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The application of emerging, novel processing techniques such as high hydrostatic
pressure or pulsed electric fields can be utilized to replace, enhance or modify conventional techniques of food production. In addition to quality improvements and consumer benefits by gentle microbial inactivation and improvement of mass transfer
processes, their potential to improve energy efficiency and sustainability of food
production will be discussed within this review.
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Introduction
Consumer demand, regulative pressure to improve food processing towards better environmental performance, and the economic need to reduce waste or by-products stimulated the quest for novel food processing techniques. Furthermore, the concepts of
“fresh,” “natural,” or “organic” foods also led to the development of environmentally
sound and resource efficient food production systems.(1) In contrast to the environmental impact of agriculture and raw material production or food packaging, the energy
requirements for unit operations in food processing, and the potential of novel processing techniques has not been a matter of intense public discussion since the oil crisis in
1974.(2) Applying novel, alternative processing techniques, requiring lower energy input
or fewer resources than conventional techniques, as well as improving utilization of raw
material or by-products are important issues for sound energy, water, and waste management in combination with life cycle assessment.(3) Energetic optimization and heat
recovery in the food industry has been a focus in the past decades for conventional processes, but their replacement by novel techniques for food preservation or modification
may still provide a potential to reduce energy consumption and costs of operation, as
well as to improve sustainability of production. The application of pulsed electric fields
for food processing was first reported in the 1960s.(4,5) Within the last decades it has
received, similar as high hydrostatic pressure processing, considerable attention to
improve or replace existing processes for food preservation, tissue disintegration, and
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food modification. The potential to improve sustainability of food processing, and/or to
reduce energy requirements while maintaining or improving food quality and safety will
be highlighted within this article.
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Energy Usage in Food Processing
Energy consumption in the food industry consists of a mixture of energy types for different thermal processes such as pasteurization, drying, cooking, or frying and electrical
energy for pumps, milling, conveyors, or light as well as cooling systems.(6) Unnecessary
use of energy can be reduced to a minimum by introducing energy management, but food
preservation by heat is dependent on temperature-time protocols, and drying at industrial
scale requires a large amount of fossil fuel for water evaporation. According to the US
Department of Energy (DOE) in 1994 (see Table 1), the food industry in the USA consumed 1.3 × 1018 J of energy, about 6% of the total energy use of all manufacturing industries. This made the food industry the third largest consumer after paper and primary metal
industries. The most energy intensive food industries were wet corn milling (18.3 × 1016 J),
cane (13.5 × 1016 J) and beet (6.8 × 1016 J) sugar production, and soybean oil milling (6.0
× 1016 J). Relating energy consumption to the value of shipped cane (81 × 106 J/$) and
beet sugar (28 × 106 J/$) require highest energy levels per unit of output.(7) By recirculation and recovery of heat, the energy consumption of food processing could be cut by 40 %.
The food industry is highly diversified, with production sites that range from small plants
to large industrial-scale units. It has been estimated that almost 15,000 establishments
have been involved in food production in the US in 1994 with total expenditures for
energy consumption of $5.6 × 109 US. Introducing new techniques, such as cold pasteurization by non-thermal methods or low-energy pre-treatments prior to drying, can provide
good opportunities to continue improving energy efficiency of food processing.
The principal type of energy used is direct fuel use for thermal processing, whereas
electricity is mainly used for refrigeration and generation of mechanical power for pumps,

Table 1
Primary energy consumption of energy in food industry and energy operating ratios(75)

Industry group
Total food industry
Meat packing plants
Canned fruits and vegetables
Frozen fruits and vegetables
Wet corn milling
Bread, cake, and related
products
Cane sugar, except refining
Cane sugar refining
Beet sugar
Soybean oil mills
Malt beverages

Total consumption
(1016 J)

Consumption per
Consumption
value added
per value shipped
(106 J/$)
(106 J/$)

125,862
5,592
5,381
4,431
18,252
3,904

7,069
6,858
87,565
10,339
54,227
2,954

2,849
1,161
3,798
4,642
23,316
1,794

11,711
2,427
6,752
6,014
5,381

167,851
37,136
79,653
31,756
5,486

72,268
8,757
28,169
4,748
3,165
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compressors and conveying. The amount of electric energy used is highly dependent on
the type of industry and product. For example, the milling industry as well as milk, frozen
fruit and vegetable processing require large amounts for actuation and refrigeration.(7)
Large variations of energy requirements for different production sites have been reported
for milk processing, with a range of 0.25 to 2.65 GJ per 1,000 kg of milk observed, caused
by inattention to energy losses and lack of concern as well as variations between plants.(8)
Age of equipment installed, energy costs and type of fuel and heat transfer medium, as
well as the extent to which the available plant capacity is used, have been identified as the
most important operational factors.
As most of the studies concerning emerging technologies in food processing have
been performed in lab-scale, the results obtained are difficult to scale-up and cannot be
generalized. The broad variety of equipment used, and the large range of different processes, products, and recipes complicate comparison of energy use. Energy consumption
data of single production sites are rarely available due to nondisclosure, and the same is
true for single unit operations. For milk processing, Vickers and Shannon(9) reported the
energy requirements of major individual processing steps. When introducing new techniques to replace or enhance conventional processes, their economic efficiency will have
to be proven in terms of production costs, energy efficiency, and/or added value of the
product. Within this article, the applicability of PEF and HP for different operations in
food processing, and the potential to improve energy efficiency and sustainability of production will be discussed. In addition to energy requirements, food industry is producing a
significant amount of organic waste and wastewater,(10) which could be processed by
emerging technologies.

Application of Pulsed Electric Fields (PEF)
The exposure of biological cells to an external electrical field of sufficient field strength
induces the formation of pores in the cell membrane. This phenomenon, termed electropermeabilization, can be utilized for many operations in food- and bioengineering as shown
in Fig. 1. First reported in the 1960s for disintegration of plant or animal tissue,(4) research
on the applicability of these gentle membrane permeabilization techniques in food processing has concentrated on microbial inactivation in different liquid food products(11,12,13,14) and engineering aspects.(15,11,16) In addition, the electropermeabilization of
plant cells,(17,18,19,20) the effects of PEF on food matrices,(21) inactivation of
enzymes,(22,23,24) and induction of stress reactions and secondary metabolites production(25,26) have been investigated.
Even if application of PEF will require an additional input of electrical energy, the subsequent sections show selected examples of beneficial effects on total energy consumption of
mass transfer processes such as extraction or pressing, as well as increased sustainability.
PEF Application on Plant or Animal Tissue
Improvement of extraction of intracellular compounds. Many operations in food and
bioengineering, such as extraction, pressing or drying, include either enzymatic, thermal,
or mechanical disruption of cellular material prior to recovery of intracellular compounds.
These techniques may require a significant amount of mechanical or thermal energy, long
holding times and storage tanks for an enzymatic maceration. Apart from the energy point
of view, undesirable activities of endogenous or added enzymes and thermal degradation
lead to significant losses of nutritionally and physiologically valuable substances. When
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Figure 1. Electropermeabilisation of cells after exposure to electric field and applications in food
and waste water processing with typical electric field strength and energy input requirements.
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Figure 2. Energy required for cell disintegration of potato tissue with different techniques.

applying PEF to cellular tissues an increase in mass transfer coefficients could be
observed.(27,28,29,30,31) An almost total permeabilisation of apple and potato tissue can be
achieved with an electrical energy input in the range of 1–5 kJ per kg of product(32) in contrast
to 20–40 kJ/kg for mechanical, 60–100 kJ/kg for enzymatic, and above 100 kJ/kg for thermal degradation of plant tissue (See Fig. 2). For an enzymatic or a thermal disintegration,
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heating of the raw material and considerable holding time at high temperature is required,
heat transfer is slow, and heat recovery is poor as plate heat exchangers can hardly be
applied for fruit mashes. A PEF treatment can be performed at ambient temperature and in
a continuous operation, and in contrast to enzymatic maceration, no holding time and tank
are required. It is noteworthy that the timescale required for a PEF treatment is in the
range of seconds. An exemplary flow chart of such a process is shown in Fig. 3.
It has been shown that pressing of PEF-treated apple pieces at a pressure of 3 MPa
resulted in an increased yield of 12%. At a pressure of 0.2–0.3 MPa, an increase of 40%
was reported in contrast to untreated samples.(30) This clearly indicates that PEF treatment
provides (in addition to lower energy requirements for disintegration) a possibility to
reduce energy required for fruit juice pressing. For carrot juice, an increase of juice yield
from 60.1 to 66.4% was found in comparison to an untreated sample, in the same way the
dry matter of the pomace was increased from 13 to 15 %, resulting in less efforts for drying.(28) For grapes, a juice yield of 87%, similar to that after enzymatic maceration, and an
increased content of soluble solids and pigments was reported after cell disintegration by
PEF.(33) An increase in extractability of black tea and mint leafs by moderate electric

size reduction

size reduction

enzymatic
treatment
30 - 40 kJ/kg

PEF
treatment
10 - 20 kJ/g

mixing
holding
30 - 60 min

separation
(pressing)

separation
(decanter)

pomace

pasteurization
(thermal)

pasteurization
(thermal/PEF)

extraction

juice

juice

pectin

Figure 3. Flow chart for fruit juice processing with conventional or PEF pretreatment prior to liquid-solid separation and native pectin extraction from PEF-treated pomace. For PEF treatment an
energy input of 10–20 kJ/kg will be required, preheating from 15 to 55°C prior to maceration require
an energy input of 30–40 kJ/kg when assuming a heat recovery rate of 75%.

Downloaded At: 12:41 5 September 2010

410

Toepfl et al.

fields was shown by Sensoy and Sastry,(34) resulting in higher leaching of solutes. In the
context of consumer demand for functional food with a composition close to the fresh
product, an increased extractability of valuable components provides an enormous potential for product development.
Phytosterol concentration as well as oil yield during recovery of maize germ oil after
a PEF treatment were investigated by Guderjan et al.(26) After a subsequent incubation
time of 24 hours, allowing stress response of the “plant bioreactor,” increases of up to
32% in phytosterol concentration and 88 % in oil yield were found. For olive oil, an
increase of 7.4% in oil yield was found after a PEF treatment at a field strength of 1.3 kV/cm
and 100 pulses, with an energy input as low as 2 kJ/kg of olives or 18 kg/kJ oil output. The
energy requirements for soy oil extraction have been estimated at 70 kJ per kg of oil
output.(35) These studies indicate that by an additional input of energy for a PEF treatment
the recovery rate of plant oils can be increased, resulting in a reduction of specific energy
consumption.
Sugar beet processing is one of the most energy consuming industries with a consumption of 626 MJ/t or 174 kWh/t beet for steam production.(36) It has been reported that
the conventionally applied thermal extraction (70–120°C, 10–20 min.) became unnecessary after a PEF treatment with an energy input in the range of 3–10 MJ/t or 1–3 kWh/t
while maintaining juice quality.(18) During conventional thermal degradation, the energy
required to heat sugar beet to a temperature of 75°C was approximately 180 MJ/t or 50
kWh/t. A PEF energy input of approx. 30 kWh/t was required to achieve a juice yield of
78% when pressing at moderate pressure of 0.5 MPa.(37) These results indicate that during
recovery of intracellular compounds by pressing or extraction the energy efficiency can be
improved, as after a PEF treatment lower pressure or extraction temperatures can be
utilized to achieve a similar product yield.
Improvement of drying processes. The electropermeabilisation of cell membranes leads to a
drastic increase in mass transfer rates and can therefore be utilized to enhance drying of plant
or animal tissue. Osmotic drying rates and diffusion coefficients in carrots were found to be
increased with PEF treatment.(38) For apple slices, an increased osmotic drying rate,
improved rehydration capacity and reduced rehydration times were reported.(39) The time
required for fluidized-bed drying of potato cubes was reduced after a PEF treatment at an
electric field strength of 1–2 kV/cm.(40) Ade-Omewaye et al.(41) investigated the relationship
between a PEF treatment and drying rates of plant-based foods during osmotic dehydration
and air drying. As a PEF treatment influences mass transport across the cell membrane, it
can be utilized to significantly increase mass transfer rates by 10 to 30% when applying 5 to
20 pulses at a field strength of 1.0 kV/cm. For convective air drying at 60°C and an airflow
of 1 m/s, a reduction of drying time of 20–30% was reported while maintaining drying
parameters constant. The energy required for evaporation of water is dependent on temperature and pressure in the range of 2.5–2.7 MJ/kg, but total energy input required for conventional drying is in the range of 4–6 MJ per kg of removed water depending on thermal
efficiency of the drying system. Heat and mass transfer within the product and losses on
heating side, as well as to surroundings during drying, cause drying efficiencies in the range
of 40–70%, depending on type of dryer. Taking into account the low energy input required
for a PEF treatment of plant or animal tissue (2–20 kJ/kg), it is evident that there is a potential to reduce the total energy input for product drying. An increase in mass transfer rates,
causing faster transport of water to product surface and therefore, reduction of drying time
after PEF pretreatment could potentially lead to drastic saving of energy and better utilization of production capacities during convective air drying.
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Potential to develop new processes and products and to increase sustainability. When
replacing single unit operations during food processing, in addition to beneficial impact on
energy efficiency, the techniques introduced may also have an impact on product constitution and/or product quality as well as waste or by-products. As stated previously, the
conventional enzymatic maceration during fruit or vegetable juice production can be
replaced by an electropermeabilization of the cellular tissue. Avoiding an enzymatic treatment will reduce undesired side effects of enzymes, and in addition, retain the native
structure of pectins within the tissue. Providing a potential to extract pectin from the pomace after liquid-solid separation can help to additionally improve the utilization of
resources and further cost-savings. It is noteworthy that tremendous amounts of pomace
from fruit juice production or pulp of sugar processing are utilized for animal feeding. For
drying, large amounts of thermal energy are required, especially since previous thermal
cell disintegration as used during conventional sugar processing increases the water binding capacity. Utilizing the potential of by-products for recovery of valuable components
will produce economical and ecological benefits.
Tissue softening and changes of textural properties of plant tissue have been reported
after a PEF treatment,(20,42) and loss of turgor pressure was observed.(43) A reduction of
cutting force for sugar beet tissue(36) has been demonstrated. The energy requirements and
time-scale for disintegration of potato tissue by different cell disintegration techniques
are shown in Fig. 3, indicating the potential of this gentle short-time permeabilisation
technique.
Pasteurization of Liquid Food
Microbial Inactivation by PEF has been investigated extensively(5,12,44–49) within the last
four decades. Even if the underlying mechanisms of action have not been fully elucidated
up to now, key processing parameters have been identified and inactivation of a broad
variety of vegetative cells has been shown. In general, yeasts have proven to be very sensitive against a PEF treatment.(14) Effective inactivation for most of the spoilage and pathogenic microorganisms has been identified, but it has to be emphasized that, in comparison
to the treatment of plant or animal cells, the treatment intensity is much higher. The high
electric field strength required (20–40 kV/cm), and the energy input in the range 100 to
1000 kJ/kg lead to investment costs estimated to be in the range of 2 to 3 million US $ for
systems at industrial scale of 5 t/h. Since a treatment at this field strength will destroy the
structure of solid food, a PEF treatment for preservation seems to be virtually impossible
for solid food and is limited to liquid media. The potential to achieve sufficient reduction
of microbes has been proven in a broad variety of food products, including fruit or vegetable juices,(23,50–55) model beer,(56) milk,(57,58) liquid egg,(59) and nutrient broth.(60) Differences in susceptibility of different microorganisms have been found and related to cell
size distribution as well as to membrane constitution.(61,62)
The impact of pulse energy dissipation has to be taken into account, since the media
temperature will increase. This energy might be removed by cooling or lead to a temperature increase of the medium, depending on the system. Data concerning the energy input
required for microbial decontamination are not available from all research groups, as
mainly electric field strength and pulse number are reported as treatment intensity parameters. Aronsson et al.(63) reported energy requirements of 160 and 384 kJ/kg for a 5 logcycle inactivation of Saccharomyces cerevisiae and Escherichia coli. A study of temperature
impact on treatment efficacy on Escherichia coli in apple juice has been performed by
Heinz et al.(54) indicating the potential of a combined treatment of PEF and mild heat for
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gentle microbial inactivation. It was found that increasing treatment temperature from
ambient to a range of 35 to 55°C can reduce the electric energy required for an inactivation of 6 log-cycles of Escherichia coli from far above 100 to 40 kJ/kg when operating at
an initial treatment temperature of 55°C (see Fig. 4). An energy input of 40 kJ/kg will
result in a temperature increase of 11°C in case of orange juice, showing that with a maximum temperature of 66°C the preservation process is still operating at lower maximum
temperature and shorter residence times than during conventional heat preservation. An
energy requirement of 357 kJ/kg for PEF and approximately 700 kJ/kg including cooling
requirements was reported for pasteurisation of liquid egg at temperatures below 40°C.(64)
For inactivation of S. cerevisiae, an energy requirement of 77 kJ/kg was reported to
achieve an inactivation of 6 log cycles in dextrose agar, whereas, for S. aureus, 232 kJ/kg
were required.(65) Qin et al.(44) reported an energy requirement of approximately 270 kJ/kg
for a 4 log-cyle reduction of S. cerevisiae after a PEF treatment at 12 kV/cm and a temperature < 30°C. For treatment of apple juice and skim milk energy, requirements of 705 and
548 kJ/kg of pulse energy were reported to achieve a 2.7 and 2 log cycle inactivation,
respectively, at a treatment temperature of 30°C.(66) To maintain treatment temperatures
below 30°C, intermediate cooling between several treatment chambers was used causing a
total energy requirement of above 1400 kJ/kg, indicating that energy efficient processing
requires taking advantage of synergetic effects of mild heat.
Apart from the reduction of energy input, when operating at elevated temperatures the
need to preheat the media to the initial treatment temperature provides a potential to

0
1
2
3
4
5
6
7
8
0

35°C
thermal pasteurisation

-lg (N/No) [-]

Downloaded At: 12:41 5 September 2010

412

20

45°C
50°C
55°C
40

60

80

specific energy input [kJ/kg]

100

Figure 4. Electrical energy requirements for an inactivation of Escherichia coli in apple juice at an
electric field strength of 36 kV/cm and different initial treatment temperatures in comparison to
energy requirement for thermal pasteurization at 80°C and a heat recovery rate of 95%.
Reprinted from Innovative Food Science and Emerging Technologies, vol. 4, Heinz, et al.,
“Impact of temperature on lethality and energy . . .” pages 167–175, Copyright 2003, with permission from Elsevier.
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Figure 5. Enthalpy flow diagram and temperature time-profile of a PEF preservation (40 kJ/kg) of
fruit juice with an initial treatment temperature of 55°C in comparison to a HTST-treatment (85°C,
20 s).(62) Adapted.

recover the electrical energy dissipated into the product in a heat exchanger (Fig. 5). When
operating at ambient temperatures, there is no need for preheating and therefore, high
cooling efforts are required. A combination of mild heat and pulsed electric field might
also be helpful to achieve sufficient enzyme inactivation to avoid the necessity of refrigerated storage. It has to be stated that a PEF application for microbial decontamination of
liquid food requires a higher input of energy than a thermal treatment, as heat recovery
rates of thermal energy are in the range of 90–95%. Consequently, the input of electric
energy should be minimized to a point where a high quality product is obtained with gentle processing parameters. When operating at elevated treatment temperatures and making
use of synergetic heat effects, the PEF energy input might be reduced close to the amount
of 20 kJ/kg required for conventional thermal pasteurization, assuming 95% of heat
recovery.
Waste Water Treatment
Minimization of excess sludge production during waste water treatment has received considerable attention during recent years due to strengthened ecological and legislative measures. A disintegration of excess sludge and destruction of cells, organic matter consisting
of a broad variety of different organisms, and subsequent release of intracellular material
can be utilized to initiate biodegradation and autolysis of cells.(67) A PEF treatment can be
utilized to induce cell lysis and release of intracellular content and consequently, relieving
their biodegradation. On the other hand, metabolic activity may be driven towards maintenance and cell repair instead of biomass production after PEF induced cell damage. The
underlying mechanisms of action are currently a focus of research activities. After a treatment at 15 kV/cm, a chemical oxygen demand (COD) release of up to 15% was reported
after an energy input of 360 kJ/l. Volatile suspended solids and gas production during
anaerobic degradation were found to be improved by 8 and 19% after a PEF energy input
of 150 kJ/l in contrast to 445 kJ/l for a thermal treatment. Heat recovery from sludge is
difficult; as viscosity is high and particles are present, only tubular heat exchangers can be
used and will require large area. Biofouling and deposits on the surface cause short operation times. Taking into account a maximum heat recovery in the range of 50%, the energy
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requirement for thermal treatment could be reduced to 225 kJ/kg. The main advantages of
PEF application, in contrast to conventional disintegration techniques as mechanical rupture, ozone application, thermal or ultrasound treatment, are short processing times and a
direct electropermeabilisation of cell membranes. PEF-treated sludge showed a reduction
of biological activity and an increase in organic matter in the water fraction.(68) The COD
in the filtrate of the sludge was increased up to 25% after a treatment at 26 kV/cm with an
energy input of 800 kJ/kg, and energy requirements were reduced to 250 kJ/kg when a
temperature increase above 40°C was allowed. Release of organic material will improve
sludge digestion and subsequent dewatering.
A total reduction up to 53% of volatile suspended solids and 45% of total suspended
solids in the excess sludge can be achieved after a PEF treatment at 15 kV/cm, 35°C, and
an energy input of 100 kJ/kg of sludge.(69) During these experiments, a flow of 5 l/h of
sludge (3% dry substance) was subjected to electropermeabilisation and returned to the
aerated reactor with a volume of 200 l, corresponding to a stress frequency of 0.47 d.−1
The sludge retention time was 14 days (Fig. 6). It has been shown that quality of the
treated water was maintained and sludge quality was still acceptable in spite of drastic
reduction of amount of excess sludge. In contrast to the relatively limited range of microorganisms inactived in food products, the biocenose within sludge is highly diverse; the
impact of PEF on this broad variety of organisms has to be studied in detail. Further
research work will be required for optimization of PEF treatment parameters and equipment design, but, as previously indicated, PEF application provides a potential to reduce
the amount of excess sludge and can be utilized to improve anaerobic digestion. The average costs for sludge deposition in Germany are in the range of 50 (/t, or 40 US $/t,(70)
whereas for incineration of mechanically-dewatered sludge, costs in the range of 230 to
580 US $ or 300 to 750) per ton of original dry matter have to be estimated.(71)

Figure 6. Schematic view of a waste water treatment system and PEF treatment of part of the reactor volume.69
Reprinted with permission from Shaker Verlag GmbH.
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Since PEF treatment of excess sludge reduction still needs to be optimized from technical and economic points of view, and results reported are in lab- or pilot-scale, the energy
requirements can only be estimated at present. For a treatment of sludge with an energy
input of 50 kJ/kg of liquid sludge with 5% dry substance, a stress frequency of 0.4, and a
sludge retention time of 14 days will require an energy input of 5.6 MJ/kg or 1.55 MWh/t
of original dry matter. Assuming a charge of 0.08 US $ per kWh, this results in energy costs
of 124 US $/t, indicating that a PEF treatment can be utilized as an effective alternative to
reduce the amount of excess sludge from civil or industrial waste water prior to incineration. Further research work should focus on determination of process parameter requirements and their optimization with regard to sludge reduction as well as energy efficiency.
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Potential of High Hydrostatic Pressure
High hydrostatic pressure treatment has often been suggested for preservation of packaged
food as an alternative to heat treatment. At pressures higher than 400 MPa, a significant
inactivation of vegetative bacteria, yeast or virus is observed even at ambient temperatures
within treatment times of several minutes. By increasing the pressure to 600 MPa (at
present the technical limit of industrial scale equipment), most inactivation reactions are
strongly accelerated. Under these conditions and in combination with temperatures higher
than 80°C, even bacterial spores can be inactivated irreversibly. Reductions of proteinase K
resistance and infectivity of prions after high pressure treatments between 700–1,000 MPa
at moderate temperatures could be observed as well.(72)
Since hydrostatic pressure treatment is characterized by equilibrated mechanical
forces in domains of similar compressibility, shear forces can be excluded as the major
mechanism of microbial inactivation. Even though aqueous systems show a volume contraction of approx. 20% when pressurized to 800 MPa, the specific work of compression
Wcompr, which can be expressed as

Wcompr = - ∫ V ⋅ dp,

(1)

upon compression up to 800 MPa, is not higher than approximately 55 kJ/kg.
This value has been obtained upon integration of Eq. (1) for isothermal situations
using the functional relation V = f(p) for pure water given by the National Institute of
Standards and Technology (NIST) formulation.73
Only a few chemical reactions involving covalent bonds, such as cyclic additions, are
affected by hydrostatic pressure, at least when the exposure to high pressure is limited to
ambient temperatures. However, the impact of high pressure on molecular structure of
food matrices still needs to be considered in a more sophisticated manner. Although
atomic bonds are barely affected, alteration of proteins or lipids can be observed when
exposed to high hydrostatic pressure. When such changes occur in membranes of biological cells, lethal damage can result.
Adiabatic Heat of Compression
Although it is widely accepted that high pressure processing is environmentally friendly
and can retain the fresh-like characteristics of foods better than heat treatment, it has not
yet been successfully introduced widely into food industry—often due to the high capital
costs for the equipment. Changing the current processing concept could possibly open
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more effective options related to high pressure vessel design. Considering that all compressible materials change their temperature during compression,(74) an adiabatic heating
will occur.
This temperature rise, caused by inner friction, occurs when fluids are compressed to
extreme pressure under adiabatic conditions. A general expression for the temperature
increase upon compression in adiabatic- isentropic- situations is given as

(2)

where β, ρ and cp denote the thermal expansivity, the density and the specific heat capacity of the compressed fluid, respectively. The thermo-physical properties β, ρ and cp are
pressure-temperature dependent. When these parameters are known, the calculation of the
thermal profile during the compression phase is possible. Different pressure transmitting
media show different adiabatic heating curves, which can be obtained for simple fluid
food systems by estimating physical properties of mixtures of pure substances. The use of
water and sucrose solutions as a model system for orange juice has been shown by
Ardia.(74) Some adiabatic heat of compression profiles are shown in Fig. 7, where n-hexane and sebacate are used as pressure transmitting media. The lack of thermodynamic data
for real foods under high pressure conditions has limited the possibilities to study and calculate the temperature increase during compression. Mainly empirical measurements have
been used to investigate the adiabatic heating in real food systems at present (see Table 2).
The main ingredient in most foods is water and thus, the thermodynamic properties of
water can be utilized to estimate the temperature increase upon compression of high moisture foods. The compression heating in fat-containing foods can be up to three times
higher than for water.(74) In a situation where organic solvents or oils are used as pressure
transmitting medium and for an aqueous food matrix, a difference in temperature increase
between the food and the medium would occur, with the temperature increase in the food
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Figure 7. Adiabatic heat of compression of water, sucrose solution with 40% solid content,
sebacate, and n-hexane.(75) Adapted.
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Table 2
Adiabatic heat of compression in different food systems(74)
Substances at 25°C
Water
Mashed potato
Orange juice
Tomato salsa
2%-Fat milk
Salmon
Chicken fat
Beef fat
Olive oil
Soy oil

Temperature increase per 100 MPa [°C]
∼3,0
∼3,0
∼3,0
∼3,0
∼3,0
∼3,2
∼4,5
∼6,3
From 8,7 to <6,3a
From 9,1 to <6,2a

a
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Substances exhibited decreasing T as pressure increased.
Reprinted with permission.

being smaller. The transfer of heat from the pressure-transmitting medium into the product
has to be taken into account and could be utilized to increase the temperature of the food
system during and after the adiabatic heating.
Application of High Hydrostatic Pressure
As the pressure level in each volume element is the same in homogeneous food, the heat
of compression is homogeneously distributed and can be utilized to improve microbial
inactivation and to maximize process efficiency. Instantaneous adiabatic heating can help
to reach the sterilizing end-temperature quickly and can result in a new approach to food
sterilization with a significant improvement in food quality. Additional heat flow across
the system must be taken into account as a transient temperature field, after which thermal
equilibration will occur during pressure holding time between the warmest point in the
center of the product and the metal high pressure vessel. It is noteworthy that after pressure release, the product will return to its initial temperature or even below, an aspect of
high interest for processing of high quality foods. In contrast to liquid food, where the heat
transfer can be improved by application of heat exchangers and heat recovery rates of
above 90% are obtained, preservation of particulate food or packaged food requires long
times for heat transfer or a large temperature gradient. Over-processing and fouling at the
inner surface of the packaging may inhibit increasing the temperature gradient. Industrial
scale systems for sterilization of cans therefore are limited to heat recovery rates in the
range of 50%. The temperature-time profile for sterilization of a can with a diameter of 0.1 m
is shown in Fig. 8. The autoclave is heated from 80 to 140°C, and after 130 minutes to
reach an F-value of 2.4 min in the center of the can, the autoclave is cooled.
Alternatively, a combined application of high pressure and heat can be utilized to
achieve a similar inactivation of spores of Clostridium. The temperature of the high pressure vessel will be maintained at 105°C. After 105 minutes, when a core temperature
above 80°C is obtained, a pressure of 800 MPa will be applied for 10 minutes. Adiabatic heat
of compression will cause a temperature increase to 110°C, after which decompression
will cause a temperature drop to approximately 87°C and the can will be cooled. From the
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Figure 8. Core temperature of cylindrical sample with a diameter of 10 cm during a thermal and a
combined thermal and high pressure sterilization (10 min., 800 MPa). Heat conductivity and density
were 0.4 W/m2K and 0.975 kg/l (Adapted from Heinz and Knorr, unpublished data).

temperature-time-profile, it is obvious that the thermal load of the product will be significantly reduced due to shorter residence times, in particular within the boundary regions of
the can. The (transient) energy input of these processing techniques is compared in Fig. 9
at two different points of time. Ref 1 is defined as the time (105 min) when the core temperature of both techniques is equal. Ref 2 is defined as the moment when no additional
energy will be transferred into the product anymore. For the high pressure process this
corresponds to the end of compression, whereas for thermal processing, it occurs at the
beginning of cooling. For the heating of both samples, both purely thermal processes, a
heat recovery rate of 50% can be assumed, the same as for the rest of the thermal process. The specific energy input required for sterilization of cans can be reduced from
300 to 270 kJ/kg when applying a high pressure treatment. In case of high pressure processing, a compression energy recovery rate of 50% can be estimated when a twovessel-system or a pressure storage is used. Making use of energy recovery, a specific
energy input of 242 kJ/kg will be required for sterilization, corresponding to a reduction
of 20%. It has to be noted that these calculations were based on the energy required for
compression work.
On one hand, the discussed potential of high pressure technology for energy efficient
use can be clearly described, whereas on the other hand, the high investment costs and
cost intensive maintenance and service will make industrial application difficult. The
advantages of high hydrostatic pressure are obvious, as high pressure application is a
waste-free process since pre-sterilization of packaging by H2O2 or other agents will not be
required; therefore, the ecological balance of preservation and filling of beverages will be
improved. Pressure assisted sterilization processes are the focus of numerous research
projects at present. Making use of adiabatic heat of compression, gentle temperature
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Figure 9. Comparison of radial specific energy input of a thermal and a combined thermal and high
pressure sterilization for the process shown in Fig. 8 (Adapted from Heinz and Knorr, unpublished
data).

profiles with lower energy inputs could be obtained in this field of application to produce
superior quality products.

Conclusions
It has been shown that the application of emerging, nonthermal techniques provides a
potential to reduce energy requirements for food processing and may contribute to
improve energy efficiency in the food industry. Even if the techniques described are not
widely applied in industrial scale at present, and evaluation of costs of investment and
operation are based on results from lab-scale systems and assumptions, the selected examples indicate their potential to replace or enhance existing processes. Setting up energetic
and cost balancing will be a key task for future research.
It is noteworthy that an application of pulsed electric fields to improve mass transfer
rates requires very low energy input in contrast to conventional techniques; however,
industrial exploitation has not yet taken place. The latest developments of impulse generation systems and high voltage components are promising and hopefully, will lead to a
short term implementation of this mild and waste-free technique. In particular, improvement of sustainability and utilization of valuable components of by- and waste-products
from food processing makes of PEF a promising application in the food industry. Further
optimization of treatment chambers and processing parameters will help to reduce the
costs of operation for pasteurization of liquid food by PEF to approach the low energy
requirements for thermal pasteurization where heat recovery rates up to 95% can be
reached. For heat sensitive products, or where application of plate heat exchangers is not
suitable and lower heat recovery rates are obtained, the application of PEF for pasteurization
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may be economically sound. In addition, products where consumers and producers will
accept extra costs in the range of 0.1–0.2 US $-cent for a high quality product with freshlike character will also benefit from PEF processing.
At present, the high investment costs as well as cost-intensive maintenance and
service of high pressure equipment inhibit a broad industrial exploitation, although
numerous applications for high hydrostatic pressure food processing have been shown.
Up to now, 82 installations are under operation worldwide, with a total production
capacity 100,000 t per year (Carole Tonello, NC Hyperbasic, personal communication). In particular, high pressure pasteurisation units with a maximum pressure up to
600 MPa are utilized for treatment of highly valuable foods, or highly heat sensitive
products that can not be preserved by other techniques. Apart from consumer benefit
and reduction of energy costs, a key advantage of high pressure processing is its applicability to packaged foods, making obsolete efforts to prevent recontamination or an
aseptic filling process.
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