-

P
brought to you by, CORE

View metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

Journal of Food Engineering 107 (2011) 141-146

journal of

Contents lists available at ScienceDirect ournal
food engineering

Journal of Food Engineering

journal homepage: www.elsevier.com/locate/jfoodeng

Review
Superchilling of food: A review

Lilian Daniel Kaale **, Trygve Magne Eikevik?, Turid Rustad®, Kjell Kolsaker?

2 Norwegian University of Science and Technology (NTNU), Dep. Energy and Process Engineering, NO-7491 Trondheim, Norway
b Norwegian University of Science and Technology (NTNU), Dep. Biotechnology, NO-7491 Trondheim, Norway

ARTICLE INFO ABSTRACT

Article history:

Received 1 April 2011

Received in revised form 27 May 2011
Accepted 2 June 2011

Available online 23 June 2011

Food preservation is very important for the safety and the reliability of the product. Superchilling as used
for preserving foods, has been defined as a process by which the temperature of a food product is lowered
to 1-2 °C below the initial freezing point. Fresh and high quality food products are in great demand
worldwide. Temperature is a major factor determining the shelf life and quality of food products. Fish
and meat are perishable food commodities, where better and more advanced preservation technology
is needed. Deterioration of these foods mainly occurs as a result of chemical, enzymatic and bacteriolog-
ical activities leading to loss of quality and subsequent spoilage. Storing food at superchilling tempera-
ture has three distinct advantages: maintaining food freshness, retaining high food quality and
suppressing growth of harmful microbes. It can reduce the use of freezing/thawing for production and
thereby increase yield, reduce energy, labour and transport costs. The study on the growth mechanism
of ice crystals, modelling and computer simulation of foods during superchilling and superchilling stor-
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age is needed.
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1. Introduction

With increasing world population and the need to supply peo-
ple with fresh and healthy food, food preservation becomes
increasingly necessary in order to increase the shelf life and main-
tain the nutritional value, texture and flavour of food. A main chal-
lenge in this respect is to maintain a stable and sufficiently low
temperature which is often more difficult in fresh foods than in fro-
zen foods. Studies on the chill chain have shown that it is a chal-
lenge to maintain an acceptable temperature during distribution
and storage of food products (Aune, 2003). Superchilling is one
method that can be used to maintain food products at a low tem-
perature. Superchilling implies temperatures in the borderline be-
tween chilling and freezing. Superchilling is a process by which the
temperature of a food product is lowered to 1-2 °C below the
initial freezing point of the product (Duun and Rustad, 2007). At
superchilling temperatures, microbial activity is reduced and
most bacteria are unable to grow. Microbial growth is the most
important factor limiting the shelf life and quality of fresh food
products. Ghaly et al. (2010) stated that about 30% of the landed
fish are lost through microbial activity alone, while chemical dete-
rioration and microbial spoilage are responsible for loss of 25% of
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gross primary agricultural and fishery products every year. In addi-
tion, food systems and quality deterioration mechanisms are com-
plex and consumers are a heterogeneous group. Fresh food,
especially meat and fish, are highly perishable products due to
their biological composition. The shelf life of refrigerated meat
and fish is limited, primarily due to microbial activities (Duun,
2008; Fernandez et al., 2010; Lambert et al.,, 1991). Controlling
microbial activities is the key to extension of shelf-life during pro-
cessing, distribution and storage of food. Temperature is one of the
most important parameters affecting the growth of microorgan-
isms (Borch et al., 1996; Bréand et al., 1997, 1999; Constantin,
1985; Doyle, 1989). The rate of food spoilage processes depends
on temperature. To reduce spoilage and biochemical degradation,
different preservative methods, mainly based on low temperature,
have been employed for storage and distribution of food products.
The most used methods include refrigerated ice storage between
0°C and 4 °C, superchilled storage in the range of —1 to —4 °C, by
means of slurry ice or in superchilled chambers without ice, and
frozen storage at —18 to —40 °C (Gallart-Jornet et al., 2007).

In addition to microbial growth, enzymatic activities are impor-
tant for the determination of shelf life and quality of food. The ini-
tial quality loss in most of food products such as fish is primarily
caused by autolytic changes and is unrelated to microbiological
activity (Gram and Huss, 1996). Of particular importance in this re-
spect is the degradation of nucleotides (ATP-related compounds)
which is caused by autolytic enzymes. Lipid oxidation (both chem-
ical and enzymatic) leading to rancidity can also take place at low
storage temperature (Duun, 2008). Due to the presence of highly
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unsaturated fatty acids, fish is more susceptible to lipid oxidation
than other muscle foods such as poultry, pork, beef, and lamb
(Lee et al., 2006). Lipid oxidation products are known to react with
nitrogenous materials in biological systems including amino acids,
proteins, phospholipids, and DNA to form brown pigments and
fluorescent compounds which may have negative health effects
(Kubow, 1992).

The volume and value of fresh, refrigerated foods, and also the
flow of these products between countries is increasing. The level
of education among consumers has increased in recent years as
well as has the knowledge about nutrition and the amount of
money available to spend for food products. In addition to purity
and safety, product freshness is a major part of product quality
and will help to prevent health problems (Matthias, 2005). Frozen
foods have a shelf life of months or years while fresh products have
a shelf life of days or weeks. The shelf life of superchilled food is far
shorter than that of frozen food but longer than that of chilled food
(Duun, 2008) and with an increased focus on fresh products, the
profitability of the superchilling process from harvest (catch)
transport-consumer is of great importance. The aim of this paper
is to review the superchilling technology for the preservation of
fresh food products.

2. Superchilling

The process of superchilling was described as early as 1920 by
Le Danois, even though the terms ‘superchilling’, ‘deep-chilling’
or ‘partial ice formation’ were not used. The superchilling technol-
ogy combines the favourable effect of low temperatures with the
conversion of some water into ice, which makes it less available
for deteriorative processes (Aune, 2003). The ice formed on the sur-
face will absorb heat from the interior and will eventually reach
equilibrium. Superchilling gives the food product an internal ice
reservoir so that there is no need for external ice around the prod-
uct during transportation or storage for shorter periods, however,
for long term superchilled storage, refrigerated storage at super-
chilled temperatures will be needed. Generally, superchilling is
positioned between freezing and refrigeration (conventional chill-
ing), where the surrounding temperature is set below the initial
freezing point. The initial freezing points of most foods are be-
tween —0.5°C and —2.8 °C (Duun and Rustad, 2007). Ando et al.
(2004) defined superchilling as the temperature zone below 0 °C
but where ice crystals are not generated. Beaufort et al. (2009) de-
fined superchilling as a technology where food is stored just below
the initial freezing temperature.

2.1. Shelf-life aspects in relation to superchilling technology

There is no generally accepted definition for the term shelf life
in the literature. A universal definition of shelf-life is virtually
impossible to establish since it is impossible to satisfy all consum-
ers at all times (Bin and Theodore, 1993). Shelf life can be defined
as the time period for the product to become unacceptable from
sensory, nutritional or safety perspectives. Shelf life is the time
during which the product will remain safe, to retain the sensory,
chemical, physical and microbiological characteristics, and comply
with any label declaration of nutritional data (Kilcast and Subr-
amaniam, 2000). The shelf life of foods is a function of composition,
processing, packaging and environmental factors, including
humidity, and temperature (Bili and Taoukis, 2007).

Studies on superchilling have shown extended shelf life of food
products compared to conventional chilling. According to Einars-
son (1988), superchilling results in better quality, and extends
shelf life of stored food 1.5-4 times compared to conventional
chilling. Carlson (1969) reviewed superchilling of fish and found

that as temperature was reduced from —1 °C to —3 °C, the shelf-
lives increased from 21 to 35 days. Sivertsvik et al. (2003) reported
a sensory shelf life of 21 days for superchilled salmon in air,
whereas modified atmosphere and air stored fillets at chilled con-
ditions were spoiled after 10 and 7 days, respectively. The super-
chilled MA packaged salmon had a negligible microbial growth
(<1000 colony-forming units (CFU]/g) for more than 24 days (aer-
obic plate count, H,S-producing, and psychotropic bacteria)
(Sivertsvik et al., 2003). This is in accordance with the results of
Duun and Rustad (2008) who found a doubling of shelf life of
superchilled salmon stored at —1.4 and —3.6 °C compared to ice
chilled storage with respect to microbial and chemical analyses,
and also with the results of Stevik et al. (2010). Fernandez et al.
(2009) who reported the shelf life of 22 days in superchilling in
combination with modified atmosphere packaging (MAP) based
on sensory, chemical, and microbiological analyses compared to
11 days control sample. In a study of MAP and superchilled storage
to extend the shelf-life of fresh cod (Gadus morhua) loins, Wang
et al. (2008) found that superchilled-MAP storage had a shelf
life of 21 days compared to 14 days for chilled-MAP storage.
Olafsdottir et al. (2006) found shelf-life of superchilled cod fillets
based on microbial, Chemical Quality Indicators (Torry - score)
and total volatile basic nitrogen (TVB-N) to be 15 days at —1.5 °C
compared to 12.5-14 days at 0 °C for iced chilled cod fillets, while
Duun and Rustad (2007) found that the microbial shelf life (with
respect to reduced growth of sulphide producing bacteria) in
superchilled vacuum-packed cod fillets stored at —2.2 °C was ex-
tended by several weeks compared to chilled cod. When compar-
ing effect of brining and MAP on the shelf life and quality of cod
loins, a shelf life of 21 days for the superchilled samples was found
while for chilling the shelf life was about 14-15 days (Lauzon et al.,
2009), the experiments were evaluated based on sensory, micro-
bial, and chemical analyses. Zeng et al. (2005) showed that the to-
tal viable counts (TVC) of bacteria increased most rapidly in shrimp
stored in flake ice and in brine mixed with flake ice, followed by
those in liquid ice at +1.5 °C, while the lowest counts were ob-
served in shrimp stored in liquid ice at —1.5 °C. For meat a longer
extension of shelf life with respect to quality parameters (sensory,
physical, biochemical and microbiological) has been found, super-
chilled pork roasts had a shelf life of at least 16 weeks compared to
2 weeks for the chilled references (Duun et al., 2008).

2.2. Quality aspects in relation to superchilling method

Quality is an arbitrary term and one which causes confusion
among consumers, processors and researchers. Product quality is
a very complex concept (Gao, 2007) which includes nutritional,
microbiological, biochemical and physiochemical attributes.
Microbial growth, colour, texture, off-flavour and oxidation are
important factors for the safety and quality of food products. Due
to the fact that colour, texture, and flavour characteristics are the
main quality parameters in food products, conventional technolo-
gies such as freezing are often not preferred. Freezing may induce
undesirable changes such as protein denaturation, reduced water
holding capacity and increased drip loss on thawing. Methods
reducing these problems are therefore wanted.

Superchilling processing technology has shown several advan-
tages on the quality of food products, for example had superchilled
salmon fillets lower bacterial counts compared to the correspond-
ing chilled fillets (Hansen et al., 2009). Superchilling was found to
be a promising method for storing raw material before salting,
slowing down biochemical quality degradation while at the same
time the degree of protein denaturation was low and the degree
of structural damage was less than in frozen storage (Gallart-Jornet
et al.,, 2007). On the evolution of Listeria monocytogenes and orga-
noleptic characteristics of cold-smoked salmon samples, Beaufort
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et al. (2009) reported that storage at —2 °C (superchilling process)
for 14 days did not have any serious consequences on the quality of
cold-smoked salmon compared to controls (absence of superchill-
ing). However, the prevalence of L. monocytogenes and organoleptic
properties were higher after 28 days at superchilling, followed by
28 days in chilling, compared to samples stored at superchilling/
chilling for 14 days before chilling for 28 days. During superchilled
storage of kuruma prawn, the brightness of the tail colour could be
retained compared to traditional refrigeration where unfavorable
changes in quality such as discoloration, deterioration of texture
and a rapid rise in the amount of inosine and hypoxanthine in rela-
tion to the total amount of ATP and substances derived from ATP
(K-value) were found (Ando et al., 2004). On evaluating the impact
of superchilling on the quality of pre-rigour Atlantic salmon (Salmo
salar) fillets, Bahuaud et al. (2008) found that superchilling pre-
vented the fillets from rigour contraction. The study of Sivertsvik
et al. (2003) found no negative texture changes in the superchilled
salmon and insignificant increase in drip loss, this is in accordance
with the result of Duy et al. (2007) who found no negative effects
on the quality in superchilled Arctic Charr fillets. These differ from
the results of Duun (2008) and Duun and Rustad (2007) who found
drip loss to be lower in superchilled samples than in chilled sam-
ples both in cod and salmon fillets as well as in pork roasts. Tem-
perature fluctuations during superchilled processing and storage
should be avoided (Duun, 2008; Duun and Rustad, 2007). The
amount of ice in the products is highly dependent on the temper-
ature and this has a large influence on the quality changes during
storage.

There is a lot of interest in the use of superchilling technology in
food processing. In the specific case of chilling of food products,
superchilling may become an alternative method over conven-
tional chilling. Duun and others (2008) reported extended shelf life
and improved quality for superchilled food products. This may be a
direct result of the reduction of tissue or external damage and an
indirect result of the reduction of lipid deterioration and protein
oxidation in the final food product.

However, some negative effects on quality have also been found
in superchilled foods. Bahuaud et al. (2008) reported on freeze
damage during superchilling, the upper layer of the super-chilled
fillets showed freeze damage characterized by the formation of
large intra- and extracellular ice crystals during superchilling.
Freeze damage due to superchilling accelerated the amount of
detachments between myofibres and increased the amount of
myofibre breakages during storage time. Super-chilling accelerated
the release of the proteolytic enzymes cathepsin B and L from the
lysosomes, causing an acceleration of fish muscle degradation
(Bahuaud et al., 2008). However, Duun and Rustad (2008) con-
cluded that super-chilling did not influence the total cathepsin B
and L activity in salmon muscle stored at —1.4°C and —3.6 °C.
Duun (2008) found that myobrillar proteins denatured more easily
during superchilled than during chilled storage both in salmon and
cod fillets and the amount of free amino acids increased more rap-
idly due to exoproteolytic activity. Duun and Rustad (2007) also
found a higher liquid loss (LL) in superchilled samples compared
to ice chilled cod fillets. The high LL was correlated to a reduction
in amount of salt soluble proteins which was significantly lower in
the superchilled samples than in the ice chilled samples.

Texture is an important quality parameter, and may vary
depending on species, part of muscle, storage, and processing
(Hansen et al., 2009). Superchilling in combination with MAP had
a negative effect on the texture of salmon fillets. This is in accor-
dance with the results of (Gallart-Jornet et al., 2007; Wang et al.,
2008), but in disagreement with the results of Bahuaud et al.
(2008) who found that MAP did not influence the effects of
super-chilling. Measurements of texture, liquid loss and protein
denaturation during superchilling in the reviewed studies indicate

that the superchilling process still needs to be optimized before
further commercial implementation.

3. Superchilling technologies

The superchilling process can be carried out in special cold-pro-
ducing machines called freezers; mechanical freezers, cryogenic
freezers, or impingement freezers. The three technologies, and all
freezers, have different advantages, drawbacks and limitations. In
this paper, we will compare mechanical, cryogenic and impinge-
ment freezing technologies rather than specific systems. The selec-
tion of suitable freezing equipment helps to maximize product
quality, operating flexibility and return on investment (ROI) while
minimizing waste, costs and downtime.

3.1. Mechanical freezers

Use a circulating refrigerant to achieve temperature reduction
by heat exchange against air to the food product. Mechanical freez-
ers are commonly used to freeze foods. Mechanical freezers, espe-
cially in continuous belt freezers, have lower operating costs than
cryogenic freezers. However, mechanical freezers require higher
processing times due to low heat transfer coefficients (h < 50 W/
m? K) which, in turn, lead to a lower quality product (Salvadori
and Mascheroni, 2002).

3.2. Cryogenic freezers

Generally, the term cryogenics is applied to temperature below
—150°C, but in food processing, the term cryogenic freezing is
widely used to identify freezers using either nitrogen liquid
(=196 °C) or carbon dioxide (—78 °C as a solid) which are applied
directly to the food product to achieve temperature reduction.
Cryogenic freezing offers shorter freezing times compared to con-
ventional air freezing because of the large temperature differences
between the cryogen and the product surface and the high rate of
surface heat transfer resulting from the boiling of the cryogen
(Zhou et al., 2010). Cryogenic freezing requires no mechanical
refrigeration equipment; simply a cryogen tank and suitable spray
equipment. However, there may be some distortion of the shape of
the product caused by the cryogenic process that might impact on
the commercial application (Zhou et al., 2010). Furthermore cryo-
genic freezing has a high refrigerant consumption (>1 kg of N, per
kg of processed product) and has very high operating costs (Salva-
dori and Mascheroni, 2002; Soto and Bérquez, 2001). This makes
cryogenic freezing a valid alternative only for expensive products
such as seafood or fine fruits.

3.3. Impingement freezers

Is equipment which has a freezing chamber divided into zones
where the temperature of each zone is independently controllable
so that the temperature profile within the impingement freezer is
coldest at a zone adjacent the outlet and warmest at a zone adja-
cent to the inlet for maximum thermodynamic usage of the refrig-
erant (Lee and Sahm, 1998). Additionally, the velocity of each of
the impingement jets is independently adjustable from zone to
zone so that in the zone adjacent to the entrance of the freezing
chamber, the impingement jets can be adjusted to have maximum
velocity air to produce maximum heat transfer coefficients and
thereby an acceptable rate of cooling within the impingement free-
zer (Lee and Sahm, 1998). Products are placed on conveyor belts,
and the high velocity air passes through the conveyor upwards
and downwards. Impingement freezer increases heat transfer rates
than that seen with traditional mechanical freezers because it
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breaks up the boundary layer at the surface and hence reduces pro-
cessing time (Anderson and Singh, 2006; Erdogdu et al., 2005,
2007; Salvadori and Mascheroni, 2002; Sarkar et al., 2004).
Impingement jet systems have been identified as an alternative
to conventional freezing methods, given their high turbulence
characteristics, which enhance heat transfer and therefore quality
product (Dirita et al., 2007; Garimella and Schroeder, 2002; Soto
and Bérquez, 2001).

The study of Salvadori and Mascheroni (2002) concluded that
the processing times in an impingement freezer are markedly
lower than the times required in conventional belt tunnel freezers,
thus the use of this equipment increases the production capacity
without increasing the size of the facilities. In addition the freezing
times and weight losses for impingement freezing are similar to
those of cryogenic freezing at a noticeably lower operating cost.
The impingement freezer has a good impact on the product, as it
reduces processing time by enhancing heat transfer, and therefore
good quality of the product. Impingement technology advantages
could give the food technologists the best way of preserving food
products, for extending shelf life and improve product quality.

4. Ice crystal formation

Ice content, the percentage of the water in a product that is in
solid form, is one of the most important parameters of food when
freezing is involved. It is also one of the parameters that are elusive
and difficult to measure (Aparicio et al., 2008). However, this de-
pends on controlling the temperature (temperature stability) pre
and during storage treatment. The process temperature should
be stable enough to avoid significant levels of ice crystal growth
that can cause structural damage. Temperature measurement dur-
ing transient chilling and the freezing process is extremely chal-
lenging due to temperature variations both in time and space
(Magnussen et al., 2008). In practice, controlling and measuring
temperature must therefore be performed after chilling and tem-
perature equalization are complete. Accurate temperature mea-
surements can be carried out under laboratory conditions, but
under industrial conditions one cannot expect to improve on an
accuracy of +0.5 °C. However, even with this accuracy, calculating
the amount of ice in the product is highly uncertain due to the
strong dependency of ice content on temperature in the region of
interest (Magnussen et al., 2008). Fig. 1: ice content and specific
enthalpy in salmon filets with varying temperature. The red col-
umns represent variations in temperature due to error of measure-
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ment in the industry. Dotted arrows show how these errors affect
the ice content and specific enthalpy (Magnussen et al., 2008).

Bahuaud et al. (2008) reported that the ice crystals formed dur-
ing superchilling were large enough to damage the integrity of the
fish muscle during superchilling. The large intra- and extracellular
ice crystals formed during superchilling/freezing has a large effect
on morphological changes, cell destruction as well as the denatur-
ation of cell components (Bahuaud et al., 2008; Gab-Soo et al.,
2004). These may result in textural changes and increased drip loss
during thawing (Bahuaud et al., 2008). Fluctuating temperatures,
even if the freezing temperature is quite low, accelerates the
growth in size of the ice crystals formed. With a slight rise in stor-
age temperature, the small ice crystals will presumably melt faster
than the larger ones, and when the temperature drops down again,
forming larger and larger crystals (Shenouda, 1980).

Studies of the characteristics of the ice crystals formed during
superchilling and superchilled storage should contribute to a bet-
ter scientific basis for evaluation of methods for chilling and com-
parison between technologies (Magnussen et al., 2008). There is,
however, few published studies explaining the growth mechanism
of ice crystals during superchilling and superchilled storage. For
example the growth mechanism of ice crystals during superchilling
storage may be related to shelf life of foods and some of the quality
parameters (water holding capacity, lipid oxidation, protein dena-
turation and other quality parameters). Therefore, the information
about the growth of ice crystals should be investigated because it
could offer another way of improving the quality of superchilled
foods and chilling-related technology.

5. Modelling and simulation

Studies show that, the main problem in superchilling technol-
ogy is to define the degree of superchilling and control the temper-
ature in the process that will improve the shelf life sufficiently and
fulfill the demands regarding processability and quality attributes.
Modelling and computer simulation of the superchilling process is
a tool which could implement this task. Computer simulation and
laboratory experiments of superchilled salmon fillets were re-
ported by Aune (2003). Simulation was carried out to find the
amount of the frozen water at different mean temperature in the
fillets and different chilling times. The computer simulation gave
satisfactory results compared to experimental results. As far as
we know, there is no published papers concerning computer sim-
ulation and modelling in superchilling since 2003.
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Fig. 1. Ice content and specific enthalpy in salmon filets (Magnussen et al., 2008).
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However, different models have been applied in food industries
and presented in the literature for simulation in one, two and three
dimensions. Moureh and Derens (2000) developed a three-
dimensional heat transfer model to predict the food temperature
as a function of time and location within the pallet. They concluded
that to ensure a better control of the cold chain, the model can help
evaluate the benefits of investments such as cold-storage facilities,
choice of packaging or the control of ambient temperature.
Mannapperuma and Singh (1989) developed a numerical method
based on enthalpy formulation of heat conduction with gradual
phase change which was then used to develop a mathematical
model to simulate freezing and thawing processes in foods, the re-
sults agreed reasonably well with published experimental results
and with predictions by other published methods. Dolan et al.
(1987) developed a one-dimensional heat transfer model in order
to calculate temperature profiles and histories within a pallet of
frozen food exposed to different environmental conditions. Various
simulations were carried out by varying thermal properties, exter-
nal heat transfer coefficient, and ambient temperature and radia-
tion surface properties of the carton box. Among these
parameters, the thermal properties exert the greatest effect on
temperature distribution within the pallet.

Mallikarjunan and Mittal (1995) used a validated heat and mass
transfer model and a pattern search algorithm to evaluate the ef-
fect of the optimum freezing conditions on beef quality after age-
ing. A computer programme was written using FORTAN 77 and
they found that optimum chilling conditions provided a better
quality compared to other chilling systems. Lijun and Da-Wen
(2002) used a finite element analysis to model the three-
dimensional transient heat transfer of roasted meat during air blast
cooling process. A user-friendly computer programme developed
in visual C++ by the authors was used to solve the model. The tem-
perature predictions were in agreement with experimental values.

The typical shape factor of the food product usually makes a
one-dimensional model sufficient to study the thermal behaviour
of the product. Such a model has the advantage that it is simple,
very fast, and yet detailed enough to estimate the real behaviour
of the food product. The physical properties of food have a strongly
nonlinear behaviour in the temperature region of freezing. This is
especially true for the specific heat capacity, since it represents
the latent heat in addition to the sensible heat.

5.1. Computer programming

A finite difference method adapted to handle the nonlinear
physical properties of food is adopted to model the freezing/partial
freezing processes. Solving these kind of equations need a fine res-
olution in space and time, and can be implemented using different
computer languages such as FORTAN 77, C++, MATLAB, etc. MAT-
LAB is well suited because this tool provides a rich set of built-in
facilities for equation solving and visualization. The main task of
the programme is to keep track of the average ice fraction during
all stages of the product handling. Good knowledge and accurate
prediction of the ice fraction-temperature dependence has signifi-
cant importance for reliable determination of the thermophysical
characteristics and enthalpy variation during freezing of foodstuffs
as well as for proper selection of the temperature regimes during
refrigerated processing and storage (Fikiin, 1998).

Based on this information, optimal time in the freezing facilities
such as impingement can be found by repeated simulations. The
practical methodology will include simulation and verification of
the developed models using experimental data. A major advantage
of such a simulation model is a better control of food quality be-
cause the process of evaluation can be followed up frequently at
a cheap cost. These models, when validated, can be used to design
and operate controls of temperature in superchilling.

6. Challenges in superchilling

The main challenges are: selecting optimal process conditions,
such as temperature, velocity and control holding time in the
superchilling unit. More knowledge is needed on the right degree
of superchilling which will increase shelf life and maintain quality
of food products. To control temperature during superchilling and
superchilled storage is a challenging task. It is also difficult to de-
fine the degree of superchilling required to sufficiently improve
shelf life and fulfill the demands of the process to achieve the de-
sired quality attributes (Magnussen et al., 2008). The changes in
the microstructure of foods during superchilling and superchilled
storage, introduction of on-line measurement techniques to under-
stand and control the ice fraction are also main challenges with
this technique. Growth of microorganisms, protein denaturation
and lipid oxidation at temperature below 0 °C also requires more
attention. Duun and Rustad (2007) found development of white
spots on the surface of fillets during the superchilled storage. This
is a challenge in superchilling process since the product looks
undesirable to the customers. Lastly, the superchilling technology
is more expensive than conventional chilling and needs maximum
accuracy with regard to processing parameters in relation to
equipment used. On the other hand superchilling offers advantages
with regard to shelf life compared to chilling technology.

7. Conclusions

Storing food at superchilling temperature has three distinct
advantages: maintaining food freshness, retaining high food quality
and suppressing growth of harmful microbes. Superchilling, as a
commercial practice, can reduce the use of freezing/thawing for
production and thereby increase yield, reduce energy and labour
costs. Superchilling may also lead to reduced transport costs,
easier handling during processing and reduction of environmental
impact.

Study on the mechanism of the ice-crystals growth during
superchilling storage is highly required. Modelling and computer
simulation of the superchilling process is an area that needs more
attention. Calculating the required superchilling times which will
define the degree of superchilling required to sufficiently improve
shelf life while maintain the desired quality attributes is highly
important as well as maintaining a stable temperature during
superchilled storage.

There is a need for improved methods to control the superchill-
ing process. Temperature is not a sufficient parameter and ice-frac-
tion has been introduced as a parameter to describe the degree of
superchilling. However, if the positive effects of superchilling
shown in the reviewed articles could be implemented at the indus-
trial level, superchilled storage might be used to provide additional
value to commercial foods.

Future aspects/trends
In the field of superchilling, progress is expected in the area of:

(i) Modeling: Computer simulation of the superchilling process,
including interaction between superchilling method and
raw material properties. This is important since computer
simulations are cheaper and easier to use to study effect of
process parameters and product properties.

(ii) The study on growth of ice crystals during superchilling stor-
age which has effect on changes in proteins, lipids, and
changes in microstructure which resulting in changes in
appearance and texture of food products is an important
parameter for future studies.



146 L.D. Kaale et al./Journal of Food Engineering 107 (2011) 141-146

References

Anderson, B.A.,, Singh, R.P., 2006. Effective heat transfer coefficient measurement
during air impingement thawing using an inverse method. International Journal
of Refrigeration 29 (2), 281-293.

Ando, M., Nakamura, H., Harada, R., Yamane, A., 2004. Effect of super chilling
storage on maintenance of freshness of kuruma prawn. Journal of Food Science
and Technology Research 10 (1), 25-31.

Aparicio, C., Otero, L., Guignon, B., Molina-Garci, A.D., Sanz, P.D., 2008. Ice content
and temperature determination from ultrasonic measurements in partially
frozen foods. Journal of Food Engineering 88 (2), 272-279.

Aune, E.J., 2003. Superchilling of foodstuff. A review, 21th Congress ICR, August 17—
22, 2003, Washington, DC, <http://www.icr2003.org>.

Bahuaud, D., Merkere, T., Langsrud, @., Sinnes, K., Veiseth, E., Ofstad, R., Thomassen,
M.S., 2008. Effects of —1.5 °C superchilling on quality of Atlantic salmon (Salmo
salar) pre-rigor fillets: Cathepsin activity, muscle histology, texture and liquid
leakage. Food Chemistry 111, 329-339.

Beaufort, A., Cardinal, M., Le-Bail, A., Midelet-Bourdin, G., 2009. The effects of
superchilled storage at —2°C on the microbiological and organoleptic
properties of cold-smoked salmon before retail display. International Journal
of Refrigeration 32 (7), 1850-1857.

Bili, M., Taoukis, P.S., 2007. Evaluation of shelf life of flavored dehydrated products
using accelerated shelf life testing and the Weibull Hazard sensory analysis.
Developments in Food Science 40, 627-637.

Bin, F., Theodore, P.L., 1993. Shelf-life prediction: theory and application. Food
Control 4 (3), 125-133.

Borch, E., Kant-Muemans, M.-L., Blixt, Y., 1996. Bacterial spoilage of meat products
and cured meat products. International Journal of Food Microbiology 33 (1),
103-120.

Bréand, S., Fardel, G., Flandrois, ].P., Rosso, L., Tomassone, R., 1997. A model
describing the relationship between lag time and mild temperature increase
duration. International Journal of Food Microbiology 38 (2-3), 157-167.

Bréand, S., Fardel, G., Flandrois, ].P., Rosso, L., Tomassone, R., 1999. A model
describing the relationship between regrowth lag time and mild temperature
increase for Listeria monocytogenes. International Journal of Food Microbiology
46 (3), 251-261.

Carlson, CJ., 1969. Superchilling fish - A review. In: Kreuzer R. (Ed.), Freezing and
irradiation of fish. Fishing News Books Ltd., London, pp. 101-103.

Constantin, A.G., 1985. Microbial and safety implications of the use of modified
atmospheres to extend the storage life of fresh meat and fish. International
Journal of Food Microbiology 1 (5), 237-251.

Dirita, C., De Bonis, M.V., Ruocco, G., 2007. Analysis of food cooling by jet
impingement, including inherent conduction. Journal of Food Engineering 81
(1), 12-20.

Dolan, K.D., Singh, R.P., Heldman, D.R., 1987. Prediction of temperature in frozen
foods exposed to solar radiation. Journal of Food Processing and Preservation 11
(2), 135-158.

Doyle, ].P., 1989. Seafood Shelf Life as a function of temperature, Alaska Sea grant
marine advisory program. <http://www.nsgl.gso.uri.edu/aku/akug89005.pdf>,
retrieved on 6.9.2010.

Duun, A.S., 2008. Superchilling of muscle food storage stability and quality aspects
of salmon (Salmo salar), cod (Gadus morhua) and pork, Doctoral theses. Dep.
Biotechnology, NTNU, Trondheim.

Duun, A.S., Rustad, T., 2007. Quality changes during superchilled storage of cod
(Gadus morhua) fillets. Food Chemistry 105 (3), 1067-1107.

Duun, A.S., Rustad, T., 2008. Quality of superchilled vacuum packed Atlantic salmon
(Salmo salar) fillets stored at —1.4 and —3.6 °C. Food Chemistry 106 (1), 122-
131.

Duun, A.S., Hemmingsen, A.K.T., Haugland, A., Rustad, T., 2008. Quality changes
during superchilled storage of pork roast. LWT - Food Science and Technology
41 (10), 2136-2143.

Duy, B.H.N. Arason, S. Thorarinsdéttir, K.A., 2007. Effects of dry ice and
superchilling on the quality and shelf life of arctic charr (Salvelinus alpinus)
fillets. International Journal of Food Engineering 3 (3), 1-27.

Einarsson, H., 1988. Deep chilling (superchilling, partial freezing) - a literature
survey. SIKs Service series (30) Goteborg Sweden. SIK - The Swedish Food
Institute, Chalmers University of Technology.

Erdogdu, F., Ferrua, M., Singh, S.K,, Singh, R.P., 2007. Air impingement cooling of
boiled eggs: analysis of flow visualization and heat transfer. Journal of Food
Engineering 79 (3), 920-928.

Erdogdu, F., Sarkar, A., Singh, R.P., 2005. Mathematical modeling of air impingement
cooling of finite slab shaped objects and effect of spatial variation of heat
transfer coefficient. Journal of Food Engineering 71 (3), 287-294.

Fernindez, K., Aspé, E., Roeckel, M., 2009. Shelf-life extension on fillets of Atlantic
salmon (Salmo salar) using natural additives, superchilling and modified
atmosphere packaging. Food Control 20 (11), 1036-1042.

Fernandez, K., Aspé, E., Roeckel, M., 2010. Scaling up parameters for shelf-life
extension of Atlantic salmon (Salmo salar) fillets using superchilling and
modified atmosphere packaging. Food Control 21 (6), 857-862.

Fikiin, K.A., 1998. Ice content prediction methods during food freezing: a survey of
the Eastern European literature. Journal of Food Engineering 38 (3), 331-339.

Gab-Soo, D., Yasuyuki, S., Mizuho, T. Ken-ichi, K., Toshiro, H., 2004. Three-
dimensional measurement of ice crystals in frozen beef with a micro-slicer
image processing system. International Journal of Refrigeration 27 (2), 184-
190.

Gallart-Jornet, L., Rustad, T., Barat, J.M., Fito, P., Escriche, 1., 2007. Effect of
superchilled storage on the freshness and salting behavior of Atlantic salmon
(Salmo salar) fillets. Food Chemistry 103 (4), 1268-1281.

Gao, H.Y., 2007. Methods of Pre-cooling for Fresh Cod (Gadus Morhua) and
Influences on Quality during Chilled Storage at —1.5 °C. The United Nations
University, Fisheries Training Programme, Iceland, http://www.unuftp.is/static/
fellows/document/gao07prf.pdf retrieved on 16.4.2010.

Garimella, S.V., Schroeder, V.P., 2002. Local heat transfer distributions in confined
multiple air jet impingement. Journal of Electronic Packaging 123, 165-172.

Ghaly, A.E., Dave, D., Budge, S., Brooks, M.S., 2010. Fish spoilage mechanisms and
preservation techniques: review. American Journal of Applied Science 7 (7),
846-864.

Gram, L., Huss, H.H., 1996. Microbiological spoilage of fish and fish products.
International Journal of Food Microbiology 33 (1), 121-137.

Hansen, A.A., Mgrkere, T., Rudi, K., Langsrud, @., Eie, T., 2009. The combined effect of
superchilling and modified atmosphere packaging using CO, emitter on quality
during chilled storage of pre-rigor salmon fillets (Salmo salar). Journal of the
Science of Food and Agriculture 89 (10), 1625-1633.

Kilcast, D., Subramaniam, P., 2000. Stability and shelf life of food. Leatherhead Food
Research Association, <http://www.knovel.com/web/portal/browse/
display?_EXT_KNOVEL_DISPLAY_bookid=14>, retrieved on 12.8.2010.

Kubow, S., 1992. Routes of formation and toxic consequences of lipid oxidation
products in foods. Free Radical Biology and Medicine 12 (1), 63-81.

Lambert, A.D., Smith, J.P., Dodds, K.L., 1991. Shelf life extension and microbiological
safety of fresh meat - a review. Food Microbiology 8 (4), 267-297.

Lauzon, H., Magnusson, H., Sveinsdéttir, K., Gudjonsdéttir, M., Martinsdéttir, E.,
2009. Effect of brining, modified atmosphere packaging, and superchilling on
the shelf life of cod (Gadus morhua) loins. Journal of Food Science 74 (6), 258-
267.

Le Danois, E., 1920. Nouvelle method de frigorification du poisson. French Patent
No. 506.296, France.

Lee, C.-H., Krueger, C.G., Reed, ].D., Richards, M.P., 2006. Inhibition of hemoglobin-
mediated lipid oxidation in washed fish muscle by cranberry components. Food
Chemistry 99 (3), 591-599.

Lee, R.C., Sahm, M.K,, 1998. Impengement jet freezer and method. United State
Patent, 5740678, <http://www.freepatentsonline.com/5740678.html>,
retrieved 18.3.2011.

Lijun, W., Da-Wen, S., 2002. Modeling three-dimensional transient heat transfer of
roasted meat during air blast cooling by the finite element method. Journal of
Food Engineering 51 (4), 319-328.

Magnussen, 0.M., Haugland, A., Torstveit Hemmingsen, A.K., Johansen, S., Nordtvedt,
T.S., 2008. Advances in superchilling of food - process characteristics and
product quality. Trends in Food Science and Technology 19 (8), 418-424.

Mallikarjunan, P., Mittal, G.S., 1995. Optimum conditions for beef carcass chilling.
Meat Science 39 (2), 215-223.

Mannapperuma, ].D., Singh, R.P., 1989. A computer-aided method for the prediction
of properties and freezing/thawing times of foods. Journal of Food Engineering 9
(4), 275-304.

Matthias, L.E., 2005. Advanced Planning in Fresh Food Industriesintegrating Shelf
Life into Production Planning: DOI: 10.1007/3-7908-1646-9 (in German),
<http://books.google.no/books?id=9cq4cXjSrowC&printsec=frontcover&dq=
Matthias+L%C3%BCtke+Entrup,+2005.+Advanced+Planning+in+Fresh+Food+
Industries&source=bl&ots=NsS104eo0Vi&sig=IRU_pijN1Gv3W7r_oNE8oGdeaDU
&hl=no&ei=awt2TdzX]J4T3sga00sn8BA&sa=X&oi=book_result&ct=result&
resnum=1&ved=0CBcQ6AEwWAA#v=onepage&q&f=false>.

Moureh, J., Derens, E., 2000. Numerical modeling of the temperature increase in
frozen food packaged in pallets in the distribution chain. International Journal
of Refrigeration 23 (7), 540-552.

Olafsdottir, G., Lauzon, H.L., Martinsdéttir, E., Oehlenschléger, ]., Kristbergsson, K.,
2006. Evaluation of shelf life of superchilled cod (Gadus morhua) fillets and the
influence of temperature fluctuations during storage on microbial and chemical
quality indicators. Journal of Food Science 71 (2), 97-109.

Salvadori, V.0.V., Mascheroni, R.H., 2002. Analysis of impingement freezers
performance. Journal of Food Engineering 54 (2), 133-140.

Sarkar, A., Nitin, N., Karwe, M.V., Singh, R.P., 2004. Fluid flow and heat transfer in air
jet impingement in food processing. Journal of Food Science 69 (4), 113-122.

Shenouda, Y.K.S., 1980. Theories of protein denaturation during frozen storage of
fish flesh. Advances in Food Research 26, 275-311.

Sivertsvik, M., Rosnes, ].T., Kleiberg, G.H., 2003. Effect of modified atmosphere
packaging and superchilled storage on the microbial and sensory quality of
Atlantic Salmon (Salmo salar) fillets. Journal of Food Science 68 (4), 1467-1472.

Soto, V., Bérquez, R., 2001. Impingement jet freezing of biomaterials. Food Control
12 (8), 515-522.

Stevik, A.M., Duun, A.S., Rustad, T., O’Farrell, M., Schulerud, H., Ottestad, S., 2010. Ice
fraction assessment by near-infrared spectroscopy enhancing automated
superchilling process lines. Journal of Food Engineering 100 (1), 169-177.

Wang, T., Sveinsdéttir, K., Magntsson, H., Martinsdéttir, E., 2008. Combined
application of modified atmosphere packaging (MAP) and superchilling
storage to extend the shelf life of fresh cod (Gadus morhua) loins. Journal of
Food Science 73 (1), 11-19.

Zeng, Q.Z., Thorarinsdottir, K.A., Olafsdottir, G., 2005. Quality changes of shrimp
(Pandalus borealis) stored under different cooling conditions. Journal of Food
Science 70 (7), 459-466.

Zhou, G.H., Xu, X.L, Liu, Y., 2010. Preservation technologies for fresh meat - A
review. Meat Science 86 (1), 119-128.


http://www.icr2003.org
http://www.nsgl.gso.uri.edu/aku/akug89005.pdf
http://www.unuftp.is/static/fellows/document/gao07prf.pdf
http://www.unuftp.is/static/fellows/document/gao07prf.pdf
http://www.knovel.com/web/portal/browse/display?_EXT_KNOVEL_DISPLAY_bookid=14
http://www.knovel.com/web/portal/browse/display?_EXT_KNOVEL_DISPLAY_bookid=14
http://www.freepatentsonline.com/5740678.html
http://www.books.google.no/books?id=9cq4cXjSrowC&amp;printsec=frontcover&amp;dq=Matthias+L%C3%BCtke+Entrup,+2005.+Advanced+Planning+in+Fresh+Food+Industries&amp;source=bl&amp;ots=NsS1o4eoVi&amp;sig=lRU_pijN1Gv3W7r_oNE8oGdeaDU&amp;hl=no&amp;ei=awt2TdzXJ4T3sga00sn8BA&amp;sa=X&amp;oi=book_result&amp;ct=result&amp;resnum=1&amp;ved=0CBcQ6AEwAA#v=onepage&amp;q&amp;f=false
http://www.books.google.no/books?id=9cq4cXjSrowC&amp;printsec=frontcover&amp;dq=Matthias+L%C3%BCtke+Entrup,+2005.+Advanced+Planning+in+Fresh+Food+Industries&amp;source=bl&amp;ots=NsS1o4eoVi&amp;sig=lRU_pijN1Gv3W7r_oNE8oGdeaDU&amp;hl=no&amp;ei=awt2TdzXJ4T3sga00sn8BA&amp;sa=X&amp;oi=book_result&amp;ct=result&amp;resnum=1&amp;ved=0CBcQ6AEwAA#v=onepage&amp;q&amp;f=false
http://www.books.google.no/books?id=9cq4cXjSrowC&amp;printsec=frontcover&amp;dq=Matthias+L%C3%BCtke+Entrup,+2005.+Advanced+Planning+in+Fresh+Food+Industries&amp;source=bl&amp;ots=NsS1o4eoVi&amp;sig=lRU_pijN1Gv3W7r_oNE8oGdeaDU&amp;hl=no&amp;ei=awt2TdzXJ4T3sga00sn8BA&amp;sa=X&amp;oi=book_result&amp;ct=result&amp;resnum=1&amp;ved=0CBcQ6AEwAA#v=onepage&amp;q&amp;f=false
http://www.books.google.no/books?id=9cq4cXjSrowC&amp;printsec=frontcover&amp;dq=Matthias+L%C3%BCtke+Entrup,+2005.+Advanced+Planning+in+Fresh+Food+Industries&amp;source=bl&amp;ots=NsS1o4eoVi&amp;sig=lRU_pijN1Gv3W7r_oNE8oGdeaDU&amp;hl=no&amp;ei=awt2TdzXJ4T3sga00sn8BA&amp;sa=X&amp;oi=book_result&amp;ct=result&amp;resnum=1&amp;ved=0CBcQ6AEwAA#v=onepage&amp;q&amp;f=false
http://www.books.google.no/books?id=9cq4cXjSrowC&amp;printsec=frontcover&amp;dq=Matthias+L%C3%BCtke+Entrup,+2005.+Advanced+Planning+in+Fresh+Food+Industries&amp;source=bl&amp;ots=NsS1o4eoVi&amp;sig=lRU_pijN1Gv3W7r_oNE8oGdeaDU&amp;hl=no&amp;ei=awt2TdzXJ4T3sga00sn8BA&amp;sa=X&amp;oi=book_result&amp;ct=result&amp;resnum=1&amp;ved=0CBcQ6AEwAA#v=onepage&amp;q&amp;f=false

	Superchilling of food: A review
	1 Introduction
	2 Superchilling
	2.1 Shelf-life aspects in relation to superchilling technology
	2.2 Quality aspects in relation to superchilling method

	3 Superchilling technologies
	3.1 Mechanical freezers
	3.2 Cryogenic freezers
	3.3 Impingement freezers

	4 Ice crystal formation
	5 Modelling and simulation
	5.1 Computer programming

	6 Challenges in superchilling
	7 Conclusions
	Future aspects/trends
	References


