predict its effect on loads. Many 
numerical techniques have been used widely to 
model microwave heating applicators with different 
loads. T hese methods include finite d ifferences, 
finite elements, transmission line methods and 
others [Dibben D.C and Metaxas, 1994, 1997; Al­
Rizzon et a l, 2005; Dominguez-Tortaj ada et a l, 
2005; Yakovlev, 2006; 1-la llac, A and Metaxas, 
A.C, 2006]. 
This paper presents a numerical study of the electric 
field in an industrial microwave conveyor belt and 
its effect on load using the commercial numerical 
code COMSOL ® which is based on finite e lements 
teclm i que. 

MATERIAL AND METHODS 

The continuous industria l microwave ap~licator 

with conveyor belt is designed by MES as a 
microwave tempering unit. Microwaves are 
generated by 6 magnetrons, each on delivers a 
power o f 1.2 kW at 2.45 GHz. Magnetrons are 
disposed in quincunx to ensure homogeneous 
d istribution of the electric fi eld. Electromagnetic 
waves are sent through rectang ular radiating 
waveguides at the top o f the tunnel in T E10 mode. 
Each of the radiating waveguides is equipped with 
5 slices through which microwaves are sent to 
treatment zone (cf. fig ure 2). Fig ure I presents a 30 
simplified view of the loaded microwave tunnel 

w ith reduced microwave traps (for simulation 
considerations) and figure 3 presents detailed top 
plan view of the tunnel. Generators 1, 2 and 3 
(radiating waveguides I, 2 and 3 respectively) can 
only deliver full power and generators 4 , 5 and 6 
can deliver variable power thanks to their 
regulation systems. Due to technical problems, 
generator I is turned off Treatment zone is a 
metallic enclosure with small entrance and exit for 
loading and unloading foodstuff. Because multiple 
refl ections can occur in this cavity, the electric fi eld 
can not be predicted by a simple analytical solution. 
The outer length of the cavity is 173 cm but the 
inner dimensions of the treatment zone are 
150 x45 x45 cm3

. Difference of dimensions between 
inner and outer sides of the treatment zone is due to 
armoring and to r managing magnetrons positions. 

Figure 1: Loaded continuous microwave 
conveyor bets-system, 3D view 

470 -l 
Figure 2: down plan of one radiating wavcguide 

showing slices, dimensions are in millimiter 



Microwave traps are used for security reasons; 
actually, they are made of polyvinyl chloride (PVC) 
pipes, assumed to be transparent to microwaves, 
and filled with water. The water flow circulating in 
these pipes insures a full absorption of microwaves 
at the entrance and the exit of treatment zone with 
small temperature variation of water depending on 
the flow rate. These traps set a maximum height for 
the load, the entrance height is only 7 cm so treated 
foodstuff should be small enough to enter the 
treatment zone. The conveyor belt system has 
multiple speeds going from 0.35 m/min to 2.62 
m/min and it is made of polytetrafluoroethylene 
(PTFE/Teflon). An air extractor is installed on the 
top of the treatment zone to avoid gathering of 
steam inside waveguides. Other equipments are 
added to the conveyor for multi-energy studies such 
as hot air generator and steam inlets but not used 
for the current study. 

SIMULATION 

Numerical simulation for such a complex geometry 
is quite interesting due to difficulties of 
experimental validation. Actually, estimation of 
electric field inside treatment zone is difficult. 
Inside waveguides, microwaves are supposed to be 
at TE 10 mode and positions of maximum values of 
electric field are supposed to be in front of slices to 
ensure a maximum transfer of energy to treatment 
zone. 
For computing, a commercial numerical code is 
used, COMSOL w multi physics. COMSOL® 
multiphysics is based on finite elements techniques. 
It is well suited for electromagnetic and 
radiofrequencies simulation problems coupled with 
other phenomena such heat and mass transfer. Its 
only disadvantage is its need of memory for 
computing. 
Magnetrons are assimilated to an electric transverse 
field (TE10) at the entrance of the radiant 
waveguides. Microwave traps are computed as 
perfect match layer (PML) to consider the total 
absorption of microwaves by water flow, which 
explains the shortened length of the traps. For 
meshing, standard tetrahedral meshes are used with 
refinement near slices for more precision and inside 
loads due to difference in material. 
Treatment zone and inside the radiant waveguides 
are set as air (dielectric constant equal to I and 
dielectric loss equal to 0) and the load used is agar 
gel at 2% which properties are listed on table I. For 
simplification, properties of agar gel are considered 
constant. 
Actually, properties depend on ditlerent factors 
such as density, temperature (Nelson 1992) which 
are fundamental for the behaviour of the load. 
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Figure 3: Continuous microwave conveyor belt 
system, top plan. Dimensions are in centimetres 



T bl 1 a e : pt·operhes o f af;!ar !,Jel 
Properties Description Value 

Cp Heat capacity 4 180 J/kg K 
k Thermal conductivity 0.6W/mK 
p Density I 070kg!'m3 

~>' Dielectric constant 73.6 
E" Die lectric loss 11.5 

Two simulations are made to compare the electric 
tield behaviour between two configurations: 
unloaded and loaded cavity. Firs t computation is for 
the unloaded applicator. It was computed using 
CO M SOL® multiphysics 3.5a with RF module 
insta lled in SUN workstation equipped with 2 dual 
core AMD® processors and 20Gbits RAM memory. 
A total of 582,720 tetrahedral mesh elements were 
used, which is equivalent to 3,820,358 freedom 
degrees. Due to hardware limitations, a stationary 
iterative solver was used, GMRES (generalized 
minimal residual method), which is an iterative 
method for the numerical solution of a system of 
linear equations. The method approximates the 
solution by the vector in a Krylov subspace wi th 
minimal residual. It was combined to Geometric 
Multigrid preconditioning method to speed up 
convergence. This preconditioning method uses 
successive over-relaxation vector as pre-smoother 
and post-smoother and as a coarse solver 
PARDISO (PARallel Direct SOlver) . T he relative 
tolerance was set at I o·6

. 

The second computation is for loaded applicator. 
Loads are agar gel blocs of JOx5x2 cm3 
dimensions and I 00 g weight each. A total of 22 
blocs of agar at a distance of 8 cm between 2 
successive blocs and lined up in 2 rows distant by 
I I cm. To get the mesh independence, more meshes 
were needed for loads due to difference in materia l 
properties. A value of 0.025/ -./73.6 is set as a 
maximum dimension for a single mesh in load 
zones which makes a total of 2,434,999 meshes and 
17,868, 127 degrees of freedom. This configuration 
needs a workstation with 240Gbits RAM memory. 
For solvers, the same solver settings were used. 

Fig ure 4: meshed loaded geometry 
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Figure 4 shows the meshed geometry in the case of 
loaded treatment zone. 

RESULTS 

Figures 5 and 6 present the norm of electric fie ld at 
2 diffe rent cross sections and figures 7 and 8 
present the total energy distribution at the same 
cross sections. Difference of length between the 
sections is due to the presence of microwave traps 
in the bottom of the applicator. These figures show 
the non uniformity of the electric field distribution 
in the treatment zone. We can also observe that 
electric field is more intense near the output of the 
applicator. This invalidates the hypothesis of 
considering the e lectric field inside a conveyorized 
applicator as un iform. 
With the presence of load, which is composed 
mostly of water, the major part of energy is 
absorbed by agar ge l. Differences between figure 5 
and fi gure 6 show that conveyorized applicator is 
designed to produce higher electric field near 
application zone (slice at y=2cm coincides with the 
upper surface of load samples). Actually, e lectric 
fi eld val ues at y= 2 cm can reach 2. 77x I 04 V /m 
where at the same coordinates, at y= I 0 cm it has 
only 104 V/m. 
For static simulation, the e lectric fie ld distribution 
is non uniform but it's not the proof of non 
uniformity duri ng continuous treatment. The 
difference between loaded and unloaded treatment 
zone is clearly seen through fi gures, loads absorb 
the tota l amount of microwave energy produced 
and the trend is reversed. Near the slices (y= I 0 
cm), the e lectric fie ld is more intense than near load 
samples. 
The non uniform distribution of energy can be 
found in figure 9 that shows the temperature of 
each load and its distribution. Heat transfer was 
computed for a continuous heating during I 50 s 
which is the average time to reach I ooac under rea l 
conditions starting from I2°C as initial temperature. 
Carried out experiences proved that 150 s is the 
necessary heating time needed to reach 1 00°C, 
therefore a stopping conditions was introduced (the 
heating occurs until the temperature reached 
I 00°C). Depending on their position, loads reach 
high temperatures or s tay near the initia l 
temperature (heating occurs only by conduction). 
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Figure 5: electric field (V/m) distribution for 
unloaded( a) and unloades(b) treatment zone, 

slice at y=lO cm 
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Figure 6: electric field (V/m) distribution for 
unloaded (a) and unloades(b) treatment zone, 

slice at y= 2 cm 

186 

Output Output 

Input Input 
(a) (b) 

~U.• I go<~•·l 

•10) 
1 8 

,, 

" 

•• 

O< 

Figure 7: total energy (j/m3
) distribution for 

unloaded(a) and unloades(b) treatment zone, 
slice at y=lO cm 
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Figure 8: total energy (j/m3

) distribution for 
unloaded (a) and unloades(b) treatment zone, 

slice at y= 2 cm 
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Figure 9: temperature (°C) distribution inside 
loads after heating time of 150s, slice at y=l cm. 

CONCL USION: 

Computations of loaded and unloaded microwave 
applicator with conveyor belt system were carried 
out. The non uniformity of the distribution of 
electric field and total energy was proved, on one 
hand, by estimation of the electric field and total 
energy distribution in treatment zone and by the 
estimation of temperature distribution in loads on 
the other hand. 
However, these computations under the assumption 
of null speed for the conveyor belt, the real 
challenge and most interesting computations are the 
continuous treatment at different speeds and their 
validation by experimental study which is the main 
subject of the current studies. 
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ABSTRACT 

Encapsulation is a technique to enable the controlled release 
of a flavor during use. Due to the variety in the 
encapsulation process and the differenti ation in 
encapsulation methods, tuni ng the desired flavor profile is a 
laborious process of trial and error. Therefore, the objective 
of this project is to identify and to model the relation 
between process and product parameters of encapsulation 
and the flavor profile during use. This in volves the 
identification of the key process parameters that influence 
the flavor profile via black box modeling and understanding 
the physics of the relations by white box modeling. 

INTRODUCTION 

En ea psula tion 

In the food industry. encapsu lation has evolved fi·om a 
technology to mask undesired fl avors into a technique to 
support the controlled release of fl avors. In this way, the 
effectiveness of food additives is improved. the range of 
applicable ingredients is broadened and the optimal dosage 
of act ives is ensured. The desired functionality of an active 
has often been the initiator for the research and 
development of a new encapsulation technique or a 
fundamental change in processing parameters of an existing 
technique. From the product performance perspective . 
u·iggers to prompt the comrolled release of an encapsulated 
ingredient range from pH change, hydration, mechanical 
stress. temperature. enzymatic activity. time. osmotic force, 
etc. All these performance triggers have their roots in the 
specific encapsulation technique. 
Overall. the relations between functionality of the product 
and the applied encapsulation technique seem obvious but 
reviews on encapsu lation technologies (Gibbs et al. 1990, 
August in et al. 200 I, Gouin 2004) appear to have a lack of a 
theoretical relation between the processin g parameters in 
the encapsulntion phase and the physics during the release 
of the active in the food product. 

Flavor profiling 

Thanks to sufficiently sensmve and ft1st measurement 
techniques like atmospheric pressure chemical ionization 
(APCI) and proton transfer reaction (PTR) coupled with 
mass spectrometry (MS) the experimental determination of 
flavors and comparison with in vivo models of human Jlavor 
perception has tnken a big step forward (Taylor 2002). It has 
also substantiated mathematical models that were postulated 
to describe flavor release during human consumption. In the 
literature, mathematical models were hypothesized to 
describe the flavor release from water (Banavara et al. 
2002), fi·om water containing macromolecules (Jutcan· 
Vigicr et al. 2007, Harri son and Hills. 1997), and from 
more complex mixtures like liquid emulsions (Harrison et 
al. 1997). With respect to a typical application of 
encapsulated flavors, computer simulat ions were presented 
that described the flavor release of encapsulated flavors in 
the mouth (Harrison et al. 1998). 

It is clear that the focus of modcling is mainly on the 
description of the flavor release in relation to human taste, 
whereas the relation between encapsulation process and 
fla vor release is neglected. An attempt was mnde to describe 
the relation between variables during coacervation and the 
flavor release (Leclercq et al. 2009) but in this cuse 
modeling was restricted to elucidating a statistical relation 
rather than a physical understnnding of the occurring 
phenomena. There fore. in our study <UI attempt is made to 
describe the relation between the encapsulation process and 
the flavor profile with a combination of mathematical 
relations and physical descriptions Such a tool would enable 
tuning the encapsulation exactly to the desired flavor profile 
and, thus, decrease an enormous amount of trial an error 
time. 

MATERIALS AND METHODS 

Flavor containing microcapsules possessing a coating layer 
of gum Arabic have been prepared. By varying the amount 
of applied coating material. several capsule fractions with 
different coating layer thickness have been obtained. The 
aim of this study was to investigate the influence of guJJ\ 
Arabic coating layer thickness on the flavor release rate of 
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microcapsules. The release rate of volatile flavor compounds 
has been measured using Proton Transfer Reaction - Mass 
Spectrometry (PTR-MS). In this study three different 
flavors. possessing different physico-chemical 
characteristics in terms of their hydrophilic respectively 
lipophilic properties. have been chosen as model flavor 
compounds. The exact experimental procedure is described 
below. 

Chemicals 

Diacetyl, limonene and heptanal were obtained from Sigma­
Aidrich. Modified starch (HI-CAP I 00) was obtained fi·om 
National starch, Germany. Maltodextrin (Giucidex IT 12) 
was obtained from Roquette. France. Gum Arabic (grade 
396A) \vas obtained fi·om Alland&Robert, France. 

Preparation of the tlavot· loaded emulsion 

Hydrophilic modified starch and maltodextrin were 
dissolved in water. Three flavors diaeetyl. limonenc and 
heptanal, were dissolved in sunflower oi l. Oi l and water 
phase were added together and pre-emulsilication was done 
using an Ultra-Turrax (IKA) operating at I 0.000 rpm. The 
pre-ernulsion was homogenized using a two stage bench top 
homogenizer (GEA Niro Soavi "Panda2K") operating at a 
total pressure of 250 bars. The o/w emulsion contained 5% 
(w/w) hydrophilic modified starch, 30% (w/w) maltodextrin 
and 10°/o, (w/w) sunflower oi l. The concentrations of the 
flavors in the emulsion were 20ppm each. 

Prcpanttion of Microcapsulcs 

Microcapsules were prepared in a spouted-bed reactor 
operating at an inlet temperature of 50°C and a product 
temperature of 40°C. Spray-dried maltodextrin powder was 
added to the spouted-bed reactor and served as a template. 
The beforehand prepared llavor loaded o/w emulsion was 
sprayed on the top of the maltodextrin powder particles. On 
top of these llavor loaded part icles a second layer of 20% 
(w/w) gum Arabic solution was sprayed. In this way flavor 
containing microcapsules with an outside layer of gum 
Arabic have been obtained. By varying the amount of gum 
Arabic solution sprayed on top of the particles the gum 
Arabic layer thickness has been modified and several 
capsules fract ions of different coating thickness have been 
obtained. 

Measuring dynamic tlavor release - PTR-MS Setup 

The objective of this part was to evaluate the release of 
volatile flavors in the presence of water. Therefore a total 
amount of 500 mg capsules were weighed into a glass cell 
which was closed on the top. The headspace of the glass cell 
was connected to the inlet of the PTR-MS (Ionicon Analytic . 
Innsbruck, Austria). A total amount of 4g of reverse osmosis 
water was added to the glass cel l; afterwards the headspace 
was moni tored continuously from the glass cell and directly 
inserted into the PTR-MS. 

The PTR-MS instrument provides dnta in counts per second 
for each mass recorded, which were transformed into 
concentrations using the PTR-MS software. In this way the 
concentration-time course of flavor release in the presence 
of wnter could be monitored. The following mlz ratios were 
monitored: 21 (water), 87 (diacctyl). 115 (heptanal), 137 
(limonene). 

RESULTS 

The release of the three volatiles diacetyl, limonene and 
heptanal from the llavor loaded microcapsules has been 
measured by PTR-MS. 
The release rate of diacetyl from capsules of different 
coating layer thickness has been compared with each other. 
The half-life, the period of time it takes for the maximum 
initinl flavor heaclspace concentration to decrease by half. 
has been plotted in dependence from the coating layer 
thickness (see Figure I ). 
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Figure I: Half- li fe vs. coating layer thickness (diacetyl has 
been used as reference substance); the trendline serves only 

as an aid for the reader 

As can be seen from Figure ! .Figure 1 the half-life of the 
diacetyl headspace concentration is increasing with 
increasing gum Arabic layer thickness of the microcapsules. 
By applying a !,.'1.1111 Arabic layer of 200~un thickness, the 
half-life of the diacetyl headspace concentration is 
increasing by a fhctor of approximately three. 
By application of a gum Arabic coating layer to the 
microcapsules a delay in flavor release could be achieved. 
As gum Arabic itself is a water soluble substance, one would 
expect dissolution of the coating layer and subsequent 
release of fla vor compounds after addition of water 
(McNamee et al. 1998). The achieved decay consequently 
seems to be influenced by the dissolution kinetics of the gum 
Arabic coating. The capsule surrounding coating layer 
needs to dissolve partially before the flavor substances can 
be rele<lsed. Thus the increase in layer thickness may lead to 
a decelerated dissolution of the coating layer which can 
delay the release of volatile flavors fi·om encapsulation 
systems. 



CONCLUSIONS AND FUTURE WORK 

Modification of the coating layer thickness seems to be a 
usefi.ll way to tailor the release of flavors from 
microcapsules. Establishment of mathematical models. 
which describe the relation between coating layer thickness 
and Oavor release rate. is the next step in order to be able to 
create-custom made Oavor encapsulation systems for 
industrial application. 
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ABSTRACT 

The aim of this work is to present a preliminary study for 
the use of ceramic materials in packaging of natural mineral 
waters. Handmade ceramic bottles were produced from 
faience paste and tested for the influence of different 
glazing areas on the tightness of the ceramic bottles and in 
physicochemical stability of bottled natural mineral water 
during storage (8 days, 15° C). Three ceramic bottles (TG) 
were totally glazed in both the inner and the outer surface 
and other nine bottles (PG) were only partially g lazed in th~ 
outer surface. Glass bottles were used as control (C). 
Results showed high losses of water through the PG 
ceramic containers (45.0 - 55.0%) in relation to TG bottles 
(5.2%- 6.0 %). Colour of the bottled natural mineral water 
was below the parametric value while turbidity was above 
the legal value established in Portuguese national 
leg islation. Cd and Pb were not detected in the water 
samples. Conductivity increased significantly in water 
samples conditioned in ceramic packages, compared to 
initial and control (C) samples, suggesting the existence of 
two opposites mass transfer phenomena in the ceramic 
packages. 

l. INTRODUCTION 

In the twentieth century, the bottling industry undergoes a 
significant progress in terms of technology and production 
volume, especially in the 60s, with the appearance of plastic 
bottles [I]. The consumption of bottled mineral water 
became popular only in the SO's, due to the increasing 
concems with health, caused by a progressive pollution of 
the water resources. On other hand, bottled mineral water is 
consumed as a safer altemative in countries where public 
water treatment systems are not efficient, or simply do not 
exist. In a general way, sales of mineral water are 
increasing a ll over the world [2]. 
During the last years, the rapid growth in the mineral water 
consumption in the industria lized societies has contributed 
to the development of the sector. At the same time, the 
consumption of mineral water has established itself as a 
symbol of health and welfare ~ulture. Recent ly, main 
bottled water companies are betting on a gourmet water 

market, created for special occasions. In this context of 
constant innovation, packaging could diversify product in 
tenns of sensorial qualities, package design, and 
functionality. 
The production of new materials to pack mineral water 
should be first environmentally sustainable, and secondly, 
enhance the initial sensory value of the water. The package 
design should link the use of traditional materials wi th 
concepts such as authenticity, freshness, innovation, 
ecological spirit and charm. 
Clay can satisfy these requirements, and unlike the 
conventional packages, the porosity of clay provides a 
series of physical phenomena that give the water sensorial 
properties recognized since long time. However, it has not 
been studied the use of clay as contact material in 
packaging of natural mineral waters. 
Natural mineral water and spring water are subject to a 
strict European regulation, which defines their 
denomination, chemical and physical characteristics, and 
microbiolog ical quality. For the packaging of natural 
mineral waters, be lieves, in A1ticle 6 of Direct ive 
2009/54/CE of the European Parliament and the Council of 
June 18 [3], that "Any containers used for packaging 
natural mineral waters shall be fi tted with closures designed 
to avoid any possibi lity of adulteration or contamination". 
The aim of this work was to present a preliminary study for 
the use of ceramic materials for the packaging of natural 
mineral water. Several aspects were taken into account: (i) 
production of handmade ceramic bottles from faience paste; 
(ii) influence of different glazing areas on the tightness of 
the ceramic bottles (iii) physicochemical stability of bottled 
water. 

2. MATERIALS AND METHODS 

2.1 Production of ceramic packages 

Twelve ceramic bottles were handmade by local artisans 
using typical pottery wheel, from limestone faience paste, 
appropriate for RAM pressing and Roller Head Making 
(Mota Pastas Ceriimicas, S.A.) following the steps sequence 
presented in figure 1. 
After cooli ng, a brill iant transparent lead-free glaze, 
appropriate for cookery (KGG 7 I, R2W-Equipamentos e 
Materias-Primas para Ceramica, Lda., Portugal), was 
applied by immersing each faience piece, in order to obta in 



a unifonn distribution. After dried, the pieces were placed 
in an electric oven at I 040° C, during I6h. 
Three ceramic bottles (TG) were totally glazed in both the 
inner and the outer surface, and other nine bottles (PG) 
were only partially glazed in the outer surface, as outlined 
in figure 2. 

Figure I: Steps for the production of the ceramic packages 

·.::::·.·.·.·.:·.;::·:·.:·.·.:1;~~; 

........... ~ ...... _ ................ . 
t o;azed 

.............. . .... t. ....... . 
Figure 2: Sketch of the partially glazed ceramic package 

Glazing was applied in both the inner and the outer surface 
of the neck of all bottles, in order to increase the 
mechanical resistance, and improve the contact between 
neck surface and sealing system, for a better closure. 
Bottles sealing system elected - natural cork with plastic 
cap (T-Cork®) - is usually applied for wines and spirituous 
drinks bottling, offering an efficient closure, easy manual 
extraction and posterior reuse [4]. 

2.2 Preparation, storage and control of the ceramic 
packages 

Simultaneously with the ceramic packages, control assays 
(C) were performed by using glass bottles with about the 
same capacity of the first ones and the same sealing system. 

After washed, dried, and weighted, all this bottles were 
sterilized in a dry-heat oven (2h at I80°C). Afterwards, all 
the bottles (ceramic and glass) were filled with mineral 
water in an industrial line, sealed and transported to the 
laboratory in a cool box. Then, the bottles were weighted 
and stored in an incubator a t !5° C for 8 days. 

2.3 Laboratorial procedures 

The initial pro tile and posterior evolution of mineral water 
stored in ceramic and glass bottles were evaluated through 
physicochemical analyses for turbidity, colour, 
conductivity, and measuring the concentration of cadmium 
(Cd) and lead (Pb). Additionally, the weighing of the entire 
set of ceramic bottle was carried out during the storage in 
order to quantify the loss of water through the package. 
Photometric measurements allowed for evaluate turbidity 
(520 nm) and colour (4 10 nm) of the water samples 
previously homogenised. Electrical conductivity was 
performed at 20° C, under continuous stirring, with an 
instrument (inoLab-Cond 720, WTW) with graphite 
electrodes cell (TetraCon 325, WTW) . 
Cd and Pb contents were quantified by atomic 
spectrophotometry with graphite chamber (Perkin Elmer, 
AAnalyst 600). 

3. RESULTS AND DISCUSSION 

3.1 Tightness of ceramic packaging 

The preliminary tests showed high losses of water through 
the partially glazed ceramic containers at a temperature of 
15° C, dramatically limiting the duration of the stability 
tests (Figure 3). 
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Figure 3: Evolution of the average water loss, expressed as 
a percentage of mass, in packaging partially glazed (PG) 

and fully glazed (TG) of the time of storage 

The tightness tests carried out on ceramics packaging 
showed that atler eight days, the TG bottles had mass loss 
of water between 5 .2 % and 6.0 %, while in the PG bottles 
ranged between 45.0 % and 55.0%. Losses detected in 
packaging TG can be explained by the existence of cracks 
in the glaze. Such cracks could be due to an excessive 



h 

11 

e 
n 

y 
s 
s 
n 
e 

c 

h 
,f 
y 

g 
s 
s 
n 
s 
e 

dilution of the glaze powder or because of an improper 
process of cooking the glaze. 
PG ceramic packages have porous inner wall , not coated 
with the glaze, what favors the permeation of water through 
that same area, outlining the outer surface of the glaze 
through the cracks resulting from the "craquele ". 

3.2 Physicochemical stability of bottled water 

The measured values for the colour of the bottled natural 
mineral water were below the parametric value of the 
Portuguese national legislation (< 20 mg/L Pt) [5]. On the 
other hand, after eight days all the packages tested shown 
values of turbidity above the legal value established in the 
same legislation (4 UFT). This result could be attributed to 
microbial growth (these results are not shown). 
Concerning the conductivity, it can be seen that the results 
obtained are below the legal limit. A significant increase of 
the conductivity is observed in the water samples 
conditioned in ceramic packages, compared to initial and 
control (C) samples. Despite the lower loss of water in the 
PG samples, the values of the conductivity are similar to the 
ones found in the TG samples. This fact can be explained 
by the variation of the mass of minerals (Figure 4) . 
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Figure 4: Variation of the mass of minerals in the water 
after 8 days of storage. Represented in yellow are the 

packages PG; in red are the packages TG 

Regarding water-ceramic package interaction, these results 
suggest the ex istence of two opposite mass transfer 
phenomena in the ceramic packages: (i) the retention of 
minerals, coming from the water, in the non-glazed ceramic 
(PG) wall, which results from the humidity gradient across 
the package; (ii) the migration of components from the 
ceramic package (TG) to the water, as suggested from the 
conductivity results. In PG bottles, the movement of water 
molecules towards exterior drag minerals, retained in 
ceramic wall. In TG bottles, water molecules gradient is 
much smaller due to internal and external glaze, but cracks 
in internal glaze may allow entry of water into the wall, 
enabling the migration of minerals. 
The principle underly ing European Regulation is that "( ... ) 
any material or article intended to come into contact 
directly or indirect ly with food must be sufficiently inert to 
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preclude substances from being transferred to food in 
quantities large enough to endanger human health or to 
bring about an unacceptable change in the composit ion of 
the food or a deterioration in its organoleptic properties" 
[7]. Lead and cadmium assays, performed at the end of the 
storage period, d id not detect the presence of these elements 
in the water samples. Accordingly, the concentrations are 
below the detection limit o f the apparatus, which are 0.46 
~tg/L and 1.48 ~tg/L for cadmium and lead, respectively, 
fulfilling legal criteria for perforn1ance of analytical 
methodology [6]. Thus, it can be concluded that the 
concentrations are also below the maximum parametric 
value (< 5 ~tg/L Cd, and < 25 ~t g/L Pb) [6]. 

4. CONCLUSIONS AND FUT URE WORK 

From this study emerges the importance of selecting a 
method of manufacture of ceramic bottles that ensure the 
achievement of uniformity of packaging and its tightness. 
As future work, it would be interesting to test an al ternative 
to glaze for the manufacture of ceramic packages. The 
vitrification of the ceramic material, could contribute for a 
significant reduction of the total porosity of the packages, 
reducing in that manner the loss of water evidenced in th is 
work. 
Another possibility is the use of a ceramic paste which does 
not acquire porosity after firi ng. The surface of these 
containers would not be wrinkle, will be almost smooth, 
resulting in an easy cleaning and d isinfec tion. 
These studies need to be canied out fi rst with "model­
packages systems" that could set variables related with 
packaging and the posterior use of mathematic models to 
predict migration phenomena at different conditions, 
specially storage temperature. 
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ABSTRACT 

Whey is a by-product of the dairy industry, which for 
years was thought to be insignificant but also problematic 
to dispose of for several reasons. Taking into consideration 
its high BOO; (35.000- 55.000mg Oi litre) along with the 
fact that over 145.000.000 tons of whey is produced 
worldwide annually, the desire for new methods to utilise 
whey can be appreciated. Over the last years, several 
sl1tdies were carried out concerning the importance of 
whey's nutritional value and the propet1ies of its 
ingredients. It is now accepted that its main content, whey 
proteins. have antimicrobial, antiviral and anti-oxidant 
properties, can offer a kind of protection against cancer and 
heart diseases and assist at the enhancement of immune­
defence. The aim of this work is firstly to put together all 
the necessary information about whey. ingredients, their 
properties and their potential uses and secondly to present 
and describe known methods of processing it for either 
isolation of its several useful and mainly bioactive 
ingredients and further usage of them in food <md 
pharmaceutical production. 

INTRODUCTION 

Whey is the watery and thin liquid, received during 
cheese making by coagulating and separating casein 
proteins fi·om milk. In the case of sweet whey rennet type 
enzymes are used at a min pH of 5,6 to induce coagulum 
and in the case of acid whey coagulum is created when 
milk is acidified by lactobacillus culture or mineral acid at 
a m<LX pH of 5. 1 Whey's composition and sensory 
characteristics vary depending on the kind of the whey 
(acid or sweet), the source of the milk (cow, sheep, bovine 
milk etc) and the feed of the animal which produced the 
milk, the cheese process used, the time of the year and the 
stage of lactation. Increasingly, over the last few decades, 
dairy companies have applied different technologies to 
process cheese whey resulting in its separation into its 
principle components, comprising fractions enriched in 
proteins, lactose and minerals. These technologies have 
been generally based around crystallisation, membrane and 
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chromatographic processes. Converting these semi­
conunodity products into added value products is the 
challenge facing the industry presently. 

WHEY COMPOSITION 

Lactose 

Lactose stands for up to 5% of the whey composition. 
Lactose is a disaccharide tltat is consisted of D- glucose and 
D-galactose bonded together with a b-1 ,4 glycosidic bond. 
It can be found in two forms: a-monohydrate and 
anhydrous-b that can come to equilibrium when dissolved 
in water. The psychochemical properties of lactose include 
sweetness, flow ability and anti-caking qualities, affinity for 
surfitce adsorption of colors and flavor volatiles. wet 
ability, dispensability and solubili ty, tableting properties. 
The intense of at least some of these vary for the different 
forms of lactose. For example, the pure crystalline system 
form absorbs less water than the amorphous glass lactose. 

Whey Protein 

Whey protein is consisted by individual proteins and 
peptides. It has great nutritional value thanks to its high BY 
(BV is a measure of the percentage of a given nutrient that 
is utilized by the body). (Xu 1996) Whey protein. 
compared to other food. is rich in essential amino acids and 
has more than 20%, w/w of the branched chain amino acids 
(leusine, isoleusine and valine). These amino acids are 
thought to be metabolic regulators in protein and glucose 
homoeostasis. and in lipid metabolism, and because of that 
they can play a role in weight control. Apart from these 
compounds, whey protein is also rich in sulphur amino 
acids (methionine, crysteine). which participate as ami­
oxidants. as precursors to the potent intracellular anti­
oxidant glutathione, and in one-carbon metabolism (Xu 
1996) 

But apart from its high nutritional value it also has many 
other notable factions such as: 
• Prevention of cancer (Gill and Cross 2000) 
• Increment of gluthatione levels (Parodi 1998) 
• Antimicrobial activit ies (Clare et al. 2003) 
• Increment of satiety response (Hall et al. 2003) 
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Compared to casein protein which arc responsible for the 
coagulum. whey protein are more heat sensitive, less 
calcium sensitive and can engage in thiol-disulfide imer­
changes to form oligomeric stmctures ( Xu 1996). Whey 
proteins are globular molecules with a substantial content 
of a -helix motifs, in which the acidic/basic and 
hydrophobic/ hydrophilic amino acids are distributed in a 
fairy balanced way along their polypeptide chains (Evans 
1982) 

Whey protein is basically consisted by a-lactalbumin (a -
La), fj-lactoglobulin (p- Lg), bovine serum albumin (BSA), 
casein-derived peptides (CDP), lactofctTin (U), 
lnctoperoxidase (Lp) and immunoglobulins(lgs) (Xu 1996)) 

u-Lactalbumin 

a- La consists 5 - 25% of total whey protein and its ratio 
to ~-Lg in whey is I :3. lt is fully synthesized in the 
mammary gland. a- La acts as a coenzyme for the 
biosynthesis of lactose. lt contains 123 amino acid residues 
(including lysine, leucine, tlu·eonine, tryptophan and 
crysteine) and a molecular weight of 14.175 Da. (Madureira 
et al. 2007). It has a globular stmcture, containing four 
disulphide bonds , four a helices, two regions of /3 
stmcture. several regions of consisting of a helix containing 
three turns per ten residucs and a Ca 12 binding loop. 

a-Lactalbumin is a mctalloprotein because it binds metal 
ions, basically calcium. This ability of a- La is thought to 
offer protection from thermal denaturation. It has also been 
sntdied for anti cancer ability. In particular, it assists in 
cancer prevention (de Wit 1998). It contributes to reduce 
the risk of incidence of some cancers- as it constrains cell 
division. when incubated in distinct mammalian intestinal 
cell lines (Ganjam el al. 1997). It was also demonstrated 
that a- La possess antiproliferativc effects in colon 
adenocarcinoma cell lines, delaying initiation of cell 
aptoesis. after 4 days of growth with low concentrations 
(I 0-25!tg/ml) ( Stemhagen and Alien 200 I) (Madureira et 
al. 2007). 

a- La also assist to the treatment of clu·onic stress­
induced disease. An imbalance of brain serotonin function 
was claimed to be a fi1ctor mediating the effect of chronic 
stress on cogntttve performance; serotonin release 
decreases under explosure to chronic stress. thus decreasing 
the available concetmations of brain serotonin and 
tryptophan both of which cause serotonin activity to fall 
below functional needs. Due to its high tryptophan content 
(ea. 6%,w/w) a diet based on a -La increases the plasma 
tryptophan- large neutral amino acids ratio (Marktts et al. 
2002) (Madureira et al. 2007) 

p Lactoglobulin 

P Lactoglobulin is the dominant whey protein with a 
conccnu·ation of 50-60 %. The protein exists as a dimmer 
(molecular weight 36.700Da) (Madureira et al. 2007) in 
solution because of electrostatic interactions between 
Asp 130 and Glu 134 of one monomer with corresponding 
lysyl residucs of another monomcr (Xu 1996). But its 
quaternary structure depends on medium pH Despite its 
globular natme, in its isolated form it has low solubili ty and 
low ionic strength. The native conformation is sensitive to 
heat and pH; at tcmperatw·es < 25°C and pH> 7 .0. it forms 
octamers (at pH values between 7 and 5.2, molecular 
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weight 140.000Da). It is synthesized in the mammmy gland 
and it has several genetic variants, with most common of ull 
0 Lg A. It is composed mainly of 13-sheet motifs, and 
consists of 162 amino acid residues (at pH values between 
5.2 and 3.5. molecular weight. 18.277Da). It can also be 
found as a monomer with two crysteine residues (at pH 3 or 
above 8). 

fi Lactoglobulin's biological role is not completely clcnr 
but it is thought that it has a role of transporter. In 
particular, to the passive immunity of the new born and in 
regulation of phosphoms metabolism at manunary gland 
(fun·ell et al. 1987). lt also binds retinol. and other small 
hydrophobic ligands, which it is believed to assist to the 
absorption and availability of Vitamin A (Burrington 
2002). 

Bovine Serum Albumin 

In difTercncc with a-Lactalbumin <l!ld ~ Lactoglobulin, 
BSA is not synthesized in the mammary gland but it is 
found in milk because of a passive leakage fi·om the blood 
stream. It is a large globular protein. with a molecular 
weight of 66.267 Da. Its single polypeptide chain is 
consisted of 582 amino acid residues and it has seventeen 
inu·achain disulfidc bonds and one fi·ee thiol group at 
residue 34.Thanks to its big size ;md its sn·ucntre can bind 
in free fatty acids. other lipids and Oavor compounds. BSA 
is been studied for its ability to inhibit tumor growth; in 
vitro incubation with human breast cancer cell line MCF-7 
has provided adequate evidence thereof. which lies on 
modulation of acti vities of the autocrine growth reg1tlatory 
factors (Madureira et al. 2007) 

lmmunuglobulins 

lmmunoglobulins. also known as antibodies, represent 
about 9% of whey protein. They constitute a complex 
group, the elements of which are produce by 8-
lymphocytes, and they belong to a family of related 
structural glycoproteins. Two light and two heavy 
polypeptide chains compose Igs. All chains arc joined with 
disulphide bonds and the whole structure has a molecular 
weight of about ISO,OOODa. Igs have five isotypes JgG 
(lgGI and IgG2). IgA, IgD, IgE and IgM, that differ in 
SUl.tCture but have the same size. electrophoretic charge and 
carbohydrate content. 

Inmwnoglobulins assist m the increase of the passive 
immunity of the newboms. There are also studies about the 
collaboration of immonoglobulins wi th human rotavirus 
serotypes in order to prevent or treat enteric disease caused 
by viruses. In that direction there is also a conu·ibution to 
the treatment of infant gastritis by applying a diet that 
includes immune milk containing certain anti - H 
(Madureira et al. 2007). 

Lactoperoxidase 

Lactoperoxidase (LP) is a glycoprotein and in whey 
represents I% (w/w) of the total protein content. 1t is also a 
conunon enzyme in milk of various species but not in 
luunan milk . Its molecular weight is about 78,000Da, with a 
heme group and its primary struc111re is yet unknown. It has 
an iron content of 0,0689-0.709% while its carbohydrate 
content is 9.9-1 0.2%. It is known that at its secondary 
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stmcture 65% of the molecule exists as B-stmctures, 23<Yo as 
a-helix and 12% as uncoordinated structures (Xu 1996). 

Lactoperoxidases's activity depends on many factors such 
as animal species, breed and lactation cycle (Madureira et 
al. 2007). Lactoperoxidase along with lactoferrin and 
lysozyme comprise the non-inununoglobulin protective 
system in m.ilk. Many studies tried to explain the 
antimicrobial mechanism of peroxidase and it is concluded 
that this is affected by the parameters of the environment 
where it acts. LP as an enzyme is more active at acidic pH 
(Wever et al. 1982). there is dependence between 
antimicrobal activity and the ion that plays the role of the 
electron donor and fi nally the LP is completed with the 
presence of along thiocyanate ion and hydrogen peroxide 
(Rei ter and Perraudin 199 1 ). 

Lactofcrrin 

Lactoferrin is a monomeric glycoprotein that belongs to 
the family of the transferrins. It has a molecular weight of 
80,000Da and it has the abili ty to bind very tightly two iron 
ions with two cot. LF has a strong basic character with a 
pi between 8 and 9. 

Lactofcrrin can be characterized as a mult ifunctional 
protein. It has antimicrobial. anti-inflammatory, 
anticarcinogenic, immune-modulatory and bone growth 
fac tor properties (Brisson et al. 2007).The antimicrobial 
activity of lactoferrin was first thought to be clue to its iron­
binding property. The way it works is either because iron is 
sequestered from bacterial pathogens resulting to inhibition 
of their growth or by direct binding to their microbial 
mcbrane (Maclureira et al. 2007) (Smithers 2008). But its 
antimicrobial action is not only applied to bacteria with iron 
requirements. Lf can bind to Lipid A lipopolysaccharides 
(LPS) resulting to structural changes to the membrane of 
Gram- negative bacteria. 

The antioxidant activity of lactoferrin has been 
demonstrated recentl y in a study of shelf life stability of 
spray-dried emulsions. The latter contain unsaturated fatty 
acids which are vulnerable to oxidat ion. This causes the 
development of an un-wanted rancid taste and a negative 
nutritional impact. 

WHEY UTILIZATION 

The technological advance of the last decades helped both 
in the study of whey components but also in suggesting 
new methods of their isolation and the production of 
improved or totally new products. Nowadays there are 
applications that arc based on the psychochemical, the 
mmitional, the physiological and the bioactive properties of 
both lactose and the whey proteins. 

Lactose 

In food industry lactose is widely used in order to reduce 
sweetness, to increase self life and to gain price advantage 
in several products such as soups. sauces, instant drinks, 
spice mixes and meat products. 

Lactose is also widely used as substratum in industrial 
fermentations, which lead to products of added value, such 
as: 

• Alcohol. from spices Kluyveromyces or by modified 
members of Saccharomyces. This can also lead to the 
production of SCP 
• Xanthane, from special cultivations of microorganisms 
(bacteria X;unhomonas campestis). 
• Gellan gum, from from special cultivati ons of 
microorganisms (bacteria Sphingomonas paucimobilis) 
• Citric acid, from from special cultivations of 
microorganisms (fungus Aspergillus niger, galactic and 
propionic bacteria) 

The relative added va lue of processing and refinement of 
lactose is like a pyramid. At the base of the pyramid is the 
permeate. The value of permeate is related to the energy 
content in the form of lactose. Recovery of edible lactose 
via crystallisation fro m permeate provides a signi ficant step 
up in value of about 3-5 times. Further value is added by 
upgrading from edible grade lactose to pharmaceutical 
!:,rrade for application as a pharmaceutical excipient in tablet 
and capsule manufacture. 

Whey JH"Otein 

Whey proteins have been used as food ingredients for a 
long time, because of their excellent functional properties 
that include high solubility, foarming capability, water 
binding capabili ty, emulsi fying properties, gel formation 
abil ity ( Garcia-Garibay et al. 2007) 

These properties are the result of the interaction of the 
whey proteins with water and other food components. For 
example the hydration of the proteins is re lated to 
solubility, water absorption, viscosity and other. While the 
hydrophobic and the hydrophilic dominions of the proteins 
result to their emulsifying and foaming capabilities ( 
Garc ia-Garibay et al. 2007) . 

The first step that should be taken. in order to Lake 
advantage of the properties of the whey proteins, was to 
separate and concentrate them. This way, Whey Protein 
Concentrates (WPC) are created. WPC can contain 35%, 
50%, 65% and 80% (w/w) protein. There are also Whey 
Protein Isolates (WPI) that contain at least 90% (w/w) 
protein and thought to be products of high quality and 
puri ty. WPC also contain lipids. minerals and lactose. 

Whey protein concentrates c:m perform a number of 
f1mctions in food products and because of this arc now used 
to replace other addi tives (eg. m.ilk powder, egg albumen) . 
According to the characteri stic of the food WPC can have 
one function or can have multifunctional roles. Whey 
proteins m·e soluble at their isoelectric point \vhile other 
food proteins (with isoelectric point m·ound 4.5) are 
insoluble. Because of this WPC c;m be added in acidic 
beverages where proteins dissolve and their aminoacids 
interact with water molecules. In beverages with pH closer 
to neutrality WPC are used as emulsifiers, nutritional 
supplements, to add viscosity or to provide turbidity. They 
can also used in gel systems in order to contribute to matrix 
formation and to bind other molecules (eg. water, fat). 

The next step was U1e creation of whey fractions that 
contain a higher proportion of a particular protein than that 
present in whey solids. The idea of using the properties of a 
dominating protein is obviously less general but it focuses 
in covering needs in specific areas. Finally the latest 
achievement is the isolation of each protein separately in 
order to offer certain functional advantages. 



METHODS USED FOR WHEY UTILIZATION 

The processing options for whey can be divided in four 
major categories (Zadow 2003). a) Those concemed with 
simple removal of water. such as spray or roller drying to 
yield whey powder. b) Those concerned with increasing the 
ratio of protein in the final product. such as memb~·ane 
process for WPC. fraction processes for the production of 
protein isolates etc. c) Those concerned with the utilization 
of lactose in whey, such as treatment with lactase or heat/ 
acid for lactose - hydrolyzed products. fennentation to a 
range of products. d) Those to alter the mineral composition 
of the product, such as electrolysis and ion exchange for the 
manufacture of de-mineralized products. At this -point the 
methods used during the util ization will be discussed 
according to the desirable final product. 

Whey powders 

Whey drying is the simplest operation used in whey 
utilization. It aims and it is used just to reduce the amount 
of moisture in order to produce whey powders. Typical 
traditional whey drying operations consists of evaporation 
in multistage vacuum evaporators, followed by spray or roll 
drying. Whey is first ly concentrated in 40-70% total solids 
and then by the use of a spray d1yer or a roll d1yer moisture 
is removed unti l the final product reaches 5% moisture 
content. Although it sounds as a simply process it can get 
pretty complicated partly because of the high lactose 
content in whey. Necessa1y stages arc the pre­
crystallization of lactose before the drying in order to 
minimize problems of hygroscopicity as well as the careful 
manipulation of the heat conditions to minimize problems 
caused by the heat sensitivity of whey proteins (Jelcn 
2002). In the case of the production of non-hygroscopic 
whey powder, a holding period is required to allow the 
crystallization of lactose imo non-amorphous, non 
hygroscopic fonn prior to dtying. But lactose may causes 
defects. such as lumping or caking to the final product. If 
drying is rapid a- lactose may not have enough time to form 
as monohydrate and it form as amorphous a-lactose, which 
is highly hygroscopic and it will absorb moisture from air 
resulting in a hydrate that occupies more space than the 
amorphous form (Zadow 2003). 

Whey protein separation 

The basic idea behind the manuf.1cture of whey protein 
concentrates. isolates and fractionates is the separation of 
the proteins from the rest of the whey components at a first 
stage and then the f~urther concentration of the retentate by 
evaporation and spray dty ing. At this poim it is important to 
underline the distinction between concentration and 
fractionation. Concentration aims at the equal increase of 
the content of each protein in a mixture. meaning that the 
relative amount of each protein does not change as the 
liquid is condensed to a smaller volume. On the other hand. 
fractionation divides a protein mixture into different 
portions, each having differem amounts of each protein 
compared to the feed solution and it can even be more 
dilute than it (Etzel2004). 
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There arc several processes to separate the proteins from 
whey. which can be divided in four main categories (Etzel 
2004): 
• Selective precipitation, this process involves the 
adjustment of the solmion ' s physical properties to promote 
insolubility. Proteins are typically least soluble at a pH near 
their iso-electric point <Uld in low ionic strength solutions 
and most likely to aggregate under these conditions. · 
• Membrane fil tration, this process is based on the 
differences in molecular mass. It involves passage of whey 
near a membrane with a pore size such that low molecular 
weight corupotmds (like salts. lactose) pass through it 
while higher molecular weight components (like proteins) 
are retained. 
• Selective adsorption. in this process a single purified 
protein is produced in conjunction with a treated whey 
solution depleted in that protein. 

Selective elution is a more sophisticated alternative of 
selective adsorption. In this process all the proteins in a 
mixture arc trapped simultaneously onto the absorbent 
rinsed fi·ee of contaminants, and then eluted one-by-one t~ 
manufacture many different purified proteins. 

Applications- Methods most commonly used 

The separation of whey protein is used for the production 
of whey concentrate, isolates, fractionates. As mentioned 
above there are several methods to do so but based on cost 
easy application and technology innovation some of then~ 
are widely used in commercial basis. In tllis section the 
most important/ common or promising of them will be 
discussed. in ten11S of their application process and the final 
product given. 

Heat 1>rccipitation (Thermocoagulation) ami/or 
Sclccth·c precipitation 

Whey proteins are heat sensitive and can be precipitated 
by heat treatment under appropriate conditions of pH and 
ionic strength. This property is used in the manufllcture of 
lactalbumin . Lactalbumin is the product that derives from 
heat prec ipitation of whey proteins and it is a mixture of 
denatured a-lactalbumin, P-lactoglobulin and other whey 
proteins. For its production whey is heated to denature 
coagulate and precipitate the whey proteins; the sediment is 
recovered by seuling and decantarion (or centrifugation), 
washed to remove excess salt and lactose, and the product 
recovered by centrifugation or filtrat ion prior to drying, 
grinding and bagging. The heat treatment used results to 
extensive denaturation of whey proteins therefore the final 
product is of poor functionality. Because of that, 
lactalbumin finds its best applications in products where 
protein fortification is necessmy , but it' s not required to 

provide any functional properties (Zadow 2003). A 
potentially att ractive whey puri fication process based on 
thermal precipitation was introduced by Pearce (1983). 
Whey concentrated is heated to 65 T at pH 4.2, which 
causes a-lactalbumin aggregation and eo-precipitation of 
BSA and immonoglobulins. The supernatant is collected 
and purified using diafiltration yielding a highly purified P­
lactoglobulin product (Zydney 1998). Tecluliques for the 
separation off3-lactoglobulin and a-lactalbumin have been 
developed based on the reversible U1ermocoagulation of 
latter. Whey or a mixh1re of these two is heat tre:ned at 
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moderate temperatures(< 55°C) for several minutes at low 
pH, produces the reversible aggregation of a-lactalbumin, 
which can then be separated from the mixture by 
roicrofiltration: the permeate , rich in ~-lactoglobulin can be 
treated separately by ultrafil tration I diafiltration to 
concentrate the protein, while the a-lactalbumin in the 
retentate can be redissolved at neutral pH and then 
concenn·ated by ultrafiltration ( Bramauld et al. 1997; 
Gesau -Guizion et al. 1999) (Garcia-Garibay 2007). 
Selective precipitation can be accomplished using pH, salts 
and temperature. In the case of B-lactoglobulin at pH 4.65 it 
can be selectively separated from whey. ~- lactoglobulin 
can also purified by selective precipitation of other whey 
proteins at pH 2.0 using 7% NaCI (Mailliart abcl Ribadeau­
Dumas 1988: Mate and Krochta 1994 ). B- lactoglobulin and 
BSA can be selectively precipitated with the use of7.SmM 
FeCh at pH 4.2 :md 4°C (K<meko et al. 1985). yielding a 
supernatant concentrated in a-lactalbumin and 
immonoglobulins. Immonoglobulins can selectively 
precipitated from whey using a1runonium or sodiwn sulfate 
(Maubois and Ollivier 1997) (Zydney 1998). 

Although these processes have generated considerable 
commercial interest. they have not be widely implemented 
for large-scale whey protein purification because of their 
complexity, high cost, low overall yield, poor sensitivity, 
and/or unacceptable product degradation associated with 
the extremes of heat, pH, or salt used during the process 
(Zydney 1998). 

Membrane tu·ocesses 

Membrane systems are used extensively throughout the 
diary industry to control protein. fat and lactose content of a 
variety of products. Theses membrane processes have been 
successful because they can be effectively and 
economically implemented at the large scale required for 
most dairy applications (Zydney 1998). These techniques 
are basically filtration processes in which tiny - diameter 
porous membranes arc used as filtration media in order to 
separate solid components from liquid phase. These 
processes have been used for whey treatment since the late 
1970s and early 1980s, using cellulose acetate membranes 
in the early stages of development . \Vhich were later 
replaced by more resistant and durable membranes made of 
plysuphones or polyethersulphones (Garcia-Garibay 
2007).Pressurc driven membrane techniques used to 
produce whey protein concentrates and isolates are reverse 
osmosis, ultrafi ltration, microfiltration and nanonofil tration. 
Electrically driven membrane processes used arc 
electrodialysis and electroelectrodeionization. Foegeding & 
Luck 2002). 

Filtration(s) 

The most commonly method used in the manuf<1cture of 
WPCs is certainly Ultrafiltration. It has been alone or in a 
combination with another membrane processes such 
microfiltration or nru1ofiltration. The principal aim of 
ultrafiltration of whey is to concentrate the native or pre­
denaturcd whey proteins in order to obtain a whey protein 
powder with varying protein content and reduced 
lactoseand ash content (Da Costa et al. 1993: Huffman, 
1996: Mm·shall , 1982) (Altra et al. 2005). 

Ultrafiltration (UF) uses polymeric or ceramic 
membranes, which are fu lly retentive to the whey proteins, 
to remove lactose and minerals. yielding a rctentate stream 
that can be fmther processed by evaporation and spray 
drying. The net result is a whey protein concentrate tl1at is 
around GO% protein by weight. The l<lctose and mineral 
content in whey can be fi.trthcr reduced using a subsequent 
diafiltration (DF) in which deioniscd water is continually 
added to the retcntate while lactose and minerals are 
simultaneously removed in the liltrate. This combined UF­
DF yields a hi gh value retentate of about 85% protein 
(Zydney 1998). Nru10fi hration can also be used for 
concentration of the whey up to 20-24 % w/w solids, or 
altemativcly for concentration of the permeate which 
penetrates the membrane during ultrafi ltration processing of 
whey and it which contains lactose in the same 
concentration as in the water phase of the original fl uid. 
(Atra et al. 2004) Finally. ut.icrofiltration has been 
examined for the removal of residual lipids from whey, 
prior to UF and sterilization of whey (Lee & Merson, 1976; 
Merin el al. 1983). This often involves heat treatment 
and/or pH adjustment to aggregate lipids and calcium 
phosphates (Fauquant ef al. 1985; Gesan el al. . 1995). 
(Maubois and Ollivier 1997; Zyclney 1998). 

Microfiltration can also be used to remove 
microorganisms from whey thus reducing the bioburden 
without need lor high temperature pasteurisation 

Chromatographic fractionation of whey proteins 

Absorption chromatography is a separation technique that 
has great potential in the isolation of functional dairy 
protein ingredients with retemion or bioactivity, as well as 
meeting essential criteria such as cost effectiveness and 
consistency of operation (Nielsen et al. 2002). 
Chromatography has been successfully used at large scale 
at biotechnology industry to separate components of high 
value, while maimaining their biological activity. By 
contrast the dairy industry has not exploited this 
technology to its maximum potential (De Silva et al. 2003). 
Ion exchange chromatography (IEC) is one of the methods 
used in the manufacture of WPis . The principle behind ion 
exchange chromatography used in WPI's and more 
particularly, ion exchange membranes separation is the 
reversible interaction between target protein and membrane 
functional groups. It provides an additional level of 
selectivity above membrane processing because fac tors 
other than molecular size determine protein absorption. 
Separating whey protein on the basis of their iso-clcctric 
points gives two district groups: the major whey proteins B­
lactoglobulin (~-lg), BSA and a-lactalbumin (a-la), which 
arc negatively charged at the pH of rennet whey (pH 6.2-
6.4): and nt.inor whey protein lactofcnin and 
lactoperoxidase that hold a positive net charge at the pH of 
whey (Goodall et al. 2008). In IEC cationic resins 
(negatively chru·ged) are used to retain the positively 
charged proteins at the pH of whey (LF and LP): at the 
same pH, the other major proteins, n-lg, a-la and BSA, are 
negatively charged: thus, they are not retained by the resin, 
obtaining a fraction rich in this proteins. LF and LP are 
later released by elution with alkaline solutions. 
Thefractions are finally washed and spray dried. (Pearce 
1992: Chiu and Etzel 1997) (Gru·cia-Garibay el al. 2007). 
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Other methods of whey fractionation 

Experimentally. several techniques are curremly being 
explored. Two interesting cases arc those of colloidal gas 
aphrons (CGAs) and molecul<u· imprinting. CGSs are 
microbubbles created by intense stirring of surfactant 
solutions. Their large interfacial area per volume. short 
separation time from bulk phase. and low viscosity make 
thern particularly attractive for protein separation. Fuda et. 
al. 2004 ;2005 investigated the fractionation of whey 
proteins using CGAs generated with either the anionic 
surfactant sodium bis-2-ethylhelix sulphosuccinate or cetyl 
trimethyl ammonium bromide and proved U1at CGAs can 
be analogous to ion exchangers when applied to whey; the 
selectivity of the process can be manipulated by changing 
the type of surfactant. pH and ionic strength. 

Electrodialysis 

Electrodialysis (ED) is a unit operation that uses 
scmiperneable membranes for the separation or 
concentration of electrically charged particles (ions) from 
nonionic particles or species in a solution. The key to this 
process is also the use of ion selective membranes. These 
membranes arc ion exchange resins cast in sheet form, 
which allow the passage of positive ly charged cations (e.g., 
sodium or potassium) or anion (e.g., chloride or phosphate). 
To achieve sepm·ation by means of ED. cation and anion 
membranes are alternated with plas tic spaccrs in a stack 
configuration wi th the anode at one end and the cathode at 
the other. The spacers, usually made of low density 
polyethylcne are arranged in the membrane stack so that all 
the concentrated streams are manifolded together. A direct 
electric currem applied across the electrodes create a 
driving force. (Roberts and Mostcrt 2003) 

In difference to ion exchange, ED results in products of 
somewhat different composition. The IE process is 
relatively non selective and removes both monovalent and 
polyvalent ions, whereas EO is more dependent on ionic 
mobility and tends preferentially to remove monovalent 
ions. ED is classic whey demineralization process wi th a 
well proven technology and with a multihJdc of systems 
operating around the world. Economically, only 90°1.) 
demineralization is possible with ED; 50-75% is regarded 
as being more viable from a practical and economical point 
of view. The value of 90% is considered the practical limit 
of sa lt removal due to decreasing electrical conductivity 
wi th demineralization. ED is likely to have advantages for 
plants with high hourly utilization rates. for the 
manufach1re of products that do not require high levels of 
demineralization. and where low cost electricity is 
available. 

Lactose processing options 

The options for treatment of whey involving lactose can 
be divide in three categori es (Zadow 2003) : a)those 
involving a fermentation step, there are many options that 
have been investigated such as production of biogas. 
biomass, ethanol, lactic acid and citric acid b) those 
invol ving separation of the lactose and its uti lization. The 
manufacture of lactosc(normally a-lac tose hydrate) 
generally involves removal of protein, concentration, re-

filtration. further concentration, induction of crystallization 
and separation of crystal with a basket certifhge. c) thos~ 
involving enzymatic hydrolysis of the lactose to produce 
galactose and glucose. The hydrolysis of lactose yields the 
sweet soluble sugars, glucose and galactose. thus increasing 
the applications of the product. Such hydrolysis can be 
carried out by treatment of whey wi tl1 lactase (B­
galactosidase) or by treatment of dcproteinizcd whey at an 
elevated temperature and lovv· pH. 

CrcamoProt® method 

According this patented technology the whey is first 
introduced in a UF unit where protein is concentrated and 
the retentate which is enriched in protein compared to the 
input whey (whey concentration ratio approx =27) is then 
fed in the CreamProt unit where is relented at high 
temperature in order to happen microparticulation of the 
protein molecules and to be fonnecl globules of size 0,5- 15 
~1m with diameter similar of the fat contained in the milk. 
This globules can be associated easily with casein micelles 
and for this reason the creamy product which comes out of 
the CreamProt® process can be recycled and incorporated 
in cheese production. 

CONCLUSIONS 

Whey can be a great base for the creation of a series of 
new products or an ideal alternative compounds to more 
traditional ones thanks to the properties, functions and 
chemistry sm1cturc of its components. Whey's components 
and especially lactose and the main proteins (a­
Lactalbumin, fHactoglobulin and bovine scrum albumin) 
have been extensively studied. But there is certainly room 
for further research, mostly in the cases of the proteins that 
are included in a smaller percentage but they have great 
biological value. The fi rst studies are very encouraging for 
the properties and their potential applications, of these 
proteins. The teclmological innovations along with the 
increasing demand for these compounds give optimistic 
aspects for their further study. 

Apart from the obvious economical advantage of whey 
utilization there is the ecological concern as well. An easy 
to describe but complicated to apply. approach to total 
utilization of whey would be to first purify whey, then 
separate it to its main components lactose, whey protein 
and delaclosed permeate (DLP). Using tl1e already exciting 
methods lactose and whey proteins can be further processed 
for the manufacture of various products. while in the case 
of DLP utilization there is still a lot of room for 
investigation of the applications (a first approach is to used 
at the production of biogas. as renewable energy source) 
and the economical aspects of it. 
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ABSTRACT 

In this study, the variability in olive yields per individual 
tree within homogeneous plots of trees was analyzed as well 
as the variability on the mean olive yields of each plot or 
trees over a period of years. Data supporting this work were 
recorded from two dry farmed olive orchards located in 
Bragan~a and Mirandela, NE Portugal. From each olive 
orchard data were collected separately from two different 
plots, where the ground was managed by conventional 
tillage or by using post-emergence herbicides. The number 
of tagged trees per plot was I 0 and 12. respectively in the 
plots of the orchards of Braganp and Mirandcla. The olive 
yields were recorded per tree during a period of eight 
consecutive harvests (Dec. 200 I to Dec. 2008). The 
sequential analysis of the olive yields of each tree showed 
individual alternate bearing cycles likely caused by 
source/sink relationships. The trees would adjust the crop 
load as a function of their reserves. The collapse in the 
production involving all the trees in a plot (an off year) was 
probably caused by external environmental factors such as 
freezing, warm air conditions or drought. In this study. the 
off years were more frequent in Bragan~a, located in the 
North of the ecological range for olive growth. 

INTRODUCTION 

Alternate bearing has been recol':nized as one of the most 
significant constraints facing the~ oli ve growers (Dclgado et 
al. 1994; Bouranis et al. 200 I; Sibbett and Ferguson 2002; 
Rodrigues and Corrcia 2009). After a year of a good crop a 
lighter one usually follows. However, the costs of fertilisers, 
pesticides, pruning, irrigation and harvest are almost 
constant for a certain level of management and almost 
independent of the crop load. which significantly reduces 
the profit in the off years. 

The fructification habits of olive, with the apparent overlap 
of two consecutive production cycles, may have a significant 
role in biennial bearing. It seems that floral induction can 
occur by summer (Fermindez-Escobar et al. 1992). Thus, the 
flowering potential for the next year is determined by the 
presence of more or fewer fruits in the preceding year, as 
reported by Ramos et al. (2000). Fermindez-Escobar et al. 
( 1992) tried to relate the gibberellins produced by seeds with 
the inhibition of floral induction . Lavee et al. ( 1986) 
reported the possible involvement of phenols found in the 

leaves during the bearing years in the regulation of the 
alternate fruiting in olive trees. 

A large crop in a year depresses tree reserves. It is widely 
accepted that biennial bearing is mainly regulated by the 
competition for resources between shoots and fhlits which 
develop simultaneously. The sink capacity of a high number 
of fruits limits the vegeta tive growth. reducing the length of 
the new shoots. The reduction in the number of nodes and 
in leaf area reduces, respectively, the potential sites for 
flower initiation and the source size for the next season 
(Rallo and Suarez 1989). 

A matme olive tree produces about 500,000 flowers 
although only 1.2 % of the population are required as fhtit 
to establish a commercial crop (Martin 1990) . Part of the 
flowers in an olive tree is staminate due to pisti l abortion. 
Pistil abortion can occur through the entire period of pistil 
development. but increases during the phase of rapid 
growth , around a month before bloom (Cuevas et al. 1999). 
Then, a massive abscission of flowers and young fh1its can 
be observed in the first 35 to 40 days foiiO\ving full bloom 
(Rallo et al. 1981 ) . In spite of genetic factors having been 
proposed as responsible for the intense pistil abortion and 
abscission. since there are some cultivars showino more I;> 

accentuated alternate bearing cycles (Medeira et al. 2002), 
the number of fruits that persist is mainly regulated by 
available carbohydrates. The inl1orescence behaves as a unit 
of fruitfulness, where the competition for reserves among 
the developing fruit s seems to be the main factor in 
re~:,Tl.IIating final crops (Suarez et al. 19X4; Rallo and 
Fermindez-Escobar 1985: Cuevas et al. 1995). Thus. the 
higher the crop in the preceding year, the higher is the 
depletion of tree reserves and the smaller the next crop. 
Cropping conditions may have also an important role in 
!ruit set. A poorly managed orchard, wi th regard to pruning, 
fertilisation or irrigation may accent1tate the severity of 
biennial bearing (Lavee et al. 1983 : Sibbctt and Fcrguson 
2002). 

This work focuses on the analysis of the olive yields of 
individual trees of two orchards during a period of eight 
years. as a contr ibution to the better understanding of the 
main factors ref,Tl.IIating the alternate bearing cycle in olive. 

MATERIALS AND METHODS 

Data supporting this work were recorded from two dry 
farmed olive orchards located in Miranclela (4 1" 3 1' N; 7o 
12' W) and Bragan<;:a ( 41° 48' N: 6" 44' W) in north-eastern 
Portugal. Mirandela experienced a warmer and drier climate 
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than Braganc;:a and represents the main region of oli vc in 
NE Portugal. Braganc;:a is the northern limit of the 
expansion of olive. In Mirandcla the mean annual 
temperature and precipitation are 14.2 "C and 520 mm, 
whereas in Braganc;:a the mean values of temperature and 
precipitation are 11.8 "C and 74 1 nun. Both the Mirandela 
and Bragan r;a orchards are p lanted on Leptosols derived 
fi·om schist. Some physical and chemical properties o f soils 
before the trial start, in October 200 l, were presented in 
table I. The Mirandela orchard is a 20-yem·s-old plantation 
of the cv. 'Cobran<,:osa', spaced at 7 m x G m. The Braganc,:a 
orchard is an old plantation of more than 70 years. ofthe cv. 
'Cobranc;:osa', spaced at 7 m x 7 m. 

Table I . Some properties of soi ls before the trial start in 
October 200 I. 

Parameters Mirandcla Braganr;a 

pH (soil:water, I :2.5) 5.5 6.0 

Organic C (W.-Black) (g kg-1
) 3.7 5.8 

Extract. P (Eg. -Rhiem) (mg kg-1
) 23 24 

Extract. K (Eg. -Rhiem) (mg kg-1) 4H G7 

Exchang. bases (ammonium acetate. pH 
7) 

Ca (cmol" kg-1
) 3.2 11.4 

Mg (cmolc kg-1
) 2.4 3.2 

Soluble B (Boiling-Water. 
Azomethine-H) (mg kg-1

) 0. 11 0. 13 

Bulk density (Mg m·3 ) 1.6 1.5 

Texture (USDA) Loam Loam 

From each olive orchard da ta were collected separately from 
two different plots, where the ground was managed by 
conventional ti llage (two tillage yr·1 in spring w·ith a 
scarifier) or by using post-emergence herbicides 
(glyphosate, 360 g/L of active ingredient, applied once early 
in the spring in a rate of 4 L/ha). The number of tagged 
trees per plot was lO and 12, respectively in the plots of the 
orchards of Braganr;a and Mirandela. The pre-selection of 
trees was performed in October 200 I . before the ground­
cover systems had been established. and was based on the 
size of the tree canopies. 

A compound 10: 10:10 (IO'X. N, P20 5 and K 20 ) fertili ser 
was applied annually at a rate of I and 1.5 kg per tree, 
respectively in the orchards of Mirandela and Braganc;:a. 
Boron was also applied every year in a rate of 5.5 and 7.7 g 
B per tree (as Borax, !I% B) in the orchards of Mirandcla 
and Braganr;a, respectively. The fertilisers were applied 
beneath the trees' canopy. T he orchard of Mirandela was 
pruned in 2002 and 2006 and the orchard of Braganr;a was 
pruned in 200 l. 2003 and 2006. The pruning was done by 
local workers, consist ing on the removal of 15 to 33% of the 
leaf area of the trees. 

Olive yields were recorded per tree during a period of eight 
consecutive years (Dec. 200 I to Dec. 2008) . The harvest of 
the Brag an<,:a orchard was performed by using wood -sticks 
to pull the frui t down and sheets on the floor to recover it. In 

the Mirandela orchard, the harvest was performed by a 
trunk-shaker machine. 

RESULTS 

Fi!:,'ltre I shows the year ly production per tree. the mean 
olive yields per tree after e ight harvests and the mean 
confidence limit (a < 0.05) of each population data. The 
fit,'ltre shows a huge variability in olive yields among trees 
with in a year. In 
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Figure I : Olive yields per tree in the eight consecutive 
harvests from 2001 to 2008 (HOl to H08), and mean olive 



yield of each tree after the eight harvests (ii). The 
horizontal marks are the boundaries of the mean 

confidence limits (a < 0.05). 

Mirandela, in the harvest of 2008 and in the herbicide plot, 
for instance, the olive yields per tree varied from 3.3 to 18.3 
kg/tree. In the tilled plot, in 2008. the olive yields ranged 
from 4.2 to 14.2 kg/tree. In Braganp. the olive yields in the 
herbicide plot in the harvest of 2004 varied fi·om 1.2 and 
52.7 kg/tree. The mean olive yields in each plot also showed 
great variability over the years. In Mirandela, in the tilled 
plot. for instance. the mean olive yields varied from 0.5 and 
9.8 kg/tree. respectively in the 2004 und 2008 harvests. In 
Bragan<,:a. in the tilled plot. the mean olive yields varied 
between 3.0 kg/tree in 200S and 37. 1 kg/tree in 2004. In 
average. the olive yields of the orchard of Braganc,:a were 
higher than that found in the Mirandcla orchard. main ly 
due to the smaller canopy sizes of the younger trees of the 
Mirandela orchard. 

The figure I also shows a higher variability on olive yields 
within a year than the variability on the mean olive yields 
over the eight years. In spite of the great variability among 
trees in each year, the time reduced the differences among 
trees contrary to that would be expected. A poor 
performance of a tree in a year was compensated by a betler 
one in the next year. which balanced the results among trees 
over time. 

Figure 2 shows the evolution of olive yields over the years. 
It is possible to observe years where all the trees produced 
almost the same and other years where the performance of 
each tree was completely different to the others. In some 
years, all the trees revealed very small crops, for instance, 
showing themselves to be in the same phase in the alternate 
bearing cycle, whilst in other years each individual tree 
followed its own alternate bearing pattern. 

DISCUSSION 

There were years where all the trees were in the same phase 
of the alternate bearing cycle. Comparing the olive yields 
among the trees of each plot and year. they were more 
similar in the off years and very close to zero. Since these 
low crops were recorded in the same years for the different 
plots of each orchard and in different years when the 
comparison was made betvveen orchards (different regions), 
one may speculate that the off years were caused by 
environmental variables, such as fi·eczing or warm air 
conditions probably during the flowering and fi·uit set. In 
the years after a peak of low yields, the production greatly 
varied among trees in the same plot (see. for instance, data 
for Mirandcla in tilled plot . figure 1). This trend suggests 
that each tree adjusted the crop load as a function of its 0\\>11 

available resources. Thus, the performance of each tree 
would be influenced by micro-local environmental variables, 
such as soil fertility, and crop husbandry. in panicular the 
irregular and severe pruning, usually carried out in these 
regions. The lower variabi lity of mean olive yields than of 
yearly olive yields may also support that alternate bearing is 
regulated by the available carbohydrates. Each tree balances 
the crops over the long-term following its own alternate 
bearing cycle. A lack of reserves caused by a previous high 

crop may increase pistil abortion and decrease frui t 
persistence (Martin 1990). The competition between 
growing organs (fruits and new shoots) reduces the number 
of nodes and the leaf area of the new shoots that support the 
production for the following year (Rallo and Suarez 1989). 
The degree of depression caused by a heavy crop also 
depends on the orchard management (pruning. fertilisation 
ground management ... ) and on the cnvironmentai 
conditions for crop growth (ava ilable water, temperature. 
... ). 
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Figure 2: Evolution over the years [harvest of2001 (HOl ) 
to harvest of2008 (H08)] of the olive yields of each 

individual tree. 
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CONCLUSIONS 

The sequential analysis of the olive yields of each tree 
indentified individual alternate bearing cycles likely 
motivated by source/sink relationships. The tree adjusts the 
crop load as a function of its reserves. The collapse in the 
production involving all the trees in an orchard (an off year) 
was probably caused by an external environmental fltctor 
such as fi"eezing, warm air conditions or drought. In this 
study, ofT years for all trees were more frequent in 
Bragan~a. located at the northern ecological limit for olive 
growth. 
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ABSTRACT 

The intramuscular fat (IMF), recognized by the consumer 
as marbling, has a favorable e ffect on meat quality and 
therefore is an important trait to be assessed . The objecti ve 
of this work is to predict Longissimus thoracis et 
lumborum muscle (LM ) chemical IMF from marbling 
traits obtained by analys is o f real time ul trasonography 
(RTU) images. Twenty six LM samples were collected 
from Charo la is x Holstein heifers. The RTU images were 
obta ined from LM samples using a RTU scanner equi pped 
with a 7.5 MHz probe. The chemical fat o f IM F was 
dete rmined on LM samples. The RTU images were 
subjected to compute r image ana lysis to determine the 
charac te ris tics of marbling flecks. Simple and mul tip le 
regressions were established between the chemical IMF 
(Y) and the characte ristics of marbling flecks determined 
by RT U (X). Stepwise procedures were used to found the 
best fit model to pred ict chemical IMF. A la rge variatio n 
was found for the characte ris tics of marbl ing tlecks. Using 
regression analysis it was possible to predict chemical IMF 
from marbling fleck area and proportion of marbling 
flecks (R2=0 .66 and 0.82, respect ively, P<O.OOOl ). The 
best fit explains 85% o f chemical IMF varia tion . T he 
results observed in this work suggest tha t RT U assoc iated 
with image analysis was a valuable tool to predict 
chemical IMF of LM wi thout destroying the muscle chop. 

INTRODUCTION 

The amo unt of fa t and the distributio n of fa t deposits 
(subcutaneous fat, intermuscular fat and intramuscular fat) 
through the ca rcass and meat in tluence the ir commerc ia l 
value and quality (Smith et al. 2008). Amo ng these fat 
deposits, intramuscula r fat (IMF), usua lly recognized by 
the consumer as marbl ing, is an important meat qua lity 
trai t. Taste, juiciness, and tenderness, particularly in cattle, 
are influenced by marbling deposition (Wheele r et al. 
1994 ; Albrecht et al. 2006) and therefore imp roved 
acceptability and palatability can be expected for beef 
steaks wi th higher content of IMF (Jackman e t a l. 2008; 
Du et al. 2008). T he chemical fat content o f IMF 
(chemical IMF) is commonly obtained by ether extrac tio n 
method (AOAC 2000). Although this method IS 
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considered as a reference , it is time-consuming, tedious, 
expensive and destructi ve and for that reason requires 
meat that could otherwise be sold. Moreover this method 
is unable to supply the information of spatial distribution 
and size of marbling particles (Aibrecht et al. 2006; Du et 
al. 2008). It is recognized tha t the distribution and size of 
marb ling particles arc relevant for meat quality (Ferguson 
2004). Taking the advantage of the advances in image 
analysis, techniques such as real time ultrasonography 
(RTU), compute r tomography (CT) and magnetic 
resonance imaging (MRI) have been used for marbling 
evaluation both in vivo or di rectly o n meat or carcass 
(Szabo e t al. 1999; Stouffer 2004). Among these image 
techniques, and from a practical po int of view, the RTU is 
frequently e lected in animal science practices due to its 
ini tial price, the operating costs and the mobility which a rc 
attributes not found in CT and MRI. T he RTU has been 
the focus o f several stud ies on meat animals to assess 
marbling attributes (Bretho ur 2000; MacNeil and 
Northcutt; 2008; Aass et a! 2009). Although promising 
results have been obtained, furthe r research should be 
conducted to understand the muscle marbling distribution, 
particula rly within Longissimus tlwracis et lwnbonmz 
muscle (LM). To achieve this it is necessary to improve 
the use of RTU imaging technique. Actua lly a large 
number of fac to rs can influence accuracy, precisio n, and 
repeatability of RTU measurements. Most s tud ies have 
focused on effects of animal, technic ian and equipment 
(McLaren et al. 199 1; Herring et al. 1994) but image 
quality is recognized as especially important (Stouffer 
2004). It is accepted that the quality of RTU images 
depends on the type of ultrasound equipment; the process 
of image digitalization used and probe frequency (Hassen 
et al. 200 1; Sil va e t al. 2006). In recent years, e fforts have 
been focused on image analysis systems (Wells 2006), 
which greatly improve image analysis and reduce operator 
and image acquisitio n errors. Moreover it is necessary that 
a image system to be used for IMF meat evaluation must 
have suffic ient flex ibility and adaptabil ity to handle with 
variations of optimal meat level of marbling which is 
markedly affected by the animal breed, the production 
system and by the consumer' s preferences, differing 
between countries and/or regions (Pipek et al. 2004; Goto h 
e t a l. 2009). 
T he objective of the current study was to investigate the 
abili ty of RTU to predict chemical IMF of LM from 
marbling characteristics obtained after image ana lysis. 



MATERIAL AND METHODS 

Muscle sample preparation 

Twenty six he ife rs crossed (Charolais x Ho lstein) were 
slaug htered at the abattoir o f the PEC - Nordeste (Penaliel, 
Portugal). All animals were cared and ki lled according to 
EU rules and regulations fo r animal care. The slaughter 
procedure consisted of stunning using a capti ve-bolt pis to l 
fo llowed by exsanguination. After that , carcasses were 
dressed, centra lly-split into two sides, and then entered at 
the chill room at 2°C for 2 days postmortem. For each 
carcass a chop of 6 cm thick of the LM were obtained 
between 3th and 4 th lumbar vertebrae. These chops were 
identified. weighed and cut into two sections (3 cm th ick). 
These sections were individually vacuum-packed prior its 
use in the expe rimental work. For each LM chop, one 
section was used to get the RTU images and the other was 
taken to the laboratory for chemical IMF determination. 

Ultrasound image acquisition 

The RTU image acquisitio n system used in this study 
consisted of an Aloka SSD 500V real time scanner 
(Tokyo , Japan) equipped with a 7.5 MHz linear probe 
(UST-55 12U-7.5, Tokyo, Japan). The RTU scanner was 
connected to a video camera (Sony DCR-HC96E, Tokyo, 
Japan), which record RTU images 720 x 480 (345600 
pixels). These images were saved in TIFF image format 
(Tag Image File Format). For the image acquisition 
procedure the LM chop was positioned on a surface and 
the probe was placed alo ng the major axis o ve r their 
surface. For RTU image acquisi tion the LM chops were at 
2 1.3 ± 3.2°C which is close to ultrasound calibration 
temperature (20°C) proposed by Thwaites (l984 ). For 
ultrasound scanning all LM chops were examined in the 
same positio n and following the same procedure. A gel 
(UitraPhonic, Codali, Newark, NJ, USA) was used as a 
coupling medium to ensure acoustic contact be tween the 
probe and the LM chop. 

Ultrasound image analysis 

To evaluate LM marbling characte ris tics with RTU the 
ultrasound image was ana lyzed with Image J 
(hllp://rsb.info.nih.gov/ij/) software. The determinatio n of 
the marbling cha racte ris tics was pe rformed after several 
s teps. The first s tep was the conve rsion of origina l image 
(Fig ure I A) into a gray scale 8-bit image (Figure I B). 
Based on this image a threshold for marbling fat was 
obtained . It was assumed that marb ling fat has the same 
aco ustic density of subcutaneous fa t and therefore simi lar 
gray leve l in RTU images. To identi fy this gray level, five 
samples of subcutaneous fa t fro m each image were taken 
and ana lyzed to calculate the threshold value. T his 
threshold value was introduced in the gray scale 8-bit 
image and a regio n of interest (ROI) of 20 x 40 mm was 
defi ned (Figure I C). For the ROI selec tion care was taken 
to not include subcutaneous fat which can be mistaken 
with marbling fa t and e rrors can result for the computed 
marbling necks. 
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Figure I: Steps of image analysis for the de termination of 
marbling fleck characteristics. A- origina l RTU image; 8 -

gray scale 8-bi t image with a arrow ind icati ng 
subcutaneous fat layer; C- image afte r marbling threshold 
and de linitio n of a 20 x 40 mm region o f interest (ROI). 

T he image segmentatio n was performed in the fourth step 
(Figure 2A). Based on this s tep, numerical data was 
extrac ted from the image (Figure 28 ) and several marbling 
tleck charac teris tics were determined. As reported by 
Yang et al. (2006), the size of the fat particle must have at 
least 4 pixels to be designated as a marbling neck. This 
value was introduced for the ana lyzing partic les feature. 
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Exclude edges was also considered during the particles 
analyze. 
From the RTU image analysis the following characteristics 
were determined: number of marbling flecks; marbling 
fleck area (mm2

) ; proportion of marbling tlecks (% ), fleck 
perimeter (mm); largest fleck area (mm2

); perimeter of the 
largest fleck (mm); longest marbling tleck (mm). The 
marbling fleck area was determined as total area of all 
marbling flecks of LM section and the proportion of 
marbling flecks was calculated as marbling fleck area 
related to the ROI area expressed in percent. To e liminate 
subjective operator-to-operator differences, image 
acquisition and measurements were done by only one 
experienced operator having large experience in 
ultrasound technology and interpretations of images. 
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Figure 2: Steps of image analys is for the determination o f 
marbling fleck characteristics. A- image segmentation; B­

numerical data extract. 

Chemical analysis via the Soxhlet extraction method 

For the IMF chemical determinations vacuum-packed 
samples were unpacked and the intermuscular and the 
subcutaneous fat were carefully trimmed from the LM. 
This procedure is essential to reduce error on chemical 
IMF determination. T he LM samples were blended and 
homogenized prior to the chemical analys is. The chemical 
IMF content of LM samples was obtained in tripl icates 
after ether-extraction in a Tecator Soxtec HT I 043 
(Hoganas, Sweden) using petroleum ether as solvent. The 
chemical IMF was determined gravimetrically after 
evaporating the solvent according to AOAC (2000) 
procedure. T he weight of chemical IMF was expressed in 
percentage of LM weight. 

Statistical analysis 

A descriptive data analys is was carried by mean, standard 
deviation (se!), maximum, minimum and coeffi cient o f 
variation (CV). The relationships between the marbling 

flecks characteristics and chemical IMF were computed 
using simple regression analys is procedure. The simple 
regression equations were evaluated with the 
determination coefficient (R") and the residual standard 
deviation (RSD). Subsequently, stepwise regress io n 
procedures were used to evaluate the relat ionships between 
marbling tlecks traits and chemical IMF. The best 
regression equation was selected based on R2

, optimizing 
Mallow's Cp stati stics and RSD (MacNeil 1983). All 
statistical analyses were carried out using the JMP 
program version 5.0. 1.2 (SAS Institute, Cary, NC, USA). 

RESULTS AND DISCUSSION 

The values of mean, sd, minimum, maximum and CV fo r 
live weight, hot carcass weight, chemical IMF in LM and 
characteristics of marbling flecks obtained by RTU after 
ultrasound image analysis are presented in Table I . 

Table I: Mean, standard deviation (se!), minimum (M in), 
maximum (Max) and coefficient of variation (CV) for live 

weight, hot carcass weight, chemical IMF and 
characteristics of marbl ing flecks obtained by RTU image 

analysis (n=26) 

Trail s 

Li ve weight, kg 

Hot carcass weight, kg 

Chemical IMF in LM, % 

Characteristics of the 
marbling flecks hy RTU 

Number of marbling 
flec ks 

Marbling flec k area, mm1 

Proportion of marhling 
llccks, % 

Average lleck area. mm2 

Average fleck perimeter, 
mm 
Area of the largest tlcck, 
mm2 

Perimete r of the largest 
llcck, mm 
Longest marbli ng fleck, 
mm 

Mean sd 

357 32 

2 12 16 

3.81 1.9 1 

85.2 28 .0 

48.4 20.6 

6.06 2.58 

0 .584 0. 2 13 

4 .65 1.04 

6.62 5. 19 

26.8 19.3 

S.26 3.68 

CV 
M in Max (%) 

29 1 405 9 

178 240 8 

1.05 8.25 50. 1 

30.0 146.0 32.9 

13.5 9 1.7 42.6 

1.69 11.5 42.6 

0.27 1.09 36.5 

2.89 7.0 22.4 

1.80 27.5 78.4 

9 .4 109. 1 71.9 

3.69 19.8S 44.6 

IMF - int ramuscular fat; LM- Muscle Lo11gissim11s tlwracis et l11mbomm. 

The chemical IMF content of LM was 3.8% and, as 
expected for a ~~t t component, the coefficient of varia tio n 
is high (CV =50%). Other authors (Chambaz et a l. 2003; 
Yang e t al. 2006) using cattle with similar live weight of 
the present study also found similar results for the 
chemical IMF amount (between 2.2 and 3.3%). However 
some care must be used when comparing studies for 
chemical IMF content because it is recognized that this 
trai t exhibit a large variation between breeds (Gotoh et al. 
2009), feed regimen (Pethick et al. 2004) and sex (Purchas 
and Grant 1995). The varia tion in the chemical IMF 
content of LM between bulls and steers can be 3 to 5 fold 
diffe rence (Purchas et a l. 2002; Gotoh e t al. 2009) . 
The proportion of marbling flecks measured by RTU 
image analys is is greater (6.1 %) than the chemical IMF 
content measured using the ether extractio n (3.8 %). This 



result is in accordance with the reported by Yang et al. 
(2006) which point out that chemical IMF content is 
weight dependent (as it is expressed in proportion of 
weight) although the proportion of marbling flecks is area 
dependent, and therefore the same weight of fat occupies 
more area compared with muscle. Furthermore, the fat is 
stored in cells which are surrounded by connective tissue, 
so the stained areas may also include areas of connective 
tissue, blood vessels, and others (Yang et al. 2006). These 
results show that the characteristics of marbling flecks 
measured by RTU presented a large variation varying 
between 22.4 and 78.4% for the average fleck perimeter 
and the area of the largest fleck, respectively. Marbling 
fleck area, the proportion of marbling !leeks and the 
longest marbling fleck presented similar variation (CV 
betwee n 42.6 and 44.6%) which is close to the variation 
observed with chemical IMF in LM (50. 1% ). 
Simple regressions were developed to estimate chemical 
IMF of LM from characteristics of marbling flecks 
obtained after RTU image analysis. The values of R2 a nd 
RSD of the equations obtained are presented in Table 2. 

Table 2: Equations, determination coefficient (R2
) and the 

residual standard deviation (RSD) between chemical IMF 
(Y) and characteristics of marbling flecks measured by 

RTU image analysis (X) (n=26) 

Marbling 
Equation R' RSD P-value 

characteris tics (X) 
Number of 

Y=0.975+0.033X 0 .239 1.70 0.0 11 2 
marbling flecks 

Marbling fleck 
Y=0.170+(U)75X 0.659 

area, mm:! 
1.1 4 <0.0001 

Proportion of 
Y =-0.204+0.623X 0.819 0.83 <(J.OOOI 

marbling flecks, % 

Average fleck area, 
Y = 1.342+4.223X 0.223 1.71 

mtn2 
0.0149 

Average fleck 
Y =-0.308+0 .886X 0.232 1.7 1 0.0127 

perimeter, mm 

Largest !leek area. 
Y=2.2 l6+0.240X 

mnl2 0.42R 1.47 0.0003 

Peri meter of the 
Y=2.086+0.064X 0.42 1 1.48 0.0003 

largest tlcck. mm 

Longest marbling 
Y=l. ll 4+0.326X 0 .396 1.5 1 0.0006 

!leek. mm 

The best predictors of c hemical IMF of LM are the 
proportion of marbling flecks (R2 = 0.819; P<O.OOOI) and 
the marbling fleck area (R2 = 0.659; P<O.OOO I). These 
marbling tleck c haracte ristics of LM can provided re liab le 
data to estimate c hemical IMF content. Number of 
marbling fl ecks; Average fleck area and Average tleck 
perimeter are the characteristics that exhibit lower ability 
to explain che mical IMF variation (R2 = 0.239; 0.223 and 
0.232, respectively). These results are in agreement with 
those obtained in a recent study with Japanese Black and 
European catlle (Gotoh et al. 2009). In this investigation, 
authors observed that, for Japanese Black, the c hemical 
IMF of LM was related with marbling fleck area and the 
proportion of marbling fleck, but not w ith the numbe r of 

marbling flecks. A significant correlation (r = 0.70· 
P<O.O I) between proportion of marbl ing fleck area and 
chemical IMF content was a lso observed by Yang e t al. 
(2006). These authors studied marb ling traits on fi fty one 
F2 generation of German Holstein and Charolais 
crossbreed bulls using computer image analysis. 
The best prediction multiple regression equation generated 
by stepwise procedure to estimate chemical IMF fro111 
marbling flecks characteristics is presented in Table 3. 

Table 3: Stepwise multiple regression equation deve loped 
from marbling flecks characteristics to predict chemical 

IMF (n = 26) 

Step R~ RSD Cp Partial regress ion coefficients 

Intercept PMF PerlLMF AFA 

0.8 19 0.828 0.322 -0.204 0.623 

2 0.839 0.798 -0.107 -0.209 0.552 0.!72 

3 0.849 0.79 1 0.690 0 .142 0.582 0.022 - 1.145 

PMF - Proportion of marbling !leeks; PerLM F - Perimeter of the largest 
fleck; Af'A- Average fleck area. 

The best fit to predict percentage of IMF was obtained 
with three marbling fleck variables - proportion of 
marbling flec ks; perimeter of the largest fleck and average 
fleck area - (R2 = 0 .849 ; P<O.OOOI; RSD = 0.791 %). The 
proportion of marbling flecks was a powerful estimator of 
the chemical IMF in LM and per se accounting for 8 1.9% 
of the variation observed in chemical IMF. When 
perimeter of the largest !leek and average fleck area 
characteristics were used in addition to proportion of 
marbling flecks in multiple regression equation the R2 of 
the model was improved by 3 percentage points. Other 
authors also have reported promising models based on 
RTU technique and image analysis to predict in vivo the 
chemical IMF (Hassen et al. 200 l ; Polak e t al. 2008; Aass 
et al. 2009). Hassen et al. (200 I) examine 500 steers with 
two types of real-time ultrasound equipmenst (Aloka 500V 
and Classic Sca nner-CS200, both equipped with a 3.5-
MHz probe), and reported values of R2 ranging from 0.64 
(RSD = 0.94%) to 0.72 (RSD = 0.84%) for various 
prediction models of c hemical IMF. Comparable resu lts 
were observed by Aass et al. (2009) who used a Pie 200 
SLC scanner with a 3 .5 MHz probe in 172 bulls and steers 
of various breeds to obtain RTU images. After image 
analysis for marbling charac teristics and with tissue 
measurements, stepwise regression procedures were used 
and a model was developed to predict chemical IMF (R

2 
= 

0.8 and RSD = 0.66%). Polak et al. (2008) studied two 
cattle breeds (Hols te in, n= 18 and Slovak Simmental n= 12) 
and also using a Aloka 500V RTU scanner but equipped 
with a 5 MHz probe, found that the gray value of RTU 
images measured by computer image analysis was 
significantly correlated with the content of chemical IMF 
(r = 0.60 and r = 0 .78; P<O.Ol , for Holstein and Slovak 
Simmental breeds , respectively). 

Conclusions 

O ur results suggest that RTU was a valua ble tool to predict 
LM c hemical IMF, without destroying the muscle chop, by 
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using marbling characteris tics obtained a fter RTU image 
analysis. From a practical point of view, the RTU 

technique is adequate for marbling traits evaluation since it 
is quite simple to perform and its cost is low compared to 
other image techniques. Further studies using carcasses 
with a greater range of chemica l IMF may provide 
refinement and optimization of pre diction models. Finally, 
with advance of RTU technology, it can be expected that 
the used of the methodology presented this study could be 
used to quantify the chemical IMF content and their 

dis tribution on muscles and thi s information used to 
s upport commercial decisions. 
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INTRODUCTION 

In recent times, the production of fructo-oligosaccharides 
(FOS) has gained large commerc ial inte rest due to its 
beneficial properties in the human health through modulation 
of the microbiota. Based on these benefits, FOS, such as 
kestose (GF2), nystose (GF1) and fructo-furanosilnystose 
(GF4), have been denominated as prebiotics (Gibson, 1998) . 

In large scale, FOS can be produced by fermentation of 
sucrose through fructosyltransfe rase that is present in several 
microorgani sms. Fermentative processes have high 
production yields compared with other processes. However, 
the composition of the final broth from a fermentative process 
incl udes not only FOS, but also di and mono-saccharides, 
namely sucrose (S), fructose (F) and g lucose (G) that do not 
contribute to the beneficial properties as prebiotics and must 
be removed from the o ligosaccharides mixture. 

Among other separation processes, simul ated moving bed 
(SMB) chromatography appears to be an efficient 
downstream process for the fractionation of sugars in an 
industrial scale , s ince it is a continuous process and high 
produc tivities can be obtained with low consumption or 
reagents (Gomes et al. , 2006); see Fig ure 1. 

The first s tep to study the separa tion of compounds by SMB 
is the cho ice of an efficient adsorbent. Ion exchange res ins of 
sulfonated poly(styrene-co-divinylbenzene) (PS-DVB) have 
been largely used as adsorbent in the sugar industry due to 
their chemical inertness, higher capacity and selectivity (Luz 
et al., 2008, Tiihonen et al., 2002). These non-ionic resins can 
be functionalized with cations such as potassium. Potassium 
cations form weak complexes with sugars provid ing high 
kine tic adsorption rates (Pedruzzi et al., 2008). The separation 
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using these res ins occurs due to both size exclusion and 
restricted diffusion effects (Nobre et al., 2009). 

Desorbent D Extract E 

D+B 

D + A+B 

Raflinatc R Feed F 

Figure I. Equivalent counter-current representation of a 
simulated moving bed process - Mate rial tlows and 
adsorption-desorption phenomena in each section 

METHODS AND MATERIALS 

In this work, two gel-type PS-DVB resins in the potassium 
form were studied namely, Dowex 50W-X2 (particle size: 37-
74 ~m) and Dowex Monosphere 99K/320 (particle size: 320 
~m) . Experiments were carried out in a batch column ( l.6x30 
cm) in order to determine adsorption parameters . 

Salts present in the fermentative broth are mainly sodium 
(65%) and potassium (34%). Potassium res ins were used so 
that sodium ions could replace potassium in the resin 
a ffecting its adsorption characteristics. To guarantee a 
minimum of 90% of potassium in respect to sodi um ions in 
the fina l solution the broth was pre-treated. After removing 
the biomass by filtration (0.2 ~m), 250 mL of broth, in batch 
steps, were saturated with potassium ions by passing the broth 
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through a column with 100 mL of Dowex Monosphere 
99K/320. Before starting another batch, the column was 
washed with ultra-pure water and regenerated with K2S04 

solution (0.5 mol/dm') 

RESULTS AND DISCUSSION 

In order to verify the separation perfo rmance, pulse tests of 
each sugar were performed in a batch column connected to an 
HPLC system equipped with an RI detector. Sugars were 
found to be adsorbed by both resins in the following order: 
F>G>S>GF2>GF3>GF4. Moreover, with Dowex 50W- X2 it 
was possible to separate salts from sugars. However, the 
chromatograms obtained for Dmvex Monosphere 99K/320 
showed broader peaks for G, F and GF due to a s lower 
kinetics caused by large particles. 

Sugars adsorption showed linear equilibrium for the range of 
concentrations used. Thus, using the retention time method 
described in Guiochon et al., 1994, it was possible to 
de te rmine the He nry constants for the two groups prese nt in 
the broth: FOS and SGF (sucrose+g lucose+fruc tose). 

Assays conducted with high tlow-rates of eluent (above 20 
mL!min) showed high compressibility of the particles for 
Dowex 50W-X2, causi ng a back pressure in the column up to 
the maximum allowed by the SMB system (60 bars). On the 
othe r hand, Dowex Monosplzere 99K/320 appeared to be 
stable at hig h tlow-rates keeping a constant porosity. 
Therefore, Dowex Monosphere 99K/320 was found to be 
suitable to work in the SMB unit. 

A ma thematical model was used to predict the elution profile 
and validated with experimental results. This model consists 
of 4 mass balance partial diffe re ntia l equations, 2 for the 
concentrations in the liquid phase and 2 for the conce ntrations 
in the solid phase: 

ac 1 - E aq ac 
- -' +----'= -V--' at E at az 
aqi _ k ( cy ) at- F.i qi -qi 

where c, and q; are the concentration of the component i in the 
liquid and solid phase respectively, t is the time, E is the 
porosity, z is the ax ial coordinate, v is the tluid veloc ity and 
k1.-,; is the mass transfe r coeffic ie nt. 

A LDF model (Ruthven, 1984) is used for mass transfer 
kinetics. The equilibrium concentration is g iven by a linear 
isotherm where H is the He nry coefficient. 

qcq = H.c 
l I l 

These model PDEs are solved in Matlab with the toolbox 
MatMol (www.matmol.org; (Wouwer et al., 2004) using a 
me thod of lines approach, i.e. spatial d iscre tization fo llowed 

by time integration of the resu lting semi-discrete (discrete in 
space but continuous in ti me) equations. 

As the concentration profiles develop steep moving fronts, the 
a pplication of finite difference schemes lead to spurious 
oscillations in the concentration profiles, as illustrated in 
Figure I, even when using upwind schemes for the convective 
terms and a relatively la rge number of spatial grid points. 

Profile Inside tt1e column 

6 1 
~ - cFos l 

- - CSGF 

Figure 2: Time evolution of the spatial concentration profiles 
inside a chromatogra phic column, computed with finite 

differences with a 4-poin t biased upwind scheme, and N = 
400 grid points. 

To a lleviate th is problem, nonosc illatory schemes can be used 
such as Koren slope li miters, as illustrated in Figure 2. 
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Fig ure 3: Time evolution of the spatial concentration pro files 
inside a chromatographic column, computed with a Koren 

slope limiter scheme, and N = I 00 grid points 

The use of this scheme is quite e fficient and leads to the 
fo llowing time evolut ion at the column outle t. The numerical 
simulation resu!Ls are a lso compared with experimental data, 
showing a re la ti ve ly good fit using the mode l parame ters 
de te rmined in the batch experi ments. 
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Figure 4: T ime evolution of the (RI signal) at the column 
outlet. Comparison of real (measurements) and simula ted data 

for FOS and SGF. 

It is of interest to assess the model parameter sensiti vity by a 
perturbation method. i.e., by making small changes in the 
isotherm parameters and by observing the effect on the 
concentration profiles. 

This sensitivity analys is is a first step towards a parameter 
estimation procedure, using the numerical simulator and 
minimizing the distance to the experimental data in some 
sen se (the most common approach being the least-squares). 
This is subject o f current work, and wi ll be reported a t the 
time of the conference. 

CONCLUSIONS 

Dowex Monosphere 99K/320 was found to be more sui table 
to work in the SMB unit as compared to Dowex 50W-X2 due 
to greater resistance a t high pressure. 

Batch experiments were carried out to estimate the adsorption 
parameters. The experimental results are compared with 
model prediction. The latter is computed by numerical 
solution of the mass balance equations of a kinetic model, 
using a method of lines approach and slope limiters for 
approximating the spatia l operators. Indeed , very sharp 
concentration protilcs travel trough the colu mn and non­
oscillatory schemes are necessary to avoid spurious 
oscillations and unrealistic negative concentration values. 
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ABSTRACT 

Solea senegalensis have been considered as promising new 
flatfish species for Mediterranean marine fish farming. 
Accurate prediction of fillet traits in live animals may 
allow more efficient genetic improvement and control o f 
muscle deposition in fish. As a result, this study was 
undertaken to develop a rapid non-destmctive and non 
invasive method to predict in vivo fi sh fillet volume using 
real time ultrasonography (RTU) and image analysis. The 
trial was conducted with 11 market weight Senegalese sole 
(27 I +77g). Fishes were scanned under anaesthesia with an 
Aloka SSD SOOV with a 7.5 MHz. The RTU images were 
taken in cross-sectional slices (SI to S l 0) from the 
operculum to the caudal fin. These images were analyzed 
using the ImageJ software and cross-sectional slices 
volumes of fillet were obtained. Fillet volume was 
determined by dissection. Correlation and regression 
analysis were done. The S l to SG cross sections show the 
best correlation with fillet volume (r varied between 0. 77 
and 0.95; P < 0.0 I). The best model explains 98'% of the 
fillet volume variation and was obtained by stepwise 
procedure with S3. S2 and S4 cross-sectional slices 
volumes. This study showed that fill et volume of can be 
accurately predicted in vivo by RT U and image analysis. 

INTRODUCTION 

Sole (So/ea so/ea and So/ea senegalensis) have been 
considered as promising new natfish species for 
Mediterranean marine fi sh fruming (Di.nis et a l. 1999; 
Imsland et a l. , 2003). Senegalese sole is commonly raised 
in extensive polyculturc (in earth ponds) in the south of the 
Iberian Peninsula, where it can achieve higher growth rates 
than European seabass, being second only to gilthead 
seabream (Di.nis et a l. 1999). Its high price and market 
demand has triggered the interest for producing thi s 
species under more in tensive conditions. Increasing meat 
yield of carcass (or fi llet) will result in more retail product 
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per unit weight of live fi sh produced . However, selection 
for meat yield is hindered because direct measurement of 
carcass traits requires that the animal be killed. 
Development of accurate, quick. and non-destructive 
methods to predict meat yield in live fi sh could improve 
selection efficiency and quality of fi sh. On other species, 
recent studies using image techniques such as computer 
tomog raphy (CT), magnetic resonance imaging (MRI) and 
real time ultrasonography (RTU) arc focused on tissue 
volume determination for predicting carcass characteristics 
(Aiston et al., 2009; Si lva et al., 2009; Judex et al. 2010). 
Among these techniques, objective image techniques CT 
and MRI are frequently used for in vivu three-dimensional 
structure determination by using consecutive images 
which arc reconstructed to render a volume measurement 
of a region of in terest (Szabo et a l., 1999; Mitchell et al.. 
200 l ; Wells. 2006). In these studies, the determination of 
three-dimensional stlllcnires obtained from serial sections 
showed that volume measured was highly correlated (r > 
0. 90; P < 0.0 I) with the weights of the dissected tissues 
and carcass yields. Although, ultrasOtmd has been used for 
evaluating ;mimal compositi on for over 40 years 
(Houghton and Tmlington. 1992; Stouffer. 2004), linle 
information is available about volume measurements 
achieved by RTU. Results obtained with Jamb (Mahgoub. 
1998: Silva e t al., 2007). broilers (S ilva, et al., 2006a) and 
rabbits (Silva et al.. 2009) showed that muscle volume 
measurements obtained in vivo by RTU were able to 
explain carcass composition in muscle and fc1t tissues (R2 > 
0. 75: P < 0.0 1). Comprehensive studies have been 
conducted in fish with TC (Romvari et al.. 2002: Hancz et 
a l. . 2003: Kolstad et al.. 2004) or MRI (Collewet et al., 
2001: Veliyulin et al.. 2005) to predict fish composi tion 
traits. However, to our knowledge, no information is 
available about the use of RTU to study volume traits of 
fi shes. Ultrasound has potential for predicting meat yield 
in live fish (Bosworth et al., 200 I) and accurate prediction 
of muscle volume in live animals may allow more efficient 
genetic improvement and control of muscle deposition in 
farm-raised fish. Thus, this study was undertaken to 
develop a rapid non-destructive and non invasive method 
to predict fillet volume of So/ea senegalensis individuals 



from volume measurements obtained in vil'O after RTU 
image analysis. 

MATERL<\L AND METHODS. 

Fish ami experimental procedures 

The experimental trial was conducted with I I market 
weight Senegalese sole (.~'. senegolensis) (mc;m weight 
27 I + 77 g: range 179 to 390 g). The fishes were chosen 
randomly from the research facilities of the University of 
Tras-os-Montes and Alto Douro (Vila Real, Portugal). All 
animals were kept under the same management conditions. 
stocked in a rectangular PVC tank (bottom area 0.75 m~. 
water column 50 cm; volume: 500 L: water-flow rate: 5.5 
L•min-1

) . supplied with re-circulated sea water (18. 7 ± 
I N C: salinity: 35.2 ± I %o), and were fed ad libitum an 
extruded commercial diet (2 nun) for marine fish supplied 
by Sorgal S.A. Prior to in vivo ultrasound measurements 
and subsequent slaughter. animals were deprived of food 
for 2411. Animal handling followed the EU directive 
mm1ber 86/609/EEC concerning animal care. 

Ultrasound JH'Ocedurc 

Fishes were sc<umed with an Aloka SSD 500V real-time 
scanner (Tokyo. Japan) equipped with a linear array 
transducer of 7.5 MHz (UST-55 12U-7.5; 18 mm, Tokyo. 
Jap~m). Fishes were placed in a rectangular metallic 
container with saltwater (column: J cm) and the RTU 
scans were taken under anaesthesia using phenoxycthm10l 
(150 mg·L· '). The RTU images were taken in cross­
sectional slices (S I to SI 0) from the end of the operculum 
to the beginning of the caudal fin (Fi gure l). 

Figure I: Representation of the cross-sectional slices and 
example of RTU cross-sectional image at S4 position. 

For all fish it was obtained 10 cross-sectional images. To 
achieve this. the probe was placed perpendicular to the fish 
major axis and displaced along the fish in a craniocaudal 
movement from the end of the operculum to the beginning 
of the caudal fin . In order to allow the same relative probe 

postt ton, for multiple consecutive transverse images it is 
considered the fish size. With tJ1is a cross-sectional 
location from one individual matched the same location in 
another individual. To ensure optimal acoustic contact a 
gel standoff was placed between probe and fish . 

Image analysis and volume calculation 

For obtaining the RTU multiple consecutive transverse 
images the ultrasound scanner was connected to a video 
camera (DCR-HC96E; Sony, Tokyo, Japan). For each fish 
a film was created. This film was analyzed and after a 
satisfltctory image was selected. for each cross-sectional 
site, the images were captured and transformed in a 720 x 
576 TIFF image file. These images were analyzed using 
the ImageJ software (http://rsb.info.nih.gov/ij/). For each 
cross-sectional slice the area of fillet was obtained by 
tracing the contour of the muscle and by counting the 
number of pixels (Figure 2). The number of pixels was 
then converted into area measurement. Ten slice areas 
were obtained. Scanning and interpretation of the images 
was always done by the same technician. witJ1 extensive 
experience in ultrasound technology, image inrerpretation 
and mtatomicnl knowledge of fish. 

Fi~:,'1u·e 2: RTU image show fillet cross section area 

The fillet muscle volume (S l -1 0) was calculated by 
multiplying the fillet cross-sectional slice areas obtained 
by RTU by the slice lengths. TI1e slice lengths were 
obtained after physical measurement of fish using a ruler. 
The fish length was determined from the end of the 
operculum to the beginning of the caudal fin and divided 
by I 0 to obtain the length of each slice. The following 
equation ( I ) was used for fillet muscle volume calculation 
(cm\ 

IU 

Volume = L A,d, (I) 
I I 

Where: d is the slice length (cm). A is the slice area (cm
2
) 

and i is the munber of slices. 
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It was also considered the volume of each slice and the 
sum of volume of the 6 cranial slices: S 1-2 (SI plus S2); 
Sl-3 (Sl-2 plus S3): Sl-4 (Sl-3 plus S4); Sl-5 (Sl-4 plus 
S5) and S 1-6 (S 1-5 plus SG). It was considered the fillet 
volume obtained as a sum of all RTU cross sectional 
volume measurements (S 1-1 0). 

Carcass dissection 

After ultrasound images were recorded fish were killed by 
overdose with phenoxyethanol (500 mg·L·\ The live 
weight (LW), body length measurements and body volume 
were obtained. After, the right dorsal fillet of each fish was 
dissected. Special careful was used during dissection in 
order to have a standardized fillet extract procedure. The 
body volume and the fillet volume were determined 
according to the Archimedes' principle. The fishes and 
fillets were submerged in water and the water displaced by 
this action was measured. After these procedures fishes 
and fillets were frozen ( -20°C) for posterior analysis. To 
minimize muscle shape deformation fishes and fillets were 
frozen over a horizontal surface. 

Statistical analysis 

Data were subjected to correlation and regression analysis 
to study relationships between RTU cross-sectional 
volume measurements and fillet <md body volumes. To 
predict fillet volume from RTU cross-sectional volume 
measmements a stepwise forward regression procedure 
was used. With this procedure it was determined 
significant variables included in the model. Best models 
were selected based on the determination coeffi cient (R2) 

and the residual standard deviation (RSD) and optimizing 
Mallow's Cp statistics (MacNeil. I YX3). The cross­
sectional voltunes obtained with RTU were analyzed by 
ANOV A and mean diiTerences were performed using 
Fisher LSD test with a predetermined significance level of 
P < 0.05. All analyses were performed with SAS software 
(v.8.2; SAS Institute Inc. Cary. NC) . 

RESULTS AND DISCUSSION 

Mean values, standard deviation (sd). minimum, ma,ximum 
and coefficient of variation (CV) for LW, body volume, 
body length, fillet volume and weight and volume 
measurements of cross sections obtained after RTU image 
analysis are presented in Table I. ~ 
Fish LW presented a nmge of variation ( 179-390 g) which 
is close to the market live weight (200-250 g). Fillet 
volume and fill et weight exhibit a CV close to those of 
LW (27 vs 28 % ). Except for S9 and S 10, the fillet volume 
measurements show a coefficient of variation close to that 
observed for LW (CV between 2 1.8 and 36.8%). The cross 
sect ion RTU volume increased (P < 0.000 I) from the 
cranial to caudal sections. This is an expected finding and 
depends on the fillet shape. 

Table I: Mean, standard deviation (sd), minimum (Min), 
maximum (Max) and coefficient of variation (CV) for LW, 

body volume, body len!:,rth. fillet volume and weight and 
volume measurements of cross sections obtained aft er 

RTU image analysis (n= 11 ). 

Trait 

I.W,g 

Body volume, cm3 

13ody length, mm 

Fillet volume, cm3 

Fillet weight, g 

Mean sd Min Max CV% 

270.9 77.0 178.8 :i90. 1 28.4 

260.3 73 .7 172.1 369.7 28.3 

186.4 20.1 163.5 228.8 10.7 

42.7 11. 7 28 .2 633 27.3 

4:-1 .9 12.0 28 .8 64.3 27.2 

Cross-sectional RTU volume, nn3 

SI 

S2 

S3 

S4 

ss 
S6 

S7 

ss 
S9 

SIO 

S l-2 

S l-3 

S l-4 

S l-5 

S l-6 

S l - 10 

6.02" 131 4.29 9.19 2 1. 8 

6. 18" 1.98 3.76 10.25 32.0 

S.R4 a l.92 :us 9.14 32 .8 

3.83 be 1.32 1.36 5.94 34 .6 

4.63 b 1.54 2.56 7.14 .B .2 

3.95 b< 1.45 1.53 6.64 36 8 

3.35 "'1 1. 10 1.85 5.15 32.9 

2 .24 de 0.80 0.85 3.93 35.7 

1.56 c 0.63 0. 76 2.35 40. 1 

1.25 c 0. 70 0.49 2.56 56.5 

11.6 1.8 5.6 19.4 32.5 

17.5 5.5 10.0 28.6 31.5 

21.3 6.6 13.5 34.5 30.9 

25.9 8.0 17.3 41.3 30.9 

29.9 9.3 19.8 47.9 3 1.2 

38.8 11 .2 25.3 59. 1 28.9 
For cross-sectional RTU volume (S I to SIO). means without a common 
superscript diflcr (P < 0.05) 

Table 2 presents correlations (r) between RTU cross 
sections volume obtained at the I 0 scan position and their 
combinations with the fi llet volume and total volume. 
Overall. the potential of cross sections volume measured 
by RTU as predictor of fillet volume was high (r varied 
between 0.553; P > 0.05 and 0.948; P < 0.01). specially 
>vith the S l to S6 sections (r varied between 0. 77 and 0.95; 
P < O.Ol) . These results may reflect the anatomical fish 
shape since S I lo SG represents 78% of fillet volume 
predicted by RTU. Lower correlation coefficient values 
were observed for S7, SS, S9 and SlO (r varied between 
0.55; P > 0.05 and 0. 73; P < 0.01 ). This finding can be 
explained with the low absolute values of section; volume 
measurements. This constraint was also reported by 
Romvari et al. (2002) using CT to predict fillet in common 
carp, grass carp, silver carp and pike-perch. 
In general the good correlation coefficient observed 
support the adequacy of the ultrasound procedure used. 



namely the probe length. the probe frequency and the 
image analysis. Actually, the RTU procedure was able to 
accurately measure fillet areas to assess volume and show 
dilierences between fishes regardless of their LW. 

Table 2: Correlations (r) between the cross sections RTU 
volume measmements and fillet volume and body volume 

(n = 11) 

Fillet, cm3 Body volume, cnr' 

S I 0.796 0.744 

S2 0.937 o.g94 

S3 0.948 0.942 

S4 0 .774 0 .810 

S5 0.890 0 .935 

S6 0.826 0.831 

S7 0.629 0.614 

S8 0.667 0 .772 

S9 0.553 0 .666 

SlO 0.727 0.729 

Sl-2 0.901 0.874 

S l-3 0.935 0.922 

S l-4 0.936 0.932 

S l-5 0.942 0.947 

Sl -6 0.937 0.943 

s 1-10 0.926 0.936 
For r > 0.5ll: 1'<0 .05 and Jurr > 0 .71 ; P < 0.01 

Previous work has shown that improvement in the 
predicting abi lity of RTU can be achieved by using high 
frequency probes and image analysis (Young and Deaker, 
1994; Si lva et al. , 200Cib ). Furthermore the length of the 
probe may have contributed to the good prediction ability 
of fille t volume because it allows a clear identification of 
the fillet boundaries on RTU images. Also the use of a gel 
sumdoff contributes for the RTU quality of images and 
therefore for the accuracy of fillet measurements. The 
correlat ions between the cross section volume 
measurements and the body volume arc in agreement of 
those observed for fillet volume. 
The best prediction equation generated by stepwise 
procedure for fill et volume prediction using cross section 
RTU volume measurements arc presented in Table 3. 
The best fit was obtained after three steps. As expected the 
section volume RTU measurements obtained in cranial 
positions provided the most part of information about the 
fillet volume. Actually the S3 accounted for 89.9% of the 
variation in fillet volume. With two more measurements 
(S2 and S4) the coefficient of determination was increased 
by 8.2 percentual points. With these three measurements it 
is possible explain 9g% of the fillet volume varia tion. 

Table 3: Stepwise multiple regression equation developed 
from cross sect ion RTU volume to predict fi llet volume (n 

= 11 ). 

Partial regression 

Step R" RSD Cp coefficients 

Intercept S2 S3 S4 

0.898 3.91 0.24 9.03 5.76 

2 0.951 2.88 1.58 6.42 2.72 3.32 

3 0.980 1.95 3.01 7.24 2.55 5.66 -3.51 

As far as we know, no in formation is available about fish 
fillet volume detem1ined in vivo by RTU. However, some 
information is available on volume trai ts determination 
using CT (Romvari et al. , 2002, Hancz et al.. 2003; 
Kolstad et al.. 2004). Romvari et al. (2002) study the 
ability of CT to predict fi llet composition on four fish 
species (common carp, n = 18; grass carp. n = I 0: silver 
carp. n = 10: and pike-perch, n = 10) <md after CT analysis 
they reported that fillet fat and crude protein content could 
be estimated with R2 

= 0.88 <md R2 = OJ\7 accuracy 
respectively. The other two were focused on body fill 
prediction and their conclusion state about the usefulness 
of the CT as a non-destructive method to predict 
accurately body composition traits (R2 between 0.85 and 
0.91 , for Hancz et al., 2003 and Kolstad et al. , 2004, 
respectively). These results highlight those of the present 
study in which a less expensive technique was used. In 
f:1ct. the practicability and the cost of in vivo techniques to 

predict fish cm·cass or body composition is of the :najor 
importance. In present study it was followed a simple 
multiple scanning procedure that takes about I minute to 
obtain the three RTU images and fish measurements plus 
about 5 minutes to obtain the cross section RTU volume 
after using the image analysis software. These aspects 
were also a concern for other authors (Romvari et al. , 
2002; Kolstad et al. , 2004 ). These researchers using CT 
follow diverse approaches to reduce costs. Kolstacl et al. 
(2004) has focused their attention in reducing the number 
of scans per fish by the selection of scans which allows 
more accurate information in prediction models. For 
Romv;1ri et al. (2002) the interest was directed to the 
simultaneous scanning of three fish and by reducing the 
scanned area to the dorsal region. In spite of the validity of 
CT image technique to predict fish body traits the use of 
RTU seems adequately to predict accurately sole fillet 
traits at reasonable costs. 

Conclusions 

This study showed tha t fillet volume measurements taken 
in vivo by RTU and after image analysis arc highly related 
to fi llet volume of sole which can be accurately predicted 
by 3 ultrasound scans. Also the results issued from this 
study encourage the use of RTU and image analysis as a 
tool to assess in vivo fi sh body composition traits. 
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From a practical point of view it also could be conclude 
that the procedure followed is suitable for commercial 
application since it takes little time to obtain a 3D 
measurement of fillet and this technique is non-invasive, 
accurate, reliable, and easy to use and require accessibility 
of an inexpensive common RTU machine and a image 
analysis software. Moreover, such measmemcnts in 
everyday practice are easy to obtain due to the equipment 
mobility. 
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ABSTRACT 

The present study was conducted to appraise the potential of 
black mulberry and black currant to be used as fermentation 
substrates for producing alcoholic beverages obtained by 
distillation of the fruit s previously fermented in solid state 
culture with Saccflromyces cerel'isiae IFI83. In the two 
distillates obtained, the volatile compounds that can pose 
health hazards are with in the limits of acceptability fi xed by 
the European Council (Regulation II0/200R) for lhtit spirits. 
The results obtained showed the feasibility for obtaining 
distillates from fermented black mulberry and black currant. 
which have their own distinctive characteristics. 

INTRODUCTION 

ln Galicia. an autonomous region located in northwestern 
Spain. motmtainous m·eas are economically and 
demographically depressed zones in comparison with other 
areas. This is mainly due to the lack of infrastmctme ;md 
!hcilities that allow an integral management of the forest and 
the use of all their resources. In addition. the increasing need 
of farmers for more parcels to provide enough land to 
establish a cost-effective and feasible fann has increased 
monctrtry and time costs (3). 

A possible alternative to increase farmer income 
would be the use of some fruits of the forest. grown in 
Galicia, as substrates For producing high-added-value 
products, such as fruit-based spirits obtained by 
fermenta tion and later distillation of the fermented fruits. 
The current commercialization of other known alcoholic 
beverages obtained from diiTerenl fruits (4,6.9) could 
facilitate the mm·ket penetration or such spirits. Some or 
these commercialized beverages arc very popular, especially 
those produced from grape marc, such as grappa from Italy, 
the tsipouro and tsikoudia from Greece ( I 5.1 G). bagrtceiras 
from Portugal ( 15-1 7). the traditional Greek distillate 
"Mouro" ( 17). black mulberry liquors ( 4) and the Galicim1 
orujo spirits fiom Spain (6). 

For these reasons. the main goal of the present 
study was to develop a procedure to obtain, in a 
reproducible way, fruit-based spirits after solid-state 
fermentation of black mulberry and black currant with 
Saccharomyces cerevisiae IFI83. The fermented fruits were 
distilled to determine their average composition wi th regard 
to the volatile compounds that have concentration limits 

fixed by the European legislation I I 0/2008 (EEC), and other 
components that are important for quality evaluat ion. This 
knowledge not only should lead to a better standardization 
process and a more uniform quality of these spirits. but it 
also must provide data on the safety of these products for 
consumers without repercussion to their health due to their 
methanol levels. 

MATERIALS AND METHODS 

Y cast strain. Saccharomyces cerevisiae IFI83. a high­
ethanol-producing strain. vvas obtained from the yeast 
collection of the Institute for Industrial Fermentations (IF!). 
Spanish National Research Council (CSIC), Madrid. Spain. 

Solid-state fermentation of the fruit pulp. The fruits used 
in thi s paper were black mulberry (Al. nigra L.) and black 
cummt (R. nigrum L. ), which were collected at their time of 
production from different plantations of the Galici<m region. 
The fruits were manually selected. discarding previously 
those that were too green or ripe or with bmising. The mean 
composition (wet basis, %) of the pulp obtained from black 
mulberry was: reducing sugars, 14.43: total protein (N x 

6.25), 4.G5; moisture content, 83.26: ashes, 0.78 <md pH. 
4. 7G. The me;m composi tion (wet basis, %) of the black 
currant pulp was: reducing sugm·s, 7.17; total protein (N x 

6.25), UO: moisture content, 85.51; ashes, 1.11 ; and pH. 
2.87. 

Distillation. Fermented pulps were distilled by using a 
steam drag disti llation system equipped with a distilling 
flask fixed to a rectifying column. The first volume of 
di stillate corresponding to the beginning of the distillation 
procedure when the temperature reaches 70-!55 °C, was 
removed as "head'". The intermediate fi·action ca lled the 
"heart" was obtained in the temperat11rc range from 85 to 95 
"C and used for volatile compounds determination. The last 
volume of dist illate obtained in the temperahtre interval 
between 95 and 99 °C was removed as the "tail". 

Aromatic compounds determination . Volatile compounds 
present in the distilled heart fractions of black mulberry and 
black currant distillates (BMD and BCD, respectively) were 
determined by gas clu·omatography on a Hewlett-Packard 
5890 series II gas chromatograph equipped with a HP 6890 
automatic injector and a fla me ionization detector as 
described by Dh~guez et al. (G). All analyses were done in 
triplicate. 

Statistical Analysis. The me<m concentrations of volatile 
compounds in the BMD and BCD \vere compm·ed by using a 
paired-samples t test (software package SPSS Statistics 17.0 
for Windows (release 17.0.1; SPSS Inc .. Chicago, IL. 
2008)). 



RESU LTS AND DISCUSSION 

The concentrations of the main volatile compounds in the 
heart fractions of black mulberry and black currant 
distillates (BMD and BCO) are shown in Table I . 

Alcohols. The alcoholic contents of BMD (48.3%) and BCD 
(38.5%) were with in the limits of acceptability given by the 
European Council (Regulation 11 0/2008) for fruit distillates 
(from 37.5 to 86.0% (v/v)). 

Methanol, whose inhalation or ingestion can cause blindness 
and eventually death ( 14), is generated by pectinolytic 
enzymes that spli t the methoxyl group fl·om pectins present 
in crushed fruits ( 14.17). The mean methanol levels present 
in BMD and BCD were much lower than the maximum 
permitted by the standards of the Regulating Commission 
(EEC) of 1.000 g/hL aa. for a black mulbeny spirit, or I ,350 
g/hL aa, for a black currant spiri t. This indicates that both 
U1e black mulberry and black currant pulps were adequately 
manipulated and that their distilla tes were obtained by using 
an adequate distillat ion procedure ( 14.17). 

The concentration of higher alcohols (2-butanol to 3-methyl -
1-butanol) has a great influence in U1e quality of a distilla te 
(6,7, 17). Total concentra tions ofh igher alcohols of350 g/hL 
aa or higher in distilled beverages indicate a poor quality 
( 13). According to th is criterion, the BMD and BCD 
samples. with concentra tions of higher alcohols of 185.X and 
95.3 g/hL aa. respectively. wi ll have a good quality. 

The presence of 2-butanol in distillates at concentrations 
higher th<m 30 g/hL aa is deleterious to the quality of the 
product mainly due to the off-flavor generated by it (6, 14). 
This compound was not detected or detected in a low 
concentration in the BMD and BCD, respectively. Thus, U1e 
upper pem1issible value was not violated in these two 
samples. 

The concentrations of !-propanol were higher (p <0.05) than 
those of !-butanol in BMD and BCD. Both compounds arc 
considered to be strong odor compounds. However, the 
concentrat ions of !-propanol and !-butanol in BMD (21 5.9 
and4.5 mg/L, respectively) and BCD (147.0 and 0.8 mg}L 
respectively) did not surpass the perception threshold; of 
800 and 450 mg/L for both compounds (5). These results 
suggest that the fermentations of black mulberry and black 
currant pulps and their storage were properly controlled (7). 

On the other hand. the concentrations of 2-methyl- l­
propanol in both the BMD (39.2 g/hL aa, equivalent to 
l HSl.4 mg/L) and BCD ( 17.6 g/hL aa. equivalen t to 67.7 
mg/L) were lower than the perception threshold of200 mg/L 
for this compound (5). Nevertheless. this would not affect 
the quality of both distillates because the Galician orujo 
spirit from Godello (6), an alcoholic beverage with· a 
recognized high taste and bouquet. also had a 2-methyl-l ­
propanol content ( 195 mg/L) lower than 200 mg/L. 

The concentrations of 2-methyl- l-butanol and :1-methyl- l­
butanol were higher (p <0.05) in the BMD (72.6 and 414.7 
mg/L) than in BCD (21.6 and 128.9 mg!L). Thus, only the 
2-methyl- 1-butanol concentration in U1e BCD was lower 
than the perception U1reshold of 65 mg/L reponed for both 
compounds (5). Because low concentrations of amyl 
alcohols (2-methyl-l-butanol and 3-methyl-1-butanol) 
indicate orujo spirits with very li ttle body (15 ). the BMD has 
a better body than the BCD according to this criterion. 

1-Hexanol depends on the raw material ( l ). Its presence is 
considered to be fltvorablc at concentrations between 0.5 
and l 0 g/hL aa, but at concentrations higher than I 0 g/hL aa. 
this compound will contribute to a grassy flavor. affecting 
both the aroma and taste of the distillates ( 18). Because the 
1-hexanol concenu·ation was higher in BMD than in BCD, 
the BMD will have a more pleasant herbaceous aroma. 

Table 1. Mean concentration (g/hL absolute alcohol) of volatile compounds present in the distillates of black mulberry and 
black cummt obtained after fermented fruit pulps distillntion. 

No. Compound IJMD JJCD 

ethanol ('Y,, v/v) 48.3 ± 1.73a 38.5 ± l.l9b 
2 meU1anol 349.6 ± 2.33a 167.4 ± 1.32b 
3 2-butanol nd 0. 1 ± 0.003b 
4 !-propanol 44.7 ± 0.42a 38.2 ± 0.52b 
5 !-butanol 0.9 ± 0.04a 0.2 ± 0.03b 
6 2-methyl- l-propanol (isobutyl alcohol) 39.2 ± l.25a 17.6 ± 0.53b 
7 2-meU1yl- l-butanol 15.0 ± 2.30a 5.6 ± 0.29b 
8 3-methyl- 1-butanol 85 .9 ± 2.09a 33.5 ± l .22b 

total alcohols (3-8) 185.8 ± 2.69a 95.3 ± l .62b 

9 allyl nlcohol nd 0.9 ± O.OGb 
10 1-hexanol U ± O.l4a O. l ± O.Oib 
ll benzyl alcohol 1.5 ± O.l3a 3.7 ± O. l5b 
12 2-phenyl ethanol nd 0.3 ± 0.02b 
l3 ethyl acetate 144.7 ± 2.34a 7.7 ± 0.42b 
14 ethyl lac tate (ethyl 2-hydroxypropanoate) 0.3 ± 0.06a nd 
15 acetaldehyde l3.9 ± !. 17a 12.8 ± l. 53a 
16 acetal nd 0.3 ± 0.03b 

total volatile substances (3-16) 347.6 +3.47a 12 1.1 b + 2.1 9b 
Means within the same row, followed by the same letter arc not significantly different at 95% confidence. BMD and BCD are 

t11e black mulberry and the black currant dist illates. nd, not detected. 
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Benzyl alcohol and 2-phenyl ethm10l have been described as 
contributors to Oowery and sweet-like odors of alcoholic 
beverages (8). Benzyl alcohol was detected in both 
distillates, while 2-phenyl ethanol was only detected in the 
BCD at a very low concentration. The presence of 2-phenyl 
ethanol in distillates has been associated with the fi"uit 
variety. its content in phenylahmine <UJd the extraction time 
( 15, 16). Because this subst<mce is a marked tai l componelll, 
only low amounts of it should be present in the heart 
fi·acti on of the distillates (I). 

Acetates and Esters. High concentrations of methyl and 
ethyl acetate indicate aerobiosis in the raw material during 
the fermentation process or the result of an incorrect 
separation of the bead fraction during distillation (6). In the 
BMD and BCD samples methyl acetate was not detected. 
but the concentration of ethyl acetate was significantly 
higher (p <0.05) in tlle BMD (699.1 mg/L) than in BCD 
(29.6 mg/L). This last compound is the major ester present 
in distillates from alcoholic beverages (6), although when its 
concentration exceeds the perception threshold of 33 mg/L, 
it will contribute nuances of glue and dissolvents to the 
dist illates (5). 

The concentration of ethyl lactate increases considerably in 
distillates from fruit s tlwt have been stored or fermented in 
inadequate conditions (6). The presence of ethyl lactate in 
distillates is related with the metabolic activity of lactic acid 
bacteria ( I 0). [ts absence in the BCD and presence at a low 
concentration in the BMD suggests that both fruit pulps 
were harvested, stored and fermented under f<worable 
conditions without intervention of lactic acid bacteria. 

Acetaldehyde and acetal. Although the presence of 
acetaldehyde in distillates is considered to be due to the 
yeast metabolism in alcoholic fermentation ( 12), its 
concentration increases during the distillation and aging of 
spirits ( 14).. The presence of acetaldehyde at low 
concentrations in both distillates me<ms that black mulberry 
and black cmrant pulps were fermented and distilled under 
favorablc conditions ( 14, 16). Only a low amount of acetal, 
which is produced from acetaldehyde, was detected in BCD, 
meanwhile, tl1is compound was not detected in BMD. 

The total volatile compounds content in the BMD was 
higher than the minimum level of 200 g/hL aa fixed by the 
European Council Regul ation ll0i2008 (EEC) for fruit s 
dist illates. However, BCD had a total amount of volatile 
compounds lower than 200 g/hL aa. This last inconvenience 
suggests Ute need of adjusting the time for removal of head 
and tai l fractions, to achieve the desirable concentrat ions of 
volatile compounds in the heart fraction of the black currant 
disti llate, without surpassing Ute maximum limits allowed 
for the volatile compounds that can pose health hazards. 

Many distillates fi·om fruits of the forest arc artisanally 
produced from local distillers. This makes diillcult the 
reproducibility of the fermentation process and. 
consequently. alcoholic beverages with different volatile 
compositions and qualities are produced. The results 
obtained in this paper showed the feasibility for obtaining 
two distillates (BMD and BCD) tltat have their own 
distinctive characteristics and concentrations of volat ile 
compounds with health hazards that arc wi thin the limits of 
acceptability fixed by the European Council (Regulation 
11 0/2008) for fruit spirits. 
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ABSTRACT 
Two dose-response models were used to determine the 
concentration of bioactive peptides needed to inhibit 50% of 
the original angiotensin !-converting enzyme (ACE) activity 
(IC50). The best results were obtained with a modified form 
of the logistic model. According with the prediction of this 
model, the high IC50 was obtained from the protein 
hydrolysates produced with the use of the sequential 
addition of thermolysin. 

1. INTRODUCTION 
The cheese industries generate an important volume of the 
whey that has been quantified in 9 kg of whey for I kg of 
cheese [ 1]. This waste is considered, in some instances, as a 
serious ecological problem due to its high pollutant potential 
(BOD5 = 30000-50000 ppm and COD =60000-80000 ppm). 
That is why, the functionality of whey proteins as food 
ingredients has been extensively studied [2-4]. Newer whey 
ingredients include hydrolyzed whey proteins containing 
high levels of bioactive peptides, that can be added to 
special foods to increase its functional value. Thus, there is 
considerable commercial interest in the preparation of whey 
proteins for food, nutraceutical , and therapeutic applications 
[5]. Among them, peptides with antihypertensive properties 
are intensively studied for their demonstrated positive effect 
on cardiovascular health. 

One of the principal physiological functions of 
angiotensin !-converting enzyme (ACE) is to catalyse the 
removal of the terminal dipeptide from the decapeptide 
angiotensin I to give the octapeptide angiotensin II, a potent 
peptide that causes constriction of blood vessels and assists 
in the regulation of blood pressure. ACE also contributes to 
the inactivation of bradykinin, a nonapeptide present in 
blood, by successive ly removing two dipeptides. Bradykinin 
is a potent vasodilator and may be involved in the control of 
blood pressure. 

In the present study, concentration of the active 
peptides obtained by hydrolyz ing whey proteins with 
thermolysin causing 50% ACE inhibition (IC50) was 
determined by using two different dose-response models. 

2. MATERIALS AND METHODS 

2.1 Substrate and enzymes. Bovine whey protein 
obta ined from Queizuar S.L. (A Corufia, Spain). The whey 
was concentrated by ultrafiltration-diafiltration until protein 
concentrations around 58 g/L while separating the lactose. 

Benigno Pereira 
Industrie Queizuar S.L. , Bama (San Vicenzo), Touro; A 

Coruiia, Spain. 

Thermolysin (EC 3.4.24.27, from Bacillus 
thennoproteolyticus rokko, activity 72 Ul/mg protein), 
angiotensin-1-converting enzyme (ACE; EC 3.4. 15.1, from 
rabbit lung, 0.25 U/mL) and the substrate FAPGG (N-[3-(2-
furyl) acryloyii-L-phenylalanyl-glycyl-glycine) were 
purchased from Sigma Chemical Co., St Louis, MO, USA. 

2.2. Preparation of protein hydrolysates. For each 
hydrolysis experiment, 700 f!L of delactosecl whey was 
diluted in 16 mL of Tris-HCl 0.02 M-CaCI2 0.0 I M, pH 8.0 
(final protein concentration of 2.5 mg/mL) and the mixture 
was pre-incubated for I 0 m in in wate r bath at 60"C. The 
reaction was started by addition of 0.40 I mg of the enzyme 
solution, prepared in the same buffer keeping an 
enzyme/protein ratio (E/S ratio) of 1/100 (w/w). In one 
experiment, three hours after the addition of the first aliquot 
of thermolysin, a second aliquot, which was freshly 
prepared, was added. Samples were taken after 3 and 9 h of 
hydrolysis with one and double protease addition, 
respectively, and heated at 90 oc for 15 min to inactivate the 
enzyme. After cooling, samples were centrifuged and the 
supernatant freeze-dried and stored at -20 oc for further 
analyses. The samples obtained after 3 and 9 h of hydrolysis 
were named as H3 and H9, respectively. 

2.3. Protein detct·mination. Protein concentration was 
determined by the bicinchoninic ac id assay (Pierce, 
Rockford, IL, USA) using bovine serum albumin (BSA) as 
standard. 

2.4. Determination of ACE-inhibitory activity. The 
ACE-inhibitory activity of the hydrolysates was determined 
spectrophotometrically according to the method described 
by Shalaby et al. [6] adapted to microplates, and using 
FAPGG as a substrate. Decrease in the absorbance at 340 
nm, due to the disappearance of the substrate, was recorded 
at 37°C during 30 min in a spectrophotometer FLUOstar 
Omega (BMG Labtech, Offenburg, Germany). Controls 
consisted in samples in which the inhib itor solution was 
substituted by bu ffer (50 mM Tris-HCI , pH 7.5, with 0.3 M 
NaCI). The ACE activity was expressed as the slope in the 
decrease in absorbance at 340 nm (pA), and the ACE 
inhibition (%) was calculated as follows : 

[ 1-(pAinhihi loriPAconlrol)]X I 00 

where pAinhihilor and pAconlrul are the slopes of hydrolysate 
and control, respective ly. 

Dose/response curves were obtained after assaying 
various diluted hydrolysates and plotting the ACE inhibition 
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percentage as a function of protein concentration. The 
concentration causing 50% ACE inhibition (IC50), obtained 
from quadruplicate samples, was quantified as described in 
Mm·ado et al. [7]. For comparative purposes, IC50 of 
untreated whey (starLing material) and a commercial 
inhibitor of ACE, captopril , were a lso determined . 

3. RESULTS AND DISCUSSION 

3.1. ACE-inhibitory activity of the whey hydrolysates 
Hydrolysates obtained with thennolysin at 60 oc (E/S ratio: 
11100) showed high ACE inhibitory ac tivity (30-50%) 
already at early hydrolysis times (30 min). After 3 h of 
hydro lysis, inhibition percentages reached 70% and this 
percentage was mainta ined when a second addi tion of the 
protease was done and the proteolys is was maintained for 
six addi tional hours. In the same experimental conditions, 
intact whey caused an inhibition on the ACE activity lower 
than I 0%, probably because the whey contained some 
peptides that inhibit ACE. 

3.2. Characterization of the most active ACE-inhibitm·y 
protein hydrolysatcs from delactosed whey 

Characterization of the protein hydrolysates that produced 
the higher ACE inhibition percentages was done by 
calculati ng their /C50 values and comparing them with those 
calculated for captopri l and untreated whey. Samples were 
obtained after hydrolyzi ng the whey proteins with 
thermo lysin during 3 h or 9 h with do uble addition of 
enzyme. 

The different curves obta ined described different profiles, as 
it can be observed in Fig. I . This makes the direct 
determination of the /C50 values difficult. 

Therefore , two close-response models were assayed in order 
to select the most adequate for describing the trend observed 
in the experimental data. The tirst was a four-para meter 
logistic model, which describes the evolution of the 
response (y) against the log of the concentration of 
antagonist agent (x) as follows: 
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Figure I. Comparison o f model (2) predicted (full lines) and 
experimental (symbols) profi les for ACE inhibition. 

. max-min 
Y = ffiLn + l +lO(Iog/CSO- X)·hill slope ( I ) 

where: mill is the lower limit or minimum asymptote of the 
curve, representing 100% ACE acti vity, max is the upper 
limit or maximum asymptote of the curve, which represents 
the maximum ACE inhibition. /C50: represents the value of 
the inflection point fro m convex to co ncave zone of the 
curve. From a practical point of view, this variable 
represents the concentration or e ffecti ve dose of an e ffector 
causing 50% of maximum inhibition. The hill slope 
parameter represents the slope of the curve in the inflection 
point. 

Table f . Parameter values (means+ standard errors) in the model (I). 

Effector Parameter Values T {J ,.-
Untreated whey Mill - 1.31 ± 4. 15 -0.32 0.7824* 0.9~47 

Max 57.37 ± 5.06 11 .35 0.0077 
Log !Cso 3.74 ± 0.07 51 .89 0.0004 
Hills/op e 2.30 ± 0.79 2.89 0.1013* 

/Csu (~tg/mL) 5495.4 1 
Captopri l M in -2.03 ± 5.63 -0.36 0.7526* 0.9928 

Max 79.99 ± 8.71 9 .1 ~ 0.0 117 
Log !Cso -0.88 ± 0.16 -5.35 0.0332 
Hillslope 
/ Cso (~tM) 0.13 

H3 M in - 12.39 ± 11.83 -1.05 0.3 138* 0.98 19 
Max 110.8 1 ± 33.74 3.28 0.0059 

Log /Cso 3.65 ± 0.34 10.72 <0.0001 
Hill slope 0.56 ± 0.22 2.55 0.0243 

/ Cso (f.l g/mL) 4466.84 
H9 M in 3.66 ± 2. 10 1.74 0. 14 18* 0.9798 

Max 77.07 ± I 1.58 6.65 0.00 12 
Log /Cso 3. 12 ± 0.16 19.99 <0.0001 
Hill slope 

/Cso (f.lg/mL) 13 18.26 
'''Non statistically significant values (p > 0.05). 



Table 2. Parameter values (means +standard errors) in the model (2) . 
Effector Parameter Values T p r· 

Untreated whey K 58.78 ± 1.46 40.23 <0.0001 0.984 1 

Captopril 

H3 

H9 

fl 
M 

/C50 (f.tg/mL) 
K 
Jl 
M 

/ Cso ( lM) 
K 
Jl 
M 

K 
,ll 

M 
/C50 (!lg/mL) 

The second model used was a modified form of the logistic 

mode l given by Murado et al. [7], whose mathematical 

expression is: 

I = K · (l+cxp [1~·(m-D)] - -l+_c_x-:-(u-·n-1) 

from which: 
In l2+exp(.u·nt)J 

m= 
11 

(2) 

Where, K is the maximum inhibition, D is the protein 
hydrolysate concentration, p is the specific inhibition rate 
and m is the I Cso. 

A lthough values of the determination coefficient (/) 
determined with model ( I) were higher than 0.97 (Table I), 
fitting to the experimental data was not satisfactory. In this 
way, the values for the parameter min (with p > 0.05) in the 
four experiments were no significant. On the other hand, 
model ( I) was inadequate to fit the experimental data 
obtained with captopril and the double addition of 
thermolysin (Table I), due to the impossibility to calcula te 
values of the hill slope parameter. This was probably 
because, by defi nition, this model is bounded above and 
below by the paramete rs max and min. This implicates that 
both the top and bottom plateau of the curve must be defined 
by at least several data points in each case. However, from a 
practica l point of view, it is not always possible to obtain 
data points forming a top and/or bottom plateau. 

For thi s reason, model (2), whic h has minor requirements 
for the distribution of the experimental data, was used to 
calculate the /C50 values. The results obtained are shown in 
Figure I and in Table 2. In this case, s ignificant coefficients 
for a ll para me te rs a nd re latively high / values (highe r than 
0.87) were obtained (Table 2). For these reasons, application 
of model (2) to the experimental data provided more 
satisfactory results than model ( I). 

Using model (2), the value of /C50 obtained for captopril was 
0 .017 mg/mL, whic h is considerably lower than that 
calculated for untreated whey (5.43 mg/mL). In fact, 
captopri l has been reported to be one of the most potent 
drugs currently used in the control of hypertension [8 1. 

Moreover, the use of hydrolyzed whey proteins H3 and H9 
produced s ignificantly different /C50 values. Thus, by us ing 
the H3, /C50 (2.54 mg/mL) was about 4.6 times higher than 

0 .0005 ± 0.00003 
5030. 13 ± 127.38 

5430.91 
90.95 ± 7.50 
16.43 ± 1.2 1 

0.026 ± 0.0 I 0 
0.08 

89.32 ± 8.66 
0.0007 ± 0.000 I 
1827.36 ± 3 18.10 

2541.26 
64.96 ± 9.7 1 

0.0030 ± 0.0006 
334.86 ± 102.70 

549.54 

13.75 
39.49 

12. 12 
13.57 
2.6 1 

10.3 1 
6.55 
5.74 

6.69 
5.04 
3.26 

<0.0001 
<0.0001 

<0.0001 0.9640 
<0.0001 
0.0099 

<0.0001 0.8768 
<0.0001 
<0.0001 

<0.000 1 0.9124 
<0.000 1 
0.0018 

the value obtained (0.55 mg/mL) when H9 was assayed. In 
other words, the use of the latter hydrolysate allowed a 
78.35% reduction in the /C50 value in comparison to the 
value obtained with the H3. 

From a practical point of view, these results are 
encouraging. Thus, recycling this waste by introducing 
active peptides generation in a production process would 
avoid its dumping in a n ecological system. On the other 
hand, incorporation of ACE inhibi tor peptides in functional 
foods could also reduce the use of captopri l in the treatment 
of hypertension and heart failure. 

REFERENCES 
[ I] Roman, A., Wang, J ., Csamidi, J. , Hodur, C. & Gyula 

Yatai, G. (2009). Partia l demineralization and 
concentration of ac id whey by nanofi ltration combined 
with diafi ltration. Desalination, 24 1: 288-295. 

[2] Recio, I. & L6pez-Fandiiio, R. (2005). Ingredientes y 
productos hicteos funciona les: bases cientlficas de sus 
efectos en la salud. Alimento.v Funcionales. FECYT, 
23-70. 

[3] Guo, Y., Pan, D. & Tanokura, M. (2009). 
Optimisation of hydro lysis condi tions for the 
production of the angiotensin-! converting enzyme 
(ACE) inhibitory peptides from whey protein using 
response surface methodology. Food Chemistry, 11 4: 
328-333. 

14 1 Haraguchi , F. K. , Abreu, W. C. & de Paula, H. (20~6). 
Whey prote in: composition, nutritional properties, 
appications in sports and benefits for human health. 
Revista de Nutrir;iio, 19: 479-488. 

[5] Gauthier, S. F., & Pouliot, Y. (2003). Functional and 
biological properties or peptides obtained by enzy~atic 
hydrolysis of whey prote ins. Joumal of Daily Sc1e11Ce 
86: E78-E87. 

[6] Shalaby, S. M., Zakora, M. & Otte. J. (200?)· 
Performance of two common ly used angiotensin­
converting enzyme inhibition assays using FA-PGG 
and HHL as substrates. Journal of Dairy Research, 73: 
178-186. 

l7 1 Mm·ado, M. A. , Gonzalez, M. P., & Yazquez, 1. A. 
(2002). En zyme and Microbial Technology, 31 : 439-
455 . 

[8] FitzGerald, R. J., Murray, B. A. & Walsh D. 1. (2004). 
Hypotensive peptides rrom mi lk proteins. The Journal 
of Nutrition, 980S-988S . 



In 
l a 
the 

are 
mg 
ulcl 
1er 
nal 
ent 

ula 
md 
ted 

; y 
;us 
' T, 

9). 
the 
me 
no e 
14: 

6). 
es, 
th . 

nd 
.tic 
ICC 

6). 
in­
:;G 
73: 

A . 
19-

4). 
wl 

DESIGN OF A PROCEDURE FOR OBTAINING A PROTEIN 
CONCENTRATE PREPARED FROM TUNA COOKING WATER 

Ana Rodrigues 
Natalia Estevez 
Nelson P.Guerra 

.Jose Vazquez Ant6nio Sartal 

M. Luisa Rua 
Lorenzo Pastrana 

Department of Food and 
Analytical Chemistry, 

University of Vigo, Campus 
of Ourense, As Lagoas 
32004, Ourense, Spain. 

Grupo de Reciclado y 
Valorizaci6n de Materiales 

Residuales, Institute de 
Investigaci6ns Marinas 

(CSIC), r/ Eduardo Cabello 
No. 6, Vigo 36208, Spain 

lndustrie Jealsa, Rianxeira 
S.A., A Corufia, Spain. 

£-mail: anadsobrosa@uvigo.es 

KEYWORDS: Tuna cooking water; 
Ultrafiltration; Collagenous fraction 

ABSTRACT: Analytical ultrafiltration using 
three TFF cartridges differing on the cut-off ( I 0, 
30 and I 00 kDa) were used to desalination and 
recovery of the collagenous fraction from the 
tuna cooking water. 
Best results were obtained with the 30 kDa 
membrane. The obtained concentrate had 
collagenous nature and provided functionality to 
be capab le of gelling at temperatures close to 
the room temperature. 

1. INTRODUCTION 
The main structural factors that determine the 
profitability of the tuna-canning sector is the 
low performance of the production process, 
which reaches losses than 50%. The losses are 
particularly high during the cutting, cooking and 
peeling stages. 
In order to avoid this problem, it is necessary to 
optimize the manufacturing processes through 
the development of new presentations and 
products that wi ll help to increase the overall 
performance of the transformation process. 
One possibil ity to improve performance in 
canning has been the recycling of the wastes 
obtained before packing, particularly the prote in 
recovery from the steam cooking effluents. 
The tuna cooking water are brines resulting 
from the cooking process and therefore contains 
pieces of meat fish, sarcoplasmic proteins, and a 
small proportion of solubilized myofibrillar 
proteins. In greater proportion, it also contains 
gelatin resulting from the fusion of collagen 
during cooking. As a result, this residue presents 
a high organic load and a strong contaminat 
impact. 
In the present study, desalination and recovery 
of the collagenous fraction from the tuna 
cooking water, mainly by fi ltering technologies 
(ultrafiltration), was valued. 
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2. MATERIALS AND METHODS 

2.1 Materials 
Jealsa Rianxeira S.A. (A Coruii.a, Spain) kindly 
donated the tuna cooking water. The whole tuna 
fish was cooked and tuna cooking water was 
recycled during two or three days. Than liquid 
effluents obtained were filtered using glass wool 
to eliminate solid waste and frozen at -30°C. 

Table I: Initial composit ion o f the tuna cooking 
water obtained after 2 or 3 clays cooking 

2 days 3 days 
Salinity (g/L) 8,6 19,00 
Protein (g/L) 23,20 5 1,60 

Total Phosphorus 41, 13 go.oo 
(mg/L) 

The water wtth three days cookmg showed 
significant highe r protein concentration and 
therefore it was selected for the following 
studies. 

2.2 Analytical methods 
Prote ins were determined by the method of 
Lowry et al. l l J, total nitrogen was measured by 
the me thod of Havilah et al. [2] and total 
p hosphorus by Murphy et al. [3] 
The salinity was measured by conductivity 
using a portable conductivity 524. The 
instrument measures the specific conductivity of 
the sample and then is converted to values of 
salinity. 

2.3 Ultrafiltration of the cooking tuna water 
Analytical ultrafi ltration was carried out using 
three TFF cartridges differing on the cut-off 
(I 0, 30 and I 00 kDa), using spiral 
polyethersulfone membranes (Mil lipore 
Prepscale) o f 0, 56 m2 and an assembly with full 
recirculation [4]. Process inc luded two phases: 
ultrafiltration and dia fi ltration . 



2.4 Determination of the melting point and 
hardness of the gels obtained from tuna 
cooking water 
Gels were prepared from solutions of gelatin 
fractions adjusted to 6, 67 % (w/w) of 
concentration [51. Solutions were incubated at 
45°C during 30 min followed by cooling down 
to 8°C. The obtained gels were stable for 16-18h 
at that temperature. 

3. RESULTS AND DISCUSSION 

3.1 Size exclusion of membranes 
Ultrafiltration phase was performed with total 
recirculation and an initial volume was 
concentrated at approximately l L. In particular, 
when using the 10 kDa membrane, 5L was 
concentrated to 9 70 ml, with the 30 kDa, lOL to 
890 mL and in the case or the l 00 kDa 
membranes, 5L was concentrated to 650 mL. 
The stage of diafiltration was also performed 
with total recirculation, but adding distilled 
water to the retentate, at a flow rate equivalent 
to the permeate tlow in order to maintain 
constant volume. 
Experimental data (Figure I , 2 and 3) for the 
balance of the solute, represented as percentages 
of initial concentrations (prote in, total nitrogen 
and total phosphorus), were consistent with the 
model described by Murado et al. r41 following 
a first order kine tics. The adjustments were 
satisfactory in all cases. 

[aj 

Where: 
C: concentration of the permeable solute in the 
concentrate, with CO as initial value. Cr is the 
final asymptotic value if only a part of a 
po lydisperse solute is permeable. Thus, when 
we use normalized values (% ): C0 + Cr = l 00, 
with Cr = 0 if all solute is permeable. 
s: specific retention of the solute. lt varies 
between 0 (the solute is filtered as the solvent) 
and I (the solute is totally retained). 
Dr: relative diavolume: volume of added water I 
constant concentrates volume. 
In the case of protein concentration (Fig. I), with 
a I 0 kDa membrane, the values of the 
coefficients were Cr = 96, 5 1 % and s=0,332, 
that means a practically full retention, as well as 
a specific retention tha t would demand a re lative 
diavolume of 3 (i.e., a re la tionship between the 
volume permeate and the initial volume) would 
be enough, in theory, to fini sh the process at 

asymptotic. An s= 0,332 it m eans that the 3, 
40% of solutes is practicall y filtered as the 
solvent. 
With a 30 kDa membrane it is possible to 
retained a 92, 43 % and a 7, 57 % is filtered 
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Figure 1: Graphical representa tion of the 
diafiltration phase. Protein concentration with 
10 kDa membrane ( • ) 30 kDa membrane (•) 
and I 00 kDa membrane ( _. ), in the 
concentrate, depending on the diavolumen 
(mL). Continuous lines represent experimental 
data adjustments to the model I ll. 
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Figure 2: Graphical representation or the 
diafil tration phase. Phosphorus concentration 
with the membrane of 10 kDa (•) 30 kDa 
membrane (•) and I 00 kDa membrane ( _.) in 
the concentrate dependingon the diavolume 
(mL). Continuous lines represent experimental 
data adjustments to the model [I J. 
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Figure 3: Graphical representation of the 
diafiltra tion phase. Niteogen concentration 
with the membrane of I 0 kDa ( • ) 30 kDa 
membrane (•) and 100 kDa membrane( _.) in 
the concentrate depending on the diavolume 
(mL).Continuous lines represent experimental 
data adjustments to the model [ I]. 

with a coeffic ient s=0,441 , finding more 
limi tatio ns when compared with the I 0 kDa 
membrane. Finally the 100 kDa membrane, the 
coeffic ient val ues arc Cr= 65, 22% and s=O, 228, 
los ing a 34, 78 % or prote in. 



In the case of 30 and I 00 kDa membranes, 
asymptotic level is not reached with the used 
diavolumen; however, given the goodness of fit 
to the model [a], percentages are acceptable. 
In the case of total phosphorus (Fig 2.), highest 
retained were achieved with the 30 kDa 
membrane, with values close to 88%. In the I 0 
kDa membrane, 72, 5 % of phosphorus it is 
completely retained and 27, 5 % goes out in 
permeate with few restrictions on the transfer as 
seen in the value of s= 0,064, very c lose to zero. 
Finally, in the I 00 kDa membrane, the s is null , 
what means that 32, 7% is lost with any 
restriction on transfer. 
In the case of nitrogen, the membrane of 30 kDa 
also retains a higher percentage (C f=88, 73 %) 
when compared with the I 0 and I 00 kDa 
membrane. What is lost, an I I , 26% have some 
difficulty in their transfe r across the membrane, 
with an s= 0,60 I very close to I. 

3.2 Final composition of Tuna cooking water 
After the analytical ultrafiltration the final 
composition of the tuna cooking water with 
three days cooking is different depending the 
size of the membrane ( I 0, 30 and I 00 kDa). 

Table 2: Final composition of tuna cooking 
water 

10 kDa 30kDa LOO kDa 
Initial Final Initial Final Initial Final 

Salinitv (g/L) 19,0 0 .35 19.0 0.53 1'!.0 0 .10 
Protein 50J I 291,28 51.02 134,0 54.63 17.88 
(g/L) 7 

Phosphorus 37,0 7,00 86.0 13.0 73,0 5,00 
(mg/L) 

Volume (L) 5,00 0,97 10.0 0.89 5.0 0.65 
Fe* 5,16 11,2 7 ,70 

* Concentratton factor 

3.3 Melting point and hardness strength gel 
obtained from tuna cooking water 
The melting point and hardness of the gel were 
determined based on an aqueous solution of 6, 
67% gelatin. 
Table 3: Values of the melting point and 
hardness .. 

Membranes UF Melting point Hardness 
(kDa) ("C) (Bloom nominal) 
IOO 20,2 22 
30 19,6 91 
10 18,8 40 

Ptg: Type A. Stgma G-2500. Bloom nummal - 300 
Bovine: Type B. Sigma G-6650. Bloom nominal - 75 

Hardness of the gel obtained wi th the faction 
coming from the I 0 kDa membrane was 
expected to be higher than the gels prepared 
from the 30 and I 00 kDa, as onl y 3,5% of 
protein was lost with the first membrane. A 
possible explanation might be that the retentate 
obtained with the I 0 kda membrane contains a 
relative hig her content of medium size 
polipeptides (MWs between I 0 and 30kDa) 
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whose chain length is not enough to stabilize the 
gel structure, thus giving rise to the formation o f 
weak gels. T hese peptides fractions would be 
eliminated with the 30 kDa membrane. 

4. CONCLUSION 
We have evaluated membrane technologies for 
desalting and recovery of concentrated protein 
fractions di ffering on molecular weight from 
tuna cooking water. Concentrates obtained from 
ultrafiltration using a 30 kDa membrane has a 
collagenous nature and form gels at room 
temperature. The hardness of the gel was higher 
than that of a commercial bovine gelatin. 
The developed method to obtain a hydratable 
polymer capable of gelling opens up the 
possibility to improve the performance of the 
tuna canned manufacture. Thus, th is collagen 
fraction, alone or in combination with other 
agents (salt, pieces of muscle), is being used as 
a brine injection to re incorpora te constituents of 
the cooking tuna eftluents in the process prior to 
tuna packaging. 
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ABSTRACT 

Additionally to the opt imization of single production 
units , further energy saving concepts should take an ex­
tended view with regard to the in-plant interdepencies 
into account. The still increasing automation level and 
t he computer-aided production data acquisition makes 
the use of simulation techniques accompanied with data 
validation feasible. The presented approach gives an 
outline of a simulation based project in which the simu­
lation of plant units is used to optimiz;e the energy needs 
within food production processes. 

Introduction 

A case study based on Norwegian industries points out, 
that energy management is despite the importance of 
the energy consumption for a ecological and sustain­
able production not integrated in envimnmental man­
agement systems (EMS, [1]) . The resumee of this work 
is to establish in-plant management tools for the collec­
tion, the assessment and decision support. 
The presented approach aims to improve the energy effi­
ciency based on t he production planning. Since energy 
managment is not an integral par t of the production 
planning, e. g. more surplus heat could be recovered. 
To reach this aim, the methodological approach is sub­
divided into four steps 

• standardized process description 

• "as is" analysis and data acquisition 

• model specification 

• process simulation and assessment 

resulting in the end in a validat ed "virtual plant". 
Because of t he complexity of the food production plants 
tog(~ther with the combination of batch and continu­
ous processes, most of the modelling and optimization 
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U niversitiit !VI i.inche n 
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strategies take only one (or at least few) production 
units and energy sources, e. g. steam, into account. 
Thus, a sequence of optirnized plant units may consume 
more energy because production needs and the schedule 
is not considered. 
The following example will illust rate this : most particles 
in the wort are seperated from the bulk fluid in the 
!auter tun. This process step needs no additional energy, 
but lots of energy is lost, since on one hand the wort is 
cooling clown because of t he process duration, on the 
other hand the hot grain and thu:,; the corresponding 
heat quantity is taken out of t he process. 

A note on e fficiency 

For the confrontation of the "as is" state of a production 
plant with t he resulting improvement in energy savings 
clue to the optimization procedure described, the effi­
ciency rating is applied. To reach this , based on t he 
standardized process description a "zero process" for 
each production unit and step is defined like e. g. t he 
Cm·not cycle as standard cycle in therrnodynarnics. The 
expected ou tcome of t his procedural method is the com­
pm·ability of both different product ion units or steps and 
the energetic advantage of new equipment . Apart from 
this, di!Terent plants can be eas ily compared by a com­
parative box and whisker plot (or at leas t the Quartiles 
necessary to draw a boxplot) for t he efficiency rat ings 
of the several units in a plant. T hus, t he higher the ef­
ficiency rating and an the smaller the range, the better 
is the efficiency of t he plant under consideration. 

Methods 

The methodological approach is based on a flowchar t 
representation of the production plant. T he flowchart is 
construed as a graph, wi th the several energy fl uxes as 
edges and the production units as nodes. The abst ract 
template underlying the production units (i. e. nodes) 
are sankey diagrams, see figure 1. 
The interdepencies within the work packages are ex­
plained in the following. 

"As 'is" analysis and data acquisition 
The "as is" analysis and data acquisistion is the basis 
for the forthcoming project steps, since on one hand the 
production process is in its basic steps similar , since e. 
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Figun~ 1: Schemat ic representation of an adopted 
sankc,y-diagrarn for a heat exchanger and a pump. 

g. UHT milk by heating milk on the other hand the 
process equipment is at least tailored for the needs of 
a certain product. Since the production planning will 
be incorporated, the data acquisition is for b oth the 
validation of the virtual plant and for the identification 
of key data describing the basic plant dynamics of vital 
importance. 

Model specification 
T he result of the model specifkat ion is a set of con­
text free model components suitable for the energy sinks 
and sources. T he selection is guided by the sankcy di­
agrams as template. T he sankey diagrams will act as 
standardized interfaces. Using nonlinear approximation 
(e. g. artificial neural networks), t he process control 
system makes the use of data based models feasible. 
For the optimizat ion a variant of the dynamie program­
ming as described in [4] is used. In [5] an approach for 
heat exchanger network optimization is described taking 
pressure loss and heat transfer coefficient into account, 
which is because of fou ling of vital interest in the food 
production . T he balancing within the d ifferent plant 
units also driving t he dynamic programming is realized 
by the pinch-point-method [3] . 

Standardized proce88 desc1·iplion 
For bottling plants, there are st andards for production 
data acquisition which have been developed and suc­
cessfully applied in recent years [2] . With t he increas­
ing application of mannfacturing excecut ion systems in 
the food industry, t here is a need for a standardized 
plant description making t he choice and placement of 
a sufficient number of measuring points for simplified 
but condse process analysis feasible . For example, the 
measuring points for the control may not give sufficient 
information for a energy management system. 

Pmcess sint'ulation and assessm ent 
T he process Simulation is carried out using a commer­
cial simulation environment (rviatlab Simulink). For the 
assessment, the da ta acquisition process is in a certa in 

sense mirrored: t he simulation results are stored as the 
virtual plants production data in t he database having 
the same structure as in t he real world manufaeturing 
execution syst ems database. This allows a fiexibl<> cal­
culation of t he efficiency rat ing ment ioned above. In 
addition to that, both t he validation of a given produc­
tion unit or even plant - also for t he data based models 
- can be handled in one syst em. 

Conclusion and fu rther work 

Engineering as well food production enterprises corrob­
orate t he chosen approach. As yet unpublished results 
show, the analysis of t he sankey-diagram of t lw pro­
duction units show t ha t there is a high additional ca­
pability to recover the thermal energy. T his holds abo 
for preliminary simulat ions of an pasteurizat ion unit in 
dairy indust ry. T his together with t he EMS prototype 
must be validated to show t hat t he result ing energy sav­
ings are economically reasonable. The prototype EfviS 
should be able to collect production dat a and compare 
this wit h t he analysis to reduce the energy demand from 
the site by automatic gerwrated manufactoring schedule. 
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ABSTRACT 

This paper presents an exercise to simulate exposure of 
Portuguese consumers to benzophenone, a photoinitiator 
used in packaging printing inks. The simulation model 
combines experimental data of benzophenone concentration 
actually found in packages collected from the market and 
food consumption and packaging usage data obtained from a 
database. The model follows a probabilistic approach: the 
distribution of occurrence data was combines with food 
consumption data in a probabilistic simulation with the 
Monte Carlo sampling method. Exposure values found 
indicate that benzophenone levels of exposure are of no 
concern healthwise according to the tolerable daily intake 
defined by EFSA. 

INTRODUCTION 

Simulation modelling is recognised today as an 
important tool in different issues related to food safety risk 
assessment. There is an increasing interest in models that 
follow a probabilistic approach allowing for quantifying 
variability and uncertainty in the estimates especially for 
refined assessments, for example exposure assessments of 
contaminants migrating from food packages (Povas and 
Hogg 2007). Stochastic models are represented by functions 
of probability distribution rather than single values for the 
model inputs and the outputs are also distributions of 
estimate values. They give quantitative information about 
both the range and the likelihood of possible estimate values 
(Peterson 2000). 

Photoinitiators are substances used in the formulation 
of inks, particularly UV -cured inks that have a much shorter 
drying time than other inks. In the area of food packaging 
benzophenone (BZP) is a photoinitiator that has recently 
been re-evaluated (EFSA 2009). Although ink is applied in 
the outer or in an intermediate layer of the packaging 
material , these ink components can migrate into the food clue 
to their volatili ty if there is no functional barrie r and by set-
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off process. EFSA re-assessed the tolerable daily intake 
(TO!) on BZP and derived a new value of 0.03 mg/day. Kg 
body weight (EFSA 2009). 

The work presented here is included in an on-going 
surveillance exercise to determine the BZP occurrence on 
paperboard packages and simulate the children ' s exposure to 
BZP which originate in paper and paperboard packaging. An 
exposure model was derived and the variabi lity in the model 
inputs was propagated by a Monte Carlo simulation to 
estimate the probability distribution function of the exposure 
values. 

MATERIALS AND M ETHODS 

Exposure model 

Exposure of conslllner to substances with their origin 
in packaging systems can be expressed as (Povas and Hogg 
2007): 

Exposure = Migration x Food Consumptio 11 
(1) 

Where the Migration term represents the concentration of 
substance that, by transfer from the package, ends in the 
food; and the term Food Consumption represents the daily 
intake of food packaged in the system from which the 
migrant originated, or the amount of packaging used to pack 
the food consumed, depending on the units used in the 
migration term. 

In this study the concentration on the food was 
assumed to be the concentration that would be achieved if 
the total amount of BZP found in the packages would 
migrate. In that case the concentration in the food can be 
derived from the concentration found in the packaging and 
the ratio of the packag ing materia l weight to the weight of 
the contained food: 

C = C W P, ck 
h md Pack " W 

Food 

(2) 

Combin ing equation I and 2 gives: 



Where E represents the exposure to BZP and FW represents 
the amount of food packaged in paper and board consumed 
per day and per Kgbw· 

Concentration of BZP in the packages 

A short survey of the local market was conducted: 
samples of paper and paperboard packages were collected 
and taken to the laboratory for screening analyses. Foods 
(30) consumed by children and presented in paper and board 
packaging systems were purchased in one supermarket in 
Gaia, Portugal, in 2009 and 20 I 0. Food products were 
mostly dried food such as cookies and biscuits, flour and 
sugar, cereals and dry pasta, chocolate and butter. The foods 
a ll had primary or secondary packages made of paper, 
paperboard or corrugated board and in some cases there was 
also an inner package in paper or in a different material and 
only a few products were in direct contact w ith the outer 
packaging. 

The packaging materials (only the cellulose based) 
were extracted with acetonitri le spiked with internal standard 
at a concentration of 0.5 mg/L, at 70"C for I day or 40°C for 
2 days. Fifty cm2 of packaging material was cut into small 
pieces and extracted with 20 ml of acetoni trile. The extracts 
were analysed by GC-MS with an external calibration curve 
fitted by linear regression to data from 5 calibration 
standards analysed (BZP signal area/ internal standard signal 
area versus BZP concentration). The data was used to 
generate the probability distribution function to be used of 
the Cl'ack tem1 in equation 3. 

Ra tio of the packaging material weight to the weight of 
the contained food 

The database from the MIGRAMODEL project (ESB 
2008) was used to provide data on the ratio of the packaging 
material weight to the weight of the contained tood 
registered in the Portuguese market for paper and board 
packaging. Resul ts from 628 packaging items were used to 
generate the probability distribution function of the 
Wl'ac/W,.;10d term in equation 3. 

Food consumption 

The database from M IGRAMODEL project (ESB 
2008) was used to provide data on the amount of food in 
contact with paper and paperboard packages; this database 
includes data collected at household level. Results from 34 
household were used to generate the probability distribution 
function of the FW term in equation 3. 

Probabilistic analysis 

T he Crystal Ball 7.2 .2. (Decis ioneering, Inc.) 
software was used to fit the exposure model inputs as well as 
the model output to probabil ity distributions functions by the 
maximum like lihood method. The distributions were 
truncated to allow only positive values in the exposure 
model because there is no physical meaning for negative 
values of these inputs. The goodness-of-fit was assessed by 
the Anderson-Darling (A-D) test. MC simulation was used 
as sampling method with I 0 000 ite rations. Descriptive 
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statistics were calculated from the exposure estimates 
generated by the model. 

RESULTS AND DISCUSSION 

Table presents the descriptive statistics for the 
concentration of BZP found in the cellulosic packages 
collected from the market. The highest values (9 mg/Kg) 
were found in boxes of cookies and cereal. 

Table I. Input Variables for Exposure Model: BZP 
concentration in the packaging, ratio of packaging weight to 

food weight, da il ~ intake of food. 
c/17.1'• I'V1,""/~V1.,,.,.1 

FW, 
mg/Kgrac~ KgF,~~,Iday.Kg1,"' 

Mean 2.61 0. 136 0.0 17 

Standard Error 0.47 0.010 0.001 

Median 2.49 0.082 0.0 17 
Standard Deviation 2.60 0.256 0.008 

Sample Variance 6.76 0.065 0.000 

Kurtosis 0.71 176.680 -0.260 

Skewness 1.02 11.540 0.602 
Range 9.39 4.59 1 0.03 1 

Minimum 0.08 0.002 0.005 
Maximum 9.47 4.593 0.036 

Count 30 628 34 

Table a lso presents the data extracted from the 
M IGRAMODEL database required as inputs in the exposure 
model. The ratio of packaging material to food weight 
(W!'ac/ WFood) presents an average value of0. 14 rang ing tl·om 
0.002 uo tp 4.6. The total food weight consumed per day and 
per consumer body weight averaged 0.017 Kgrood/day.Kgbw· 
From this total amount of food, an average of 12% has been 
packaged in paper and board materia ls (Po<;as et al. 2009). 

Table 2 presents the results for the distribution functions 
fitting the input variables for the exposure model. 

Table 2. Paramete rs of Functions Describing the 
Distribution o f Values of the Exposure Model Inputs. 

Input Distribution Parameters 

Cnzp, mg/Kgl'ack Beta 
a =0.9709 
13=3.3840 

L=O 
Wl'ac/W,.;md Lognonnal Mean=0. 13 

Stand. Dev.=0.19 

FW, 
L=-0.0 1 

Lognonnal Mean=0 .02 
Kgr-00./day.Kgbw Stand. Dev.=O.O I 

Figure I shows the simulated exposure of consumers to BZP 
migrating from paper and board packag ing materials, 
obtained with equation 3 and running I 0 000 iterations 
Monte Carlo 
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Results show mean exposure values 9.97E-4 mg1d day.Kgbw 
and maximum value of 3.1 E-2 mgnz/day.Kgbw, indicating 
that the TDl value defined by EFSA is hardly achieved: the 
99% percentile of consumers have simulated exposure 
values lower than 8.85E-3 mg13Z/day.Kgbw· These results 
also indicate that additional efforts in refining the exposure 
estimates are not required in the present case. 

CONCLUSIONS 

Simulation models may be applied to estimate 
exposure of consumers to substances migrating from food 
packaging materials with important efforts savings (PoQas et 
al. 20 I 0). Traditional approaches are based in collecting 
concentration data directly from the food. The benefit of 
using these simulation tools is to avoid the analytical 
difficulties inherent to chemical analysis of food matrices. 
Data of initial concentration in the packaging materials are 
still required but these are easier to obtain either through 
expert judgement or even by analytical means that, 
depending on the migrant, are typically simpler than those 
required to analyse food samples. In the present exercise, the 
use of mathematical simulation combining experime ntal data 
and data ti·om an existing database on packaging usage in 
Portuguese households, allowed to estimate exposure of 
consumers to BZP present in paper and board food 
packages, indicating no reason for health concem. 

Future work will focus on modeling the mass transfer 
process of components from inks from the secondmy 
package into the food, but considering the barrier of a inner 
primary package, the time and temperature of storage. That 
mode l will be integrated into the exposure probabilistic 
mode l. 
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ABSTRACT 

Mead production represents a possible economic 
alternative to honey producers that intend to obtain honey 
products with surplus value. From that the present work 
aims to study the influence of using different production 
scales on the quality of the final mead obtained and on the 
process performance. Increasing the production scale 
almost ten times (1.5 to 20 L), some differences were 
observed. Maximum specific growth rates equal to 0.045 
and 0.038 lf 1 were obtained for fermentations carried out 
at 1.5 mtd 20 L, respectively. The time course of glucose 
and glycerol were similar for both production scales. 
Nevertheless. slight differences at the end of the 
fermentations were observed for fi·uctose and acetic acid. 
In relation to ethanol. a higher final concentration was 
found in the pilot-scale, resulting in a higher ethanol yield. 
In conclusion. these preliminmy results are a good promise 
to local honey producers who intem to obtain large­
productions of mead. 

1. INTRODUCTION 

In the northeast of Portugal. the production of honey is nn 
activity with significant economic importance, however. 
the excessive production lowers the honey price, acquiring 
great importance the study and development of new honey 
products in order to increase the value of honey (Pereira et 
al. 2009). 

Honey is a natural complex product that is reponed to 
contain at least 181 substances (AtTaez-Ronuln et al. 
2006). These arc mainly composed of carbohydrates and 
other minor substances, such as organic acids, amino 
acids, proteins, minerals, vitamins and lipids (Finola et al. 
2007) . Fructose and glucose are the predominate 
carbohydrates. These two sugars account for nearly 85-
95% of the honey carbohydrates (Finola et al. 2007: 
Pereira et al. 2009). The composition of honey is rather 
variable and depends primarily on the noral source; 
however. certain external factors. such as scnsonal and 

environmental factors and processing. also play an 
important role (Am\cz-Roman et al. 2006). Honey also 
contains volatile substances which arc responsible for the 
characteristic flavour (Finola et al. 2007). 

Mead production may be an activity with economical 
potential. In fact, mead is known as the drink of the gods. 
being one of the oldest alcoholic beverages in the world 
(Sroka and Tuszyt'tski 2007). Mead contains between 9% 
to 1 R% (v/v) of ethanol. Mead fermentation is a time­
consuming process. often taking several months. The 
fcnnentation rate depends on several factors, such as. 
honey variety, yeast strain, yeast nutrition, pH, among 
other factors (Navratil et al. 2001 ). 

However, associated with its production several 
limitations have been documented. such as, rela tively long 
time needed for wort fermentation and mead maturation 
(Sroka and Tuszynski 2007) and lack of uniformity in the 
final product. since the water content of honey changes 
every year. that can induce not only refermcntations by 
yeasts, but also metabolisation of residual sugar by acetic 
acid bacteria and lactic acid bacteria. These reactions 
result in the production of volatile acidity and abnormal 
esters that decrease the organoleptic quali ty of the final 
product (O'Connor-Cox and Ingledew 199 1 ). Other 
problems are encountered during mead production in the 
clarification and filtration stages. Although desirable. these 
steps may increase production costs. For these reasons. 
research work is needed in order to optimise the 
production process of this beverage (Sroka and Tuszyllski 
2007). 

Generally, the studies related with mead production 
performed until now have only involved production at lab­
scale (1.5 - 2 L). Thus. the aim of this work was to 
compare different production scales of mead in relation to 
the final product obtained and to the fermentations 
development. The production of mead was evaluated in a 
biorcactor of 1.5 L and subsequently in one of pilot-scale 
(20 L). Total reducing sugars, glucose, fmctose. ethm1ol. 
acetic acid and glycerol, were evaluated and these were the 
parameters used to make Lhe comparison between both 
production scales. 



2. MATERIALS AND METHODS 

2.1 Yeast strains and medium 

A commercial wine yeast strain of S. cerevisiae (Fennol® 
Reims Champagne (Pascal Biotechr:E"•)) was used for all 
assays. Firstly, yeast cells (30g/hL) were hydrated in sugar 
water (50g!L) and incubated at 35°C for 20 min. 

The growth medium was prepared by mixing honey with 
water (395g/L) and commercial nutrients (Enovit®) at a 
final concentration of 60g/hL, 6% (v/v) S02 at ~ g/hL and 
tartaric acid (Sigma- Aldrich) until obtaining a pH or.:U. 

2.2 Lab-scale mead fcrmcntations 

The hydrated commercial wine yeast strain was added to 
the growth medium. The fermentation progressed at 25°C 
with gentle agitation (1 20 rpm) and carried out in a I.5L 
stilTed tank reactor (Biorcactor Biostat A plus) for 31 3 
hours. Along the fem1cntations, the pH and temperature 
were constantly monitored. Yeast cell biomass was 
determined by measuring the optical density at 640 nm in 
a UV- visible spectrometer (Jcnway Genova) . Glucose, 
fructose. ethanol. glycerol. and acetic acid were quantified 
along fermentation. These fermentations were carried out 
in duplicate. 

2.3 Pilot-scale mead fermentations 

The growth of Saccharomyces cerevisiae was performed 
in a fermenta tion cube of 20 L, and incubated a t 25°C for 
334 hours. The agitation of the culture was performed 
tw ice a day. During the fermentation, pH and temperature 
were periodically measured , as well as the parameters 
reported before (Section 2.2). 

2.4 Glucose, fructose, ethanol, glycerol and acetic acid 
q uantitication 

Glucose, fructose, ethanol, glycerol, and acetic acid were 
analyzed individually. using a Varian HPLC system, 
equipped with a Rheodyne injector with 20 ~LL loop. a 
Supelco Gel C-6 10H colunm (300x7.8 nm1) a t 35°C and a 
refractive index detector RI-4 (Varian) . Isocratic elution 
was employed with a mo bile phase consisting o f 0.1 <y., 
(v/v) phosphoric acid (Fisher Scientifi c. p.a. ) at a flow rate 
of 0 .5 mL/min. Data was recorded and integrated using the 
Star Chro matography Workstation softw·are (Varian). 
Glucose. fructose, ethanol, glycerol and acetic acid were 
quantified by external standard calibration. 

All values reported in this work COITespond to averages of 
the results obtained from triplicate detenninations bcino , " 
the percentage rela tive standard deviations of which less 
than 5%. 

3. RESULTS AND DISCUSSION 

The process of mead fermentation is q uite difficult to 
perform due to several fac tors, such as. high sugar 
concentrations and low nitrogen, v itamins, minerals 
contents. Furthermore, when the production scale is 
clumged other aspects must be considered. such as pH, 
temperature, dissolved oxygen. homogeneity of the cul ture 
medium, etc., as these parameters arc more difficult to 
control in larger production scales. Thi s will lead to 
differences in the fermentation performance and in 
changes on the organo leptical characteristics of the final 
product. As a result , it is import<mt to b'ltarantee that in 
large-scale production . the final product still has the 
desirable characteristics and the maximum process yield. 

3. 1 Mead production in Lab-scale 

The fermentation performance during the lab -scale 
production is presented in Figure l. In relat ion to biomass. 
almost no tag-phase was observed, having the exponential 
phase a duration of around 90 hours. After that the 
stationary phase was observed . 

In terms o f g lucose and fmctose. both sugars were 
metabolized by the yeasts during the expon~ntia l and 
stationary phases . The glucose content decreased from I 0 I 
to 5 . 11 g/L and fhtctose from 125 to 11.1 g/L. These 
results indicate that both sugars were almost comple tely 
consumed. Moreover, the g lucose consumption rate was 
higher than fructose, as observed by the slopes o f the 
curves, showing a preferential consmnption of glucose 
o ver fructose. 

The final ethanol concentrations were equal to 99.4±0.9 
g/L. G lycero l and acetic acid were also produced along 
fermcntatio ns. reaching the following values: 6.42±0.03 
and 0. 60±0.05 g/L, respectively. 

3.2 Mead production in Pilot-scale 

The fermenta tion performance during the pilot-scale 
production is presented in Figure 2. In general terms, some 
differences were de tected when comparing these results 
with the ones obtained in the lab-scale production. In 
relation to biomass, a fag-phase around 28 hours was 
observed, suggesting that yeasts cells due to the high sugar 
concentration in growth medium and the lower 0 2 

concentration were under stress condit ions. Only after tha t 
period, the exponential phase started with a total duration 
of around 90 hours. 

At 125 hours after inoculation the biomass decreased. This 
might be due to two phenomena: i ) Difficulties in 
promoting the desirable agita tion of the medium when 
sample collection was being performed: ii) Cell 
sedimentation. 

l 
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Figure 2 - Fermentation performance in mead production at pilot-scale. 

In terms of glucose and fructose, both sugars were 
metabolized loo by the yeasts. The glucose content 
decreased from 12 1 to 5.09 g/L and fructose from 137 to 
36.4 g/L. When comparing the final values with the ones 
obtained in the previous assay, similar results were 
obtained for glucose. On contrary. higher final fructose 
concentrations were determined in the pilot-sca le 
production. Moreover. a higher glucose consumption rate 
was again observed. 

The final ethanol concentrat ion \Vas equal to 124 g/L. 
Glycerol and acetic acid were also produced along 
fermentations, reaching the following values: 6.X4 and 
0.94 g/L. respectively. 

3.3 Comparison between both production scales 

In order to compare both production scales. the following 
parameters vvere evaluated: maximum specific rates (~t), 
sugars consumed, ethanol, glycerol and acetic acid 
productions (Table I). 



Table I - Mead production - Parameters determined for the 
alcoholic fermcntations carried out in bioreactors of 1.5L 
(lab-scale production) and inox cube of 20L (pilot-scale 
production). 

Parameter Bioreactor lnox cube 
(l.SL) (20L) 

Total time of 315±22 334 
termentation (h) 

~lmox (h-1
) 0.045±0.000 0.038 

Sugars consumed 218.±16 216 
(g/L)* 

Ethanol(%) ().69±0.02 12.4 
Y EihanuliSugm (%) 35.3±2.2 45.5 
Glycerol (g/L) 6.36±0.Cl9 6.84 

Acetic acid (g/L) 0.56+0.02 0.94 
*Evaluated as I:(Glucose_±Fructose). 

Values presented correspond to meclian.±mnplitudc/ 2 

The maximum growtl1 specific rate obtained for the inox 
cube was lower than the obtained in L5L bioreactor. 
However. the sugars consumed in both production scales 
were comparable. In relation to ethanol. a higher final 
concentration was observed in the pilot-scale, resulting in 
a higher ethanol yield. 

Another important aspect that must be referred to is the 
uncommon behavior of ethanol production. In fact. this is 
a primary metabolite that is expected to be produced along 
the exponential phase. However, as stated previously by 
Pereira et al. (2009). ethanol production in mead making 
might be still observed along the stationary phase. This 
bchavior occurred in both production scales. 

Glycerol concentrations obtained in both assays arc in 
agreement with values published in the literature for 
wines. Rankine and Bridson ( 1971) refer that glycerol in 
Australian wines range between 1.4 and 9.9 g/1. For inox 
cube fermentation , a slight higher value of glycerol was 
obtained; however, the values arc identical for both assays. 

In relation to acetic acid, higher concentrations were 
obtained at the pi lot -scale production, being observed 
approximately a two-fold increase; however, in the two 
cases the values still remain lower than the legal limit 
(inferior to 18 meq/L that is almost 1.1 g/L) (Council 
Regulation (EC) W 1493/ 1999. Annex V-8- lb). 

4. CONCLUSIONS 

With this work it was verified that changing from lab-scale 
to pilot-scale production (an increase of more than ten 
times fo ld), differences among the fermentations were 
observed. A higher lag-phase and a lower max.imum 
specific growth rate were determined for the pilot -scale 
production. However, higher final ethanol concentrations 
\Vere obtained in this assay, resulting in an increase in 
ethanol yield. 
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In the future we intend to perform organoleptic assays and 
to study the role of some parameters, such as temperature. 
salts. etc .. on the quality of the mead produced. 
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