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a b s t r a c t

Increasing oil temperature and heating duration in deep-fat frying of potato chips can improve textural
quality but worsen the chemical safety of acrylamide formation. Optimal design of this complex process
is formulated as a non-linear constrained optimization problem where the objective is to compute the oil
temperature profile that guarantees the desired final moisture content while minimizing final acrylamide
content subject to operating constraints and the process dynamics. The process dynamics uses a multi-
component and multiphase transport model in the potato as a porous medium taken from literature.
Results show that five different heating zones offer a good compromise between process duration
(shorter the better) and safety in terms of lower acrylamide formation. A short, high temperature zone
at the beginning with a progressive decrease in zone temperatures was found to be the optimal design.
The multi-zone optimal operating conditions show significant advantages over nominal constant temper-
ature processes, opening new avenues for optimization.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Frying generates tasty products that have crispy crusts, tempt-
ing aromas and visual appeal. These unique properties make fried
foods a major part of the prepared foods market and therefore
deep-fat frying is still one of the most important unit operations
in the food processing industry.

Type of oil, oil temperature, and duration of cooking greatly af-
fect the final quality attributes of fried foods. Often in literature,
the quality is related to the oil uptake and oil deterioration. Oil up-
take occurs during frying due to replacement evaporated water by
oil and during post frying when it is absorbed due to the vacuum
from cooling. Hydrolysis and oxidation contribute to the develop-
ment of rancid flavors deteriorating oil quality (Saguy and Dana,
2003).

Recent works showed that fried foods are a significant source of
dietary acrylamide (Tareke et al., 2002; Zhang et al., 2005), an
emerging factor that has been associated with cancer risk and neu-
rotoxic effects. Although the details of acrylamide synthesis are not
fully understood, the Maillard-driven generation of flavor and color
in the frying process can be linked to the formation of acrylamide
(Medeiros-Vinci et al., 2011).

The increased awareness of the consumers to the relationship
between food, nutrition and health has emphasized the need to de-
sign (pre-)process conditions, product specifications and type of oil
so as to improve product quality and to minimize oil uptake and
acrylamide formation. In this regard some recommendations may
be found in, for example, Alvarez et al. (2000), Mestdagh et al.
(2008), and Brigatto-Fontes et al. (2011).

However, these recommendations are often obtained by means
of response surface models thus having a number of important
drawbacks due to the empirical, local and stationary nature of
the simple algebraic models used.

A fundamental understanding of the deep-fat frying process and
the application of adequate optimization techniques could lead to
new equipment and operation designs that may improve safety
and quality of the final product.

To understand the mechanisms involved in the process, mathe-
matical models were developed, from the first attempts that in-
cluded heat, moisture and fat transfer in the frying of foods
(Ateba and Mittal, 1994; Moreira et al., 1995; Farkas et al., 1996)
to the most recent porous media based models which also account
for texture and acrylamide evolution (Halder et al., 2007; Thussu
and Datta, 2012; Warning et al., 2012).

Bassama et al. (2012) considered, via simulation, two types of
transient oil temperature profiles in order to asses the impact on
the final acrylamide content. The first oil temperature profile
started at a high temperature, followed by a lower one and the
second frying oil temperature profile was vice versa. Their work
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concludes that the first type of profile results in significant reduc-
tions on the final acrylamide content.

However at the time of designing processing profiles, not only
should have acrylamide content been taken into account, but qual-
ity attributes and processing time. Of course solving such a prob-
lem via simulation is rather complicated, if not impossible, due
to the numerous degrees of freedom and constraints. This work
proposes the use of advanced model based optimization tech-
niques (Banga et al., 2003; Banga et al., 2008) to design optimized
frying processes to ensure appropriate safety through minimized
final acrylamide content and quality by guaranteeing the desired
specifications in terms of color and texture.

2. Theory

2.1. Formulation of the optimization problem

In industry, the traditional operation conditions for frying pota-
to chips consist of immersing the chips in continuous fryers where
the frying oil is held at high temperatures. The process duration is
long enough (typically between 1 and 3 min) to guarantee a de-
sired final color, texture, and a final moisture level less than 2%
of the initial moisture content (Brennan, 2006).

The objective of the present work is to formulate and solve a
general dynamic optimization problem to find the operating condi-
tions (oil temperature and process duration) that produces the de-
sired quality attributes while minimizing the final acrylamide
content. Mathematically stated as:

Find Toil(t) and tf to minimize cAA(tf) such that:

Toilmin
6 Toil 6 Toilmax ð1Þ

tf 6 tf ;max ð2Þ

QCðtf Þ <¼ 0 ð3Þ

UðSw; So; Sg ; T;M; P;w; cAA; Toil;j; n; tÞ ¼ 0 ð4Þ

where Toil, tf, and cAA are the oil temperature, process duration, and
acrylamide content respectively. QC stands for the quality con-
straint defined in Eq. (5).

Eq. (3) defines the constraints for quality as defined by color,
texture, and moisture content. Pedreschi et al. (2005),Pedreschi
et al. (2006) showed that the color in the product during the frying
process follows a first order kinetics. The higher the red component
of the color, the darker the potato and the worse the commercial
acceptance of the final product. In addition, these authors show
how acrylamide content is linearly correlated with the color at
1.8% of the initial moisture content whereas Pedreschi et al.
(2005) show a clear correlation between the increase of acrylamide
content and the increase of redness. In this optimization work, it is
assumed that the minimization of acrylamide content also mini-
mizes redness of the product. Regarding texture, Thussu and Datta
(2012) presented a mechanistic model to predict Young’s module
development during frying. Their results suggest that there is not
critical difference in considering the texture or the moisture con-
tent to control the process duration. Therefore, the constraint im-
posed in the optimization will be related to the moisture content
at the end of the process. In this way, the solution of the equations
to predict texture evolution is not really necessary. The quality re-
lated inequality constraint now becomes:

Mðtf Þ � 2 6 0: ð5Þ

where M is the percentage of the final moisture content, which is
intended to be 2% or lower at the end of the process.

There is an additional set of constraints (Eq. (4)) which corre-
sponds to the system dynamics from the mathematical model of
the process which describes the evolution of the saturation of
water, oil and vapor (Sw,So, Sg), product temperature (T), moisture
content (M), pressure (P), water vapor mass fraction (xv) and acryl-
amide content cAA; the corresponding spatial and temporal deriva-
tives, as functions of the spatial coordinates (n); time (t) and oil
temperature (Toil). The vector j keeps all model thermo-physical
and kinetic parameters.

2.2. Mathematical model of the process

In the deep-fat frying process, water containing foodstuff is im-
mersed into oil or fat at high temperatures (typically between 160
and 180 �C, Pedreschi et al. (2005)). The high temperature induces
water evaporation and the formation of a thin crust. Due to the
evaporation, the water is gradually transported to the boundary
layer whereas the oil is absorbed by the food replacing some of
the lost water. As soon as the transfer of water ends, the tempera-
ture inside the food starts to rise and the typical deep-frying sen-
sory characteristics begin to develop.

A multiphase porous media based model describing heat, mass
and momentum transfer and acrylamide kinetics within a potato
chip will be used. The potato chip is assumed to be a porous media
where the pores are filled with three transportable phases: liquid
water, oil, or gas (mixture of water vapor and air). The model
considers a 2D geometry as illustrated in Fig. 1, the potato chip
is assumed to be cylindrical and heated from outside therefore
axi-symmetry can be assumed. The physical mechanisms and cor-
responding equations derivation are described in detail in Warning
et al. (2012) and Halder et al. (2007). The final system of equations
is presented in Appendix A.

It should be noted that most of the thermo-physical and kinetic
parameters present in the model may be found in the literature
(see Table A.1 in the Appendix) but the heat transfer (h) and the
surface oil saturation So,surf. Previous works provided different
parameter values for different oil temperature values. However
for the purpose of dynamic optimization either a unique value
for the parameters or a functional dependency with the oil temper-
ature is required. In either case, unknown model parameters have
to be identified from experimental data.

2.2.1. Model parametric identification
The objective of parametric identification (model calibration or

parameter estimation) is to compute a unique value for the vector
of unknown parameters (h), which either coincides or is included
in the vector j, so as to minimize the distance among experimental
data and model predictions. In this work, this distance is quantified
by the sum of the weighted squared differences among experimen-
tal and simulated data (weighted least squares).

Fig. 1. 2-Dimensional computational domain and geometry of the potato chip.
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