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Food Processing by Pulsed Electric Fields:
Treatment Delivery, Inactivation Level,

and Regulatory Aspects
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Industrial implementation of pulsed electric field electro-technology (PEF) for food preservation has been rather slow, despite its
potential to produce safe, nutritious and high-quality products. Several research groups around the world are in a race to validate and
optimize the operation of PEF systems. Insufficient kinetic studies and inaccurate treatment delivery assessment are some of the main
obstacles to the implementation of this technology. Equivalency among PEF systems, treatment delivery and control variables need to
be clearly defined before actual industrial implementation takes place. Limited commercial availability of PEF systems, mainly due to
the complexity and high cost of pulsers, and to technical and economical limitations of the scaling-up process, reflects into high initial
investment and operation costs. This paper reviews the state of the art on the above-mentioned issues, and also discusses engineering,
biological, and regulatory aspects that should be considered for optimization and commercial implementation of PEF as a food
preservation technology.
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Introduction

Pulsed electric field electro-technology (PEF) is an
emerging technology in the field of food preservation.
The origin of PEF can be found in electroporation, a
biotechnology process used to promote bacterial DNA
interchange by perforating microbial membranes with
induced electric fields. The success of this technique
depends on the intensity of the induced electric field.
Induction of membrane potentials that exceed a thresh-
old value often result in cell damage and death
(Zimmermann, 1986). The main idea behind the use of
electric fields as a food preservation method is then to
take advantage of the lethal effect observed in electro-
poration to inactivate undesirable bacteria in food
products. With an effect comparable to pasteurization,
yet without the thermal component, PEF has the
potential to nonthermally pasteurize several foods via
exposure to high-voltage short pulses, while the material
is between the electrodes of a treatment chamber. PEF
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has been most successful with fluid products; however,
some semisolids and powders have also been treated
(Zhang et al., 1994b, Keith et al., 1997, 1998).
Inactivation of spoilage and pathogenic flora, as well as
of enzymes of interest to the food industry, has been
under intense study in the past decade, and with
successful results, this technology is now striving for
industrialization (Ho et al., 1997; Wouters and Smelt,
1997; De Jong and Van Heesh, 1998; Barsotti et al.,
1999; Caplot and Cote, 1999; Yeom et al., 1999;
Barbosa-Cánovas et al., 2000a; Giner et al., 2000;
Kempkes et al., 2001).

Engineering Principles

PEF technology is based on a pulsing power delivered
to the product placed between a set of electrodes that
confine the treatment gap of the PEF chamber. It is
within the electrode gap that the food product
experiences a force per unit charge, the so-called electric
field. This electric field is responsible for the inactivation
doi:10.1006/fstl.2001.0880
cles available online at http://www.idealibrary.com on
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or lethality of PEF against enzymes, microorganisms,
and spores. The intensity of the applied electric field may
be within a wide range (2–87 kV/cm). However, effective
inactivation levels are generally obtained with electric
field intensities in the range of 20–50 kV/cm (Barsotti
et al., 1999; Barbosa-Cánovas et al., 2000b; Heinz et al.,
2002). Each one of the high-voltage pulses used in PEF
technology usually lasts a very short period of time, in
the order of microseconds. However, repetitive applica-
tion of such pulses can result in treatment times ranging
from several microseconds to milliseconds.

System components

Pulse-forming networks. Generation of pulsed electric
fields requires a fast discharge of electrical energy within
a short period of time. This is accomplished by using a
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pulse-forming network (PFN). In general, a PFN (Fig.
1c and d) is an electrical circuit consisting of one or more
power supplies (charging voltages up to 60 kV), switches
(ignitron, thyratron, tetrode, spark gap, semiconduc-
tors), capacitors (0.1–10 mF), inductors (30 mH), resistors
(2O–10 MO), and treatment chambers (parallel plate,
coaxial, co-field) (Zhang et al., 1995; Evrendileck et al.,
2000; Mac Gregor et al., 2000; Mittal et al., 2000;
Raso et al., 2000). The relative electric values of each
component in the PFN determine the shape of the pulse
(Fig. 1a and b).
The simplest PFN is an RC (resistance–capacitance)
circuit in which a power supply charges a capacitor,
which can deliver its stored energy to a resistive load
(treatment chamber) in a couple of microseconds, by
activation of a switch. The pulse generated is exponen-
tially decaying (Fig. 1a and c). In this system the voltage
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across the resistive load (PEF chamber) as a function of
time is described by

VðtÞ ¼ V0e�t=t Eqn ½1�
where V0 is the voltage charged in the capacitor of the
PFN, t is the pulse duration time, and t=RC is the time
constant. In an RC circuit the pulse duration is
approximately five time constants (Cogdell, 1999).
However, practically all the energy of the pulse is
delivered during the first time constant, thus some
research groups have adopted t as the effective pulse
width, which is calculated as the time needed for the
voltage to decay to 1/e (0.37) of its maximum value
(Zhang et al., 1995; Grahl and Markl, 1996; Wouters
and Smelt, 1997; De Jong and Van Heesch, 1998;
Barsotti et al., 1999). There are other researchers who
prefer to use the total pulse duration (Knorr and
Angersbach, 1998).
Since there is always some resistance and self-inductance
produced by the connections of main components, the
ideal RC circuit is not likely to be a true representation
of a high voltage PFN. Instead, an RLC (resistance–
inductance–capacitance) circuit must be assumed, and a
slightly over or underdamped pulse is produced (Fig. 1b
and d). An RLC circuit can also generate an instant
reverse pulse. In the case of instant reverse pulses, the
pulse width is the whole duration of the pulse.
As discussed before, some researchers consider the
effective pulse width of slightly over or underdamped
pulses as the time difference between the peak voltage
and the decay up to 37% of the peak voltage (time
constant). However, since slightly over or underdamped
pulses have a rise time that can be almost 1/5 of the total
pulse time, using the full-width of the highest-maximum
(FWHM; time the applied voltage remains at a level
superior to half the peak voltage), could be a better way
to describe effective pulse duration (Fig. 1b).
Use of any of the mentioned strategies to characterize
pulse duration (time constant, total pulse time or
FWHM) may be effectively used to compare the relative
effectiveness of different treatments, as long as a
consensus is reached to use the same characterization
strategy. Letting aside the issue of finding ‘the best’ way
to quantify pulse duration or whether the whole pulse or
only part of the pulse causes the microbial inactivation,
a strategy to unequivocally characterize pulse shape and
intensity is needed, and thorough adoption of such
strategy by the whole scientific community is required.
Application of exponential decaying pulses on food
implies that the food is exposed to a spectrum of electric
fields with intensity proportional to the voltage potential
(V(t)) received by the load. Pulse-forming networks,
generating square pulses (Fig. 1e), can apply a relatively
constant electric field to the food, provided the
impedance of the network (defined as the square root
of the inductance of the system divided by the
capacitance of the system) is well matched with the
impedance of the food product (Fig. 1e). However,
proper matching of the chamber impedance with the
PFN impedance becomes very challenging for chambers
with low resistance (o50O). Poorly matched impedance
37
will degrade the signal, and therefore also generate a
spectrum of electric fields (Fig. 1f) (Zhang et al., 1994a,
1995). Under well-matched conditions, the pulse width
of this transient is close to the time constant of the pulse,
which simplifies assumptions, and minimizes the energy
waste in ohmic heating of the product. Multiple switches
can be used to generate bipolar pulses, with the same
basic PFN configurations.
A third type of PFN, designed to generate instant
reverse pulses, is also composed of a power supply and
switch, capacitors, resistors, and a load with relative
values, such that the resultant voltage across the load
has positive pulse polarity followed by negative pulse
polarity. Electric circuit theory defines these pulses as
severely underdamped transients. These pulses are the
result of inductance in the PFN via the connections of
the main elements, which are combined with the small
resistance in the load. Instant reverse pulses are the most
controversial of all pulse wave shapes, yielding total
inactivation in some cases or very low inactivation in
others, but with very low energy density ranging from 1
to 25 J/mL (other pulse wave shapes range from 90 to
600 J/mL).
Differences between ideal and actual transient behavior
of PEF pulses, and the lack of consensus in the way in
which the pulse width and total treatment time are
defined, are some of the reasons limiting the usefulness
of conclusions drawn on the effectiveness of a particular
piece of equipment or a specific set of process condi-
tions, and the kinetic data generated as a result.

PEF treatment chambers and electrical considerations.
The treatment chamber houses the discharging electro-
des and holds them in position with an insulating
material. It also encloses the food material within the
gap between the electrodes, during the PEF process.
There are three more commonly used chamber config-
urations, defined by chamber placement and geometry
of its electrodes. The parallel plate chambers are
generally static chambers with gaps (from less than
0.001–0.01 m) considerably smaller than the electrodes
surface (usually less than 0.0050 m2) (Dunn and Pearl-
man, 1987; Ho et al., 1995; Grahl and Markl, 1996;
MacGregor et al., 2000). In the coaxial category, the
cylinders and cones are the more common electrode
geometries. These continuous chambers have gaps
between 0.003 and 0.009 m (Bushnell et al., 1993; Qin
et al., 1997). One of the most recent chamber designs has
the two electrodes arranged in a co-field configuration.
This chamber consists of two metallic pipe tubes (about
0.005 m of internal diameter), one charged to a high
voltage (20–40 kV) and the other to a ground potential
(B0 V) interconnected by an insulating tube (Yin et al.,
1997). Such configuration of the co-field chamber has
advantageous fluid dynamics, highly desirable for food
processing and convenient for cleaning in place. The
dimensions and geometry of the chamber electrodes as
well as the conductivity of the food product being
treated define the resistance of the chamber. Ohm’s law
(Eqn [2]) describes the resistance of a purely resistive
chamber as the voltage across it divided by the current
7
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through it. An increase in resistance will limit the
current, achieving higher peak voltages within the
electrodes and minimizing the energy per pulse.

R ¼ V=I Eqn ½2�
If the conduction current through a certain cross section
of the electrode is defined as

I ¼ jJcjð1ÞA Eqn ½3�
where A is the effective area and Jc the conduction
current density defined as

Jc ¼ sEf Eqn ½4�
where s is the conductivity of the food, and Ef the
electric field developed within the gap, then the electric
field can be obtained solving the Laplace equation for
each particular geometry. It is worth mentioning that if
accurate electric field values are to be reported, careful
solving of the electric field equation is required.
For a coaxial chamber, Eqn. [5] defines the area, Eqn [6]
the electric field, and Eqn [7] the gap:

A ¼ 2pRHVL Eqn ½5�

EfðriÞ ¼
V0

r lnðRLV=RHVÞ
RHV � ri � RLV Eqn ½6�

gap ¼ ðRLV � RHVÞ Eqn ½7�
where L is the effective length of the high-voltage
electrode, V0 the differential voltage across the gap, r the
radial position within the chamber gap, and RLV and
RHV the radius of the low- and high-voltage electrodes,
respectively. However, Eqn [6] considers a very long L
and ignores the true fields that appear at the entry and
exit of the treatment gap. If the chamber is properly
designed, optimizing the uniformity of electric fields by
properly contouring the electrodes to minimize field
enhancement at the electrode edges and triple points
(Qin et al., 1995, 1997; Bushnell et al., 1996), the
assumption in Eqn [6] would be acceptable.
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It can be deducted from Eqs [2]–[4] that chambers with
high effective areas, and chambers processing highly
conductive food materials, will have low resistance. The
high resistance of co-field chambers (50–300O) is due to
the low effective area in the cross sections of the tubular
electrodes. Neither the coaxial nor the co-field chambers
can develop a constant electric field across the gap (as
with parallel plates), thus yielding nonuniform treat-
ments. However, coaxial chambers can be designed with
a uniformly distributed electric field, as indicated in Eqn
[6], at a minimum when r = RLV and maximum when r
= RHV. Figure 2 shows the electric field limits within a
coaxial chamber receiving a slightly underdamped pulse
(Góngora-Nieto, 2000). In the coaxial configuration, the
higher the radii of the electrodes (at a given gap), the
lower the difference in electric fields between them.
Another way to increase the uniformity of PEF
treatments conducted in chambers with nonuniform
electric fields is to increase the number of chambers.
This is easier with highly resistive chambers, such as the
co-field. A number of PEF chambers (between 6 and 12)
are generally reported, but the statistics behind this
remain undisclosed (Yin et al., 1997). Furthermore, the
scale-up of PEF systems most likely will involve the
interconnection of several PEF chambers. Designing
coaxial chambers with high resistance is not a trivial
task. An electrically parallel combination of two 5O
chambers will generate an equivalent resistance of 2.5O,
which will increase the current in the system, decrease
the effective voltage, and thus reduce the effective
electric field. An electrical series combination requires
that the peak voltage be nearly double or at least high
enough, so that the differential voltage across the two
chambers can generate lethal electric fields.
Nonuniformity in the electric field and thus in the
treatment should be carefully taken into consideration
whenever reliable kinetic data are required, and in
conducting the optimization of PEF systems. Based on
these premises, some research groups have focused on
5 6 7 8 9 10

ime (µs)

± 0.07µs

0.42 kV/cm

0.35 kV/cm

0.52 kV/cm

.09µs

chamber. Ef, electric field; Ef(min) at low-voltage electrode side;
rode side; t, time constant; FWHM, full-width of the highest-
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kinetic studies using very small parallel chambers and
well-defined square pulses (Heinz et al., 1999; Raso
et al., 2000). As a result, the uncertainty in the accuracy
of the values of the two main variables defining the
microbial inactivation, treatment time and electric field
intensity, is minimized. However, the way in which the
voltage transient is measured must also be accurate.
The main limitation of parallel chambers is in the batch
nature of the process. However, while co-field and
coaxial chambers allow continuous treatment, the
electric fields are not as homogeneous as in the case of
parallel chambers. Other chamber configurations exist,
but in most cases, determining the electrical parameters
that define PEF treatment lethality may be very
challenging, plus uniformity of treatment is hard to
control (Dunn and Pearlman, 1987; Matsumoto et al.,
1991; Lubicki and Jayaram, 1997).
In continuous chambers, the number of pulses and thus
the treatment time also depend on the food’s residence
time within the treatment chamber. Therefore, if a
minimum treatment is required, processing conditions
must assure that the fastest fluid flowing through the
chamber receives the required dose. The fluid dynamics
of coaxial chambers will most likely reside in the laminar
regimen, thus the fastest fluid will flow at double the
average speed. This consideration has been seldom
reported if addressed at all (McDonald et al., 2000).
Chamber electrodes as well as material used as a
physical barrier between the food and the electrode,
such as ion permeable membranes must be made of
food grade, chemically inert materials to prevent
food contamination. Some of the materials recom-
mended are gold, platinum, and metal oxides (iridium
and ruthenium) (Bushnell et al., 1996). The use of
highly conductive polymer coatings such as poly-
acetylene, polyacetylene aligned, poly(p-phenylene AsFs),
poly(p-phenylene Na), poly(p-phenylene-1,2,4-oxadiozole)–
pyrolysed, poly(p-phenylene vinilene)–aligned, poly-
sulfur nitride, and polysulfur nitride (Br2) is also
52.5 7.50 

2000

1800

1600

1400

1200

1000

800

600

400

200

Thomson-CFS M

Graphite

Steel

Maximum wid

C
ur

re
nt

 d
en

si
ty

(A
/c

m
2 )

Stainless

Fig. 3 Comparison of different electrode materials on their r
B100 J/pulse] (Courtesy of Thomson-CSF Detrexis, France)

37
recommended (Qin et al., 1997). Regardless the wide
variety of available materials, the most commonly used
material is stainless steel. However, although sanitary
and generally resistant to abrasion or chemical attack,
stainless steel has shown some problems when working
with products such as milk and eggs, which cause some
corrosive effect (Caplot and Cote, 1999; Góngora-Nieto,
2000). Corrosion or a deposit of solids on a high-voltage
electrode most likely indicates some electrolysis of the
product. This deposit has two major repercussions: the
perturbation of electric fields within the chamber and
the possibility of transferring some electrode particles
to the treated food. Thompon-CSF Detexis Co. (1,
Boulevard Jean Moulin, 78852 Elancourt Cedex,
France) developed an electrode material that is 200
times more resistant than stainless steel. This material
can withstand long pulse widths (20 ms) and current
densities up to 470 A/cm2 before the electrodes are
damaged (Fig. 3) (Caplot and Cote, 1999). A coaxial
chamber with an electrode area of about 28 cm2, in
which a highly conductive product is processed, such as
liquid egg, can have a current density as high as 200 A/
cm2. With such current densities the maximum pulse
duration stainless steel can endure is near 0.3 ms, much
less than the generally used pulse widths (Fig. 2)
(Góngora-Nieto, 2000). In this particular case, a
graphite electrode would be suitable, since it can
withstand current densities of about 250 A/cm2 at a
maximum pulse width of 2–2.5 ms. Since controlling the
movement of particles within the chamber can minimize
build up in the electrodes, the use of bipolar pulses (Qin
et al., 1994), instant reverse pulses (Mittal et al., 2000),
and low energy pulses (Mittal et al., 2000; Robbins,
2001), are good alternatives to significantly minimize
electrode damage. Strategies such as increasing flow
rate, close temperature control and reduction of the
build up area (as in the case of co-field chambers), have
as well a potential to reduce electrode damage and
deposition.
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PEF switching devices. The switch on the PFN plays a
critical role in the efficiency of the system. This
component must hold the high voltage stored in the
PFN and control the current flow reliably when fired.
The type of switch used will determine how fast it can
perform and how much current and voltage it can
withstand. In PEF technology, the charging voltages of
power supplies are 10–40 kV, while current depends on
the resistance of the chambers. Low equivalent resis-
tance generates driving currents on the order of 3–7 kA.
Highly resistive loads near 100O drive significantly
lower currents (51000 A). In general, the firing rate and
service life have an inverse relationship with the current
that the switches can handle. In increasing order of
service life, suitable switches for PEF systems include:
ignitrons, spark gaps, trigatrons, thyratrons, and
semiconductors. The ignitron’s performance can be very
limited due to improper handling and triggering, so it is
not likely to be implemented in industrial PEF systems.
Spark gap switches can hold B100 kV and withstand
very high currents in the order of MA, but can be fired
at rates of o1 –100 Hz. Spark gap switches are basically
a two-electrode configuration, which can arc-over when
the voltage supplied exceeds the dielectric breakdown
voltage of the gas surrounding the electrodes. A
controlled spark gap switch is the trigatron, which
includes a trigger element that produces a controlled
spark, promoting a plasma reaction and the arc-over of
the main gap (Bhasavanich et al., 1991). The thyratron
is a gas-filled discharge chamber with a cathode, one or
several grids, and an anode. Hydrogen or deuterium are
the most common gases used, with deuterium thyratron
voltages up to B100 kV at B10 kA and 5–10 kHz. This
switch is widely used in PEF. However, because they
are ‘on’ switches, they often require a large box full of
driver/control circuitry, making it also one of the most
expensive devices (i.e. Thyratron handling 50 kV,
10 kAB$12,000). Solid-state semiconductor switches
are considered by the experts as the future of high
power switching (Bartos, 2000). Solid-state switches
present better performance and are easier to handle,
require fewer components, allow faster switching times
compared to older power switches, and are more
economically sound. One of the first switches in this
group is the gate turn-off (GTO) thyristor. This switch is
the least efficient of all the current semiconductor
switches. New generations, such as the insulated-gate
bipolar transistor (IGBT), have combined the best
features of a metal-oxide semiconductor field-effect
transistor (MOSFET) input and a bipolar transistor
output into a newer power-switching device. Its ad-
vantages are very rapid switching and small power
consumption. The only disadvantage of this switches is a
voltage switching limit B3 kV, thus requiring a series
connection for high voltages. The latest solid-state
switch is the symmetrical gate-commutated thyristor
(SGCT), a modified version of a thyristor that combines
optimum characteristics of intermediate generations.
The advantages of the SGCT are high-switching
frequency, low-switching losses, high voltage handling
capability, and low on-state (conduction) losses,
38
allowing only one-directional current to flow through
the device, all with the lowest possible component count
(Bartos, 2000).

Process monitoring, control, and data gathering
systems. Optimum PFN performance should be con-
trolled by a central computer through GPIB or fiber
optic interfaces. The computer controls triggering and
charging periods of the capacitor units. The electric field
in the treatment chamber can be calculated from the
measured voltage across the chamber considering the
corresponding geometry (Eqn [6] for coaxial geometry).
Therefore, it is very important that the voltage sensors
have a high bandwidth and fast response to accurately
measure the applied voltage (Kreuger, 1989). For this
purpose, a Tectronix-P6015A (Wilsonvile, OR, U.S.A.)
high-voltage probe with 75 MHz bandwidth and max-
imum voltage limit of 40 kV, or a high voltage probe
Northstar–PVM5 (Albuquerque, NM, U.S.A.) with
90 MHz bandwidth and maximum voltage limit of
60 kV are suitable options. Since a voltage measurement
is relative (a single point measure is relative to ground),
ideal metering requires differential voltage measurement
across the chamber. The A/D conversion of PEF voltage
signals is conducted by fast sampling (100 MHz
sampling rates) digital oscilloscopes, which can also be
controlled through GPIB cards by computerized sys-
tems. (Heinz et al., 1999; Raso et al., 2000). However,
the use of A/D cards instead of GPIB interfaces may be
better because of the higher and more efficient transmis-
sion rate of the former (Góngora-Nieto, 2000).

Available systems
By early 1999 (Barbosa-Cánovas et al., 2001) there were
at least 35 research groups working on PEF technology,
doubling those working in PEF in 1996 (Barbosa-
Cánovas et al., 1999). Such research is mostly conducted
at laboratory and pilot plant levels. The number of
commercially available units is still limited to one
industrial plant size and a few pilot plants and
laboratory scale systems. Leading institutions like Pure
Pulse Technologies, USA, Thomson CSF, France, Ohio
State University, U.S.A., Diversified Technologies Inc.,
U.S.A., and CENTRALP, France produce these units.
The major concern of industrial consortiums interested
in PEF application is in the initial investment (Barbosa-
Cánovas et al., 1999). The price of such devices ranges
from $40,000 to $500,000 usd. Some systems have
estimated operating costs of $0.2/Lt (EPRI, 1998). Since
strong cooperative efforts between academia and in-
dustry are now evident, this limited availability will
certainly change in the years to come. Current labora-
tory research is carefully generating kinetic data for
microorganisms of interest, while pilot plant research is
defining scale up criteria.
PEF technology should also be considered for incor-
poration into existing processes, for example, replacing
a thermal operation with a PEF pasteurization unit, or a
combination of both. This could be a sound approach to
introducing PEF at industrial levels. The processing
0
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capacity of the available PEF equipment is still limited
to around 1800 L/h (Mittal et al., 2000), while the
industry demands at least 10,000 L/h. Capital invest-
ment and operating costs have an important impact on
the decision-making process to implement PEF. Proces-
sing of high-acidity food products or combining PEF
with mild thermal processes in a hurdle approach are a
couple of potential short-term options for commercia-
lization of PEF.

Energy evaluation
As in other preservation techniques, in PEF we can
identify two energy expenditures of relevance, that
delivered to the product and that used to run the
system. In PEF, the system energy depends on the
requirements of the power supply, switch trigger
circuitry, computer(s), cooling devices, and pumping
system. The energy delivered to the product must be
defined in terms of voltage and current transients
experienced within the food product gap, especially if
its value is to be correlated with the lethality of the
process. Eqn [8] should be used to define the delivered
energy (En) by each PEF pulse:

Enðt1Þ ¼
Z t1

0

ðVDðtÞIðtÞÞdt Eqn ½8�

where, VD(t) is the voltage across the chamber gap as a
function of time, I(t) the current flowing through the gap
as a function of time, and t1 is the pulse duration.
However, this energy must be normalized by the
processing conditions and reported as energy density
(Ed):

Ed ¼ Enðt1Þn
Vol

Eqn ½9�

where Vol is the effective volume of the treatment
chamber and n the number of pulses applied to the
sample. Because food is a conductive element, some
ohmic heating takes place during PEF processing. If
nonthermal conditions need to be guaranteed, a cooling
energy equal to the energy density of the treatment must
be provided. The temperature rise, DT, of the product
during treatment can be estimated by

DT ¼ Ed

rCp
Eqn ½10�

where r, is the density of the product, Ed the energy
density, and Cp the specific heat of the product.
There is very little published data regarding energy
consumption from both the system and the product
during PEF processing. There is also scarce information
that can quantitatively correlate the lethality of a
treatment to the energy received by the food (Grahl
and Markl, 1996; Heinz et al., 1999). Even if the energy
delivered to the treatment chamber is accurately
measured, depending on the pulse shape, the energy
received by a food may not be entirely used to inactivate
microbial flora. As it can be expected, not all electric
field intensities have a lethal effect on bacteria and there
is minimum electric field intensity required to cause
bacterial inactivation. In a close to ideal square pulse,
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most of the energy will be effective for inactivation
purposes, however, in exponential and over/under-
damped pulses, nearly 35% of the energy corresponds
to electric fields below the threshold level (Qin et al.,
1994) and is noneffective for inactivation purposes,
providing only heating (Fig. 4).

Inactivation Studies

Process variables
The main lethality factors contributing to the effective-
ness of PEF can be classified as those depending on (a)
the PEF system set up and processing conditions, (b) the
attributes of the product being treated, and (c) the
microorganism characteristics. Electric field intensity
and total treatment time are the most important PEF
processing factors. An increase of these factors generally
tends to increase the inactivation of microorganisms. In
addition, pulse wave-shape and frequency, chamber
design, and treatment temperature are also factors
influencing PEF lethality. The effectiveness of the
process also depends on the physical characteristics of
the product, primarily its conductivity but also pH, and
ionic strength, the latter being closely related to the
conductivity. The pH will act as an additional stressing
factor along with the PEF action. On the other hand,
factors such as the presence of bivalent cations seems to
have a strong effect on reducing PEF lethality. The type,
growth stage, and size and shape of the microorganism
also influence the lethality of the process. In general,
1
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spores that are smaller and rounder and have a stronger
shield protection are harder to inactivate (Marquez
et al., 1997; Yin et al., 1997; Pagan et al., 1998) than
bacteria, yeast (Wouters and Smelt, 1997), and molds
(Raso et al., 1998) while microorganisms in the
logarithmic growth stage are the least resistant to PEF.
For a given input power, chamber configuration and
treatment time, the electrical conductivity of the media
will determine the maximum achievable electric field and
the maximum temperature rise during processing. Low
conductivity allows lower power input and will result in
lower temperature rises, especially in low resistance
chambers. A brief list displaying the conductivity of
some of the most studied food products at temperatures
below 60 1C includes: beer (0.1–0.25 S/m), coffee
(0.1–0.3 S/m), fruit juices (0.1–0.7 S/m), milk products
(0.4–1 S/m), and liquid egg (0.5–1 S/m) (Fernández-
Martı́n and Sanz, 1985; Kent, 1987; Barbosa-Cánovas
et al., 1999; Ruhlman et al., 2001).

Inactivation mechanism
Application of high-intensity pulsed electric fields gen-
erates stress and destabilizes microbial cell membranes,
and in some cases may lead to irreversible cell membrane
breakdown (Zimmermann, 1986; Pothakamury et al.,
1997; Jin et al., 1998; Calderón-Miranda et al., 1999c),
alterations in ion transport processes (Vega-Mercado
et al., 1996b; Kim et al., 2001), and changes in the
structural conformation of enzymes (Vega-Mercado
et al., 1995; Fernandez-Diaz et al., 2000). The membrane
dielectric breakdown theory explains microbial inactiva-
tion in terms of a large increase in the permeability of the
microbial membrane as a result of pores induced by a
critical potential between 0.7 and 2.2 V (Angersbach
et al., 2000), which is larger than the natural cell
potential. This is analogous to the electrical breakdown
of gases caused by a sudden rise in current across two
points with high potential. When the critical value is
reached some reversible micropores are formed, followed
by increase in the permeability of the cell membrane,
which leads to ion transport distortions, cell swelling,
and eventually permanent damage (Tsong, 1990).
Electromechanical compression and instability theories
explain how the electric field creates an accumulation of
opposite charges on opposite sides of the microbial cell
wall, causing compression and leading to an unstable
thin membrane (Coster and Zimmermann, 1975; Ho and
Mittal, 1996). In the osmotic imbalance theory, the
electric field induces pores into the membrane through
which ions and small molecules leak out of the cell,
leading to an osmotic imbalance and swelling of the cell
until lysis occurs (Kinosita and Tsong, 1977). The
viscoelastic model takes into account the rheological
behavior of the cell to evaluate the breakdown potential
(Dimitrov, 1984). In the hydrophobic to hydrophilic
pore transition theory, reversible pores tend to become
irreversible (or require longer time to reseal), depending
on their radii and energy (Dimitrov, 1984). In the
conformational change theory, the electric field may
induce phase transitions and conformational transitions
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of lipids and proteins that could lead to transient pore
formations (Newman and Rosenheck, 1972). Experi-
mental data and mathematical simulations (Bruhn et al.,
1997; Angersbach et al., 2000) support these theories.
Barbosa-Cánovas et al. (1999), presented a comprehen-
sive description of the above-mentioned theories on
bacteria inactivation by PEF.
Although electroporation is believed to be the principle
of action in PEF, pore formation has not always been
confirmed by microstructure studies. However, damage
to cell membrane, leakage of intracellular material, and
alterations in cell protein have been confirmed (Calder-
on-Miranda et al., 1999c; Kim et al., 2001).

Microbial and enzyme inactivation
Since the early 1950s, pulsed electric discharges at
different energy levels have shown successful inactiva-
tion of Escherichia coli, Streptococcus faecalis, Bacillus
subtilis, Streptococcus cremoris, and Micrococcus radio-
durans, as well as trypsin and a protease from Bacillus
subtilis (Dovenspeck, 1960). Also, the nonthermal lethal
effect of homogeneous electric fields on bacteria like
E. coli, Staphylococcus aureus, Micrococcus lysodeikti-
cus, Sarcina lutea, Bacillus subtilis, B. cereus, B.
megaterium, Clostridium welchii, and yeasts (i.e. Sac-
charomyces cerevisiae and Candida utilis) was demon-
strated (Sale and Hamilton, 1967; Hamilton and Sale,
1967). Today extensive research is being conducted on
the inactivation of important spoilage microorganisms
(i.e. yeast, molds, Pseudomonas spp.) and pathogenic
flora (i.e. E. coli O157:H7, Listeria spp., and Salmonella
spp.) suspended in real food products, such as juices,
salsas, milk, and liquid eggs. In some cases, more than 7
log cycles of inactivation have been achieved, and even
total inactivation (negative detection) of important
pathogens following treatment has been verified during
storage (Barbosa-Cánovas et al., 1999). Different
inactivation percentages (30–99%) of important en-
zymes, such as trypsin, lactic dehydrogenase, galactosi-
dases, plasmin, proteases, alcaline phosphatase, lipases,
glucose-oxidase, a-amylase, peroxidase, phenol oxidase,
pectin methylesterase, and papain, have also been
achieved (Vega-Mercado et al., 1995, 2001a,b; Ho
et al., 1997; Yeom et al., 1999; Giner et al., 2000;
Castro et al., 2001a,b; Palomeque et al., 2001; Van Loey
et al., 2002). Such enzyme inactivation levels are
considered the result of changes in secondary and
tertiary structures that modify certain molecular lin-
kages in the active centers and entire globular config-
uration. Spore inactivation is still under research, but
between a 90 and 99% inactivation of Bacillus spores
suspended in water has been reported, which may be
correlated with the loss of dipicolinic acid (Marquez
et al., 1997). Important inactivation levels of mold
conidiospores suspended in fruit juices, have been
achieved with minimum treatment (36 kV/cm, 7 ms
treatment time). However, inactivation of mold ascos-
pores under the same treatment conditions does not
seem to be as efficient (B90%) (Barbosa-Cánovas et al.,
1999).
2
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Hurdle approach
The combination of several preservative factors to
control microbial spoilage and food poisoning is not
a new concept. Introduced to the food industry
by Leistner (1978), this intelligent concept has also
proven to be a sound approach to implementing PEF
technology.
The use of antimicrobials, low water activities and pHs,
and mild temperatures in combination with PEF has
been more effective in inactivating microbial flora and
extending the shelf-life of refrigerated products than
PEF treatment alone.
Vega-Mercado et al. (1996b) reported a slightly greater
inactivation of E. coli in SMUF at low pH (5.69) than at
neutral pH (6.82). Media pH also plays an important
role in inactivation kinetics when PEF treatment is
combined with organic acids. Treatment of E. coli with
12.5 kV/cm in a solution containing 1,000 ppm of
benzoic acid (pH of 2.4) achieved a 4-log cycle
reduction. The strong synergistic killing effect achieved
by combining organic acids and PEF treatment at low
pH indicates that the entry of undissociated acids into
bacterial cells is enhanced by PEF (Liu et al., 1997).
The effect of nisin on the cytoplasmic membrane of
Gram-positive cells is enhanced by its combination with
PEF. The inactivation of listeria inocua suspended in
skim milk or liquid whole egg, by less than 60 ms with
50 kV/cm and as much as 100 IU/mL of nisin, shows a
significant synergistic effect, achieving 3.8 and 5.5 log
unit reductions in skim milk and liquid egg, respectively
(Calderón-Miranda et al., 1999a,b). However, the
synergistic effect of nisin and PEF is not as marked in
the inactivation of Gram-negative bacteria, due to the
lipopolysaccharides in outer cell membrane. (Kalchaya-
nand et al., 1994; Terebiznik et al., 2000; Góngora-Nieto
et al., 2001).
Electric field treatments at moderate temperatures
(B50–60 1C) exhibit a synergistic effect on the inactiva-
tion of microorganisms, where at constant electric field
strength, inactivation increases with a rise in tempera-
ture. Sensoy et al. (1997) achieved nearly a 2-log cycle
increase in the inactivation of Salmonella dublin, by
increasing the process temperature from 10 to 50 1C with
100 ms PEF treatment at 25 kV/cm. A similar result was
found with Listeria monocytogenes inoculated in whole
milk and treated with 600 ms at 30 kV/cm, where 3.5 and
4 log reductions were achieved at 10 and 50 1C,
respectively (Reina et al., 1998). Other microorganisms
such as Salmonella enteritidis, E. coli, and Lactobacillus
brevis have shown similar effects. It seems that slightly
higher temperatures weaken the cell membrane, thus
favoring destabilization and cell death (Pothakamury
et al., 1996; Vega-Mercado et al., 1996a; Romain et al.,
1999). However, it should be noted that if nonthermal
inactivation is claimed, the temperatures used in
combination with PEF must be held far below those
used in pasteurization. Since application of electric fields
causes some increase in the food temperature, proper
cooling should be provided to maintain food tempera-
tures far below those generated by pasteurization.
Sufficient time between pulses, high flow rates, and the
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use of cooling devices will help to ensure proper food
temperatures.

Microbial inactivation kinetics
Most of the research conducted on PEF is related in one
way or another to inactivation kinetics. However, a
recent document put together by experts in the area
indicates a need for further development and evaluation
of mathematical models to express the inactivation
kinetics of PEF (CFSAN-FDA, 2000). Many studies
have used first-order kinetics to describe the relationship
between inactivation and electric field strength or
treatment time, despite a significant reduction in the
inactivation rate during long treatment (at a given
electric field), the so-called tailing behavior. With
pressure from some scientists (Peleg, 1995; Cole, 1999),
the scientific community is now more aware that not all
cells in a given population have identical sensitivities;
instead, there is a spectrum of resistances. Thus, under
highly stressful situations the microbes die close
together, showing a tight inactivation distribution, while
in less stressful situations they die further apart.
Identification of certain tailing when a first-order model
is assumed has led researchers (Peleg, 1995; Sensoy
et al., 1997) to describe microbial kinetics as follows:

S ¼ 100= 1 þ expððE � EcÞ=aÞ½ � Eqn ½11�
where S is the percent of surviving microorganisms, E

the field strength in kV/cm, Ec the critical electric field
where the survival level is 50% (inflection point), and a
is a parameter that indicates the steepness of the survival
curve around Ec. A large a value means a wide span,
while a small value indicates a very steep decline, high
PEF sensitivity, or faster inactivation. Furthermore, Ec

and a depend on the number of pulses or treatment time
and such dependence can be described as

Ec ¼ Ec0expð�K1nÞ Eqn ½12�

a ¼ a0expð�K2nÞ Eqn ½13�
where K1 and K2 are dimensionless constants, and n the
number of pulses.
A relatively new model to accurately describe the
inactivation kinetics of microorganisms by PEF is the
log-logistic model (Cole et al., 1993; Anderson et al.,
1996; Raso et al., 2000). It has proven to be a good
alternative for fitting survivor curves when a distribu-
tion of resistance within the bacterial population occurs.
This model is an alternative for describing microbial
inactivation kinetics when the logarithm of the survival
fraction is not a linear function of treatment time. This
log-logistic model is defined by

LogS ¼ LogS0

þ LogSn � LogS0

1 � expð4sðt� LogtÞ=ðLogSn � LogS0Þ
Eqn ½14�

where LogS is the log of the survival fraction as a
function of time; LogS0 is the log of the initial survival
fraction at time zero; LogSn is the log of the final
survival fraction; s is the maximum slope of the log of
3
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survival fraction curve; t is the log time when the
maximum slope is reached; and t is the processing
time. The use of different models indicates the lack of
agreement among researchers as to the best way to
define the microbial inactivation kinetics of PEF
processing.
Other technical issues linked to inactivation kinetics and
PEF processing that still need attention from the
scientific community include:

(a) The use of specific target microorganisms for
products of interest. (EPRI/Army, 1997).

(b) The use of cocktails (a mixture of more than two
strains) for boundary models. (EPRI, 1998).

(c) Avoidance of first-order kinetics assumptions (Cole,
1999).

(d) Use of high enough inoculate levels, so there is no
need of extrapolation (Cole, 1999).

(e) Gathering enough data points (5–6 minimum) (Cole,
1999).

(f) Evaluating the recovery of injured cells (EPRI,
1998).

(g) Identifying nonpathogenic surrogates (Barbosa-
Cánovas et al., 2000b).

(h) Developing an approach to establishing equi-
valencies (Cole, 1999).

Addressing these issues will certainly enhance the
validity of conclusions drawn on the effectiveness of
PEF, setting a strong foundation for the commercializa-
tion and adoption of this technology.

Regulatory Aspects

PEF is a physical process used to preserve food, and
thus in the U.S.A. it falls under the U.S. Food and Drug
Administration (FDA) regulations. The difficulty ex-
perienced demonstrating the equivalency of nonthermal
methods to existing thermal processes is one of the main
reasons for slow commercialization of new preservation
technologies (Cole, 1997).
Before the commercialization of processed foods by a
nonthermal technology can take place, each process
must comply with appropriate safety regulations set
forth by the FDA according to the type of product.
FDA regulations have been established to assure the
mission of protecting public health. However, the FDA
does not approve processes per se, but rather the use of
substances or components used in the process.
Besides complying with current regulations that might
apply, PEF processing may also require premarket
approval. This is due to the use of food contact surfaces
under different conditions (with respect to current
preservation techniques), such as those present inside
the PEF treatment chamber, where electrode material
could possibly migrate to the food. To determine if these
or other aspects are safety concerns for a particular PEF
process, a petition must be submitted to FDA for
evaluation. After the evaluation a ruling will be made
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and issued and then included in the Codex of Federal
Regulations (CFR).
In the premarket approval process, PEF processors are
asked to submit a scientific review with necessary data to
clearly characterize the process and the product. The
information package submitted to the FDA should
address the following: (a) type of product or process
being evaluated, (b) how the product will be used, and
(c) what the product will accomplish. The environmental
impact of the product and process are also important
(Hansen, 1999). However, similar dialog can be estab-
lished to demonstrate that a petition is not needed for
premarket approval, as was the case in 1997, when Pure
Pulse received a letter of no objection, and therefore no
rule-making was required. Each processor must follow
the same procedure through intense communication
with the FDA.
When a new process is filed, it is necessary to: (Larkin
and Spinak, 1997) (a) establish an active and continuous
dialog with the FDA during process development, (b)
meet with the FDA to describe the process, (c) invite the
FDA for an on-site visit (pilot and production facility),
(d) draft and provide the FDA with an outline of the
proposed filing, and (e) identify the most resistant
organism of public health concern, the most resistant
organism to commercial viability, and the least lethal
treatment zone in the system.
Regarding the novelty of the process, the FDA is
interested in reviewing equipment design, product
specification, process design, and process validation
(Larkin, 1999).

(a) Equipment design: a description of the system,
control mechanisms used, and fail-safe procedures.

(b) Product specifications: a full description of the
product, including physical/chemical aspects,
critical factors, and influence of processing on the
critical factors.

(c) Process design: a complete description of the critical/
processing conditions used in manufacturing the
product. Included process records: pulse shape,
frequency and width, electric field, and treatment
time. Including monitoring frequency and re-
petitions. Records must be easy to access, so the
FDA can verify if the required electric field and time
are delivered according to operating procedures.

(d) Validation: a physical demonstration of the accu-
racy, reliability, and safety of the process. Since
PEF processes vary considerably, reproducibility
must be assured. Evidence of injury recovery
studies, as well as resistance of certain pathogens
concerning a given product must also be included.

These four aspects should address concerns in areas of
toxicology, nutrition, and microbiology. Information
submitted must address the following questions: (a) does
the process generate chemical changes producing
compounds that may be toxic, (b) are there nutrient
losses, and (c) if the final product is not sterile, how will
the product or process control Clostridium botulinum
and production of toxin? (assessing the risk under
4
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normal use and abusive conditions) Some of these
questions were addressed in the past, but at the time the
research priority was to demonstrate the potential of
PEF in the area of food preservation. Today, the basis
for implementing this technology exists and is well
supported by several decades of research. Now is the
time for systematic research that addresses specific FDA
questions and other issues regarding implementation of
PEF in the production line.
Furthermore, FDA regulatory control may be specific to
the U.S., but the relevance of delivering safe foods to
consumers goes beyond U.S. borders. Similar safety
concerns may soon be raised by regulatory organiza-
tions in other countries as well.

Conclusion

In the past decade research groups working on PEF
technology have made tremendous progress toward
understanding its principles and identifying key aspects
of the industrialization process. In terms of PEF
equipment components, since progress in switching
often promotes progress in pulsed power applications,
PEF will directly benefit from the availability of
forthcoming solid-state switches, which are reliable,
have high performance, are easier to work with and
reasonably priced, and can also deliver accurately the
required dose. Along this line, close attention must be
paid to the way in which treatment delivery is defined.
Each chamber configuration (single or multiple units)
should guarantee that the entire product receive at least
the minimum required dose. However, minimum re-
quired dosage has yet to be determined. Once a lethal
dose is determined for a particular product, each PEF
processor will need to adjust the processing conditions
to make sure the system is delivering the correct dose,
regardless of pulse shape and treatment chamber
configuration.
The flexibility of laboratory-scale PEF units may not be
practical or economically sound for industrial applica-
tions. However, if equivalency could be established
between the kinetic data obtained in laboratory units
and the processing conditions of scaled up systems,
product safety and system performance would be easily
assured and controlled, respectively. Accurate definition
and measurement of process variables, and complete
kinetic studies are now the goal.
Much work remains before PEF industrial implementa-
tion can be a reality: (a) development of processing
protocols for each food product and PEF system, (b)
proof that commercial scale processing is feasible and
economically sound, (c) design of suitable, more user-
friendly pulse generators, (d) gathering more data on the
inactivation kinetics of microbial pathogens in various
food media, (e) finding new ways to define the
inactivation kinetics of this method, and (f) implemen-
tation of PEF in combination with other hurdles.
Preservation of foods with PEF has provided an open
window to imagination, science, and innovation.
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CALDERÓN-MIRANDA, M. L., BARBOSA-CÁNOVAS, G. V. AND
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In: BARBOSA-CÁNOVAS, G. V. AND ZHANG H. (Eds), Electric
Fields in Food Processing. Lancaster, PA: Technomic, pp.
45–56 (2001)

SALE, A. J. H. AND HAMILTON, W. A. Effects of high electric
fields on microorganisms. I. Killing of bacteria and yeast.
Biochimica Biophysica Acta 148, 781–788 (1967)

SENSOY, I., ZHANG, Q. H. AND SASTRY, S. K. Inactivation
kinetics of Salmonella dublin by pulsed electric fields. Journal
of Food Processing Engineering, 20, 367–381 (1997)

TEREBIZNIK, M. R., JAGUS, R. J., CERRUTTI, P., HUERGO, M. S.
AND PILOSOF, A. M. R. Combined effect of nisin and pulsed
electric fields on the inactivation of Escherichia coli. Journal
of Food Protection, 63, 741–747 (2000)

TSONG, T. Y. Electrical modulation of membrane proteins:
enforced conformational oscillations and biological energy
and signal transductions. Annual Review of Biophysics and
Chemistry 19, 83–106 (1990)

VAN LOEY, A., VERACHTERT, B. AND HENDRICKX, M. Effects of
high electric field pulses on enzymes. Trends in Food Science
& Technology, 12, 94–102 (2002)

VEGA-MERCADO, H., MARTIN-BELLOSO, O., CHANG, F. J.,
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CÁNOVAS, G. V. AND SWANSON, B. G. Inactivation of
38
Saccharomyces cerevisae by square wave and exponential-
decay pulsed electric fields. Journal of Food Process
Engineering, 17, 469–478 (1994a)
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