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Since the publication of the first edition of the book Pulsed Electric Fields for the 
Food Industry: fundamentals and applications in 2006, the new research and break-
throughs that have occurred in the field, certainly justify the need to publish a sec-
ond edition of the book. In the last years, it has been observed a growing interest in 
the multidisciplinary subject of PEF which has result in a major increase in the 
research activity, publications, training schools, conferences and applications in the 
food industry. 

The concern of the food industry for making their activities more energy-effi-
cient and sustainable has been an important driving force for conducting new 
research on PEF. There has been also an increased interest in the application of PEF 
as a pretreatment for the recovery of high-added value compounds from microbial 
cells for different applications in the food, cosmetic, pharmaceutical or bio-fuel 
industries. PEF for the recovery of valuable compounds from food wastes and by-
products generated during food processing and biorefinery applications have also 
attracted considerable attention.

The Cost Action TD1104 European network for the development of electropora-
tion-based technologies and treatments that started in 2012 contributed to the devel-
opment of new applications of PEF by integrating multidisciplinary research teams. 
During the 4 years of duration of the action, almost 600 researchers and industrial 
technicians from 42 countries working in different scientific domains such as 
Biology, Food Science, Medicine, Biotechnology, or Environmental Science were 
involved in this action.  In the framework of this COST action, two training Schools 
on Pulsed Electric Field Applications in Food and Biotechnology were organized 
and the event has continued to be held annually. With the aim of keeping the net-
working established between researchers working in different fields during the 
COST Action, the International Society of Electroporation based Technologies and 
treatments (ISEBTT) was created in 2016. This society has among its objectives to 
organize every two years the World Congress on Electroporation and Pulsed Electric 
Fields in Biology, Medicine, and Food & Environmental Technologies. Three edi-
tions of this congress have been held so far with an average of around 400 attendants.
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The development in the last 15 years of pulse power systems responding to the 
food industry requirements has allowed the successful transfer of the technology for 
industrial applications. Currently, different industrial scale PEF units for different 
applications are manufactured for different companies and more than 150 of these 
units have been installed in the food industry all around the world.

This second edition tries to provide comprehensive, updated information and a 
view of the current state of the art in fundamentals and applications of PEF for the 
food industry. All chapters have been updated or revised and 13 new chapters have 
been added to provide the latest information on electrochemical reactions, process 
validation, environmental impacts, performance analysis, legal regulations and 
application in the food industry. The chapters have been written by recognized 
authors from academia, industry and R&D laboratories from many different coun-
tries of the world. The book aims to have an interdisciplinary character addressing 
students, academia, consultants and industrial readership. 

This second edition is the result of the effort enthusiasm and interest of many 
contributors. We would like to express our sincerest gratitude to all of them for their 
efforts in completing this project.
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History of Pulsed Electric Fields in Food 
Processing

Werner Sitzmann, Eugene Vorobiev, Javier Raso, Ignacio Álvarez, 
and Nikolai Lebovka

 Introduction

The first industrial applications of electricity in foods are dated about 100 years ago. 
Continuous and alternating electric currents were applied to heat the media and to 
kill germs in milk. This procedure is known today as “ohmic heating.”

At the end of the 1940s Ukrainian researches, Zagorul’ko (Mil’kov and Zagorul’ko 
1949) and Flaumenbaum (Flaumenbaum and Yablochnik 1950) showed that vegeta-
ble and fruit cells could be cracked by electric AC fields. This process was named in 
the former USSR as “electroplasmolysis.” Later on, Zagorul’ko (Zagorul’ko 1958b) 
used pulsed electric fields (PEF) in order to enhance extraction in sugar beet process-
ing. Already in the 1950s and 1960s numerous studies were conducted by Ukrainian 
and Moldavian researchers on the application of electric fields for the treatment of 
food plants (Sitzmann et al. 2016a, b). However, due to the technical problems and 
the lack of financial means, these studies never led to industrial implementation. 
Soviet works were practically unknown in Europe and the USA.
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Very high electric field strengths were applied by Früngel (1960) in Germany 
using capacitor discharges which create electric arcs and a quickly expanding 
plasma. Mainly, a shock wave of up to 5000 bar was identified responsible for the 
bactericidal effects and the cracking of composite materials. This process, then 
titled “electrohydraulic treatment,” is nowadays used, for example, by the company 
ELEA GmbH in Quakenbrück, Germany, to improve the structure of ham.

Generation, application, and impact of PEF on the cell membranes of food plants 
and fish were reported and patented in the 1960s–1980s by the German engineer 
Heinz Doevenspeck. The PEF process in its current applications goes back to the 
works of Heinz Doevenspeck, who cooperated closely with Krupp company in 
the 1980s.

In the early 1990s, leading university professors – in particular, Professor Knorr 
from the Technical University of Berlin and Professor Barbosa-Cánovas from the 
Washington State University  – quickly took up the results, which had primarily 
produced at Krupp. Since this moment it was initiated a profound research work that 
constitutes the basis of the current industrially implemented technology under the 
term PEF (pulsed electric fields).

 Early Works Prior to the Middle of the Twentieth Century

 Bactericidal Effects

The bactericidal effects of electricity can include chemical, thermal, mechanical, 
and other effects. The attempts to apply electricity for killing bacteria and steriliza-
tion purposes were applied at the end of the nineteenth century. Table 1 presents the 
collection of the representative pioneering inventions related to the bactericidal 
effects of electricity. In early studies, the electricity was applied to damage the 
microbes in meat (Jones et  al. 1886), purification of water and other liquids 
(Schroeder 1891; Roeske 1893), sterilization of beer (Wagner and Marr 1895), milk 
(Goucher 1909; Shelmerdine 1915; Mittelmann 1951), manufacturing fermented 
beverages (Kuhn 1909), juices (Schweizer 1924), and sterilization of other liquids 
(Bartley 1909; Bloom 1915; Rudd 1920; Louder 1933; Wright 1937). The mecha-
nisms of the microbial killing effects were attributed to the formation of toxic com-
pounds by electrolysis (Cohn and Mendelsohn 1879; Thornton 1912), a specific 
manifestation of the effect of electricity (Spilker and Gottstein 1891), and thermal 
or electrochemical effects (Heller 1897; Thiele and Wolf 1899). For example, the 
killing of yeast suspended in beer wort or grape juice was attributed to the formation 
of toxic compounds (Kleiber 1924). The lethal effects of AC treatment on yeast cells 
in grape juice were explained by the formation of toxic substances like free chlo-
rine. However, the stimulation effects of electricity on the growth of bacteria and 
yeast were also observed (Stone 1909).

Very active studies devoted to the application of AC treatment for milk pasteuri-
zation were conducted (Beattie and Lewis 1913; Lewis 1914). The disinfection 

W. Sitzmann et al.



5

effects were explained by heat produced by the electric current (Anderson and 
Finkelstein 1919), whereas the importance of the nonthermal effects of electricity 
was also stated (Beattie and Lewis 1925). The “electropure process” with heating 
the milk up to 70  °C allowed effective inactivation of different microorganisms 
(Fetterman 1928; Gelpi Jr and Devereux 1930; Getchell 1935). In the 1930s, the 
“electropure process” was accepted as a safe milk pasteurization technology in 
Europe and the USA (Moses 1938). This milk pasteurization technology was widely 
used up to 1950, but later on, it was replaced by milder thermal technology (Reitler 
1990; Lewis and Neil 2000).

Table 1 Representative inventions related to the preservation of foodstuffs by electric field 
treatments

Patent nos. Title and comments References

US337334A Applying of electricity for destroying living organisms 
in the bodies of slaughtered animals

Jones et al. (1886)

US447585A Liquid purifier Schroeder (1891)
US501732 Method of and apparatus for purifying water Roeske (1893)
US535267A Electrolytic conduit for beer or other liquids. Wagner and Marr 

(1895)
US645569A Receptacle for sterilized perishable substances Roberts (1900)
US922134A Method of treating milk Goucher (1909)
US930023 Process sterilizing fluids Bartley (1909)
US936328A Process of manufacturing fermented beverages Kuhn (1909)
US1044201A Process of preserving Lincoln (1912)
US1147558A Apparatus for the sterilization of milk Shelmerdine 

(1915)
US1162213A Process and apparatus for the electrical treatment of 

liquids and fluids and the products resulting therefrom
Bloom (1915)

US1360447A Apparatus for electrically treating liquids Rudd (1920)
DE415090C A method for preserving feedstuffs juicy by the action 

of the electric current
Schweizer (1924)

US1479725A Electric fluid sterilizer Wright (1924)
US1900509A Process for sterilization of liquids Louder (1933)
US1934703A 
US1934704A

Electrical sterilizing apparatus Golden (1933a, b)

US2046467A Sterilization of liquids by means of oligodynamy Krause (1936)
US2081243A Apparatus for pasteurizing liquids Wright (1937)
US2132708A Method for treating materials and electrical treating 

apparatus, especially sterilization
Smith (1938)

US2365924A Process of preserving fresh food products Willard (1944)
US2550584A Milk pasteurization method and apparatus Mittelmann 

(1951)
US2576862A Method and apparatus for preserving foodstuffs Smith and 

Grinnell (1951)

History of Pulsed Electric Fields in Food Processing
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 Assistance of Food Processing Operations

The effects of treatment by electric currents in different food processing operations 
were also intensively studied. More than one century ago, electricity was applied for 
the assistance of sugar extraction from sugar beet (Schwerin 1901, 1903). The 
effects were explained by the processes of electrolysis and electroosmosis.

The first application of electricity for cooking of foods was done at the end of the 
nineteenth century (Capek 1890; Crompton 1894; Oneill 1895). It was noted that 
“the use of electricity for cooking was more economical and efficient than the use 
of coal” (RAF 1893). The different fruits, vegetables, and meat were used in cook-
ing experiments with the application of alternating electric currents (Sater 1935). 
The coking assisted by electricity allowed a significant reduction of the cooking 
time and improving the quality of products with retention of the natural flavor of the 
fruits and vegetables. The representative inventions related to the assistance of typi-
cal food processing operation by electricity are presented in Table 2. Examples of 
application of electricity for cleaning the sugar juice (Schwerin 1929), pasteurizing 
of cheese (Parsons and Richardson 1930), cooking (Berkeley 1935; Griffith 1942), 
heating (Courtright 1934; Chester and Rexford 1943; Simpson and Stirling 1984; 
Reznik 1997), extraction (Reld 1946), osmotic impregnation (Berthold 1940), and 
other processes (Schade 1951; Miyahara 1986, 1988) have been described.

Table 2 Some inventions related to applications of passing an electric current directly through the 
food products for different food processing operations

Patent nos. Title and comments References

SU7981A1 The method of cleaning sugar juice by electric current Schwerin 
(1929)

US1774610A Electrothermal treatment of cheese. The pasteurizing of cheese 
under pressure and heating by electric current

US1970360A Electric food heating apparatus. The apparatus for cooking or 
heating food products (sausages, frankfurters)

Courtright 
(1934)

US2025085A Electric cooking apparatus. The apparatus for cooking or 
heating by passing an electric current directly through the food 
product

Berkeley (1935)

US2219772A Method for treating food. The treating of foods by an electric 
current for better impregnation with sugar or salt

Berthold (1940)

US2299088A Apparatus for electric conductance cooking. The cooking of 
food (e.g., pieces of meat) by electrical conductance

Griffith (1942)

US2324837A Electric heater. The heating by passing a current through the 
liquid products, such as milk, vegetable and fruit juices, beer, 
and the like in order to pasteurize the liquid

Chester and 
Rexford (1943)

US2400951A Manufacture and treatment of animal and vegetable materials. 
Application of electric treatment for the extraction process

Reld (1946)

US2569075A Prevention of enzymatic discoloration of potatoes by passing a 
high-frequency alternating electric current through them

Schade (1951)

W. Sitzmann et al.
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 Plasmolysis and “Electrocution” of Foods

The plasmolysis of plant cells reflects the water loss from cells and possible loss of 
their vitality under the influence of external factors such as irradiation by visible, 
ultraviolet or infrared light, X-rays, ultrasonication, mechanical pressing, heating, 
freezing, magnetic and electric fields, or chemical additives (ionic substances, sol-
vent, polymers, and surfactants) (Nasonov and Aleksandrov 1940; Stadelmann 
1956). The simple osmotic concept to explain the water transfers in plants was first 
proposed by Dutrochet (1837). The pioneering studies revealed the effects of cell 
permeability on transfers of different cell substances (various neutral salts, saccha-
rides, coloring matters) (Nägeli 1853; Pringsheim 1854; De Vries 1871; Martin 
1905). It was demonstrated that exchange between the living matter (protoplasm) 
and outside medium is delimited by some sort of integumentary layer called plas-
matic membrane (Pfeffer 1877; Tswett 1896). A regulatory role was attributed to 
this boundary layer in the metabolism of cell. At the beginning of the twentieth 
century, intensive studies of plant cells’ molecular structure started. It was estab-
lished that the impermeability of the plasmatic membrane is a peculiarity of the 
living cell and it disappears after death (Lillie 1909). The thickness of the mem-
brane was estimated as ≈6 nm (Devaux 1903; Zangger 1908; Weis 1926). The sig-
nificantly different plasmolysis effects were revealed for different plant materials 
(Martin 1905). The electrical measurements of the impedance of suspensions of 
erythrocytes allowed to conclude that cells are composed of low conducting mem-
branes surrounding highly conducting cytoplasm (Höber 1910). The early studies of 
cells evidenced the low conductivity of membranes and the presence of capacities 
of the intracellular compartment (plasma membrane, tonoplast, vacuole, cytoplasm) 
(Philippson 1921; Fricke and Morse 1925; Cole 1940).

However, for many years the nature of the plasmatic membranes was not well 
understood, and many discussions on this subject were initiated until the mid of the 
twentieth century. Experimental methods used at that time for the study of plas-
molysis were based on staining cells with different dyes, and significant effects of 
dyes on the observed results were not excluded. It was recognized that dyeing can 
impair the vitality of the cells (Küster 1939). Moreover, some investigators have 
denied the existence of the plasma membrane and proposed different mechanisms 
for explanation of staining (Nasonov and Aleksandrov 1940) and electric properties 
of the cells (Lepeschkin 1930).

For the first time, the effects of electrical treatment (direct electric current) on 
plasmolysis of plant cells were visualized using the optical microscopy for observa-
tion of onion epidermis (Allium cepa L.) (Fig. 1) (Becker and Beckerowa 1934). 
The effect of electricity on the osmotic movement of water into and out of plant 
cells and tissues was taken into account (Bennet-Clark and Bexon 1943; Kramer 
and Currier 1950). It was speculated that there is an electroosmotic component in 
the uptake of water by bulk storage tissue (Teoreli 1949).

In the line with these ideas, Poland sugar technologist Jaroslav Dedek 
(1890–1962) conducted in 1947 some experiments studying the effects of DC on 

History of Pulsed Electric Fields in Food Processing
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the sugar beet tissue. Short biography of Dedek is presented by Fronek (2012). In 
his experiments, Dedek treated the sugar beet samples at an electric field strength of 
40 V/cm (Zagorul’ko 1958b). A significant increase of the electric current during 
the treatment was observed, and it was speculated that it reflects the damage of cells. 
Dedek named this process as “electrocution.” This word is derived from “electro” 
and “execution,” and it is also used for accidental death caused by electric shock.

 Electroplasmolysis

 Early Studies in the 1950s

 The Role of Anatolii Zagorul’ko

Dedek’s work on “electrocution” highly stimulated Anatolii Zagorul’ko to apply 
electricity for the assistance of sugar beet plasmolysis and the facilitation of sugar 
extraction. Anatolii Ya. Zagorul’ko (1920–1983) (Fig. 2) was born in the village of 
Globin, Poltava Oblast (Ukraine), in the family of a teacher (Chernyavskaya 2019).

He graduated from the Chemical Department of Kharkiv University (Ukraine) in 
1941. From 1943, he started to work as a chemical engineer at different Ukrainian 
sugar factories. In 1955–1983, he worked at the Research Institute of Sugar Industry 
(Kyiv) as a head of the laboratory. He defended his PhD thesis in 1958 (Zagorul’ko 
1958b) and doctor science habilitation thesis in 1974 (Zagorul’ko 1974). His PhD 
thesis “Obtaining of diffusion juice with the help of electroplasmolysis” was com-
pletely devoted to the problem of plasmolysis of sugar beet under the action of 
electricity.

In the 1949–1953, Zagorul’ko in cooperation with Mil’kov patented different 
constructions of continuous electrotreatment apparatuses (so-called electroplasmo-
lyzers) for the treatment of sugar beets (Mil’kov and Zagorul’ko 1949, Zagorul’ko 
and Myl’kov 1953). Figure  3 shows the principal scheme of electrotreatment 

Fig. 1 Damage of an 
isolated tonoplast when 
direct current flows 
through the onion 
epidermis (Allium cepa 
L.). Neutral red was used 
to stain cells (Adapted 
from (Becker and 
Beckerowa 1934))

W. Sitzmann et al.
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apparatus of belt type. The electricity can be applied between two rotating steel 
tapes (electrodes).

To explain the effects of electric treatment on the sugar beet tissue, it was specu-
lated that electricity provokes the selective damage of plasmatic shells with insig-
nificant heating of surrounding medium (Zagorul’ko 1958b, Zagorul’ko 1957b). 
This type of plasmolysis was called as electroplasmolysis. Zagorul’ko explained 

Fig. 2 Anatolii Ya. 
Zagorul’ko (1920–1983)

Fig. 3 Continuous electrotreatment apparatus (electroplasmolyzer) of the belt type (Mil’kov and 
Zagorul’ko 1950)

History of Pulsed Electric Fields in Food Processing
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electroplasmolysis by exceptional electroosmotic jerking of plasmatic shells. He 
noted that the electroplasmolysis has an insignificant effect on damage of cell walls, 
whereas the traditional thermal plasmolysis causes disruption of cell walls and 
resulted in release of pectin substances into the juice. He concluded that the use of 
electroplasmolysis allows obtaining cleaner sugar beet juice.

The reversible (or unfinished) electroplasmolysis has been also observed at rela-
tively small electric fields (with strength below 400 V/cm). Such type of electro-
plasmolysis allows effective extraction of juice using pressing or diffusion 
techniques at moderate temperatures (below 60 °C). He estimated energy consump-
tions of ≈4–5 kJ/kg and the electrical potential on the plasmatic shells (um ≈ 0.953 V) 
required for the electroplasmolysis of the sugar beet (Zagorul’ko and Myl’kov 
1953). Moreover, Zagorul’ko estimated the electrical conductivity of the membrane 
(σ ≈ 10−6 S/cm), so it behaves as an insulator layer between intra- and extracellu-
lar media.

For characterization of efficiency of electrical damage, Zagorul’ko introduced 
the degree of plasmolysis index defined as (Zagorul’ko 1958b)

 Z i d iρ ρ ρ ρ ρ= −( ) −( )/ , (1)

where ρ, is the electrical resistivity of the cell tissue and the subscripts “i” and “d” 
correspond to the resistivity of untreated (initial) and completely damaged tissues, 
respectively.

Zagorul’ko investigated the time dependencies of Zρ for sugar beet treated at dif-
ferent electric field strengths, E, and temperatures, T (Zagorul’ko 1958a). For better 
regulation of treatment efficiency, he proposed the treatment by pulsed electric 
fields (PEF). His first PEF generator produced exponential pulses with a duration of 
20μs and with electric field strength up to E = 20 kV/cm using the small distance 
between electrodes (1–2 mm). Figure 4 presents the dependence Zρ(t) obtained for 
the PEF treatment of sugar beet at the room temperature. Inset shows the principal 
scheme of the pulse generator developed by Zagorul’ko in 1955–1957 (Zagorul’ko 
1958a). The PEF treatment allowed obtaining a high level of electroplasmolysis for 
the treatment time above several microseconds. All these discoveries were revolu-
tionary for that time.

 The Role of Boris Flaumenbaum

Nearly at the same starting period, similar studies on juice extraction from different 
fruits and vegetables assisted by electricity were started in Odessa (Ukraine) by 
Flaumenbaum. Boris L. Flaumenbaum (1910–1996) (Fig. 5) was born in the family 
of a journalist and lived in Odessa (Bezusov et al. 2010). He finished 2-year chemi-
cal school, and in 1931 he graduated from the Odessa Food Institute with the quali-
fication of engineer and food technologist. During 1931–1935, he worked at 
different food factories of Ukraine and Moldova, and in 1936–1941 he was a senior 
researcher at the Odessa All-Union Research Institute of the Canning Industry 
(VNIIKP).

W. Sitzmann et al.
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During this period, Flaumenbaum published about two dozen articles, and in 
1941 he defended his PhD thesis “Extraction of juice from vegetable raw material” 
(Flaumenbaum 1941). Demobilized after the War in December 1945, Flaumenbaum 
returned to Odessa, and in January 1946 he started to work as a senior lecturer at the 
Department of Conservation Technology in Odessa Technological Institute of Food 
and Refrigeration Industry (now known as Odessa State Academy of Food 
Technologies). His scientific activity was related to the extraction of juices from 
fruits, thermal sterilization, and canning of foods. He is author of well-known text-
books (more than 20) published in Russian, such as Technology for preservation of 
fruits and vegetables (Fan-Jung et al. 1956), Theoretical foundations of sterilization 
of canned food (Flaumenbaum 1960) (1960), and many others. In 1969, he defended 
his doctor science habilitat thesis “Problems of intensification of technological pro-
cesses of preservation of food products” (Flaumenbaum 1969).

Fig. 4 Electroplasmolysis 
degree Zρ versus the time 
of treatment t dependences 
for sugar beet tissue at 
different values of electric 
field strength E 
(Zagorul’ko 1958b)

Fig. 5 Boris 
L. Flaumenbaum 
(1910–1996)

History of Pulsed Electric Fields in Food Processing
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In 1949, Flaumenbaum published his first study related to the electrical treatment 
of grapes, apples, and carrots (Flaumenbaum 1949). At the same time, he patented 
and constructed (in cooperation with engineer Yablochnik) a roller-type electroplas-
molyzer for the treatment of vegetable and fruit tissues by low-frequency electrical 
current (Flaumenbaum and Yablochnik 1950) (Fig. 6). The industrial-scale proto-
type for AC electroplasmolysis was manufactured, installed, and operated on 
1949–1953 on Tiraspol fruit factory (grapes, apricots, plums, apples), Chisinau and 
some other Moldavian wineries (grapes), and Odessa juice plant (carrots) 
(Flaumenbaum 1953) (Fig. 6). The calculations of the rotation rate required for the 
effective plasmolysis were performed. In 1951, the similar testing of electroplasmo-
lyzer was also performed at the Chisinau Glavvino plant and the Chisinau branch of 
the Magarach Institute (Prichko and Kudryavtseva 1951). The authors observed an 
increase in the yield of wort for grapes treated by electroplasmolyzer.

In all performed tests, a strong dependence of the efficiency of electroplasmoly-
sis on the type of treated material was observed. The significant heterogeneity of 
electrical treatment was observed for different materials (Grudinovker 1954a). 
Flaumenbaum discussed the problem of the construction of the universal device 
suitable for all types of raw materials (Flaumenbaum 1953). He has proposed to use 
a device with finned electrodes that allow the simultaneous capture and grinding of 
the raw materials.

Later on in the 1960s–1980s, Flaumenbaum with coworkers formulated the con-
cept of the electrostability of fruits and berries (Flaumenbaum and Kazandzhii 
1966; Kazandzhii 1966; Kazandzhii and Flaumenbaum 1977). Electrical resistances 
of fruit tissues steeped in sugar syrups were measured to determine the degree of 
plasmolysis (Flaumenbaum and Shin 1990). The studies for different fruits and ber-
ries allowed concluding that high level of electroplasmolysis required some opti-
mum values of treatment time and electric field strength, E. For characterization of 
the efficiency of electroplasmolysis, Flaumenbaum introduced the value of electro-
stability defined as

Fig. 6 Industrial-scale 
setup for continuous 
electroplasmolysis based 
on the electroplasmolyzer 
with rotating electrodes 
(Flaumenbaum 1953)

W. Sitzmann et al.
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 K tE= 2 , (2)

where t is the time of electroplasmolysis and E is the electric field strength.
It was demonstrated that the value of K depends upon the protocol of treatment 

(AC or DC), degree of tissue grinding, and type of the material. For example, the 
highest electrostability was observed for the apples and the lowest for the strawber-
ries. Applications of electroplasmolysis for the production of fruit juices 
(Flaumenbaum and Al-Saadi 1966; Flaumenbaum 1968; Shengeliia 1974) and red 
wines (Flaumenbaum et al. 1991) were also discussed. The electrohydraulic effects 
in the processing of grape pulp were also studied (Yatsko and Zhuravleva 1970; 
Yatsko et al. 1971). The high voltage pulse device was included in the continuous 
production line of the Odessa cannery with a productivity of 3.7 tons per hour. The 
processing allowed increasing the juice yield by 7.7% as compared with control. 
The increase in the iron content of juice was also reported.

 Other Studies of Electroplamolysis in the 1950s

Table 3 presents a collection of the representative inventions related to early studies 
of electroplasmolysis performed in the 1950s. To ensure the uniformity of electric 
treatment, some devices were proposed based on knife electrodes. Figure 7 presents 
the device with circular cutting knives that serve as electrodes (a) (Grudinovker 
1954b) and the device with an obliquely mounted channel and a rectangular cross- 
section (b) (Rozhdestvensky 1955).

After fundamental works of Zagorul’ko and Flaumenbaum, the idea of electrical 
treatment of food products became very popular in the 1950s in the former 
USSR. For example, it was demonstrated that the electrical treatment between roller 
electrodes allows increasing the degree of plasmolysis of sugar beet slices up to 
95–96% (Kartashov and Koval 1955, 1956).

The special conference on the electrical methods of treatment of food products 
was organized on 7–13 September 1958 in Kiev Technological Institute of the Food 
Industry, Ukraine. It included about 350 participants, and more than 50 reports were 
presented (Vologdin 1959). The applications of electrostatic fields; direct, low- 
frequency, and high-frequency currents; ultrasound; and infrared, ultraviolet radia-
tion, X-rays, and gamma irradiations for processing of food raw materials were 
discussed. The problems of electroplasmolysis, electrical breakdown, and burns of 
food products were also discussed (Pavlov 1959). The feasibility of using electro-
plasmolysis in the food industry was noted. The scientific activity on the electrical 
methods of food product treatment in the 1950s was presented in the annotated 
bibliographic index of domestic (former USSR) and foreign literature 
(Anonymous 1962).

History of Pulsed Electric Fields in Food Processing
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Table 3 Inventions related to applications of electroplasmolysis performed in the 1950s

Patent nos. Title and comments References

SU89009 
A1

Electroplasmolyzer for obtaining and purification of diffusion 
juice from sugar beet. The sugar beet slices are treated by 
industrial frequency electric current between the rotating 
roller electrodes

Mil’kov and 
Zagorul’ko (1949)

SU92191 
A1

Method of electroplasmolysis of sugar beet slices and similar 
slices. The device consists of two converging metal (steel) 
tapes for electrical treatment of slices under the pressure 
(Fig. 3)

Mil’kov and 
Zagorul’ko (1950)

SU83502 
A1

Electroplasmolyzer for processing vegetables and fruits. The 
device of the roller type for AC treatment of the crushed raw 
materials (apples, cherries, grapes, carrots, etc.) (Fig. 6). After 
treatment the processed materials is pressed

Flaumenbaum and 
Yablochnik (1950)

SU96911 
A1

Electroplasmolyzer for the processing of sugar beets and other 
vegetables. The device includes the circular cutting knives that 
serve as electrodes (Fig. 7a)

Grudinovker 
(1954b)

SU100094 
A1

Electroplasmolyzer for plant materials. The device represents 
an obliquely mounted channel with a rectangular cross-section 
(Fig. 7b). The cylindrical (graphite or carbon) electrodes are 
located perpendicularly to the axis of the channel. The device 
ensures the uniformity of electric treatment

Rozhdestvensky 
(1955)

SU100624 
A1

Device for the electroplasmolysis of sugar beet slices. The 
cutting of sugar beet is carried out by adjacent knifes 
simultaneously with electric current treatment

Sichevoi (1955)

SU104718 
A1
SU112554

Electroplasmolyzer for plant materials. The device is 
constructed as the centrifuge rotor. The walls are formed by 
vertically mounted electrodes with knives. Inside the rotor 
four diametrically located electrode blades are installed. The 
material cutting and treatment with electric current are done 
simultaneously

Kogan (1955)
Kogan (1958)

SU109588 
A1

Method of electroplasmolysis of sugar beets during its cutting 
and a device for implementing the method. The centrifugal 
cutting device includes the electroplasmolyzer between 
diffusion knives

Zagorul’ko 
(1957a)

Fig. 7 The device with the circular cutting knives that serve as electrodes (a) (Grudinovker 1954b) 
and the device with the obliquely mounted channel and a rectangular cross-section (b) 
(Rozhdestvensky 1955)

W. Sitzmann et al.
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 Food-Oriented Applications of Electroplasmolysis 
in the 1960s–1990s

 Experimental Studies and Development of Methods

Starting from 1960s the interest to studies of the DC and AC electroplasmolysis was 
renewed in a former USSR, mainly in Moldova and Ukraine. Table 4 presents some 
inventions based on these studies.

In the 1960s, different pilot experiments on DC and AC electroplasmolysis were 
realized on the base of the Institute of Applied Physics, Chisinau, Moldova. The 
pilot-scale machine with a productivity of 3000 kg/hour was tested at Bendery can-
ning factory in 1966 (Kogan 1968). The electrical treatment (E = 150–500 V/cm, 
t = 1–50 ms) allowed enhancement in juice yield from whole apples up to ≈11–20%. 
Particularly, the effects of electricity on juice yield, the regimes of electroplasmoly-
sis assisted by vacuum (Lazarenko et al. 1967), and electroplasmolysis of grinded 
raw plant material (Lazarenko et  al. 1968) were studied. Different regimes of 

Table 4 Some inventions related to methods of electroplasmolysis issued in the 1960s–1990s

Patent nos. Title and comments References

SU194016 Method of electroplasmolysis of cells of raw plant material. 
Vacuum-assisted electroplasmolysis

Lazarenko 
et al. (1967)

SU212147 Method of electroplasmolysis of grinded raw plant material. The 
electric treatment by AC of industrial frequency with strength of 
50–350 V/cm

Lazarenko 
et al. (1968)

SU446266 
A1

Method of electroplasmolysis of plant raw materials. The method 
uses the separate flows with increase of the electric field strength 
from 30 to 150 V/cm

Scheglov 
and Chebanu 
(1974)

SU799711 
A1

Method for producing of juice from fruits. The raw materials 
(grinded to a size of 0.1–1 cm3) are treated by the electric field 
with strength of 100–150 V/cm and material is moved at velocity 
of 0.1–2 m/s

Papchenko 
(1981)

SU854984 
A1

Method for producing of diffusion juice. The sugar beet slices are 
pre-scalded and moved to the diffusion chamber. For de-sugaring 
of the slices, they are moved between carbon (+) and steel (−) 
electrodes in a DC with an electric field strength of E = 30–40 V/
cm. The counterflow by the preheated water (40–50 °C) is used to 
produce the diffusion juice. The total time of de-sugaring is 
60–70 min, and the diffusion temperature is controlled by changes 
of E

Bazhal et al. 
(1981)

SU912755 
A1

Method for producing of diffusion juice.
The method uses de-sugaring of sugar beet slices using the 
treatment by DC with electric field strength of 30–40 V/cm. The 
de-sugaring is accompanied by electrodialysis of the juice through 
bipolar and anion exchange membranes

Bazhal et al. 
(1982)

SU1789563 
A1

Method for the production of diffusion juice. The sugar beet slices 
are subjected to electroplasmolysis and washed. Then de-sugaring 
of slices in a counter current extractor is performed

Katroha 
et al. (1993)

History of Pulsed Electric Fields in Food Processing
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electroplasmolysis of grinded plant tissues were tested at electric field strengths of 
E  =  50–350  V/cm (Shcheglov et  al. 1967). The effects of current frequency 
(50–2400 Hz) on the efficiency of electroplasmolysis of plant tissues were investi-
gated (Fursov and Bordiyan 1974). An increase in frequency reduced the nonunifor-
mity of ohmic heating. The maximum juice output was observed at some optimum 
temperature during electric treatment. Tests were done for carrots, plums, apricots, 
grapes, and apples on the industrial scale of Odessa juice plant (Lazarenko 
et al. 1977).

The changes in electrical conductivity of tissues during application of electric 
field were analyzed for various biological materials (Papchenko et  al. 1992; 
Botoshan et al. 1994). Some relationships were proposed to calculate the volume of 
the extracting agent needed to provide solid-liquid extraction during electroplas-
molysis (Botoshan and Berzoj 1994a). The application of electroflotation was dis-
cussed to separate electrically charged suspended substances from the juice obtained 
by electroplasmolysis (Botoshan and Berzoj 1994b).

Electroplasmolysis was also applied to treat sea products. The electrotreatment 
of fish meal allowed decreasing the fat and moisture contents. Final products con-
tained less than 10% fat (Kolpakov et al. 1991). The application of electrotreatment 
allowed better oil extraction and drying the fish meal. The application of electro-
plasmolysis for fish raw material treatment was discussed (Skimbov and Berzoj 
1992). The treatment allowed enhancing the output of the fat and vitamin A. Different 
regimes of electroplasmolysis and centrifugation were discussed (Berzoj et  al. 
1993b). The effects of electroplasmolysis on the Antarctic shrimps were also stud-
ied (Berzoj et al. 1993a). The electrotreatment of fish stock prior to heat treatment 
allowed producing of fodder meals with better qualitative and quantitative charac-
teristics (Skimbov and Berzoj 1994).

Many works were devoted to the intensification of sugar extraction from elec-
trotreated sugar beet slices. The action of electric field on cells of sugar beet was 
discussed (Karpovich et al. 1981). The aqueous extraction at moderate temperatures 
(50–60 °C) assisted by AC and DC electric fields improved extraction of sugar and 
quality of extracted juice (Kupchik et al. 1982, 1984; Bazhal et al. 1984; Kupchik 
1986). For example, the treatment of sugar beet slices was done by DC at the elec-
tric field strength of E = 0–20 V/cm and temperature of 50 °C (Kupchik et al. 1984). 
In other studies, the DC electric field strength of 30–40 V/cm was applied for the 
extraction and electrodialysis of juice through bipolar and anion exchange mem-
branes (Bazhal et al. 1981, 1982, 1983). Changes in the ultrastructure of sugar beet 
cells during diffusion under the temperature and electric field were discussed 
(Kupchik et  al. 1987). Empirical relations were proposed for the disintegration 
degree of sugar beet in function of electric field strength and treatment time (Shulika 
et al. 1987). Application of the combined sequential AC and DC treatments allowed 
an increase of sugar diffusivity (Shulika 1988). This combined AC + DC method 
was tested at the pilot scale at the Yagotin sugar factory (Ukraine) in 1986–1987. 
Besides the indicated studies, during the 1980s and 1990s the effects of the electric 
field on sugar extraction and pH values of juice-cossette mixture (Katroha et  al. 
1984; Katrokha et al. 1987), the mechanisms of the thermal and electroplasmolysis 
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(Dolinskaya et al. 1992; Dankevich 1995), and the effects of electric treatment on 
sucrose diffusivity (Matvienko 1996a) have been studied, including also the devel-
opment of numerical models (Bazhal 1995). Application of electroplasmolysis for 
better recovery of phenolic compounds into the grape juice was discussed 
(Kalmykova 1992). The anthocyanin extraction from the grape skin was done at the 
treatment conditions: electric field strength of E = 650–750 V/cm and time of treat-
ment t = 0.4–0.6 s.

Several books summarizing obtained results related to electroplasmolysis of 
foods were published in this period in Russian language (Kogan 1968; Rogov and 
Gorbatov 1974; Lazarenko et al. 1977; Bologa and Litinsky 1988; Rogov 1988). 
During this period many PhD and doctor of science (habil) dissertations were also 
defended in Krasnodar (Reshetko 1970; Scheglov 1971), Kiev (Papchenko 1979; 
Cebanu 1988; Shulika 1988; Dolinskaya 1993; Bazhal 1995; Dankevich 1995; 
Matvienko 1996b) and Odessa (Kalmykova 1993; Ilyeva 1996) and Moscow 
(Kupchik 1991).

 Construction of Electroplasmolyzers and Electroextractors

Different constructions of the electroplasmolyzers were patented in the period 
between the 1960s and mid-1990s. Most of them were patented in USSR and some 
of them were also patented in the USA, Germany, and France (Table 5). Cumulative 
number of SU patents (former USSR inventor’s certificate) versus the year of pub-
lication is shown in Fig. 8. After the initial stagnation period in 1959–1965, the 
number of patents gradually increased and reached up to about 90 in 1995.

Figure 9 presents the drum-type device (Scheglov et al. 1969). In this device, 
three rows of movable paddles are placed on the surface of the drum. The gaps 
between the drum and sieve gradually decrease downward. The device is powered 
by a three-phase source.

Figure 10 presents a device with rotating disk electrodes (Biryukova and 
Preobrazhensky 1970). The device was tested for treatment by AC at electric field 
strength of E = 628–733 V/cm and time of treatment of t = 0.1–0.3 s. The elevation 
of temperature during the treatment was up to 32–38 °C.

Figure 11 presents electroplasmolyzers of cylindrical type for the treatment of 
crushed plant material (pulp) (Lazarenko et al. 1976, 1979). The pulp is treated by 
electrical pulses in the cylindrical chambers. The crushed material is treated in the 
cylindrical chamber between outer annular electrodes and the central grounded 
cylindrical electrode. The treated material can be preliminary densified in the perfo-
rated chamber (Fig. 26a). For the construction presented in Fig. 26b, the external 
electrodes are divided by dielectric rings. It allows multistep treatment (Lazarenko 
et al. 1976).

Figure 12 presents different constructions of devices with two pairs of roll elec-
trodes (Gatin et al. 1975, 1978). The device presented in Fig. 12a provides a more 
uniform loading of the power source (Gatin et al. 1975). The device presented in 
Fig. 12b is constructed for the treatment of lumpy raw materials. The upper pair of 
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rolls is equipped with radically fixed knife electrodes (Gatin et  al. 1978). The 
devices provide more uniform electrical treatment of the material.

Figure 13 presents electroplasmolyzer with one large and three small roll elec-
trodes (Reshetko 1978). The device provides more uniform multistep treatment.

Figure 14 shows a device for the electrical treatment of plant materials before 
drying (Martynenko et al. 1980). The device includes roller electrodes, a conveyor, 
and an additional roller electrode located above the conveyor.

Table 5 Some inventions on devices for food electroplasmolysis issued in the 1960–1990s

Patent nos. Title and comments References

SU244880 A1 Electroplasmolyzer for extracting juice from pulp. The 
drum type device (Fig. 9)

Scheglov et al. 
(1969)

SU286491 A1 Electroplasmolyzer for extracting juice from plant 
materials. A device with rotating disk electrodes 
(Fig. 10)

Biryukova and 
Preobrazhensky 
(1970)

DE2402947A1 Vorrichtung zur durchfuehrung des 
plasmolyseverfahrens zerkleinerter pflanzlicher 
rohstoffe (device for carrying out the plasmolysis 
process of vegetable raw materials)

Lasarenko et al. 
(1975)

SU407457 A1
SU429601 A1

Electroplasmolyzers for treatment of crushed plant 
materials The pulp is treated by electrical pulses in the 
cylindrical chambers (Fig. 11a, b)

Lazarenko et al. 
(1976)
Lazarenko et al. 
(1979)

SU459211 A1
SU627813 A1

Electroplasmolyzers for treatment of plant materials. 
The devices include two pairs of roll electrodes  
(Fig. 12a, b)

Gatin et al. (1975)
Gatin et al. (1978)

SU592406 A1 Electroplasmolyzer for treatment of plant materials. The 
device includes roll electrodes of various sizes (one 
large and three smaller) (Fig. 13)

Reshetko (1978)

SU745427 A1 Device for the electrical treatment of plant materials 
before drying (Fig. 14)

Martynenko et al. 
(1980)

SU786966 A1
SU888921 A1

Electroplasmolyzer for plant materials. The device 
consists of a rotating drum with conical dielectric 
fingers (Fig. 15)

Papchenko et al. 
(1980)
Papchenko and 
Kuharuk (1981)

SU808047 A1 Electroplasmolyzer for treatment of plant material. The 
device with two rollers covered with flexible electrodes 
(Fig. 16)

Bejenar (1981)

SU1588363 
A1

Device for electric treatment of food raw materials. The 
cylindrical screw type device (Fig. 17)

Skimbov and Berzoy 
(1990)

US4608920A Electroplasmolyzer for processing vegetable stock Scheglov et al. 
(1986)

FR2621456A1 Procédé de traitement de matières premières végétales et 
dispositive pour sa réalisation (method for treating 
vegetable raw materials and device for carrying it out)

Papchenko et al. 
(1990)

US5031521A Electroplasmolyzer for processing plant raw material Grishko et al. (1991)
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Fig. 8 Cumulative number of SU patents on electroplasmolyzers (former USSR inventor’s certifi-
cate) versus the year of publication. Constructions of some devices are presented on Figs. 9–17

Fig. 9 Electroplasmolyzer 
for extracting juice from 
pulp. The drum-type 
device (Scheglov et al. 
1969)

Figure 15 presents a drum-type electroplasmolyzer for treatment of plant materi-
als (Papchenko et al. 1980; Papchenko and Kuharuk 1981). The device consists of a 
rotating drum with conical dielectric fingers. The drum is divided into three com-
partments. The drum in the middle compartment is formed by metallic plates 
(electrodes).
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Fig. 10 Electroplasmolyzer for extracting juice from plant materials. A device with rotating disk 
electrodes (Biryukova and Preobrazhensky 1970)

Fig. 11 Electroplasmolyzers for the treatment of crushed plant materials. The pulp is treated by 
electrical pulses in the cylindrical chamber between outer annular electrodes and central grounded 
cylindrical electrode. (a) The treated material was preliminary densified in the perforated chamber 
(Lazarenko et al. 1979). (b) The external electrodes are divided by dielectric rings. It allows mul-
tistep treatment (Lazarenko et al. 1976)
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Fig. 12 Electroplasmolyzers for the treatment of plant materials. The devices include two pairs of 
roll electrodes. (a) The device provides a more uniform loading of the power source (Gatin et al. 
1975). (b) The device for the treatment of lumpy raw materials. The upper pair of rolls is equipped 
with radically fixed knife electrodes (Gatin et al. 1978)

Fig. 13 Electroplasmolyzer for the treatment of plant materials. The device includes roll elec-
trodes of various sizes (one large and three smaller) (Reshetko 1978)

Figure 16 presents the roller-type electroplasmolyzer for the treatment of plant 
material. The device includes two rollers covered with flexible electrodes. It pro-
vides a good uniformity of treatment (Bejenar 1981).

Figure 17 shows the screw-type device for the electric treatment of raw materials 
(Skimbov and Berzoy 1990). It is a cylindrical device with plate electrodes mounted 
along the wall of the cylinder.
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Fig. 14 A conveyor device for the electrical treatment of plant materials before drying (Martynenko 
et al. 1980)

Fig. 15 Electroplasmolyzer for plant materials. The device consists of a rotating drum with coni-
cal dielectric fingers (Papchenko et al. 1980; Papchenko and Kuharuk 1981)
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 Pulsed Electric Fields

 Early Concepts of Electroporation and Treatment by PEF

 Concept of Electroporation

The idea about the formation of pores in plasma membrane was speculated in the 
1930s. It was assumed that membrane behaves as a porous sieve for the molecules 
and the permeability of the plasma membrane might depend upon the solubility of 

Fig. 16 The roller-type electroplasmolyzer for the treatment of plant material (Bejenar 1981)

Fig. 17 The cylindrical screw-type device for the electric treatment of food raw materials 
(Skimbov and Berzoy 1990)
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the molecules in the compounds of the membrane (Höber 1930, 1933). However, 
the first evidence about the stimulation of pores in membranes in the external elec-
tric field probably appeared in 1958 after the publication of the experimental report 
on reversible electrical breakdown of the excitable membrane of a Ranvier node 
(Stämpfli 1958). This study provoked a series of experimental works devoted to the 
mechanisms of pore formation under the action of pulsed electric fields in the 
1960s–1980s.

The formation of large pores and irreversible loss of the membrane’s function as 
a semipermeable barrier between the bacterial cell and its environment may result 
in cell death. The first systematic studies on the effects of PEF on the killing of 
bacteria and yeasts have been started in the 1967 (Hamilton and Sale 1967; Sale and 
Hamilton 1967, 1968). The lethal effects for vegetative bacteria and yeasts were 
observed in absence of electrolysis and heating with the application of 20μs high 
voltage pulses (E = 25 kV/cm) (Sale and Hamilton 1967). The dependencies of the 
killing efficiency on the field strength and total time of the treatment were observed 
(Hamilton and Sale 1967), and the critical transmembrane potential required for the 
breakdown of the membrane was estimated at level um ≈ 1 V (Sale and Hamilton 
1968). These conclusions were confirmed in the series of works performed in the 
1970s (Zimmermann et al. 1974, 1976a, b, c, 1980). For example, the breakdown of 
the membranes was observed at um ≈ 0.85 V for Valonia utricularis (cells of the 
seawater alga) (Neumann and Rosenheck 1972) and at um ≈ 1.6 V for red blood cells 
and bacteria (Zimmermann et al. 1974). A polarization mechanism was suggested 
for explaining the observed effects.

The important conclusion about the possibility of reversible changes in the mem-
brane permeability in human and bovine red blood cells under the application of 
moderate PEF treatment (103–104 V/cm) was made (Riemann et al. 1975). It was 
concluded that resealing of membranes can be used for incorporation of the foreign 
molecules inside the resealed, but otherwise intact, cells (Kinosita and Tsong 1977; 
Kinosita Jr and Tsong 1977a, b, 1979). The lethal efficiency of high-voltage pulses 
as a function of additives, pulse intensity, duration, temperature, and pulse fre-
quency have been also discussed (Hülsheger and Niemann 1980; Hülsheger et al. 
1981, 1983). The different sensibility of the Gram-positive and Gram-negative spe-
cies has been observed (Hülsheger et al. 1983). Based on basic experimental works, 
the electroporation concept was theoretically grounded (Weaver and 
Chizmadzhev 1996).

 Early Practical Application of PEF: The Role of Heinz Doevenspeck

Heinz Helmut Doevenspeck was born on 15 August 1917  in Bremen, Germany, 
where he died on 1 July 1993 (Fig. 18). He served his apprenticeship as a locksmith 
at AG Weser in Bremen, and during the years of World War II he did an apprentice-
ship as a machine constructor and finished his education as a mechanical engineer. 
Due to missing documents, it is not clear at which institution he obtained his engi-
neering degree. During World War II, he worked for the “Organisation Todt” in 
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different countries which were occupied by the German Wehrmacht in those years. 
His ingenuity as an engineer resulted in the first patent applications in the 1940s. 
During the turmoil of the post-war era, Doevenspeck had several jobs, including 
work for the British military government in the City of Bremen. Early after the war, 
his smartness and his aspiration for independence led to his self-employment as a 
consulting engineer.

The existing documents owned by the author do not show when and how exactly 
Doevenspeck came up with the idea of using pulsed electric fields for different 
applications. It is not even clear without any doubt that it was his invention. Only in 
one of his progress reports from the 1970s he mentioned that in 1958, he was 
inspired by a publication of Sven Carlsson on the influence of electric current on the 
growth of microorganisms. Based on Carlson’s publications, he started his own 
experiments in 1958. Doevenspeck argued that Carlson’s mistake was to change the 
physical properties of the treated materials in a way that particularly a targeted elec-
tric field strength could not be adjusted during the whole duration of treatment. 
According to Doevenspeck, defined portions of electric charges determined by the 
size of a capacitor had to be used to overcome this problem. He was obsessed with 
the idea of influencing substance systems by pulsed electric fields. Doevenspeck 
was an autodidact and not a scientifically educated person.

As Fig. 19 shows (original document), he was a nonprofessional interested in 
physical, chemical, and biological details. He wanted to understand how the mate-
rial systems he was working with were constructed and how PEF could modify 
these materials. He was so convinced of his ideas that with his private means he 
converted the basement of his one-family house in Minden (Germany) into an 
almost professional laboratory. Over the years, he invested in different small-scale 
pulse generators, experimental equipment made of glass, microscopes, centrifuges, 
filters, etc. Despite his limited financial and scientific possibilities and his very 
empirical approach, he astonishingly came to still valid conclusions, which he 
described in 1960 in his first patent application (Doevenspeck 1967) on a “process 
and device for gaining different phases from dispersed systems” (Fig. 20).

Fig. 18 Heinz 
Doevenspeck (≈ 1963)
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In his patent application, he identified and described in detail that PEF had the 
following advantages over existing technologies using electricity: extensive sup-
pression of electrolysis; almost no temperature increase; low energy consumption; 
gentle treatment of raw materials and preservation of biological activity; and killing 
of pathogenic germs.

As early as in 1960, Doevenspeck postulated that surface charges of inorganic 
and organic substances could be influenced by PEF. Thus, undesired ingredients in 
wastewater can be flocculated and separated and oil/water emulsions can be sepa-
rated into their components. Doevenspeck was an enthusiastic sailor, and he con-
tacted fish processing companies in North Germany. In the early 1960s, he carried 
out several trials and found out that – when processing fish material to produce fish 
oil and fish meal  – protein-containing wastewater (“stickwater”) as by-products 
could be cleaned by electroflocculation using PEF.

His observations concerning cell cracking were undoubtedly pioneering. When 
conducting PEF experiments, he noted that it was possible to release oils or fats 
from animal raw materials under low temperatures. In 1960, he described that when 
applying PEF, muscle fascicles contracted and cell-containing liquids were set free. 

Fig. 19 Doevenspeck’s 
studies on oilseeds (peanut 
and rapeseed cell 
materials)
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The same happened to oil-containing deposit cells of fish. Those effects could be 
proven and visualized for the first time by Sitzmann in the 1980s.

In cooperation with the North German company Baumgarten Fischindustrie in 
Bremerhaven in the early 1960s, Doevenspeck produced fish meal and fish oil from 
malodorous herring offal by cracking the cells with pulsed electric fields before 
separating solids and liquids by using a screw press. The original correspondence 
between Doevenspeck and his partners shows that the experts on site especially 
noticed that contrary to expectations the whole process has very weak odor.

Together with the German fish meal-producing factory Lohmann & Co. in 
Cuxhaven, he experimented on fish processing. Figure 21 displays an original flow 
diagram from 1964 drawn by Doevenspeck personally. It shows a typical fish meal 
production line as it is still used nowadays. The only difference lies in the fact that 
a PEF system is used instead of a conventional cooking system.

Figure 22 shows Sankey diagrams drawn by Doevenspeck in 1960 demonstrat-
ing that “his” new process design worked on a much lower energy level compared 
to the conventional process.

Still, existing original reports and the correspondence between Lohmann and a 
participating feed-producing company show that Doevenspeck’s fish meal was of 
high quality and had a long shelf life. The vitamin A content did not change 

Fig. 20 Doevenspeck’s main patent DE1237541B on PEF from 1960 (Doevenspeck 1967)
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Fig. 21 Production line for fish meal and oil from herring. Original flow diagram drawn 
by Doevenspeck in 1964, owned by the author (W. Sitzmann)

Fig. 22 Production of fish meal and fish oil using PEF treatment “E-Impuls-Verfahren” (a) and 
conventional process (b). Original Sankey diagram drawn by Doevenspeck, 1960, owned by the 
author (W. Sitzmann)

essentially during a storage period of 6 months. There was almost no oxidation of 
the residual oil in the final fish meal. Feeding experiments with laying hens showed 
that “Doevenspeck” fish meal produced from poor raw materials low in protein was 
much better than a conventional fish meal from Peru concerning the feed conversion 
rate. Independent experts certified that the eggs produced by the abovementioned 
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laying hens tasted distinctively better than eggs from hens fed with conventional 
Peru meal.

Doevenspeck realized very early that the impact of electric pulses on biological 
matter strongly correlates to the electric field strengths being applied. During exper-
iments with Escherichia coli bacteria in his own lab in 1962/1963, he discovered 
that cultures being treated with field strengths below 3 kV/cm seemed to increase 
their growth rates, whereas those being treated with field strengths above this value 
showed reduced growth velocities. Very high field strengths killed microorganisms. 
Encouraged by these observations, he extracted corn mash containing microorgan-
isms from a technical scale fermenter and applied electric pulses with a field strength 
of about 2.4 kV/cm. As a result, he could measure a distinct acceleration of the 
fermentation process. In cooperation with the sewage plant operators of the German 
city of Nienburg, Doevenspeck achieved a 20% increase in the methane yield by 
using PEF. In 1967, he applied for a patent together with a well-known big German 
beer brewery in Dortmund. The subject of their common invention was a low tem-
perature (25 °C) conservation method for beer with the positive side effect of almost 
no changes in color and taste during the subsequent storage phase. Despite all his 
efforts and achievements, he had to realize that without any scientific background 
his work was far from being approved by the public and by possible investors. 
Consequently, at the end of the 1970s and the beginning of the 1980s, Doevenspeck 
contacted the Institute of Biophysics of the University of Hannover (Glubrecht, 
Niemann) and the Institute of Microbiology of the Hannover Medical School 
(Hülsheger, Potel) where his working hypothesis on germ-killing was confirmed 
and scientifically examined for the first time (Hülsheger et al. 1981, 1983).

Until 1983, Doevenspeck conducted many trials with interested companies, 
communities, and research institutes. He took part in symposia and was able to 
inspire people. But in the end, he failed to achieve a remarkable financial success 
with his process, despite 20 years of intensive work and investing the money he had 
earned from his job as a consulting engineer.

Doevenspeck and Krupp Company

Doevenspeck’s chance came in the early 1980s due to the ban of perchlorethylene 
as a solvent for the extraction of oils and fats from animal raw materials in rendering 
plants. Krupp Industrietechnik GmbH, a German company for plant construction 
and engineering located in Hamburg, was very successful in selling this type of 
extraction plants for many years. In this critical phase, Ernst Wilhelm Münch 
(Fig.  23), the area manager of the abovementioned extraction plants at Krupp 
Company, became acquainted with Doevenspeck.

Münch realized the high potentials of Doevenspeck’s new technology which 
could be an alternative for the old (banned) solvent extraction process. In 1985, he 
engaged him as a consultant. In the R&D center of Krupp company in Hamburg, a 
PEF pilot plant was erected and taken into operation in 1985 (Fig. 24).
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Fig. 23 Münch (CEO, left) and Sitzmann (Head of R&D, right) in the later 1980s

Fig. 24 Pilot plant at Krupp Company, Hamburg, Germany
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The main component of this plant was Doevenspeck’s 80 kW pulse generator 
(Fig. 25). Frequencies ranging from 1 to 16.7 Hz and capacities of 5, 10, 15, 20, 25, 
30, and 35μF could be adjusted; the maximal charging voltage was 8 kV. The gen-
erator could only be used for “trial and error” experiments. It was nearly impossible 
to set repeatable electric parameters and thus to reveal the interaction between cause 
(e.g., the field strength) and impact (for instance, the cell cracking or the killing of 
germs) of the process.

Krupp was mainly interested in gentle cell cracking of animal and herbal materi-
als. From 1986 to 1990, Sitzmann’s (Fig. 23) task as Head of R&D department was 
to investigate different products with respect to their processability, to research the 
operating principle of PEF, and to make the results available to a scientific public 
(Sitzmann and Münch 1987, 1988a, b).

In order to protect Doevenspeck’s ideas, several patents were applied, and Krupp 
company registered the trademarks ELCRACK© and ELSTERIL© (Sitzmann and 
Münch 1988a, c). Sitzmann was the first to visualize Doevenspeck’s ideas regarding 
low-temperature cell cracking of fish material (Fig. 26). Irreversible damage was 
obviously the consequence of sufficiently high field strengths. Surprisingly it also 
turned out that PEF caused fish proteins to coagulate already at low temperatures of 
about 30 °C.

Fig. 25 Doevenspeck and his pulse generator (Krupp pilot plant, 1985)
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Fig. 26 Herring cells 
before (a) and after (b) 
PEF treatment (Sitzmann 
1995). 4900-fold 
magnification

In Krupp’s continuously operating pilot plant, the material throughput could be 
varied between 100 and about 250 kg/h. The distances of the discharge electrodes 
were 50 and 70 mm, respectively. Several tests regarding different electrode geom-
etries and raw materials were carried out in the pilot facility, as displayed in Fig. 27.

The positive results in the pilot plant in the 1980s encouraged Krupp company to 
present their new technology to the international public. This was first done at the 
ACHEMA fair in Frankfurt in 1985 (Fig. 28). The left picture shows Doevenspeck 

Fig. 27 Krupp’s pilot plant equipment (1985–1990)

Fig. 28 Krupp’s trade-fair 
appearance at the 
ACHEMA fair, Frankfurt, 
Germany, 1985
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together with Ziemann and one of his employees. Ziemann company designed and 
manufactured the electrodes for Doevenspeck’s equipment in those years. On the 
right-hand side next to Doevenspeck is Dr. Münch from Krupp company.

From 1986 to 1994, in his quality as Head of R&D at Krupp company and later 
on, between 1994 and 1996, as founder and CEO of the consulting company 
NaFuTec, Sitzmann’s main tasks were to investigate different products (Table 6) 
concerning their processability, to research the operating principle of PEF, and to 
make the results available to a scientific public.

Figure 29 shows the treatment of gelatine bones for the production of gelatine 
(Sitzmann and Münch 1988c) as an example for the processing of animal raw mate-
rials with PEF.  Leading figures in food engineering like Barbosa-Cánovas, 
Washington State University, and Knorr, Technical University of Berlin, were very 
interested in Sitzmann’s work and the lessons learned up to then in PEF technology.

They visited Krupp’s pilot plant in the late 1980s and the first common investiga-
tions were realized (Geulen et al. 1992). In the following years, their main merit was 
to initiate research projects and to spread the knowledge about this new emerging 
technology worldwide. Based on the work done at Krupp Company, the PEF tech-
nology was made available not only for use in science but also for use in industry. 
The main results of Krupp’s R&D work included mathematical models for describ-
ing the discharge curves and the efficiency in germ elimination depending on 

Table 6 PEF treated different materials in Krupp’s pilot plant (throughput, 100–250  kg/h; 
discharge voltage, <6 kV; distances of electrodes, 50 and 70 mm; capacities, 5–40μF)

Material Experimental purpose

Sugar beet Enhancement of sugar yield
Krill Dewatering
Bones from cattle Defatting of residual meat
Hide shaving Production of glue
Back rind from pigs Defatting
Gelatine bones Production of gelatine
Chicken by-product Defatting
Rendering plant materials Defatting
Cod liver Extraction of cod liver oil
Animal organs Alternative to chemical cell cracking
Herring Fish oil production
Cocoa nuts Defatting
Palm fruits Defatting
Copra expeller Aflatoxin reduction
Olives Deoiling
Fruits Improvement of juice yield
Milk, juices, protein suspensions Killing of microorganisms, process modelling 

(ELSTERILR)a

Sewage sludge Cell cracking, protein agglomeration
aIn cooperation with Technical University of Hamburg (Märkl, Grahl)
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electrical parameters of the materials to be treated, a better understanding of the 
operating principle of pulsed electric fields, and a way to quantify cell cracking 
effects by using the impedance of the materials as a measure.

From 1988 to 1990, Krupp, together with the Technical University of Hamburg, 
Germany, initiated an EU-funded project on continuous sterilization of juices and 
milk in a pilot plant. In Grahl’s doctoral thesis (Grahl 1994), the influence of PEF 
on food components like vitamins, enzymes, and flavor carriers was investigated for 
the first time (Grahl et al. 1992).

Figure 30 shows Grahl’s modern generator that can be used in scientific work (in 
contrast to Doevenspeck’s homemade generator (Fig.  25)). Two industrial-scale 
plants (a 10 t/h plant for producing rendered fats from slaughterhouse by-products 
in Duisburg, Germany, and a 22 t/h plant in Egersund, Norway, for low temperature 
production of high-grade fish meal and fish oil from herring) were engineered and 
commissioned in those years.

Figure 31 gives some impressions of the Norwegian plant for fish processing. 
This depiction was part of a brochure published in 1988 after commissioning. 
Another two plants for processing slaughterhouse offal and bones were designed at 
the end of the 1980s but never implemented. Not only the ELCRACK© system was 
brand new in the Norwegian plant and caused many problems especially regarding 
the material the discharge vessels were made of. Also, the double screw presses for 
liquid-solid separation, the fluidized bed drier for reduction of moisture in the press 
cakes of fish material, and the ultrafiltration plant for wastewater cleaning and pro-
tein recycling were newly designed.

Fig. 29 PEF treatment of gelatine bones (pilot plant Krupp company)
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There were many difficulties during the startup phase, which could not be solved 
within an appropriate time. The lack of short-term economic success induced the 
clients to stop the commissioning. The plants had to be dismantled and replaced by 
conventional technology. From then on, Krupp stopped all activities concerning the 
PEF technology.

For the summary, Table 7 presents main patents issued by Doevenspeck on activ-
ities related to PEF treatment of different materials.

Fig. 30 Cooperation Krupp – Technical University of Hamburg (Grahl 1994)

Fig. 31 Fish processing by the ELCRACK© process
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Doevenspeck and Sitzmann

Therefore, the cooperation contract between Doevenspeck and Krupp Company 
was terminated at the end of the 1980s. But Doevenspeck – still believing in “his” 
technology – continued his work (e.g., extraction of wool fat from sheep wool and 
cleaning of wastewater with PEF) on a private basis in New Zealand (Fig. 32b).

Table 7 Doevenspeck’s main patents

Patent nos. Title and comments References

DE1237541B Method and device for obtaining the individual phases from 
disperse systems

Doevenspeck 
(1967)

AT283245B Method and apparatus for the treatment of disperse systems, 
preferably liquids, such as beer

Doevenspeck 
(1970)

US3625843A Method for treating beer. Electrical method of and a device for 
treating disperse systems, preferably liquids, particularly beer. 
The disperse systems are subjected to impulse-discharged 
direct current fields of gradually increased voltage

Doevenspeck 
(1971)

DE3413583A1 Electric pulse method for the treatment of materials and 
apparatus for performing the method

Doevenspeck 
(1985)

DE3481977D1 Electric impulse method and device for treating substances Doevenspeck 
(1990)

Fig. 32 Heinz Doevenspeck converting a canister into a discharge vessel (a) and the discharge 
vessel used for batch-wise PEF treatment of sheep wool (b) (personal communication to the 
W. Sitzmann)
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Heinz Doevenspeck died on 1 July 1993, in a hospital in Bremen, Germany. In 
his final days, he contacted Sitzmann and encouraged him to continue working on 
PEF and to finalize their common ideas in his stead. Sitzmann – after years of close 
cooperation with Doevenspeck  – was convinced that PEF had many potential 
applications.

After Krupp had stopped all activities in the field of PEF at the end of the 1990s, 
Sitzmann took over the rights to both the ELSTERIL© and ELCRACK© brands 
from Krupp. Besides, he took over one of the two generator systems worldwide 
unique at that time, suitable for the operation of the PEF process on a pilot scale. He 
signed a cooperation agreement with Prof. Knorr aimed at the joint development of 
the PEF process. For this purpose  – and because the entire environment for the 
operation of such a plant, such as analytics, technical and scientific personnel, and 
above all the know-how in the field of food process technology, was available at the 
TU Berlin – Sitzmann decided to place his equipment at the TU Berlin.

With the foundation of NaFuTec GmbH, Sitzmann intensified his experimental 
work at the TU Berlin. In cooperation with TU Berlin, he investigated until 1996 
several possible applications. For example, cell cracking of fruits (Knorr et al. 1994; 
Sitzmann and Heinz 1996) in order to increase the yield of juices. At the end of 
1995, shortly before Sitzmann had to give up his PEF activities for the time being 
due to a move to Bahlsen, Germany, in mid-1996, he initiated a joint, publicly sub-
sidized project for the electric disintegration of grated potatoes and the decontami-
nation of the resulting potato fruit water using the PEF process. Apart from a large, 
German, starch-producing company, the participation of the University of 
Oldenburg, Germany, was planned.

The first successful tests in January 1996 at the TU Berlin were the basis of this 
project. In addition to the head of research at the starch factory, Knorr’s doctoral 
candidate Volker Heinz, who later became director of the German Institute of Food 
Technology (DIL) in Quakenbrück, Germany, was also actively involved. Due to the 
promising results at the TU Berlin and above all the competence of the institute in 
the field of food technology, the circle of project participants was extended to 
include TU Berlin, Institute.

Without doubt, these tests and the project based on them, which was publicly 
subsidized by the German Ministry of Research and in which Sitzmann as initiator 
was no longer able to participate due to his changing career, formed the basis for the 
meanwhile impressive success of the PEF technology, especially in the potato pro-
cessing industry.

 PEF: From the Lab to the First Industrial Applications 
(1980–2010)

Despite the studies conducted on the effects of PEF since the early second half of 
the twentieth century, the feasibility of this technology for food processing began to 
be widely considered by researchers and food companies in the late 1980s and early 
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1990s. In this period, different technologies able to inactivate microbial cells and 
enzymes without increasing the food temperature started to be deeply investigated 
in response to consumer demands for fresh-tasting, convenient, and safe refriger-
ated foods. PEF was included in a group of techniques called nonthermal methods 
of food preservation, emerging preservation technologies, or minimal processing 
technologies aiming to prevent or greatly reduce detrimental changes in the sensory 
and physical properties of foods caused by thermal processes.

Early research and development for commercialization of liquid foods preserved 
by pulse energy were conducted in the 1980s by the company PurePulse 
Technologies, a subsidiary of Maxwell Laboratories located in San Diego, 
California. The basic science behind this application can be found in the paper pub-
lished by Sale and Hamilton at the end of the 1960s (Sale and Hamilton 1967, 1968; 
Hamilton and Sale 1967). These researchers observed that the electric field strength, 
pulse duration, and size and shape of microbes were relevant factors affecting 
microbial inactivation and demonstrated that the permanent loss of permeability 
properties of the bacterial membrane caused by PEF led to cell death.

PurePulse Technologies developed two new processes for killing microorgan-
isms, PureBright® (pulse light) and CoolPure™ (pulsed electric fields), based on 
storing electrical energy in a capacitor and releasing it in short, high-intensity pulses 
used to create intense pulses of light or pulses of high electric field. A 200 L/h con-
tinuous flow CoolPure™ pilot system that included heat exchangers and tempera-
ture controls to regulate product inlet temperatures and to cool the product after the 
treatment was developed to evaluate the benefits of PEF for preserving different 
fluid foods such as dairy products, fruit juices, and fluid eggs. This company owns 
several US patents related to PEF technology (Dunn and Pearlman 1987;  Dunn 
et al. 1989, Bushnell et al. 1993, 1995a, 1995b, 1996). On 7 July 1995, the Food and 
Drug Administration (FDA) expressed no objection to the CoolPure™ pulsed elec-
tric fields process developed by PurePulse Technologies for antimicrobial treatment 
of liquids and pumpable foods, representing the first regulatory effort to implement 
PEF technology at an industrial level (Barbosa-Canovas and Sepulveda 2005).

In the early 1990s, Prof. Barbosa-Cánovas and Prof. Knorr decided to explore 
the use of PEF technology for food processing at Washington State University 
(WSU) and the Technical University of Berlin (TUB), respectively.

The laboratory of Prof. Barbosa at WSU established a comprehensive program 
aiming for food pasteurization by PEF.  The first reported results were obtained 
using a modified version of an electroporator (International Biotech, Inc., New 
Haven, CT) that only permitted to treat a few volumes of liquid foods. Later on, a 
PEF system including a power supply capable of delivering a peak voltage of 40 kV 
at frequencies up to 10 Hz was designed and constructed. Numerical simulation 
techniques were used by the WSU group to support parallel plate and coaxial con-
tinuous treatment chamber’s designs and system effectiveness. Studies conducted 
were mainly focused on PEF preservation of liquid whole eggs (LWE), milk, and 
fruit juices.

In the middle of 1990s, Prof. Barbosa established at WSU the Center for 
Nonthermal Processing of Food (CNPF) for researching the latest methods in 
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nonthermal food processing including high hydrostatic pressure, oscillating mag-
netic fields, ultrasound, and ultraviolet irradiation in addition to PEF. Since its cre-
ation, Prof. Barbosa offered the opportunity of conducting research with the 
facilities available in the CNPF center to many visiting scholars that did not have 
access to these emerging technologies in their laboratories. These research stays 
have certainly contributed to spread out research on nonthermal technologies around 
the world because many of these researchers initiated research programs on the 
topic after this training period. The first book on PEF technology for the food indus-
try was published in 1999 by Prof. Barbosa-Cánovas’s group (Table 8).

Initial research on PEF in Prof. Knorr’s laboratory was focused on the applica-
tion of the technology for improving the processing of plant tissues. Studies on the 
application of the technology for the extraction of potato starch and sugar beet and 
drying enhancement were initiated. A technique to determine cell permeability and 
define a cell disintegration index was developed (Angersbach et al. 1999), and since 
1997 the design of their own pulse generator and treatment chambers was initiated. 
This generator designed by researches of TUB was installed in the laboratories of 
some of the partners of the project “High electric field pulses: food safety, quality, 
and critical process parameters.” This project that involved research institutions (TU 
Berlin, KU Leuven, the Universities of Montpellier and Zaragoza, SIK, Icetek) and 
industrial partners (Tetra Pak, Unilever, Best Foods, and Pernod Ricard) represented 
the first project funded by the European Community on this topic. Results obtained 
in this project demonstrated that this technology was of special interest to the food 
industry because it provided an attractive alternative to conventional thermal pro-
cessing, required minimal energy, was highly flexible and applicable to a wide range 
of products, and could also be applied as effective preprocessing technology (i.e., to 
improve heat and mass transfers). After founding this first project, several projects 
based total or partially on the PEF technology have been founded in different EU 
Research and Innovation programs (Table 9).

In 1994, H.  Zhang after completing his Ph.D. and postdoc in Prof. Barbosa- 
Cánovas’s lab at WSU joined Ohio State University (OSU). Prof. Zhang initiated a 
compressive program to demonstrate the commercial feasibility of PEF as a pas-
teurization process. OSU in cooperation with Diversified Technologies, Inc. (DTI) 
developed bench and pilot-scale PEF systems. The system called OSU-4 was 
installed in different laboratories in the USA as well as in Europe. In 2000, DTI 
installed a commercial-scale pulsed electric field (PEF) system at Ohio State 
University’s Department of Food Technology. This unit capable of treating 
1000–5000 liters/hour was installed in the framework of a consortium of govern-
mental, academic, and industrial participants (Natick, Tetra Pak, Diversified 
Technologies, Kraft, AEP, General Mills, Hirzel, and AmeriQual) with Prof. Zhang 
as principal investigator (Dunne 2011). In 2005, 2 years later of the official conclu-
sion of the project, the PEF technology was industrially adopted for the first time by 
an organic fruit juice processor. Genesis Juice Company licensed the patented PEF 
technology from OSU and started commercial production of organic juices includ-
ing apple, strawberry, and other flavors that were pasteurized by PEF at a flow of 
200 L/h (Clark 2006). The PEF pasteurized products reach a small market sector in 

History of Pulsed Electric Fields in Food Processing



40

Eugene and Portland (Oregon). As a result, Genesis and DTI were awarded by the 
Institute of Food with the Food Technology Industrial Achievement Award in 2007.

The coverage given to PEF technology by pioneering groups and the increasing 
availability of PEF units around the late twentieth century and the beginning of the 
twenty-first century stimulated research groups all around the world to investigate 
the potential of PEF for food processing. It is estimated that there are more than 30 
research groups researching PEF at these times. The growth of research on PEF 
around the world provided the basic science needed for the implementation of the 
technology for different applications in the food industry. A large amount of research 
describing the inactivation kinetics of a wide range of microorganisms and enzymes 
and the effect of PEF on food quality parameters have permitted the optimization of 
the current processing parameters used for the preservation of fruit juices and 
smoothies. Simultaneously, much research on the fundamentals of improving mass 
transfer by PEF in different operations of the food industry, including solid-liquid 
extraction, pressing, drying, or osmotic dehydration, were conducted. Finally, 

Table 8 Edited books on pulsed electric field technology for the food industry

Title
Publication 
date Editors/authors Editorial

Preservation of Foods with Pulsed 
Electric Fields

1999 G.V. Barbosa-Cánovas, M. M. 
Góngora-Nieto, Usha 
R. Pothakamury, 
B.G. Swanson

Academic 
Press

Pulsed Electric Fields in Food 
Processing: Fundamental Aspects 
and Applications

2001 G.V. Barbosa-Cánovas, 
Q.H. Zhang

CRC Press

Pulsed Electric Fields Technology 
for the Food Industry: 
Fundamentals and Applications

2006 J. Raso, V. Heinz Springer 
US

Food Preservation by Pulsed 
Electric Fields: From Research to 
Application

2007 H.L.M. Lelieveld, 
S. Notermans and S.W.H. de 
Haan

Woodhead

Electrotechnologies for Extraction 
from Food Plants and Biomaterials

2008 E. Vorobiev, N. Lebovka Springer

Pulsed Electric Fields (PEF): 
Technology, Role in Food Science 
and Emerging Applications

2016 S. Lynch Nova

Pulsed Electric Fields to Obtain 
Healthier and Sustainable Food for 
Tomorrow

2020 F. Barba, O. Parniakov, 
A. Wiktor

Academic 
Press

Processing of Foods and Biomass 
Feedstocks by Pulsed Electric 
Energy

2020 E. Vorobiev, N. Lebovka Springer

Pulsed Electric Fields Technology 
for the Food Industry: 
Fundamentals and Applications 
(second edition)

2021 J. Raso, V. Heinz, I. Álvarez, 
S. Toepfl

Springer
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Table 9 Examples of projects based total or partially on the PEF technology founded in different 
EU Research and Innovation programs

Acronym Title Program Coordinator
Start/end 
date

HELP High electric field pulses: 
food safety, quality, and 
critical process 
parameters

FP4-FAIR Technische 
Universitat Berlin

1/11/1997–
31/10/2000

Industrial process of food 
preservation by pulsed 
electric fields

FP5-LIFE 
QUALITY

Enertronic Sa 3/07/2000–
2/07/2001

NOVELQ Novel processing 
methods for the 
production and 
distribution of high- 
quality and safe foods

FP6-FOOD Stichting Dienst 
Landbouwkundig 
Onderzoek

1/03/2006–
28/02/2011

HIGHQ RTE Innovative nonthermal 
processing technologies 
to improve the quality 
and safety of ready-to-eat 
(RTE) meals

FP6-FOOD University of 
Bologna

1/10/2006–
30/09/2009

OILPULSE Increased virgin olive oil 
yield and quality by 
complementing existing 
and new olive oil mills 
with pulsed electric field 
(PEF) technology

FP7-SME Technische 
Universitat Berlin

1/04/2010–
28/02/2013

SMARTMILK A novel system for the 
treatment of milk based 
on the combination of 
ultrasounds and pulsed 
electric field technologies

FP7-SME Iris Technology 
Solutions

1/10/2010–
31/12/2012

PHENOLIVE Revalorization of wet 
olive pomace through 
polyphenol extraction and 
steam gasification

FP7-SME Technische 
Universitaet Wien

1/10/2013–
30/06/2016

FieldFOOD Integration of PEF in 
food processing for 
improving food quality, 
safety, and 
competitiveness

H2020 Universidad de 
Zaragoza

1/04/2015–
31/03/2018

i3-food Process integration for 
rapid implementation of 
sustainable innovative 
food processing

H2020 Elea 1/04/2015–
28/02/2018

EcoPROLIVE Ecofriendly processing 
system for the full 
exploitation of the olive 
health potential in 
products of added value

H2020 Contactica S.L. 1/09/2015–
31/12/2017

(continued)
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efforts of multidisciplinary groups, formed by food scientists and electrical engi-
neers, contributed to the developed of continuous systems for processing liquid and 
solid foods.

In 2006, Volker Heinz, assistant professor at TU Berlin, was appointed Director 
General at the German Institute of Food Technologies (DIL). Then, he started a 
program for commercialization of pulse modulators for pilot- and industrial-scale 
treatments. The same year, DIL was the owner of the ELCRACK brand (Toepfl 
et al. 2007). The first commercial application in Europe started in 2009, with the 
installation of a 1500 L/h juice preservation line. In parallel, DIL initiated a project 
with the potato processor company Wernsing Feinkost GmbH with the purpose of 
developing an industrial-scale unit able to process up to 50 tons/h of potatoes. The 
unit was installed in the company in 2012. The electroporation of potatoes reduced 
turgor pressure of cells. As consequence, a significant tissue softening occurs that 
facilitates cutting of potatoes and replacing conventional preheating in French fries 
processing.

 PEF: The Consolidation of the Technology and the Development 
of Future Applications (2010–2020)

The concern of the food industry for making their activities more energy-efficient 
and sustainable has been an important driving force for conducting new research on 
PEF applications in the last 10  years  (Vorobiev  and Lebovka 2020). In order to 
achieve the full potential of PEF for industrial implementation and commercial 
exploitation, issues related to improving productivity and reducing energy inputs 

Table 9 (continued)

Acronym Title Program Coordinator
Start/end 
date

AQUABIOPROFIT Aquaculture and 
agriculture biomass side 
stream proteins and 
bioactives for feed, 
fitness, and health- 
promoting nutritional 
supplements

H2020 Nofima As 1/04/2018–
31/03/2022

SHEALTHY Nonthermal physical 
technologies to preserve 
fresh and minimally 
processed fruit and 
vegetables

H2020 Enco Srl 1/03/2019–
30/04/2023

FOX Innovative downscaled 
food processing in a box

H2020 DIL - 1/06/2019–
30/11/2023

Source: https://cordis.europa.eu/es
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and environmental impact are increasingly attracting the attention of the food pro-
cessors since they can represent significant reductions of the processing costs (Barba 
et  al. 2015). Reducing malaxation time and temperature in olive oil production, 
maceration time in wine production, energy consumption in tomato peeling, ener-
getic requirements for mashing of fruits for fruit juice production, or drying time or 
temperature are some examples that may be achieved when different raw materials 
are pretreated by PEF. There has been also an increased interest on the application 
of PEF as a pretreatment for the recovery of high-added value compounds (proteins, 
lipids, carotenoids, chlorophylls, sterols, etc.) from microbial cells (yeast and 
microalgae) for different applications in the food, cosmetic, pharmaceutical, and 
biofuel industries. Finally, over the last years, PEF for recovery of valuable com-
pounds from food wastes and by-products generated during food processing and 
biorefinery application has also attracted considerable attention.

The Cost Action TD1104 European network for development of electroporation- 
based technologies and treatments that started in 2012 certainly contributed to the 
development of these new applications of PEF by integrating multidisciplinary 
research teams. The main objective of this action was the coordination and interdis-
ciplinary exchange of knowledge between researchers working in the electropora-
tion and PEF in different scientific domains such as biology, food science, medicine, 
biotechnology, or environmental science. During the 4  years of duration of the 
action, almost 600 researchers and industrial technicians from 42 countries working 
in the field were involved in this action. In the framework of the COST action, two 
training schools on pulsed electric field applications in food and biotechnology 
were organized in 2014 and 2015 at the University of Zaragoza (Spain) and the 
University of Salerno (Italy), respectively. Due to the success of these two first 
schools, the event has continued to be held annually at University College of Dublin 
(Ireland), University of Natural Resources and Life Sciences (Austria), Osnabrück 
University of Applied Sciences (Austria), and University of Bologna (Italy). The 
course that offers the opportunity of promoting networking and communication 
between young scientists, experts, and industrial partners aims to provide an over-
view of knowledge and understanding of the basic principles involved in processing 
by pulsed electric fields and practice in the use of these principles for food process-
ing. Other remarkable inputs of this action were the edition of the Handbook of 
Electroporation (a work of 4 volumes and 157 chapters) (Miklavcic 2017) and the 
preparation of guidelines on the key information to be reported in studies of the 
application of PEF technology in food and biotechnological processes with the pur-
pose that other researchers will be able to repeat, judge, and evaluate experiments 
and data obtained in different laboratories (Raso et al. 2016).

With the aim of keeping the networking established between researchers work-
ing in different fields during the COST Action, the International Society of 
Electroporation-Based Technologies and Treatments (ISEBTT) was created in 
2016. The first president of this society was Prof. Damijan Miklavčič from the 
Faculty of Electrical Engineering of the University of Ljubljana. This society with 
more than 200 members has among its objectives to organize every 2  years the 
World Congress on Electroporation and Pulsed Electric Fields in Biology, Medicine, 
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and Food & Environmental Technologies. Three editions of this congress have been 
held in Portorož (Slovenia), Norfolk (VA, USA), and Toulouse (France) so far with 
an average of around 400 attendants.

During many years, the lack of reliable industrial-scale equipment limited the 
commercial exploitation of PEF in the food industry. However, the development in 
the last 15 years of pulse power systems responding to the food industry require-
ments (high processing capacity, low energetic requirements, and easy implementa-
tion in the existing processing lines) has allowed the successful transfer of the 
technology for industrial applications. Currently, different industrial-scale PEF 
units for different applications are manufactured for different companies (Table 10), 
and more than 100 of these units have been installed in the food industry all around 
the world.

Acknowledgment WS thanks Torsten Kochems, Ernst-Wilhelm Münch, H. and W.  Ziemann, 
Sebastian Biedermann. EV and NL thank L. I. Cherniavska.
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Generation and Application of High 
Intensity Pulsed Electric Fields

M. J. Löffler

 Introduction

The generation of pulsed electric fields at high-power levels is one of the tasks of 
pulsed power engineers. In this chapter, we define pulsed power technologies to be 
those electrical devices that are used to treat organic and inorganic materials with 
electric fields >10 kV/cm and/or magnetic fields >10 T. As a rule, they work at 
power levels >0.1 GW, which are power levels that are not available from small- or 
medium-sized conventional energy sources (Bödecker 1985). Typical durations of 
single or repetitive power pulses are in the range between nanoseconds and millisec-
onds. Most pulsed power devices use capacitors to store electrical energy that is 
delivered to their respective electric loads via a high-power switch.

The energy stored in capacitors is used to generate electric or magnetic fields. 
Electric fields are used to accelerate charged particles, leading to thermal, chemical, 
mechanical, electromagnetic wave, or breakdown effects. Electromagnetic fields 
transfer energy as electromagnetic waves. X-ray, microwaves, and laser beam gen-
eration are typical examples. Magnetic fields facilitate the generation of extremely 
high pressures ranging from 0.1 GPa up to many GPa. These effects are applied to 
modify molecules; to remode, compress, weld, segment, fragment, or destroy mate-
rials; and to modify the surface of organic and inorganic parts and particles (Weise 
and Löffler 2001).

In general, those devices that are used to electrically pulse treat liquid foods or 
other aqueous substances have an electrode gap filled with a more or less conductive 
liquid. From an electrical point of view, these devices can be compared to water 
resistors driven either in the “normal operation mode” (e.g., electroporation) or in 
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the “failure mode” (e.g., shockwave treatment). In the first case, a current is driven 
across the entire cross section of the liquid, whereas in the second case an electrical 
breakdown occurs followed by high intensity current flowing through the small 
cross section of an arc. The specific power requirements of such “resistors” together 
with information about the required mass flux and the dimensions of the treatment 
zone define the type and the specific parameters of the power supply.

The objective of this chapter is to provide basic information:

 1. About the power and energy requirements of PEF systems
 2. About high-power sources
 3. About low-power sources

 Electric Load Requirements

From the point of view of an electrical engineer, organic materials in water is a bad 
insulator surrounded by a highly permittive medium, i.e., water. The effect of stress-
ing organic materials under water with an electric field is shown in Fig. 1 (Loeffler 
et al. 2001). The rubber membrane was positioned between two electrodes under 
water. A voltage was applied between the electrodes. Due to the high permittivity of 
the water, the electric field was concentrated in the rubber membrane itself thus 
causing electrical breakdown at several locations on the foil. Increasing the field and 
the treatment time increased the number of holes in the foil.

The electrical specifications of devices used to inactivate microorganisms by per-
forating their cell membranes require some fundamental information about their 
electric load: strength of the electrical field, specific power consumption, mass flow 
rates, average power consumption, voltage waveforms, and treatment durations. 
Due to the different treatment profiles needed for different applications, a “charac-
teristic application” with “characteristic values” shall be defined by averaging and 
evaluating values and information gained from a large number of experiments pub-
lished in the open literature.

Fig. 1 Effect of pulsed 
electric fields on rubber 
membrane under water
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 Specific Power Consumption

The specific power consumption of liquids treated with electrical pulses is 
defined by:

• Their specific electrical conductivity
• The electric field strength required to kill the cells contained in the liquid

In the following, the focus will be on “electroporation devices” rather than shock 
wave devices. Figure 2 shows the conductivities of some selected liquid foods at 
different temperatures (Reitler 1990). For comparison Fig. 3 shows in a logarithmic 
scale the range of specific electrical conductivities σ of aqueous liquids together 
with the conductivities of insulating, semiconducting, resistive, and conducting 
materials. Depending on their ingredients, aqueous liquids have conductivities com-
parable to semiconducting materials. They vary between 10−2 and 10 S/m.

To treat aqueous liquids successfully, electrical field strengths E, which is defined 
to be the applied voltage u divided by the distance d between the electrodes, should 
be in the range between 100 and 102  kV/cm (Heinz et  al. 2001; Gaudreau et  al. 
2004). Figure 4 gives an overview of the results from several experiments in which 
different microorganisms in different fluids were treated (Barbosa-Cánovas et al. 
2000). This figure shows a reduction in viability by a factor of about 103.5 when the 
electrical field strengths were about 30 kV/cm. Note that this data does not represent 
optimal values, because in most of these experiments, exponential voltage wave-
forms were used (for more information about the influence of voltage waveforms on 
the inactivation of biological material, see below).

The power densities p required to apply field strengths E across materials with 
conductivities σ is given by

Fig. 2 Conductivities of 
selected liquids
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 p E= ⋅σ 2 . (1)

Figure 5 combines the values of the specific conductivities given in Fig. 3 with 
the electric field strengths given in Fig. 4. Applying formula (1) to the mean values 
of the conductivity and of the field strength (σav ≈ 0.3 S/m, mean value taken from 
the logarithmic values; Eav ≈ 30 kV/cm, mean value taken from the linear values) 
yields in an average power density of p ≈ 3 GW/l. To treat one liter of a typical 

Fig. 3 Conductivities of 
different materials

Fig. 4 Overview of the 
reduction effect of different 
electrical field strengths on 
different materials
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liquid requires for short times (1–1000 μs) powers at the GW level. Large power 
plants deliver electrical power in the GW range. By this it is obvious that power 
converters are essential to convert the power available from the public network into 
the power required at the treatment facility. In principle, comparable considerations 
of “shockwave devices” yield the same results.

The generation of electrical power at such levels requires capacitors and/or coils.

 Average Power

Another requirement of the load is its specific energy consumption, accumulated 
over all pulses, together with the rate of flow of the substances to be treated. In a 
logarithmic scale, Fig. 6 gives information about the specific energies applied in 
several experiments. The data taken from (Heinz et al. 2002, 2003; Min et al. 2003a, 
b; Ngadi et al. 2003; Ulmer et al. 2002; Toepfl et al. 2004; Gaudreau et al. 2005) are 
marked with vertical lines. Note that the data are not optimum values, because ener-
getic optimization was not the aim of these experiments. For standardization pur-
poses, the units of the original values, given in kJ/l, were transformed into MJ/t, 
assuming that the density of the respective liquids was ~1 kg/l [10]. As an average 
value taken from the logarithmic scale, w ≈ 50 MJ/t may be a typical specific energy. 
Common industrial flow rates for different applications are marked with horizontal 
lines in a logarithmic scale (Heinz, personal communication). As an average value 
taken from the logarithmic scale, m ≈20 t/h may be a typical mass flow rate. The 
average power P  required to treat mass flows m with specific energies w can be 
calculated with

Fig. 5 Range of specific 
conductivities and electric 
field strengths
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 P m w= ⋅ . (2)

Applying Eq. (2) to the average values yields a typical value of the average 
power, which in this case is P ⊕300kW.

 Voltage Waveforms

Typical voltage waveforms used to generate high intensity pulsed fields are either 
monopolar or bipolar (see Fig. 7). Monopolar waveforms have constant, rectangu-
lar, exponential, or mixed wave shapes, whereas bipolar waveforms are sinusoidal, 
triangular, trapezoidal, continuous rectangular, discontinuous rectangular, or dis-
continuous exponential (Lazarenko et al. 1977; Papchenko et al. 1988a, b; McLellan 
et al. 1991; Zhang et al. 1995; Barbosa-Cánovas et al. 2000; Bazhal 2001, Kotnik 
et al. 2001a, b; Jemai and Vorobiev 2002; Kotnik et al. 2003; San Martín et al. 2003).

The effects of these waveforms on several substances mainly were tested in 
small-scale experiments. Inactivation effects were only measured if the voltage 
amplitudes reached a value greater than the critical values given by the specific 
electric field strengths specified above. For large-scale applications as defined by 
the typical values given above, continuously acting waveforms without pause 
between single monopolar or bipolar pulses will not be practicable due to the 
extreme power requirements. Compared to monopolar pulses, bipolar pulses have a 
slight effect on the permeabilization of the cell membranes at moderate voltages, 
whereas none (Kotnik et al. 2001b) to some (Qin et al. 1994) significant effects were 

Fig. 6 Range of specific 
energies and of rates 
of flow
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registered relative to the number of cells killed at voltages higher than the critical 
voltage. However, applying bipolar pulses, like the voltage waveform in Fig.  6, 
remarkably reduces the erosion of the electrodes (aluminum, stainless steel) in the 
treatment chamber (Kotnik et al. 2001a; Johnstone and Bodger 1997). The voltage 
steepness du/dt at the beginning and at the end of rectangular pulses has no detect-
able influence on the efficiency of electropermeabilization, if this steepness is 
essentially smaller than the pulse length itself (Kotnik et al. 2003). For same pulse 
lengths, trapezoidal, triangular, and mixed voltage waveforms yield the same effec-
tiveness as rectangular voltage waveforms, but only at higher peak voltages (Kotnik 
et al. 2003). Exponential voltage waveforms are not too energy efficient, since they 
have a long tail at electric field strengths lower than the required critical values. 
During this time, they only heat up the aqueous substance without any further effect 
on the biological material to be inactivated (San Martín et al. 2003).

From these findings it can be stated that voltage waveforms (2), (7), and (10) 
seem to be best suited for industrial applications. However, voltage waveforms (4) 
and (9) should also be considered due to their widespread usage, ease of generation, 
and relative low cost.

Fig. 7 Typical voltage waveforms
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 Pulse Lengths and Repetition Rates

Independent of the voltage waveforms, typical pulse lengths vary between 1 and 
1000 μs at pulse rates between 1 and 300 and at pulse repetition rates between 1 and 
2000 pps (Gaudreau et al. 2004; Barbosa-Cánovas et al. 2000; Kotnik et al. 2001a).

 Conclusion

To conclude, it can be stated that industrial power modulators for the treatment of 
liquid foods and other biological liquids or aqueous materials should have the fol-
lowing typical values:

• Specific electrical data for medium treatment:

 – Specific conductivity of the medium:

• Range: 10−2–10 S/m
• Typical value: 0.3 S/m

 – Electric field strength in the medium:

• Range: 1–100 kV/cm
• Typical value: 30 kV/cm

 – Power density:

• Range: 2 MW/l–30 GW/l
• Typical value: 3 GW/l

 – Specific energy consumed in the medium:

• Range: 0.5–5000 MJ/t
• Typical value: 50 MJ/t

• Specific data for facilities

 – Mass flow:

• Range: 5–300 t/h
• Typical value: 20 t/h

 – Average power:

• Range: >20 kW
• Typical value: 300 kW

 – Treatment time:

• Range of single pulse durations: 1–1000 μs
• Range of pulse rates: 1–3000
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• Typical value of treatment time (rectangular pulses): 10 μs

 – Pulse repetition rate:

• Range: 1–2000 pps
• Typical value: 1 pps (remark: this value yields for laboratory devices; for 

industrial applications, higher repetition rates in the order of ~100 pps are 
required)

For each specific application, these values have to be confirmed by experiments.

 Pulsed Power Systems

Figure 8 shows the general block diagram of a pulsed power system that generates 
pulsed electric fields. The resistive electrical load – the PEF treatment chamber – is 
powered by a high-power/high-voltage source. The high-power source itself is pow-
ered by a low-power source connected to a 50 Hz (60 Hz) public or local network.

The PEF treatment chamber consists of one or more electrode gap(s) filled with 
the substance to be treated. The electrodes must be shaped to ensure a more or less 
homogeneous electrical field. Contamination of the substance to be treated by the 
electrode material should be as small as possible.

The high-power source has to deliver the voltage required by the load at the right 
amplitude (1–100 kV), in the right form and at the right time (μs-ms). The main 
parts of the high-power source are one or more capacitors, as primary energy stor-
age, on-switches and/or off-switches, and inductors as secondary energy stores.

The low-power source converts the AC voltage of the network to DC voltage or 
DC current. The DC current charges the capacitor(s) of the high-power source in the 
right amount of time to the voltage required to drive the high-power source.

The public or local network has to deliver the peak power requested from the 
low-power source.

The following subchapters will describe in more detail the following:

• PEF treatment chambers
• High-power sources
• Low-power sources

Fig. 8 Basic setup of pulsed power systems for the generation of pulsed electrical fields
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Although not all the technical possibilities relative to the construction of electric 
pulsers can be covered in this overview, the reader will be acquainted with their 
technical possibilities and limitations.

One of the critical components of pulsed power generators is the switch. 
Therefore, we will begin with a discussion of switches.

 General Remarks About Switches in Pulsed Power Generators

As a rule in in working with pulsed power devices, the load has to be electrically 
separated from the high-power source while it is being charged by the low-power 
source. After completion, the low-power source should be separated from the high- 
power source by switches and/or by properly chosen ohmic resistances. In general 
this task can be solved by using commercially existing components.

If, under large-scale industrial conditions, the load consumes energy at power 
levels in the multi-MW to GW range, the final switch between the high-power 
source and the load has to transfer this energy at this power level. If, as an example, 
the load consumes energy at a peak power of 1 GW and at a voltage of 100 kV, the 
on-/off-switch has to handle before/after switching a voltage of 100 kV and after/
before switching a current of 10 kA. This task does not change, if, instead of a sin-
gle switch, multiple switches are used in parallel and/or in series. This step has to be 
done, if switches for such voltages and currents are not available. In addition to the 
other parameters that need to be taken into consideration (di/dt, cost integral, recov-
ery time, etc.), the replacement of a single switch by multiple switches can lead to 
other demanding tasks like the synchronization of the switches.

 PEF Treatment Chambers

From the electrical point of view, the PEF treatment chamber represents the electri-
cal load consisting of two or more electrodes filled with the liquid substance to be 
treated. The chamber has to be constructed in such a way that the electrical field 
acting on the liquid is more or less homogeneous across the entire active region. 
This goal can be reached in principle with planar, coaxial, and axial electrode geom-
etries. Figure 9 shows sketches of the cross sections and of the top views of these 
basic geometries.

Planar electrode configurations consist of two parallel electrodes fixed by insula-
tors. The insulators and the electrodes form a channel for the streaming liquid. 
Coaxial electrode configurations consist of two coaxial electrodes. The liquid 
streams between these electrodes that are fixed by insulators not shown in the figure. 
Axial electrode configurations consist of several electrode rings on alternating 
potentials separated by insulating rings.
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Planar electrode configurations ensure homogeneous fields provided their sepa-
ration distance is not significantly larger than their width. In the case of coaxial 
electrodes, the relation between the outer radius and the inner radius of the active 
zone should be smaller than 1.23 to ensure that the electric field does not decay by 
more than 10%. To ensure homogeneous fields in the main treatment zone of the 
axial electrode configurations, the direct proportionality of the electrode distance to 
the diameter of the channel should be maintained (Gaudreau et al. 2004).

In addition to geometrical effects, the homogeneity of the electrical field also 
strongly depends on the permittivity and on the conductivity of the liquid. The sepa-
ration distance of the electrodes is restricted by the voltage available from the high- 
power supply. In commercial applications, voltages on the order of 100  kV are 
difficult to handle and, in many cases, offer a hard restriction. For exponentially 
damped voltages, field requirements of ~30 kV/cm lead to electrode gap separations 
of ~3 cm. Another restriction is the amount of power available from the high-power 
source. Assuming a maximum power of P̂  ≈1 GW (e.g., this would relate to cur-
rents of ~10 kA at voltages of ~100 kV) and assuming a typical power density of p 
≈3 GW/l consumed by the liquid, the volume of the active treatment zone would be 
restricted to
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Fig. 9 Typical electrode geometries
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For electrode separation distances of ~3  cm, the active area of the electrodes 
would be restricted to ~100 cm2.

An overview of some PEF treatment chambers investigated so far is given in [6]. 
Actually, their volume is between 0.1 and 200 ml with electrode gaps between 0.1 
and 1 cm.

Electrode materials also play an essential role. If monopolar voltage waveforms 
are applied, electrode corrosion can become critical and the substance to be treated 
can be contaminated. In commercially available electroporation devices with small 
probes, aluminum, stainless steel, carbon, gold plated electrodes, and even silver 
electrodes are used (Barbosa-Cánovas et al. 2000; Puc et al. 2004). Stainless steel 
electrodes suffer with problems such as electrolysis, formation of deposits, elec-
trode corrosion, and transfer of particles into the treated media (Barbosa-Cánovas 
et al. 2000). Carbon electrodes are better for the inactivation of cells, since they have 
seemingly lower erosion rates than stainless steel electrodes (Barbosa-Cánovas 
et  al. 2000). Erosion can be minimized by applying bipolar voltage waveforms 
(Kotnik et al. 2001a; Johnstone and Bodger 1997).

 High-Power Sources

Several methods exist for generating pulsed electric fields. Depending on the speci-
fied type of voltage waveform, as well as on the available elements (capacitors, 
inductors, transformers, switches), the possibilities vary between simple circuits 
and very sophisticated networks. In the following, several important possible pulsed 
power circuits will be discussed. The explanations are restricted to the essentials. 
Practical devices, based on the circuits presented herein, are more complex due to 
technical safety and failure handling necessities. There are also other possible 
schemes that are driven by the physical and technical needs of the components, as 
well as that of the continuously changing ohmic properties of the load.

Basically, these circuits can be distinguished as being:

• Basic pulsed power circuits
• Circuits with voltage multipliers
• Pulse forming circuits
• Networks with pulse forming switches

 Basic Pulsed Power Circuits

Capacitive Circuits

Capacitive circuits are the most simple and popular way to generate high-power 
pulses. Figure 10 shows the basic scheme of a capacitive circuit.

M. J. Löffler



67

When switch S1 opens, capacitor C is charged by the low-power current source i0 
(e.g., a pulse width modulator, see below; charging with constant voltage via a 
series resistor would reduce the energy efficiency to 50%). During time t, the capac-
itor voltage uC increases according to uC = i0 ⋅ t/C. The power demand also increases 
in accordance with the formula P i t CC = ⋅0

2 / . The average power can be calculated 
by using P i u= ⋅0 0 2/ , whereas the peak power of the current source is two times the 
average power. If voltage u0 equals the initial voltage uR,0 at the load, the capacitor 
stores energy according to this relation W C uC = ⋅ 0

2 2/ . Switch S2 is opened and 
switch S1 is closed. Switch S3 is activated. The capacitor exponentially discharges 
via the load R. The path of the standardized voltage uR/u0 across the load is shown 
in Fig. 11, where it plotted as a function of the normalized time t/τ. The time con-
stant τ of the discharge circuit is defined by τ = R ⋅ C. The voltage decays to 50% of 
its initial value at t/τ =  ln [2] ≈ 0.693. At this time, the capacitor has delivered 75% 
of its energy to the load. The capacitive power and energy at this moment have 
decreased to 25% of its initial value.

Fig. 10 Capacitive circuit

Fig. 11 Standardized load 
voltage in a capacitive and 
inductive circuits
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Inductive Circuits

Figure 12 shows the basic scheme of an inductive circuit. After closing switch S1, 
the coil represented by its inductance L and resistance RL is charged by the low- 
power voltage source u0 (e.g., bridge converter; charging with a constant current 
source would reduce the energy efficiency to 50%) via switch S3. The coil current iL 
increases according to the formula iL = u0  ⋅  (1 − e−δ  ⋅  t)/RL, where the coil’s self- 
damping constant is δ = RL/L. When the working current i0 = uR, 0/R, with initial 
voltage uR,0 at the load, is reached, the inductance stores an energy W L iL = ⋅ 0

2 2/ . 
Switch S1 is opened and switch S2 is closed (the inductance is “crowbared”). Switch 
S3 is opened, commutating the current into the load. The inductance discharges 
exponentially via the load R. The path of the voltage across the load is the same as 
that shown in Fig. 11. Here the time constant τ of the circuit is defined by τ = L/
(R + RL). Again the voltage reaches 50% of its initial value at t/τ =  ln [2] ≈ 0.693. 
As in the case of capacitive circuits, at this time the inductance has delivered 75% 
of its energy to the load and its own resistance and the power stored in the inductor 
has decreased to 25% of its initial value.

The inductor can also be charged by a charged capacitor instead of by the low 
voltage source u0. In general, fast repetitive pulsed inductive circuits are not as 
effective as capacitive circuits. The reason is that nonsuperconducting conducting 
coils of reasonable shape have a power consuming resistance, which decreases the 
overall energetic efficiency of the process.

Ringing Circuits

In addition to capacitive circuits, series and parallel ringing circuits are another 
simple and popular way to generate high-power pulses. Figure 13 shows the basic 
diagram of a series circuit. A capacitor C is charged via a low-power current source 
i0 and the switches S1 and S2 (compare to the capacitive circuit).

If the capacitor reaches the voltage u0, switch S2 opens, switch S1 closes, and 
switch S3 is activated. The capacitor discharges via the coil (L, RL) and the load 
R. The history of the normalized load voltage is shown in Fig. 14 as function of the 
normalized time t/τ, where τ = (R + RL) ⋅ C and a = (R + RL)/L. Note that the formula 
given in the figure also holds for negative arguments under the root sign. The high-
est voltage can be achieved for a → ∞ when the inductance L is small. In this case, 

Fig. 12 Inductive circuit
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the ringing circuit behaves like a capacitive circuit. The load peak voltage decreases 
significantly when a < 2.

Figure 15 shows the basic diagram of a parallel circuit. After opening switch S1, 
capacitor C is charged by the low-power current source i0. After reaching voltage u0, 
switch S2 opens, switch S1 closes, and switch S3 closes. The capacitor discharges via 
the inductance L, its resistivity RL, and the load R. The history of the normalized 
load voltage for RL <  < R is shown in Fig. 16, as a function of the normalized time 
τ = R ⋅ C and as function of a = 4 ⋅ R2 ⋅ C/L. The highest voltage can be achieved for 
a → 0 when the inductance L is very large. In this case, the ringing circuit behaves 
like a capacitive circuit. In practice, this behavior is maintained up to values a < 0.1.

Ringing circuits are less effective than capacitive circuits, either due to voltage 
reduction in the inductor (series) or due to the reduction in time the voltage is main-
tained beyond the u0/2 level (parallel).

Fig. 13 Serial ringing 
circuit

Fig. 14 Standardized load 
voltage in a serial ringing 
circuit
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 Circuits with Transformers or Other Voltage Multipliers

In the circuits discussed above, the on- and off-switches have to maintain a full load 
voltage (capacitive and inductive circuits), that is, the voltage across the capacitors 
(capacitive and ringing circuits). At voltages above 100 kV and for repetition rates 
of ~1 Hz or more, the availability of high-lifetime switches, as well as operation of 
the facilities become more and more critical. In this case, transformers or voltage 
multiplying circuits should be taken into consideration. In the following, coils will 
only be represented by their inductances, assuming that their ohmic power losses 
are neglectible compared to the energy input into the PEF load.

Circuits with Pulse Transformers

One way to multiply voltages is to use transformers that are switched between the 
high-power source and the load. As an example, Fig. 17 shows the situation for 
capacitive circuits.

Capacitance C can be charged and discharged, as in capacitive circuits without 
transformer. If the windings of the transformer, with inductances L1 and L2, are 

Fig. 15 Parallel ringing 
circuit

Fig. 16 Standardized load 
voltage in a parallel ringing 
circuit
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coupled perfectly (where the mutual inductance between the windings is M L L≈ ⋅1 2

), the transformer amplifies the voltage by a factor of m L L⊕ 2 1/ . Because the 
discharge frequencies usually exceed 1 kHz, such transformers must be either air 
core transformers or ferrite transformers. Looking backwards from the load to the 
capacitor, the circuit behaves like a parallel ringing circuit (Fig. 15), where induc-
tance L is replaced with m2 ⋅ L1 and the capacitance C is replaced with C/m2 at the 
same voltage level as the load. This circuit shows a nearly capacitive behavior, if 
a = 4 ⋅ R2 ⋅ C/(m4 ⋅ L1) < 0.1 and if L2 = m2 ⋅ L1 > 40 ⋅ R2 ⋅ C/m4. Compared to the 
capacitive circuit, the capacitance C and the on-switch S3 only have to achieve a 
voltage u2/m.

However, in real circuits with pulse transformers, the energy is stored in the 
capacitor. The power consumed in the on-switch is slightly higher than in the capac-
itive circuits due to the unavoidable stray inductances and ohmic resistances in the 
pulse transformer. Furthermore, the additional pulse transformer increases the cost. 
Capacitive circuits with pulse transformers are only cost effective, if the on-switches 
with the required hold-off voltages are not available or, due to other technical prob-
lems, cannot be connected in series. They also are financially practical if the current 
source is not able to deliver the charging power at the required voltage level.

Circuits with Storage Transformers

Figure 18 shows a circuit with a storage transformer and no capacitor. After closing 
switch S1, the low-power voltage source u0 drives a current i1 across the inductance 
L1 of the transformer. Switch S3 is open, so that no current is induced in the second-
ary coil L2. The transformer behaves like an inductor L1, so that the circuit behaves 
like an inductive circuit. After charging L1 to the desired current level, S1 is reopened 
and switches S2 and S3 are closed. Assuming perfect magnetic coupling between the 
transformer windings (M L L= ⋅1 2 ) and after the powerless opening of switch S4, 
the magnetic flux and the energy of primary inductance L1 transfers to the secondary 
inductance L2. The current across L2 can be calculated by using i i L L2 1 1 2= ⋅ / . 

Fig. 17 Capacitive circuit 
with pulse transformer

Fig. 18 Circuit with 
storage transformer
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Opening switch S5 commutates i2 into the load, resulting in an initial load voltage 
uR = R ⋅ i2. The circuit again behaves like an inductive circuit with the time constant 
τ = L2/R and with an exponentially damped current i2 (Figs. 11 and 12). When switch 
S5 is introduced into the circuit, the relationship between the primary and the sec-
ondary inductance should be chosen so that L2<<L1 which means that the switches 
on the primary side of the transformer can act at lower voltages, lower currents, and 
lower power during the charging of L1 and during switching at the end of the 
charge cycle.

In this scheme, the circuit has no advantage over inductive circuits, because 
switch S5 has to overtake the full voltage at the load. In principle, the circuit also 
works without this switch. Without switch S5, switch S4 would have to overtake the 
voltage u L L uS4 1 2 2= ⋅/ . In this case, the primary inductance, in order to act as a 
voltage multiplier, has to be essentially smaller than the secondary inductance: 
L1<<L2. Although this relieves the high voltage requirement for switch S4, it has to 
be considered that the overall switching power of this switch, at least, keeps the 
same value as that of the switching power of switch S5 in the preceding situation.

As in the case of capacitive circuits with pulse transformers, the transformer has 
stray inductances and ohmic resistance. Both increase the power requirements of 
the switches and of the voltage source. With respect to high voltage applications, 
PEF circuits with storage transformers are less effective than inductive circuits.

Voltage Multiplier I (MARX Generator)

The basic operating principles of the MARX generator were first published by 
E. Marx in 1923 (Marx 1923). The original application of this voltage multiplying 
circuit was to test isolators and other electrical high voltage devices. Figure  19 
shows the original scheme. In two branches n capacitors C are connected in parallel 
via resistors W. Switches F connect the high potential and the low potential termi-
nals of successive capacitors (in this case spark gap switches). The ends of the 
capacitor branches connect to an isolator J (respectively, the load). The capacitors 
are charged by a current source via the resistors to the same voltage. Igniting 
switches F connects the capacitors in series. By doing this, voltage multiplication 
occurs at the load. The resistors W discouple the capacitors if their resistance is 
essentially higher than the (transient) resistance of the load. The overall capacitance 
discharging via the load is given by C/n. The resistors can also be replaced with 
opening switches if necessary. In this case these switches have to open shortly 
before the switches F are ignited. After switching, the discharge behavior is equiva-
lent to the discharge behavior of the capacitive circuit.

In MARX-generators, the on-switches have to maintain only 1/n of the voltage 
at the load. They have to conduct the load current. The low current source charging 
the capacitors only has to deliver 1/n of the voltage than that required for the basic 
capacitive circuit at n times higher charging current. During charging, the overall 
capacitance of the capacitors switched in parallel has to be n2 times higher than in 
the capacitive circuit.
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As opposed to capacitive circuits, the capacitance and the main on-switch are 
divided into several smaller switches and larger capacitances connected in series 
when system discharges. The overall volume, as well as the overall mass, of the 
capacitors will be slightly larger than that for basic capacitive circuits when the 
same energy is to be stored in the capacitors due to added buswork. The overall 
switching power remains the same. As in the case with pulse transformers, MARX- 
generators should only be chosen, if, with regard to the voltage requirements at the 
load, no adequate switches and/or capacitors and/or current sources are available.

Voltage Multiplier II (GREINACHER Cascade)

The GREINACHER cascade was invented by H. Greinacher in 1917 (Greinacher 
1919). Figure 20 shows a picture from the original source, whereas Fig. 21 shows 
its circuit diagram as it is used today. An AC-voltage source with a voltage ampli-
tude û~ drives, via a charging resistor Rch, a column consisting of capacitors C and 
diodes D. After charging the capacitors via the diodes D, the n = 3 capacitors C on 
the right side are each charged to <2·û~ and are discharged in series via a switch S to 

Fig. 19 MARX generator (from Marx 1923)
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the load R. The resulting initial voltage on the load is <6·û~, with a resulting capaci-
tance of C/3. n modules, consisting of n capacitors and n diodes, provide an initial 
voltage ûload < 2·n·û~ across the load at an overall capacitance C/n. The diodes in the 
circuit are driven at low power, because they only have to overtake the charging cur-
rent and double the voltage amplitude at the voltage source. The main switch S has 
to handle the entire energy transfer at load powers. The efficiency of Greinacher 
cascades decreases with increasing number of stages due to the unavoidable ohmic 
losses in the diodes that hinders charging each capacitor to 2·û~. From this point of 
view, MARX generators provide higher efficiencies.

 Current Multiplier (XRAM Generator)

The XRAM Generator was published by E. Marx and W. Koch in 1966 (Marx and 
Koch 1970). Figure 22 shows the original scheme. n coils with inductance L1 are 
connected in series via opening switches (2). At the ends of each inductor. Closing 
switches (3) (in this case spark gaps) are connected. The inductors are charged in 
series by the voltage source (1) to a current i1,0. After reaching the desired current 
level, switches (2a) and (2) open and switches (3) close. By doing this, the inductors 
are switched in parallel, generating an initial current i2,0 = n·i1,0 across the load (4). 
The current generates an initial load voltage uR,0 = n·R·i1,0. After switching, the dis-
charge behavior is equivalent to that of the basic inductive circuit.

Fig. 20 Original 
GREINACHER cascade 
(from Greinacher 1919)
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In XRAM generators, the opening switches have to maintain only 1/n of the cur-
rent across the load. However, they do have to withstand the load voltage. The clos-
ing switches have to withstand ≤50% of the charge voltage at 1/n of the current 
level at the load. The low-power voltage source, charging the inductances, has to 
deliver 1/n of the current required in the basic inductive circuit, but at n times higher 
charging voltage. During charging, the overall inductance of the single coils 
switched in series has to be n2 times greater than that of the inductive circuit. The 
overall volume, as well as the overall mass, of the coils will be the same as in the 
basic inductive circuits due to the same amount of energy being stored in the coils 
for the same charging times. The necessity of repetitive simultaneous switching of 
the off-switches causes problems that make the application of this type of generator 
very difficult. Thus, XRAM generators are not applicable to PEF applications.

Fig. 21 GREINACHER 
cascade
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 Pulse Forming Networks

Pulse forming networks allow the generation of monopolar or bipolar rectangular 
voltage waveforms preferred for PEF treatment applications.

The properties of pulse forming networks (PFNs) are based on the fundamental 
principles of transmission lines. So, prior to an explanation of the electrical behav-
ior of PFNs, the principal electrical behavior of transmission lines will be briefly 
explained.

Pulse Forming Lines

An ideal lossless transmission line (or pulse forming line) may be represented by a 
coaxial cable of length l, inductance L = L′ ⋅ l, and capacitance C = C′ ⋅ l. Charging 
the capacitance of this transmission line to a voltage u0, or, respectively, to an energy 
W C uC = ⋅ 0

2 2/ , and discharging the line via a switch S into a load with resistance 
R L C L C= = ′ ′/ /  generates a single rectangular voltage pulse with amplitude 
u0/2 and a duration of τ ε= ⋅ ⋅ = ⋅ ⋅2 2L C l cr / . εr is the relative permittivity of the 
line’s insulator and c is the velocity of light. Circuit diagrams of this circuit are 
presented in the two pictures at the top of Fig. 23.

When the switch is triggered and if the line to the load is short-circuited at its 
other end, a bipolar rectangular voltage waveform with amplitude ±u0/2 is gener-
ated, where each pulse has a pulse length of τ/2 (see Fig. 23, pictures in the center).

As a third possibility, the transmission line is split in two parts and a resistance 
2·R reconnects the lines as seen in the bottom diagrams in Fig. 23. Short-circuiting 
the left end of the line generates a rectangular voltage waveform of duration τ/2 at a 
voltage amplitude u0.

Fig. 22 XRAM generator (from Marx and Koch 1970)
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Fig. 23 Pulse forming lines and voltage waveforms
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These examples show the flexibility of transmission lines with respect to the 
generation of rectangular voltage waveforms. In all cases, the energy originally 
stored in the line’s capacitance is completely transferred to the load. However, the 
following example will show the disadvantage of this solution.

With the following reasonable values

• Load voltage uR,0 = 100 kV.
• Load resistance R = 10 Ω.
• Pulse duration τ ≈ 15 μs.
• Pulse energy W = 5 kJ.

the specification of the pulse forming line would be as described below:
For a relative permittivity of εr ≈ 3, the length of the line has to be l ≈ 1.2 km. To 

store 5 kJ at a voltage of 200 kV (only 50% of this voltage acts on the load), C′ is 
calculated to be C′  =  250 μF/km. Conventional 20  kV cables, like N(A)HKBA 
cables, have capacitances up to about 2  μF/km (source: Felten and Guilleaume 
Energietechnik AG, Taschenbuch, 1995). The cables can withstand a peak voltage 
of about 30 kV. So the ends of 7 cables have to be switched in series, decreasing C′ 
to about 0.3 μF/km. To reach 250 μF/km, about 80 cable groups of 7 would have to 
be switched in parallel. Overall, such a device would result in the handling of 560 
cables with a length of 1.2 km each. At a mass of about 4 t/km, this results in an 
overall mass of about 2700  t. The disadvantage of this solution is obvious. 
Furthermore, the ohmic resistance of the cables could become intolerably high for 
the high-frequency applications.

Due to this disadvantage of a cable solution, other solutions have to be consid-
ered without losing the advantage of rectangular pulse shape generation.

Pulse Forming Networks

Pulse forming networks allow one to simulate the behavior of transmission lines by 
using capacitors and inductors with free choice of their values. Using cables, the 
relation between C and L is fixed due to their fixed geometry. Pulse forming net-
works can be derived from transmission lines as follows:

The transmission line can be split into several smaller pieces connected in a 
chain. Each of these pieces has its own capacitance and inductance (as well as con-
ductor conductivity, which usually can be neglected). In principle, the diagram of a 
transmission line based on this design now looks like that shown in Fig. 24. This 
diagram shows a chain of several identical four-terminal networks consisting of the 
same L-C-combinations. This chain is called a pulse forming network with a finite 
number of L-C combinations. A transmission line, in principle, would consist of an 
infinite number of these combinations with infinitesimal small inductances and 
capacitances.

Appendix A gives in a brief introduction to the differential equation system used 
to calculate the electrical behavior of pulse forming networks, without the restric-
tion of identical inductances and capacitances. Furthermore conductivities parallel 
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to the capacitances, resistances in series with the inducivities, and mutual induc-
tances between the inductances, as well as resistances in the capacitor lines, are all 
considered.

Appendix B gives a simplified version of the differential equation system, if, as 
shown in Fig. 24, only identical inductances and capacitances without any ohmic 
losses are considered. The capacitances are charged to the same initial voltage u0. 
Further considerations will be restricted to this type of a pulse forming network.

To adapt a pulse forming network to a given electric load R, the formulas defin-
ing the behavior of a pulse forming line can be overtaken, due to the similarity of 
both types of pulse forming devices. Assuming that there are n capacitors and induc-
tors that CPFN = n·C is the overall capacitance, and LPFN = n·L is the overall induc-
tance of the network, the working equations are:

 R L C L CPFN PFN= =/ / . 

 τ = ⋅ ⋅ = ⋅ ⋅ ⋅2 2L C n L CPFN PFN . 

 W C uC PFN= ⋅ 0
2 2/ . 

C
W

n u
C=
⋅

2
0
2
. From these equations, L, C, and τ can be calculated as

 
L R

W

n u
C= ⋅ ⋅
⋅

2 2

0
2
.
 

 
τ = ⋅

⋅
4

0
2

R W

u
C .

 

The pulse duration τ is fixed by the values of R, u0, and WC.
Figure 25 shows some basic pulse forming networks, together with their voltage 

waveforms for different numbers, n, of network elements. The networks differ 
slightly with respect to the switches and to the transition from the network to the 
load. The networks in sub-figures (a) and (b) simulate the behavior of the pulse 
forming line shown in Fig. 23, top. Networks in sub-figures (c) and (d) simulate the 
pulse forming line shown in Fig. 22, center. And the network in sub-figure (e) relates 
to the pulse forming line in Fig. 23, bottom. The calculation of the load voltage was 
performed by varying the number network elements between 1 and 10 (a–d), respec-
tively, between 2 and 14 (e).

Fig. 24 Pulse forming network
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a) 

n=1 … 10

n=1: light-gray curve

n=10: black curve

b) 

n=1 … 10

n=1: light-gray curve

n=10: black curve

c) 

n=1 … 10

n=1: light-gray curve

n=10: black curve

d) 

n=1 … 10

n=1: light-gray curve

n=10: black curve

e) 

n=2, 4, 6, 8, 10, 14, 16

n=2: light-gray curve

n=14: black curve

Fig. 25 Basic pulse forming networks and related load voltage waveforms
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The load voltage waveforms shown in Fig. 25 are normalized with the initial 
capacitance voltage u0. The time is normalized with the time constant τ. The dashed 
lines represent the voltage behavior of an ideal pulse forming line, that is, the behav-
ior of a pulse forming network (PFN) with n → ∞. The voltages in sub-figure (a) are 
calculated by using the formulas given in Appendix B, whereas the voltages in sub- 
figures (b)– (d), with to some minor modifications, are calculated by using the for-
mulas given in Appendix A. In all cases, the load resistance was chosen 
to be R L C= / .

In detail the figures show:

Figure 25 a):

Initially, switch S2 is opened and the current source i0 charges the n capacitors C 
via the inductors L. After charging is completed, switch S1 is opened and switch S2 
is closed. Closing switch S3 initiates discharge via the load R.

For n = 1, the network represents a well-damped ringing circuit with the respec-
tive load voltage (light-gray curve). Increasing n leads more and more to an approxi-
mation of the voltage waveform of a pulse forming line (dashed curve; compare to 
Fig. 23, top). The voltage keeps at about 50% of the initial voltage of the capacitors.

Figure 25 b):

The PFN differs from the PFN in Fig. 25 a) by the lack of an inductance between 
the last capacitor and the load. Charging and initialization of the discharge is the 
same as with the previous network.

For n = 1, the network represents a capacitive circuit with a respective load volt-
age (light-gray curve). The fact that the voltage does not yield the capacitance’s 
initial voltage is due to a small inductance between the capacitance and the load, 
which is not shown in the diagram, but is included the calculation. Increasing n 
leads more and more to an approximation of the voltage waveform of a pulse form-
ing line (dashed curve). Beside the unavoidable voltage peak at the beginning, the 
voltage remains at about 50% of the initial voltage of the capacitors nearly through-
out the entire pulse duration.

Figure 25 c):

Initially, S1 is open and the current source i0 charges the n capacitors C via the 
inductors L. After charging is completed, switches S1 and S2 are closed simultane-
ously to initiate discharge via the load R.

For n = 1, the load voltage is ringing (light-gray curve). Increasing n leads more 
and more to an approximation of the bipolar rectangular voltage waveform of a 
pulse forming line short-circuited at one end (dashed curve; compare to Fig. 23, 
center). The voltage amplitude keeps at about 50% of the initial voltage of the 
capacitances. The ringing period is τ.
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Figure 25 d):

The PFN differs from the PFN in Fig. 25 c) due to the lack of an inductance 
between the last capacitance and the load. Charging and initialization of the dis-
charge is the same as that with the previous network.

For n = 1, the load voltage rings (light-gray curve). Increasing n leads more and 
more to an approximation of the bipolar rectangular voltage waveform of a pulse 
forming line short-circuited at one end (dashed curve). The voltage amplitude 
remains at about 50% of the initial voltage of the capacitances, despite some initial 
discharge. The ringing period is τ.

Figure 25 e):

This PFN differs from the previous PFNs in that the resistance is doubled 2·R in 
the center of the PFN. Charging and initialization of the discharge is the same as 
with the previous networks.

For n = 2, the load voltage is rings slightly (light-gray curve). Increasing n leads 
more and more to an approximation of the monopolar rectangular voltage waveform 
of a split pulse forming line short-circuited at one end (dashed curve; compare to 
Fig. 23, bottom). The voltage amplitude remains at about 100% of the initial voltage 
of the capacitances. The ringing period is τ/2. For increasing n, the start time of the 
load voltage is approximately τ/4.

To increase the voltage steepness at the beginning and at the end, smaller capaci-
tances are used at the ends of the PFNs.

 Networks with Pulse Forming Switches

Another possible method for generating more or less rectangular voltage waveforms 
is to use capacitive or inductive circuits.

In capacitive circuits (Fig. 10), the capacitance has to be chosen in such a way 
that the time constant of the circuit is essentially larger than the desired pulse dura-
tion. After initializing discharge of the capacitor by closing switch S3, this switch 
can, in principle, be reopened again at a specified time to interrupt the discharge of 
the capacitors. After this interrupt, the capacitor can be recharged to its initial volt-
age level and the process repeated.

As an advanced example, Fig. 26 shows the diagram of a capacitive double- 
circuit capable of generating the bipolar rectangular voltage waveforms as shown in 
Fig. 7 (Gaudreau et al. 2005). The load is connected to two independent capacitive 
circuits. In the upper half of the circuit, a capacitor Cstorage is connected via a solid 
stage switch, a serial resistance Rseries, and a serial inductance Lseries to the load, rep-
resented by its resistance and its capacitance. After charging Cstorage with a solid state 
power supply (~constant current source), the switch is activated and the capacitor 
discharges via Rseries, Lseries, and the load. After opening the switch at the specified 
time, the current from the capacitor is interrupted. Until this time, the load voltage 
is kept nearly constant. To release the switch, during opening, from dumping the 
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energy stored in Lseries, the diode in parallel to the inductance overtakes the induc-
tor’s current. To generate a bipolar voltage waveform, the lower half of the network 
can be activated in the same manner after switching off the upper half.Fig. 26 Caption

Also, inductive circuits (Fig.  12) can allow one generate rectangular voltage 
waveforms. The inductance has to be chosen so that the time constant of the circuit 
is essentially larger than the desired pulse duration. After initializing the discharge 
of the inductance by opening switch S3 (see Fig. 12), the switch can be re-closed, 
again at a specified time, interrupting the discharge of the inductor. After interrup-
tion, the inductance can be recharged to its initial current level and the process can 
be repeated.

 Concluding Remarks

PEF treatment is possible with capacitive and inductive circuits, as well as with 
pulse forming networks. Voltage multiplying networks like MARX generators or 
circuits with pulse transformers have to be used if no switches are available to pro-
vide the required voltage amplitudes. The exponentially damped voltage character-
istic of capacitive or inductive circuits is not changed by these measures in principle. 
The energy efficiency is slightly lower. Ringing circuits have no advantage if the 
highest possible voltages are required.

Rectangular voltage waveforms can be generated by either applying pulse form-
ing networks or capacitive or inductive circuits with “oversized” time constants and 
with switches that are able to interrupt the current across the load at a specified time.

In all networks or circuits, the overall power demand of the switches remains 
independent of the number and the arrangement of the switches as well as the type 
of circuit. The same is true for the energy content of the capacitors or inductors.

Fig. 26 Caption
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 Components of High-Power Sources

The main components of high-power sources are storage capacitors and on- and 
off-switches. Due to their relatively high ohmic power consumption, inductors in 
comparison to capacitors play a minor role.

Depending on the application, different capacitor types with different specific 
prices are on the market. One of the main requirements of capacitors is a long life-
time at the specified voltage and energy content. Based on a common design, the 
construction of different types of capacitors depends on the discharge current.

Many variants of fast switches are available: spark gaps, electron tubes (thyra-
trons), and semiconducting switches (diodes, thyristors). Depending on the techni-
cal specifications, these switches have specific merits and limitations. Mechanical 
switches are too slow for high repetition rate PEF generation.

 High-Power Capacitors

In principle high-power capacitors consist of a couple of thin sandwich-like 
metallic- dielectric-metallic-dielectric strips of ~100 μm thickness. The dielectrics 
are made, for example, from Kraft paper, polypropylene, mixtures of Kraft paper 
with polypropylene, or PVDF. The electrodes are made from aluminum, either as a 
foil or sprayed onto the dielectric. Each sandwich strip is rolled up. The resulting 
windings are flattened. Each flat winding represents an elementary capacitor. They 
can be switched in series or in parallel to construct the final capacitor. Further infor-
mation about the construction of capacitors is given in MacDougall (1996).

Together with some basic data about commercially available capacitors, Fig. 27 
lists some different types of capacitors of different sizes in metallic or in plastic 
casings.

Figure 28, left, top, gives an overview of the range of voltage and capacitance of 
capacitors provided by a large capacitor supplier (Ennis et al. 2003). At voltages of 
about 1 kV, the highest capacitances are nearly 100 mF, whereas at voltages in the 

Fig. 27 Capacitors
Left: different types of capacitors (source: Maxwell Laboratories Inc.)
Right: general data (taken from Fig. 26–2)

capacitance: •
•
•
•
•

up to ~0.1 F
voltage: up to ~MV
energy: <2.5 kJ/l
lifetime: up to ~1014 c/d cycles
specific cost: >0.05 US-$/J
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Fig. 28 Typical data of capacitors
Left, top: voltage and capacitance (MacDougall 1996)
Right, top: range of energy density and rated voltage (MacDougall 1996)
Left, bottom: relative cost per Joule versus life of different high energy capacitor technologies
Right, bottom: specific cost versus energy (Maxwell Laboratories Inc./AMS Electronic 
GmbH, 1997)

MV range, the capacitances have values in the 100-pF range. The figure shows that, 
in general, the realized capacitance of single capacitors has smaller values at higher 
voltages.

Figure 28, right, top, gives an overview of the range of energy densities and 
design life of capacitors (Ennis et al. 2003). For a design life of about 1000 charge/
discharge cycles, energy densities up to about 2 kJ/l were achieved. To achieve very 
high lifetimes, that is, on the order of 1013 charge/discharge cycles, the energy den-
sity has to be reduced to about 0.1 kJ/l. Increasing the lifetime of capacitors is pos-
sible by decreasing the energy stored per unit volume. The lifetime of capacitors 
also depends on other factors like voltage, dielectric stress, voltage reversal, stressed 
area of the dielectric, and ringing frequency (Smith et  al. 2004): “A traditional 
power scaling guideline has been used by capacitor manufacturers to predict actual 
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component lifetimes based on known sensitivities to these important parameters. 
One of its most general forms is given by
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In this expression, L represents the expected shot life after scaling; V is the 
capacitor operating terminal voltage; E is the dielectric electric field stress; A is the 
stressed dielectric area of the operating unit; β is the Weibull slope or shape factor; 
f is the ringing frequency of the operating unit; Q = (π/2)/ ln [1/R] is the operating 
circuit quality factor; and R is the actual operating reversal (%). The symbols L0, V0, 
E0, A0, f0, R0, and Q0 are the baseline rated design parameters.” The exponents in the 
scaling law vary depending on the materials used. Increasing/decreasing each of 
these parameters compared to the baseline-rated parameters decreases/increases the 
expected lifetime of capacitors remarkably.

Figure 28 287, left, bottom, shows the relation between the relative cost per Joule 
and the design life. The curves relate to different types of materials and 
technologies:

 1. Self-healing metallized electrodes, Kraft paper with film
 2. Self-healing metallized electrodes, metallized film dielectrics, high resistance 

electrode
 3. Combined metallized electrodes with foil electrodes
 4. Self-healing metallized electrodes, metallized film dielectrics, segmented 

electrode
 5. Extended foil electrodes/tabbed foil; “single shot,” up to 100 kV, up to 1 MA, 

more than 20% voltage reversal; paper dielectric/mixed dielectric/all-film

 6. Combined metallized electrodes with foil electrodes.
“Hybrid electrode,” types 3 and 6, are especially useful in long-life industrial 

applications, such as water and food sterilization. In the case of type 5, a cost increase 
by a factor of ~6 can be expected if the design life increases by a factor of ~106.

Figure 28, right, bottom, shows the specific cost of capacitors relative to the 
stored energy for different capacitors in general and for different lifetimes (price 
base: year 1997). As a general rule, the specific cost decreases with increasing 
energy. At energies of ~100 kJ/capacitor, the decrease in the cost reaches its mini-
mum at ~0.05 US-$/J.

 Switches

The following specific high-power switches will now be taken into consider-
ation below:
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 1. Trigatrons (3-electrode spark gaps)
 2. Ignitrons
 3. Thyratrons and pseudospark switches
 4. Thyristors and IGCTs

In the following, some typical electrical values of the respective switches will 
be given.

Figure 30, left, top, shows the typical operating voltage and peak current ranges 
and, on the right, top, peak powers and energy transfer rates that can be handled by 
trigatrons in single-shot operation. Trigatrons can work at voltages up to 500 kV, at 
peak currents up to 3 MA, at peak powers up to~300 GVA, and at energy transfer 
rates up to ~2 MJ/discharge. Here, as in the following sections, the peak power is 
defined to be the product of the hold-off voltage and the peak current.

The peak currents decrease to 10–30% as the repetition rate increases (up to 
100 Hz). Nonetheless, these values are impressive and imply that trigatrons can be 
used for nearly any on-switch tasks in pulsed power technology. The drawback is 
the relatively short trigatron lifetime of ~106 discharge cycles at currents of 10 kA 
or more (Fig. 30, left, bottom). At repetition rates of ~10 Hz, the lifetime is on the 
order of only ~30 h, thus hindering the industrial applications for trigatrons. The 
prices of trigatrons are shown in Fig. 30, right, bottom. In addition, the price of trig-
ger generators has to be taken into account with prices of about 3–4 thousand US-$ 
per single switch (source: Richardson Electronics Inc., 2005).

Trigatrons

Trigatrons or spark gaps are the work horse in laboratories. In principle, they consist 
of two electrodes with an additional trigger electrode between the main electrodes 
or implemented into one of the electrodes. The gap between the electrodes is filled 
with air, synthetic air, sulfur hexafluoride, SF6-Argon, or oxygen-argon at different 
pressures ranging down to vacuum pressures. Due to their simple construction, trig-
atrons are cheap if no demands are imposed on their high lifetimes.

Figure 29 shows a selection of trigatrons of different size for different purposes 
together with some fundamental data.

Figure 30, left, top, shows the typical operating voltage and peak current ranges 
and, on the right, top, peak powers and energy transfer rates that can be handled by 
trigatrons in single-shot operation. Trigatrons can work at voltages up to 500 kV, at 
peak currents up to 3 MA, at peak powers up to~300 GVA, and at energy transfer 
rates up to ~2 MJ/discharge. Here, as in the following sections, the peak power is 
defined to be the product of the hold-off voltage and the peak current. The peak cur-
rents decrease to 10–30% as the repetition rate increases (up to 100 Hz). Nonetheless, 
these values are impressive and imply that trigatrons can be used for nearly any 
on- switch tasks in pulsed power technology. The drawback is the relatively short 
trigatron lifetime of ~106 discharge cycles at currents of 10 kA or more (Fig. 30, left, 
bottom). At repetition rates of ~10 Hz, the lifetime is on the order of only ~30 h, 
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Fig. 30 Typical data of trigatrons
Left, top: range of trigatron voltage and peak currentRight, top: range of trigatron energy transfer 
and peak power
Left, bottom: peak current and lifetime expectancies (from (Donaldson 1990), modified)
Right, bottom: peak power and specific cost (source: Richardson Electrics Ltd., 2005)

~100 mm~100 mm~100 mm

peak current: up to ~MA
voltage: up to ~500 kV
energy: <3 MJ/pulse
peak power: <0.4 TVA 
lifetime: up to ~109 discharges
specific cost: >400 US-$/GVA

�
�
�
�
�
�

Fig. 29 Trigatrons
Left: different types of trigatrons (source: Maxwell Laboratories Inc.)
Right: general data (taken from Fig. 30)
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thus hindering the industrial applications for trigatrons. The prices of trigatrons are 
shown in Fig. 30, right, bottom. In addition, the price of trigger generators has to be 
taken into account with prices of about 3–4 thousand US-$ per single switch (source: 
Richardson Electronics Inc., 2005).

Ignitrons

Ignitrons consist of an anode (usually graphite) and a mercury pool cathode. A 
semiconducting trigger electrode which dips into the mercury pool cathode and 
initiates the discharge. An electron emitting source is formed at the point where the 
trigger contacts the pool. This initiates an arcing between the anode and the cathode. 
As long as there is a significant current flow, the ignitron will remain conducting. 
Continuously operating ignitrons must be cooled to a well-defined temperatures. 
Ignitrons must be placed in a vertical position so that the mercury pool is in the right 
position in the tube.

Figure 31 shows an ignitron with a surrounding cooling coil together with some 
basic data.

Figure 32, left, top, shows typical trigger voltage and peak current data for a 
ignitron. Ignitrons can withstand voltages up to 50  kV and peak currents up to 
700 kA. They can switch peak powers up to ~10 GVA (Fig. 32, right, top). The aver-
age power ignitrons as shown in Fig. 32,  left, bottom, can operate at powers greater 
than the peak power. The average power is on the order of 0.01, that is, 0.1% of the 
peak power. The specific power cost of ignitrons decreases with increasing switch-
ing power. They vary between 400 and 2000 US-$/GVA peak power.

Although, in general, ignitrons don’t cause trouble, they have an increasing neg-
ative image due to the mercury inside the ignitrons. For the most applications, they 
can be replaced by other switch devices, so their use should be avoided when 
possible.

Thyratrons and Pseudospark Switches

Thyratrons are switches that are filled with hydrogen, deuterium, mercury vapor, 
xenon, or neon at typical pressures of 1.5 to 3 kPa. They consist of a heated cathode, 
a cold anode, and one or more gridlike gate electrodes between the cathode and 

Fig. 31 Ignitrons
Left: ignitron
Right: general data (taken from Fig. 32)

peak current: ≤700 kA
voltage: ≤50 kV
average power: <1 MVA
peak power: <10 GVA 
specific cost: >400 US-$/GVA

�
�
�
�
�
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anode. In many designs (hydrogen thyratrons are a common exception), the gate 
electrode must be biased highly negative in the off-state and then biased positive to 
achieve switching. Once turned on, the thyratron will remain conducting as long as 
there is a significant current flowing through it. When the anode voltage or current 
falls to zero, the device switches off. Triode, tetrode, and pentode variations of the 
thyratron have been manufactured in the past, though most are of the triode design.

Pseudospark switches are gas-discharge devices with a hollow cathode and, in 
some types, also a hollow anode. In the cathode cavity, a trigger unit is used to initi-
ate breakdown in the main gap. The characteristics of the pseudospark switches are 
similar to those of classical pulse hydrogen thyratrons.

Figure 33 shows a view of a thyratron together with its cross-sectional view and 
some basic data.

Fig. 32 Typical data of ignitrons
Left, top: voltage and peak current. Right, top: voltage and peak power
Left, bottom: peak power and average power
Right, bottom: peak power and specific cost (source: Richardson Electronis Ltd., 2005)
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Fig. 34 Typical data of thyratrons
Left: range of thyratron voltage and peak currentRight: range of thyratron peak power and aver-
age power

peak current: ≤200 kA
voltage: ≤250 kV
average power: <2 MVA
peak power: <3 GVA 

�
�
�
�

Fig. 33 Thyratrons
Left: thyratron
Right: general data (taken from Fig. 34)

Figure 34, left, shows typical ranges of thyratron voltage and peak current data. 
Thyratrons and pseudospark switches can handle voltages up to ~200 kV and peak 
currents up to ~200 kA. These switches allow energy transfers with peak powers up 
to ~2 GVA and average powers up to ~1 MVA (Fig. 34, right).

The current increase rate di/dt is on the order of ~100  kA/μs (Richardson 
et al. 2004).

In comparison to the mounting position of other switches like trigatrons, igni-
trons, or thyristors, thyratrons usually have to be mounted as shown in Fig.  35. 
Without an additional switch, the current used to charge a capacitor must also flow 
through the load. Pseudospark switches can be mounted like the other types of 
switches.
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The average lifetime of thyratrons is on the order of 1½ for 3 years of continuous 
operation (Richardson et al. 2004; Welleman et al. 2004). A thyratron system that 
operates at a voltage of 9 kV, a pulse current of 2.5 kA, a pulse length of 10 μs, a  di/
dt of 5 kA/μs, and a pulse repetition rate of 400 Hz usually costs 4000 US-$, whereas 
the tube itself costs 2300 US-$ (Welleman et al. 2004).

Thyristors, Diodes, and IGCT Switches

In principle, thyristors (thyratron + transistor) are four-layer semiconducting 
devices, with each layer consisting of an alternately N- or P-endowed material, for 
example, N-P-N-P. The outer layers represent the cathode (N) and the anode (P). 
The control terminal, or “gate,” is attached to one of the middle layers. After igni-
tion, thyristors remain conducting as long as the current does not reverse. Some 
thyristors are optically triggered.

Figure 36 shows some types of thyristors with either a single semiconducting 
wafer in a ceramic housing, multiple wafers in a ceramic housing, or combined in a 
stack. Their key parameters are also given.

Figure 37 shows some typical characteristics of single thyristor disks, multilayer 
thyristors, and stacked thyristors. Single-thyristor disks can be stressed by voltages 
of 4.5 kV at peak currents up to more than 100 kA (Fig. 37, left, top). Multilayer 
thyristors can be stressed by voltages of ~15  kV at peak currents up to 50  kA, 
whereas thyristor stacks are available for voltages up to 70 kV and for peak currents 
up to more than 100 kA. Note that for continuous operation, the currents and the 
power are a factor of 10 to 20 less than the peak currents and the peak powers, 
respectively.

The action integral

Fig. 35 Mounting position of thyratrons compared to thyristors or other switches
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Fig. 36 Thyristors
Left: thyristor (single, multi, stack; source: ABB Semiconductors)
Right: general data (taken from Fig. 37)

peak current: ~100 kA
voltage:

o single:   4.5 kV
o multi:    ≤13.5 kV
o stack:    ≤70 kV

rated power:     <2 MVA (single)
peak power: <5 GVA (stack)
specific cost: ≥0.7 €/kVA

�
�

�
�

�

Fig. 37 Typical thyristor data (source: ABB Semiconductors)
Left, top: voltage and peak currentRight, top: power and action integral
Left, bottom: peak power and rated power
Right, bottom: specific cost and rated power (rough estimate)
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A i dt=

∞

∫
0

2 ,
 

which is proportional to the energy deposit in the thyristor and the load during one 
discharge at peak current, can reach values up to ~1 MJ/Ω at power levels up to 
5 GVA (Fig. 37, right, top) for a single shot. Current increase rates di/dt are limited 
to ~20 kA/μs. Repetition rates can be up to 100 Hz at rated power. Typical values of 
the rated power (or average power) normalized by the peak power are shown in 
Fig. 37, left, bottom. As shown in Fig. 37, right, bottom, the specific cost of thyris-
tors (single) are in the range of 0.7–1.5 €/kVA rated power. For continuous opera-
tion, the lifetime of thyristors is on the order of 10  years and more (Welleman 
et al. 2004).

At a voltage of 9 kV, a pulse current of 2.5 kA, a pulse length of 10 μs, a di/dt of 
5 kA/μs, and a pulse repetition rate of 400 Hz, the typical cost of a thyristor stack is 
8700 US-$ (Welleman et al. 2004).

Thyristors switch off if the current reverses, but are not able to switch off the cur-
rent before zeroing. Integrated gate-controlled thyristors (IGCT) have the capability 
to switch off currents actively. As the IGCT is the improved version of GTOs (gate 
turn-off thyristor), the GTO technology is not used anymore for pulsed applications 
(Welleman et al. 2004). Although their turn-on behavior and di/dt is reduced com-
pared to the discharge switches mentioned earlier, they offer the possibility to drive 
circuits with pulse forming switches. Single GTO switches are designed to switch on 
and to switch off currents up to 4 kA. Blocking voltage per device is 4.5 kV or 
6 kV. They are usually used in medium- and high-power drivers and frequency con-
verters. The switches can be stacked so that, with a reverse blocking IGCT device 
consisting of seven 4.5-kV IGCTs, forward/reverse blocking voltages of 31 kV at 
nominal 1600-μs pulse currents of 2.5 kA can be switched at repetition rates of 
15 Hz (Welleman et al. 2004). Frequencies up to 400 Hz are possible.

As a perspective optically triggered emitter turn-off thyristors (ETO) can operate 
at currents up to 4 kA and at voltages of 6 kV at frequencies of more than 1 kHz with 
less power consumption. The maximum current increase rate di/dt is 1 kA/μs.

Diodes are passive switches, which switch on automatically at negative voltages. 
Figure 38, left, shows the peak current and voltage of several types of diodes with a 
single wafer. Peak currents up to 90 kA can be switched for blocking voltages up to 
6 kV. The rated power over the peak power is shown in Fig. 38, right. The rated 
power (average power) has values up to 25  MVA at peak power levels up to 
400 MVA. As a rule of thumb, the specific power cost of diodes relative to their 
average power can be estimated as ¾ of the cost of comparable thyristors.

Concluding Remarks

For PEF applications, thyratrons and semiconducting switches offer the most prom-
ising possibilities. Trigatrons suffer from relatively short lifetimes, whereas ignitrons 
are more and more out of favor to the mercury inside the tube. The choice between 
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thyristors and thyratrons depends on the specific requirements of the load. At volt-
ages of ~100  kV, there are clear advantages for using thyratrons, especially with 
respect to the investment cost. At voltages lower than 30 kV, thyristor switches may 
yield lower operation cost than thyristors due to their comparably higher lifetime.

 Low-Power Source

 Basic Considerations

The low-power source (AC/DC-converters) converts an alternating voltage into a 
constant current, constant voltage, or constant power to charge the capacitors or 
inductors of the high-power source. The term “low power” means low power com-
pared to the power of the high-power sources. Several types of such converters exist. 
Their technical details are discussed, for example, in [48]. Figure 39 shows typical 
values of the power and output frequencies of commercially available converters 
(Brosch et  al. 2000). Power levels up to ~100 MVA have been realized in large 
facilities.

In high repetition rate circuits, like PEF circuits, the converter is the most expan-
sive part. The cost depends on the maximum current and the maximum voltage, 
which defines the rated power of the device that the converter can handle.. For cost 
effectiveness, the power utilization factor should be as high as possible to achieve 
high energetic efficiency.

It is well known that the charging of capacitors with constant voltage via a resis-
tor yields an energetic efficiency of less than 50% and a power utilization less than 
25%. On the other hand, charging with constant currents yields energetic efficien-
cies of more than 90% (theoretically: 100%) at comparably high-power utilization 

Fig. 38 Typical data of diodes (source: ABB Semiconductors)
Left: voltage and peak current. Right: peak power and operational power
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factors (theoretically: 100%). Charging with constant power is in between these two 
types. From this, it clearly turns out that capacitors should be charged by a constant 
current source.

For constant charging current i0, the power in the capacitor is

 P u iC C= ⋅ 0 . 

The capacitor voltage increases according to the following formula

 
u

i

C
tC = ⋅0

 

so that the power can be calculated with

 
P

i

C
tC = ⋅0

2

 

The power increases linearly with time. If the charging voltage u0 is attained, the 
peak power at the capacitor is

 
ˆ .P u iC = ⋅0 0  

This power, plus some additional power to account for ohmic losses, has to be 
installed in the constant-current power supply. The minimum cost of this device can 

Fig. 39 Converters
Range of frequency and power (from (Brosch et  al. 2000, Mitsubishi), modified in the low- 
frequency region with values from ABB Semiconductors)
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be calculated by applying the rule of thumb that define the specific cost to be 
0.5 €/W.

The average power is half the peak power. So, as an example, a device with an 
average power of 200 kW (compare Fig. 6, right, bottom) would need an installed 
power of 400 kW. The cost would be in minimum 200 k€.

 Typical Devices

To close this chapter, some typical systems that have already been constructed and 
that are in use will be briefly described.

Figure 40 shows a power supply for PEF applications that allows one to charge 
capacitors up to 18 kV at an average power of 35 kJ/s and at repetition rates up to 
100 Hz. On the left side of the figure, the power supply is shown as a customer usu-
ally sees it. The cost of a device is about 30 k€ according to the specific cost per unit 
power estimate given above. Doubling the power would increase the cost by ~50% 
(Neuman, personnal communication).

Figure 41 shows a solid-state pulser delivering monopolar exponentially damped 
pulse voltages of 20  kV.  The 50  Hz pulser has an average power demand of 
20 kW. Its purpose is the treatment of potatoes with PEF for the starch industry (see 
Fig. 41, top). The potatoes are positioned by a steady flow of water between two 
electrodes. After the PEF treatment, a conveyor screw transports the potatoes to the 
next stage, where the softened potatoes are treated mechanically. A low-voltage 
power and the electronic controls are located on the left side of the pulser (see 
Fig. 41 right, bottom). A 20 kJ/s average power supply is positioned below a capaci-
tor and a solid state switch part on the right side. The cost of the complete system 
was about 150 k€.

Figure 42 shows a solid-state PEF pulser with an average power of 75  kJ/s 
(Gaudreau et al. 2004, 2005; Jin and Zhang 2002). Its high-power circuit is shown 
in Fig. 26. The pulser generates bipolar or monopolar square waveform voltages 

Fig. 40 35 kJ/s/18 kV power supply. (Source: BARMAG, Propuls)
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with 60 kV amplitude at currents up to 750 A. The pulse repetition rate is between 
500 and 2000 pps. The pulse width varies between 2 and 8 μs. Each pulse delivers 
10 to 100 J of energy. The system is nominally sized to process orange juice at a rate 
of 2000 l/h. For highly resistive foods, like apple juice, the unit can process up to 
5000 l/h. The total cost of the system, including pulse generator, aseptic drink pro-
cessing unit, PEF treatment chamber unit, and aseptic packaging machine, was 
about 700 k€.

Acknowledgment The author of this chapter would like to express his thanks to Dr. Larry 
Altgilbers who significantly improved the readability of the text.

Fig. 41 20 kJ/s/20 kV monopolar solid-state PEF pulser. (Source: AMS Electronics/Propuls)
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 Appendices

 Appendix A: Differential Equation System of Inhomogeneous 
Pulse Forming Networks

Figure A-1 shows the most generalized form of a pulse forming network replacing 
pulse forming lines. Different admittances Ck||Gk connected in parallel are con-
nected with different resistances Wk and with switches S in serial. Different imped-
ances Lk-Rk are connected in series. The capacitances Ck are charged to different 
charging voltages uk,0. Switches S simultaneously switch on and initiate a current via 
the load R. The n2-n mutual inductances Mk,l between the single inductances are 
represented by the collective letter M.

To define the linear differential equation system of the circuit, the following 
matrices and vectors are introduced:

Matrix of capacitances:

 

Fig. 42 75 kJ/s/60 kV bipolar solid-state PEF pulser (Gaudreau et al. 2004, 2005). (Source: 
Diversified Technologies)
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1-Matrix:

 

Matrix of conductivities:

 

Matrix of inductances and mutual inductances:

 

Matrix of zeroes (n × n-matrix):

Fig. A-1 Inhomogeneous pulse forming network
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Matrix of resistances:

 

Vector of capacitance voltages and initial capacitance voltages:

 

Vector of inductance currents and initial inductance currents:

 

Applying these matrices and vectors the differential equation system is defined with:

 

with the block matrices

 

and

 

and with the block vectors
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and

 

 Appendix B: Differential Equation System Describing 
Homogeneous Pulse Forming Networks

Figure B-1 shows the most popular form of a pulse forming network. Here all 
capacitances and inductances are identical: Ck = C, Lk = L. Resistances Rk and Wk, 
conductivities Gk, and mutual inductances Mk,l are neglected. The initial capacity 
voltages are now identical: uk,0 = u0. Hence the switches S now can be combined in 
a single switch at the load R.

To define the linear differential equation system of the circuit, the matrices and 
vectors of the inhomogeneous pulse forming network can be simplified as follows:

Matrix of capacitances:

 

1-Matrix:

 

Fig. B-1 Homogeneous pulse forming network without losses
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Matrix of inductances:

 

Matrix of zeroes (n × n-matrix):

 

Matrix of resistances:

 

Vector of capacitance voltages and initial capacitance voltages:

 

Vector of inductance currents and initial inductance currents:

 

Applying these matrices and vectors the differential equation system is defined with:
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with the block matrices

 

and

 

and with the block vectors

 

and
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The Phenomenon of Electroporation

Samo Mahnič-Kalamiza and Damijan Miklavčič

Abbreviations

CHO Chinese hamster ovarian
DAMP Damage-associated molecular pattern
EIT Electric impedance tomography
HPEF High pulsed electric field
MD Molecular dynamics
MEF Moderate electric field
MREIT Magnetic resonance electric impedance tomography
PEF Pulsed electric fields
PFA Pulsed field ablation
ROS Reactive oxygen species
TMV Transmembrane voltage

 The Phenomenon and Its Applications

Exposure of biological cells and tissues to short electric pulses of sufficient ampli-
tude to increase the permeability of the membrane was “discovered” at the end of 
1950s (Stampfli 1958). Though still a subject of some controversy and debate as to 
whom the laurel for this discovery should go (Sitzmann et al. 2016), it is by now a 
well-known and extensively investigated phenomenon at the heart of a broadly 
applicable set of techniques. The phenomenon facilitates techniques of increasing 
importance in biomedicine (Yarmush et al. 2014; Bradley and Haines 2020; Geboers 
et al. 2020), in food science and technology (Mahnič-Kalamiza et al. 2014), as well 
as in biotechnology and environmental science (Kotnik et  al. 2015). In different 
application fields, the process or technique is referred to either as electropermeabi-
lization, electroporation, electropulsation, PEF (pulsed electric field) treatment, or 
PFA (pulsed field ablation). This terminology, although it may seem often arbitrary, 
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reflects the emphasis on a particular property or mechanism of action of the treat-
ment within its respective application field. Electroporation emphasizes that the 
phenomenon is believed to be responsible for electrically induced formation of 
aqueous pores in the lipid bilayer under the influence of the induced transmembrane 
voltage (Neumann et  al. 1982; Weaver 1993; Weaver and Chizmadzhev 1996). 
Electropermeabilization somewhat more reservedly places the emphasis on the 
electrically induced increase in the membrane permeability for molecules devoid of 
physiological mechanisms of transmembrane transport that is observed following 
application of electric pulses, without alluring to any mechanisms themselves that 
might or might not be involved (Teissié 2014). The link and the limit between the 
two are being established (Mir 2020). Electropulsation, pulsed electric field treat-
ment, and pulsed field ablation are perhaps the most generic or neutral of the terms 
and explicitly stand only for the process of exposing cells to electric pulses itself, 
with only implied consequences of this treatment leading to membranes’ structural 
alteration and increased conductivity and/or permeability.

The underlying phenomenon is termed either electroporation or electroperme-
abilization. The terms are often used interchangeably and can be considered syn-
onyms, although the former term refers only to the contribution of aqueous pores 
formed in the lipid bilayer to the increased permeability of the membrane (see 
Fig. 1), while the latter term is more general. Electropermeabilization ascribes the 
increased permeability of the membrane to a broader range of biophysical and bio-
chemical mechanisms potentially involving structures other than the bare lipid 
bilayer (Kotnik et al. 2019). Formation of (transient) hydrophilic pores in the lipid 
bilayer – termed electroporation – is now a widely recognized mechanism of mem-
brane permeabilization governed by thermodynamics. The mechanism has been 

Fig. 1 The phenomenon of electroporation on a molecular level as a simplified conceptual 
scheme. (a) Aqueous pores are formed under the influence of the electric field in the lipid bilayer, 
shown in two stages; (b) electrically induced chemical changes to lipids constituting the mem-
brane – peroxidation deforms their tails and increases the bilayer’s permeability to water, ions, and 
small molecules; (c) electrically induced modulation of membrane proteins’ function, shown for a 
voltage-gated channel. (Reproduced with permission from Kotnik et al. 2019)
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corroborated by molecular dynamics (MD) simulations; however, there is increas-
ing evidence that exposure to electric pulses also causes chemical changes to the 
lipids as well as alteration of the membrane proteins’ function, both contributing 
factors to the membrane’s increased permeability (Breton and Mir 2018; Kotnik 
et al. 2019).

Throughout the past several decades, the phenomenon of electroporation has 
been greatly elucidated through extensive research, in the process of which many 
fascinating features were revealed about its nature and mechanisms. Among other 
discoveries, it was found that electroporation can be used to nonselectively increase 
cell uptake of drugs and genetic material (Mir et  al. 1988; Escoffre et  al. 2012; 
Miklavčič et al. 2014) and extract molecules from cells (Knorr et al. 1994; Mahnič- 
Kalamiza et al. 2014), for membrane protein insertion (El Ouagari et al. 1993; Raffy 
et al. 2004), to induce cell-to-cell fusion and cell-vesicle fusion (with viable hybrids 
as a result) (Zimmermann 1982; Saito et al. 2014), to fuse individual cells with tis-
sue (Heller and Grasso 1990), to initiate targeted necrotic or apoptotic cell death 
(Miller et  al. 2005; Pakhomova et  al. 2013), to induce intracellular effects (e.g., 
release of intracellular calcium) or indeed introduction of calcium into cells for 
purposes of triggering cell death (Vernier et al. 2003; Frandsen et al. 2020), and to 
modify the viscoelastic properties and texture of plant tissues (Mahnič-Kalamiza 
and Vorobiev 2015; Botero-Uribe et al. 2017).

The most appealing feature of electroporation is that it seems to be universal to 
the lipid bilayer and consequently is ubiquitous throughout the spectrum of various 
life forms, i.e., the phenomenon can be observed in all cell types (eukaryotes, bac-
teria, and archaea (Polak et al. 2014)), in all cell arrangements (be it the cells are in 
suspension, grow adhered to surfaces, clustered, or in tissue). Apart from cells, elec-
troporation can also be observed in any other membrane bilayer systems, e.g., in 
planar lipid bilayers, lipid vesicles, and polymeric vesicles (Benz et al. 1979; Teissie 
and Tsong 1981; Aranda-Espinoza et al. 2001). This has led to the development of 
a considerable number of applications in diverse fields as mentioned in the first 
paragraph of the section; some of these applications have already reached patients 
and consumers. At present, the most developed and promising biomedical applica-
tions include cardiac muscle ablation for the treatment of arrhythmias (Stewart et al. 
2019; Maor et al. 2019; Reddy et al. 2019; Sugrue et al. 2019), electrochemotherapy 
(Campana et  al. 2019a, b), gene electrotransfer (Broderick and Humeau 2015; 
Lambricht et al. 2016; Rosazza et al. 2016b), and tumor tissue ablation by means of 
irreversible electroporation (Scheffer et al. 2014; Geboers et al. 2020). In food pro-
cessing existing industrial applications range from pasteurization of liquid foods 
(Min et al. 2007; Jin 2017) to modifying structural and textural properties of raw 
materials (e.g., potato tubers (Fincan and Dejmek 2003; Chalermchat and Dejmek 
2005)) and enhancing mass transport processes, thus facilitating extraction of valu-
able compounds from raw materials or by-products (biological waste materials). 
Electroporation for enhancing mass transport is important in, e.g., recovering sugars 
from sugar beet root (Mhemdi et al. 2016; Vorobiev and Lebovka 2017), improving 
the maceration process in winemaking (Sack et al. 2010), and enhancement of dry-
ing (Thamkaew and Gómez Galindo 2020), with additional applications ranging 
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into the field of biorefinery where electroporation can be and has been used for valo-
rization of various by-products (e.g., extraction of polyphenols from grape pomace 
(Saldaña et al. 2017), polyphenol and protein extraction from rapeseed stems and 
leaves (Yu et al. 2015), etc.). There is also growing interest in using electroporation 
for cooking (Blahovec et al. 2017).

In many of the applications listed above, electroporation is performed on cells 
comprising tissues. Understanding the mechanisms by which electric pulses act 
upon cells in such a complex environment as the biological tissue requires a multi- 
scale approach, where we combine the insights gained from molecular dynamics 
models of simple lipid systems with those gained from in vitro and in vivo experi-
ments (Rems and Miklavčič 2016). The in vitro data come primarily from mam-
malian cell cultures, for which the literature is most abundant and since studying 
electroporation at the level of single cells allows for the most efficient and straight-
forward approach to understanding the basic aspects of the phenomenon. Results 
obtained at that level can then be translated to increasingly complex levels up to the 
level of biological tissue in vivo. In continuation of this chapter, we present the cur-
rent understanding of the electroporation phenomenon at scales that are orders of 
magnitude apart. Assembling and reconciling findings obtained at such disparate 
levels of examination remains a daunting challenge, as is briefly discussed in the 
concluding section on current challenges facing basic electroporation research.

Applying an electric field to the cell can have, in general, three possible out-
comes. The outcome depends on the local field strength, the duration of cell’s expo-
sure to the electric field, and the membrane recovery rate. Provided that the field 
strength and exposure time are completely insufficient, electroporation is not 
achieved, and cell’s permeability and consequently viability are left unaffected. If, 
however, the field strength exceeds the so-called reversible threshold and exposure 
to the sufficiently high field strength is for an adequate amount of time, reversible 
electroporation occurs (Rols and Teissié 1990; Čorović et al. 2012). In reversible 
electroporation, the membrane is permeabilized and remains in a state of increased 
permeability for a period. The phenomenon is reversible as the term would imply, 
and the membrane eventually returns to its original state by a process of membrane 
resealing. Membrane resealing entails pore closure and restoration of the cell’s nor-
mal (called resting) transmembrane potential (see sect. 2 in continuation). This pro-
cess, as is the process of pore formation and evolution, is still a subject of 
experimental research and modelling endeavors (molecular- and cell-scale) to deter-
mine its exact underlying mechanisms and kinetics (Saulis et al. 1991; Demiryurek 
et al. 2015; Kotnik et al. 2019). It should be noted that reversibility of the phenom-
enon of pore formation and re-establishing of the transmembrane potential are only 
possible if the environmental conditions are conducive to cell survival and function.

In case field strength and/or energy is too high, irreversible electroporation 
occurs (Rubinsky et  al. 2007). Irreversible electroporation results in loss of cell 
homeostasis, effectively killing the cell. See Fig. 2 for a simplified diagram of some 
of the applications of reversible and irreversible electroporation. Note that though 
the figure gives multiple application examples for reversible electroporation, and 
only cell death as resulting from irreversible electroporation, the latter as a modality 
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of tissue disintegration and ablation does have its own broad set of uses. The reader 
should be aware that it proves difficult to achieve exclusively reversible electropora-
tion without any irreversible damage and vice versa, especially when delivering 
electroporation to tissues. This is mainly due to finite electrode geometry and mate-
rial inhomogeneities (Hjouj et al. 2012; Blumrosen et al. 2014; Zmuc et al. 2019; 
Polajžer et  al. 2020) resulting in a heterogeneous field strength distribution and 
coverage. If reversible electroporation pulses are delivered to target cells/tissues in 
combination with other fields of appropriate form and strength, other phenomena 
can be facilitated, such as electrophoresis and dielectrophoresis, used for introduc-
tion of large molecules such as DNA in gene delivery applications and for cell 
fusion, respectively (Hu et al. 2013; Dean 2013; Rems et al. 2013). As previously 
evidenced by the review of electroporation applications, both reversible and irre-
versible electroporation have found their applications in such disparate fields such 
as biomedicine, food technology, and biotechnology (Toepfl et al. 2014; Yarmush 
et al. 2014; Kotnik et al. 2015; Geboers et al. 2020).

In line with the subject matter this book is devoted to, i.e., electroporation appli-
cations in the food industry, we dedicate the remainder of this section to developing 
the list of applications in this field a bit further, to give the reader a broader overview 
of what can be achieved when applying pulsed electric fields to food matrices.

In food processing, electroporation has been applied to either enhance or facili-
tate extraction of juices and other valuable compounds from tissues and microor-
ganisms (e.g., microalgae) (Fincan et  al. 2004; Donsi et  al. 2010; Vorobiev and 
Lebovka 2010; Vanthoor-Koopmans et al. 2013), tissue dehydration (Ade-Omowaye 
et  al. 2001; Lebovka et  al. 2007; Shynkaryk et  al. 2008; Thamkaew and Gómez 
Galindo 2020), and nonthermal preservation (of mainly liquid foods) by microbial 
inactivation (Wesierska and Trziszka 2007; Mosqueda-Melgar et  al. 2008; 
Bermudez-Aguirre et al. 2012; Marsellés-Fontanet et al. 2012). In food engineering, 
reversible electroporation may help in preventing biological tissues from sustaining 

Fig. 2 Some of the possible outcomes/target processes of exposing a viable biological cell to an 
electric field of appropriate strength. (Redrawn based on a figure first published in Mahnič- 
Kalamiza et al. 2014)
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damage due to ice crystal formation during freezing (Phoon et al. 2008; Shayanfar 
et al. 2013; Dymek 2015) and serve as a method of cell metabolism stimulation (Ye 
et al. 2004; Dymek et al. 2012; Straessner et al. 2013).

Regardless whether the objective is to introduce into or extract out of tissue 
either water or solutes, electroporation entails applying a series of trains of electric 
pulses of moderate or high field strength. The reader should note that though no 
formal definitions exist, the electric field strengths are often, in literature, referred to 
per their defined ranges of field strength or by abbreviations. These fields do not 
necessarily reflect the actual local electric field strength to which the cells are 
exposed. Moderate electric field, abbr. MEF, is most often considered to be in the 
range of several 100 V/cm up to 1–2 kV/cm (see Table 1 in (Puertolas et al. 2012)), 
which is a broad range of field strength values. Note that arbitrary categorizations 
by field strength or any other pulse parameter are best avoided, since the augment-
ing effect of electroporation to mass transport has already been observed in case of 
low-intensity electric fields on the order of less than 100 V/cm (Asavasanti et al. 
2010). It is therefore desirable to respect the general recommendation guidelines 
whenever reporting on research studies of electroporation technology in food and 
biotechnological processes (Raso et al. 2016) so as to avoid any ambiguity. Higher- 
intensity electric pulses (abbr. HPEF (high pulsed electric field)), i.e., on the order 
of about 5–50 kV/cm, are associated with irreversible damage to plant and animal 
cells and can possibly result in irreversible electroporation of bacterial and yeast 
cells and can therefore be used as a method of preserving material by inactivating 
and destroying these microorganisms of spoilage.

The objective of microbial inactivation by electroporation is mainly to pasteurize 
biological liquids: foods or sludge (Álvarez et  al. 2006; Mosqueda-Melgar et  al. 
2008; Guerrero-Beltran et al. 2010; Bermudez-Aguirre et al. 2012). During the past 
two or three decades, electroporation as means of food preservation has found 
numerous applications, e.g., a number of microorganism species have effectively 
been inactivated in different liquid foods (e.g., cider, milk, beer, soups, miscella-
neous fruit, and vegetable juices) and semisolid/solid food products. Moreover, syn-
ergistic effects between electroporation and other treatments, e.g., nisin, acid, 
low-temperature/low-energy heating, or high pressure, have been demonstrated 
(Kotnik et al. 2015). The combined approach of electroporation in tandem with high 
pressure and ultraviolet light is important as it seems to hold promise in the inactiva-
tion of bacterial spores, for which other, traditional mechanisms normally fail to 
achieve inactivation on their own. In fact, as many harmful microorganisms prove 
hard to destroy by electroporation alone, electroporation is almost exclusively 
applied as combined treatment with traditional or other novel techniques of food 
preservation, such as thermal, enzymatic, ultraviolet, chemical, or pressure-based 
(Shin et al. 2010; Sobrino-Lopez and Martin-Belloso 2010). Inactivation of bacte-
rial spores is generally considered as one of the hurdles in pasteurization and steril-
ization processes due to the spores’ capability of tolerating high field strengths, 
temperatures, and pressures (Pol et al. 2001; Siemer et al. 2014a, b). Note the higher 
field requirements and specific energy consumption in microbial inactivation appli-
cations as compared to other objectives of electroporation application in Fig. 3.
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To understand why significantly higher field strengths and energies are generally 
required for microbial inactivation, in comparison to, for instance, extraction appli-
cations, we must understand the mechanism of action of electroporation, i.e., the 
mechanism by which inactivation of microorganisms is achieved by pulsed electric 

Table 1 The phenomenon of electroporation, its time evolution, and principal characteristics of its 
stages. *DAMPs (damage-associated molecular patterns) molecules are biomolecules associated 
with an inflammatory response, released from damaged and/or dying cells

Stage Characterized by
Illustrated 
by Timescale

1- Initiation of the state of 
elevated permeability (cell 
is exposed to an electric 
field)

• Charged carriers in the electrolyte are 
ions/charged molecules
• Charging of the membrane
• Induced membrane potential difference 
≈ 500 mV over membrane thickness ≈ 
5 nm
• Establishing huge electric field within 
the membrane, V/d = 500 mV/5 nm = 100 
MV/m (!); note that electrical breakdown 
in air occurs at E > 3 MV/m

Figure 5a ns-ms

2- Formation and expansion 
of the transmembrane 
transport area

• Pores are formed in the lipid domain of 
the membrane
• Phosphatidylserine externalization
• ROS* generation and access to lipids in 
the membrane
• Lipid oxidative damage
• Electro-conformational change of 
membrane proteins

Figure 5b ns-ms

3- Stabilization (with 
partial recovery); the cell 
remains in a state of 
increased membrane 
permeability

• Leakage of ions/ionic and osmotic 
imbalance
• Loss of cell homeostasis
• DAMP* molecule release (ATP, 
HMGB1, nucleic acids, etc.)
• Membrane protein structure and 
function alteration
• Cytoskeleton disassembly

Figure 5c ms-min

4- Cell membrane repair/
resealing and cell recovery

• Exocytosis/patching/membrane repair
• Reassembling cytoskeleton
• Recovering protein function
• Exocytosis/patching/membrane repair
• Reassembling cytoskeleton
• Recovering protein function
• Cell response to stress(stress-related 
gene expression)
• Re-establishing homeostasis

Figure 
5dandFig. 
5e

min-hrs

5- Cessation of the cells’ 
altered physiological 
processes; complete cell 
recovery, or loss of 
homeostasis and cell death

• Cell response to stress(stress related 
gene expression)
• Loss of cell homeostasis
• Cell death

Figure 5f min-hrs
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fields. If we follow the paradigm presented by Saulis (2010), the process of expos-
ing a living and viable cell, capable of reproduction, to an external electric field can 
be divided into stages. The first stage involves an increase in transmembrane poten-
tial in time, as the plasma membrane is charged by the externally superimposed 
electric field. The final amplitude of this transmembrane potential that is reached is 
determined by material and geometrical properties, namely, cell size and shape, 
membrane, and medium ionic composition that is affecting the conductivity (intra- 
and extracellular), and by the pulse parameters (e.g., shape, duration, amplitude). 
When the critical transmembrane potential is reached, the pore initiation stage 
begins, and small metastable hydrophilic pores appear in the plasma membrane. 
Pores evolve in time in both size and number. Following the cessation of pulse 
application is the posttreatment stage, which can last from milliseconds to hours. 
During this stage leakage of intracellular compounds to the cell exterior, influx of 
substances from the extracellular space into the cell, and finally either pore reseal-
ing and membrane repair or cell death will occur. The final result of the treatment is 
then either a viable or a dead cell; the outcome is determined by the relevant 

Fig. 3 Target mechanisms of action and applications of electroporation by field strength and deliv-
ered energy; a schematic representation of exposing a biological cell to an external electric field 
with various corresponding applications. (Redrawn based on a figure first published in Toepfl 
et al. 2006)
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conditions and processes taking place during the mentioned stages of electropora-
tion. These conditions vary considerably for different applications (see, e.g., 
Figure 3 for the field strength and delivered energy aspect).

As an example, consider a pathogenic bacterial species representing a typical 
prokaryotic microorganism several micrometers in length. For this prokaryotic cell, 
the induced transmembrane voltage will be an order of magnitude lower given the 
same external electric field strength, compared to a small eukaryotic cell with a 
diameter of tens of micrometers. The presence and structure of any cell wall must 
likewise be considered (Aronsson et al. 2005; Golberg et al. 2012). For a more thor-
ough treatment of microbial inactivation and considerations relevant to electropora-
tion, refer to chapters 5, “Microbial inactivation by PEF,” and 6, “Liquid food 
pasteurization by PEF” in the book.

In addition to the enhanced mass transport or irreversible cell damage effects of 
electroporation and applications facilitated by these effects, electroporation can be 
used at lower intensities (below 100 V/cm) for inducing a stress response in plant 
and yeast cells. At these low field strengths, electroporation may be achieved with-
out affecting cell viability by carefully controlling the electric pulse parameters, 
resulting in predominantly reversible electroporation of cells. However, even though 
the electroporated cells survive the electric field treatment, they are still stressed due 
to the opening of pores in the membrane, triggered repair mechanisms, and various 
biochemical processes, as they struggle to recover their normal functionality (re- 
establishing homeostasis). The exact details of recovering from reversible electro-
poration at the level of the cell and its membranes on the molecular level, as well as 
physiological responses to electroporation-induced stress, remain largely unknown 
(Gómez Galindo 2016).

One of the challenges when electroporating plant tissue with intent of reversibly 
electroporating them and thereby inducing cell stress is posed by the cell’s hetero-
geneous structures. Since cells vary in shape, size, and cell wall structure, these 
heterogeneities influence the effect of electroporation protocols on cells of a par-
ticular size, shape, or within a particular spatial region. If cells are successfully 
reversibly permeabilized, physiological responses to electroporation-induced stress 
will include, among others, the production of ROS (reactive oxygen species), release 
of stored energy, activation of regulatory genes in charge of the cell’s stress response, 
as well as the production of secondary metabolites. Applying reversible electropora-
tion has also been shown, as a few examples, to influence barley seed germination, 
increase the strength of the cell wall in potatoes, and, by consequence, alter the 
potato’s textural properties. Reversible electroporation can also have an impact on 
protoplasts (i.e., plant cells with cell walls having been removed) and consequen-
tially the regeneration of new plants. Reversible permeabilization of plant cells and 
tissue is not often reported upon; however, foundations have been laid for a fascinat-
ing area of academic research and industrial innovation (Gómez Galindo 2016).
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 Electroporation at the Membrane and Molecular Level

Researchers have endeavored to provide a theoretical description of the events 
underlying the phenomenon of electroporation since its discovery. A number of 
competing theories have emerged over the years (Pavlin et al. 2008; Yarmush et al. 
2014). The set of possible explanations includes assuming a certain type of lipid 
deformation (Crowley 1973), lipid phase transition (Sugár 1979), breakdown of 
interfaces adjoining domains of different lipid compositions (Cruzeiro-Hansson and 
Mouritsen 1988), and/or membrane protein denaturation (Tsong 1991). These 
descriptions, however, by themselves, fail to provide an adequate explanation for 
observed phenomena associated with electroporation, and the state-of-the-art con-
sensus is that electroporation can be best described as formation of aqueous pores 
in the lipid bilayer (Freeman et al. 1994; Kotnik et al. 2012; Casciola and Tarek 
2016). This description is supportive of the continued use of the term that has 
become prevalent – electroporation. Another, broader term for the phenomenon is 
electropermeabilization. The latter describes the consequence, i.e., observed 
increased membrane permeability, rather than the underlying mechanism; as such, 
it is applicable to other, alternative explanations for the phenomenon in a 
broader sense.

The theory of aqueous pore formation is based on consideration of thermody-
namic relations (Neumann et al. 1982); according to the theory, the formation of 
aqueous pores is initiated by water molecules penetrating the membrane’s lipid 
bilayer. This promotes reorientation of the adjacent lipids and their polar head 
groups, which, being hydrophilic, begin pointing toward these penetrating water 
molecules (see Fig.  4). Unstable, short-lived pores (of nanosecond lifetime) can 
form even in the absence of an external electric field, but these rare events are of a 
stochastic nature. They are also forming after or when an externally imposed elec-
tric field is present, with a higher probability of occurrence. Contrary to these spo-
radic spontaneous pores, exposure of the membrane to an electroporating field 
strength reduces the energy barrier experienced by water molecules preventing 

Fig. 4 An idealized molecular-level scheme (top row) and an atomic-level MD simulation (bottom 
row) of electroporation. The electric field is perpendicular to the bilayer plane. (Reproduced with 
permission from Yarmush et al. 2014)
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them to penetrate the bilayer. Within nanoseconds, penetration results from the 
transfer of the external field to the membrane. This is followed, within a microsec-
ond, by the transmembrane field being amplified by polarization (positive and nega-
tive charge carriers accumulating either side of the membrane), resulting in the 
buildup of an induced transmembrane voltage (Kotnik and Miklavčič 2006). The 
intrusion of water into the bilayer increases the statistical probability of a pore form-
ing, resulting in a bulk increase in the number of pores formed in the bilayer per unit 
of time and unit area. Field-induced pores are more stable than the spontaneous, 
sporadic, and short-lived pores mentioned above. For transmembrane voltages of 
several hundred mV, pores become sufficiently numerous and long-lasting (up to 
milliseconds (Saulis and Saule 2012)) to produce a detectable increase in membrane 
permeability to those molecules that would otherwise not be able to cross the 
membrane.

These aqueous pores with radii of at most a few nm are too small for optical 
microscopy. Moreover, sample preparation for electron microscopy of soft matter is 
too detrimental to the structures in question (semi-stable nanopores in the bilayer), 
so much that pores cannot be distinguished from imaging artifacts. Still, there is 
evidence in favor of the theory of aqueous pore formation, and it comes in the form 
of molecular dynamics (MD) modelling and simulation. MD simulations by and 
large agree with the hypothesized sequence of events on the molecular-scale and 
also demonstrate a clear correlation between the rate of pore formation and the 
strength of the electric field to which the membrane is exposed (Delemotte and 
Tarek 2012; Ho et al. 2013; Casciola et al. 2014; Casciola and Tarek 2016).

MD simulations enable two possible disparate approaches to modelling electro-
poration conditions (Tarek et al. 2010; Rems and Miklavčič 2016). The first option 
is to model for an electric field strength E, acting on charged atoms with force 
Fe = qiE (qi is the charge of the i-th atom). Note that this electric field is not the same 
one as reported in experimental studies, which the bulk of material is exposed to. 
This imposed electric field causes the water dipoles to reorient in the electric field, 
an effect most pronounced at the water-lipid interface. This increases the electric 
field inside the bilayer, thus increasing the voltage across it (Böckmann et al. 2008; 
Vernier et al. 2013). The second approach in order to increase the transmembrane 
voltage is by imposing a charge imbalance. This can be achieved via placement of 
an excess number of monovalent cations on one side of the bilayer and a corre-
sponding excess number of monovalent anions on the other side of the bilayer 
(Delemotte and Tarek 2012). The first approach is ordinarily simulated in the 
absence of ions, modelling only the dielectric response. This scenario represents ps 
or ns pulses, pulses too short for ion redistribution to occur, and thus there is no 
charging of the membrane (Vernier 2020). The alternative, second approach is 
thought to be more relevant for situations employing longer pulses and does allow 
for full charging of the membrane.

Regardless of which of the two methods is employed, evolution of pore forma-
tion and closure is similar to both (Delemotte and Tarek 2012). When the imposed 
electric field (or the charge imbalance) is sufficient, a conical structure composed of 
water molecules (a so-called water finger) penetrates into the bilayer’s hydrophobic 

The Phenomenon of Electroporation



118

core. Eventually, a water-spanning column is formed across the bilayer as water 
from one side connects with water from the other side (Levine and Vernier 2010) 
(see Fig. 4, center column). Because this configuration exposes the hydrophobic 
lipid tails to water, it is known as a hydrophobic pore (Abidor et al. 1979). If the 
bilayer were composed of specific lipids, e.g., lipids with large head groups or nega-
tively charged lipids, the head group reorientation energy barrier would be very 
high. This would cause the hydrophobic pore to expand, allowing passing of ions 
(Dehez et al. 2014; Polak et al. 2014). In the alternative case of a typical zwitterionic 
phospholipid comprising the bilayer, the lipid head group migration is in direction 
along the water column and establishes a so-called hydrophilic pore (Ziegler and 
Vernier 2008; Levine and Vernier 2010). This pore then stabilizes, increases in size, 
and is capable of conducting ions (Ho et al. 2013; Dehez et al. 2014). Upon removal 
or cessation of the external energy source (either superimposed electric field or a 
charge imbalance), the pore evolution then follows the formation sequence of events 
in reverse order and eventually closes (Gurtovenko and Vattulainen 2005; Ziegler 
and Vernier 2008; Levine and Vernier 2010).

 Electroporation at the Level of a Single Cell 
and Cell Suspension

The majority of cells continue to constantly maintain an electric potential difference 
between their inner and outer side of their plasma membrane. This electric potential 
difference, called the resting transmembrane voltage (TMV), is generated and regu-
lated by a system of ion pumps and channels in the membrane. For a typical eukary-
otic cell, the resting TMV ranges from about −40 to about −70 mV. The minus sign 
indicates that inner potential (the potential within the cell at the membrane’s inner 
surface) is lower than the one on the outer side of the membrane. This can be con-
sidered the natural state of a biological membrane, and both lipid and protein com-
ponents of the membrane are well adapted (by evolution) to function under voltages 
in this range (Kotnik et al. 2019).

Upon exposure of a cell to an external electric field, an additional component is 
superimposed to the resting TMV and is termed the induced TMV, as previously 
introduced in the section on molecular dynamics (see sect. 2). Induced TMV is only 
sustained for the duration of the externally imposed electric field and is proportional 
to its strength (Ehrenberg et al. 1987; Pucihar et al. 2006). For a single spherical cell 
with a nonconductive plasma membrane, the induced TMV is calculated according 
to the steady-state Schwan equation (Pauly and Schwan 1959): induced 
TMV = 1.5 × E × R × cosθ, where E is the electric field, to which the cell is exposed, 
R is the cell radius, and θ is the angle measured from the center of the cell with 
respect to the direction of the field (Kotnik et al. 2010). Thus, exposure to a suffi-
ciently strong field can induce transmembrane voltages that are far exceeding their 
resting values, which causes both structural changes to the membrane and changes 
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to the constituent molecules. These changes generally would not occur under nor-
mal physiological conditions and lead to among others, membrane electropermeabi-
lization. As previously explained, electropermeabilization is the rapid onset of a 
substantial increase in membrane permeability, indicated to the observer by trans-
membrane transport of molecules for which an intact membrane is practically 
impermeable (Kennedy et al. 2008; Kotnik et al. 2010). In the preceding section, we 
attributed this effect of increased permeability to the formation of aqueous conduits 
or pores in the lipid bilayer.

A number of studies, both experimental and theoretical, imply that the molecular 
flow across the permeabilized membrane or, in other words, the heightened degree 
of permeability of the membrane seems to be limited to the regions of the mem-
brane that were exposed to sufficiently high TMV (Hibino et al. 1993; Towhidi et al. 
2008). This is repeatedly shown experimentally for single cells as well as clusters of 
cells, by monitoring both the TMV and the transmembrane transport on the same 
cells upon their exposure to electric pulses (Kotnik et al. 2010).

The elevated state of membrane permeability facilitates the inflow of membrane- 
impermeant molecules into the cell and the outflow of biomolecules from the cell. 
The kinetics of this transmembrane transport that is enabled by electroporation have 
been studied extensively, showing that membrane electrical conductivity and per-
meability increase considerably and measurably within less than a microsecond 
after the onset of the electric pulse, provided that the TMV locally (for the cell under 
observation) exceeds a certain critical value. This critical value is not a universal 
constant but rather a variable. Nevertheless, to summarize some general observa-
tions, the kinetics of transmembrane transport can roughly be divided into five 
stages: (1) the initiation of the state of elevated permeability, (2) the formation and 
expansion of the transmembrane transport area, (3) stabilization (with partial recov-
ery), (4) the resealing/repair of the membrane, and finally (5) gradual cessation of 
the cells’ altered physiological processes, followed by any reactions to various 
stressors, possibly resulting in complete cell recovery but possibly also resulting in 
cell death. Table 1 and Fig. 5 are in aid of illustrating these stages.

Electroporation of the cell membrane, from a theoretical perspective, is not 
strictly a threshold event. By a threshold event, we would mean that these processes 
would occur only in an electric field exceeding a certain value. On the contrary, we 
observe at most that the rates of these processes increase nonlinearly with the 
increase in the field amplitude which the cells are exposed to. Empirically, however, 
there is a critical value of the electric field to which a cell must be exposed for 
electroporation-mediated transport to become detectable. This critical value (the 
reversible electroporation field strength) depends on the type of cell, the type of 
molecule being transported/observed, the duration of the exposure, and on the par-
ticular set of environmental conditions, e.g., temperature. There is also another, 
higher critical value of the field (the irreversible electroporation field strength) that 
must not be exceeded if membrane restabilization, recovery, and resealing are to be 
expected. As a consequence of this thresholding nature of the phenomenon as 
observed in experiments, experimentalists often treat electroporation as a quasi- 
threshold phenomenon. These thresholds are however so ambiguous and dependent 
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Fig. 5 Different stages of single-cell electroporation: (a) initiation of the state of elevated perme-
ability (the cell is exposed to an electric field); (b) formation and expansion of the transmembrane 
transport area, transmembrane transport; (c) stabilization (with partial recovery) – cell remains in 
a state of increased membrane permeability; (d) and (e) cell membrane repair/resealing and recov-
ery; (f) recovery of cell functions or loss of cell homeostasis and subsequent cell death. *ROS 
stands for reactive oxygen species
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on so many factors that only the order of magnitude for their values can confidently 
be determined in general for a particular cell type and set of experimental condi-
tions. In example, for a eukaryotic cell, detection occurs for electric fields resulting 
in TMV in hundreds of mV and irreversible damage for electric fields about three to 
five times higher than the minimum for detection (Teissié and Rols 1993; Towhidi 
et al. 2008; Kotnik et al. 2010) (Fig. 6).

As just mentioned, the critical electric field strength and the corresponding TMV 
for detectable electroporation depend on the cell type (Čemažar et al. 1998), trans-
ported molecule (Rols and Teissié 1998; Puc et al. 2003), and duration of exposure 

Fig. 6 Steady-state induced transmembrane voltage and electroporation of an irregular CHO 
(Chinese hamster ovarian) cell; (a) changes in fluorescence of di-8-ANEPPS (a fluorescent dye) 
caused by a non-porating 50 ms, 100 V/cm pulse; (b) transport of PI into the same cell caused by 
a porating 200 μs, 1000 V/cm pulse, visualized 200 ms after exposure; (c) steady-state induced 
transmembrane voltage along the path shown in (a) as measured (solid) and as predicted in a 
numerical model (dashed), the left ordinate axis scale corresponds to the 100 V/cm pulse ampli-
tude used in (a), and the right ordinate axis scale to the 1000 V/cm used in (b); (d) propidium 
iodide fluorescence measured along the path shown in (a). (Reproduced with permission from 
Kotnik et al. 2010)
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(Hibino et al. 1993; Rols and Teissié 1998; Puc et al. 2003). These critical strengths 
are also influenced by cell size and local membrane curvature (Kakorin et al. 2003; 
Towhidi et al. 2008; Henslee et al. 2011), temperature (Kandušer et al. 2008; Polak 
et al. 2014), and osmotic pressure (Golzio et al. 1998). Our ability to accurately 
measure them is also subject to the sensitivity of the detection technique (Kotnik 
et al. 2000; Pakhomov et al. 2015; Wegner et al. 2015).

Direct microscopic observations reveal that electroporation-facilitated transport 
is strongly dependent on the size and charge of the molecules traversing the mem-
brane through the electropores. Small molecules can enter the cell both during and 
after the pulse through the membrane regions with sufficiently high (positive or 
negative) TMV (Saulis and Saule 2012). For charged species, the entry is mostly 
electrophoretic (during the pulse as electrophoresis is field-driven) and proceeds, 
for the given net charge, from the side with the opposite polarity of the TMV. The 
transport after the pulse is mainly diffusive and takes place from both sides of the 
membrane (Gabriel and Teissié 1998; Gabriel and Teissie 1999; Pucihar et al. 2008). 
Experiments also suggest a non-negligible contribution of post-pulse TMV recov-
ery in the transport of small charged species (Sözer et al. 2018a). Larger molecules 
and/or molecules exhibiting multiple charges enter only while the pulse is on and 
that only from the side with the opposite polarity of the TMV (e.g., negatively 
charged oligonucleotides enter from the side with positive TMV) (Paganin-Gioanni 
et al. 2011). For still larger molecules, such as plasmid DNA, electroporation initial-
izes the transport, with longer (approx. ms duration) pulses required for sufficient 
electrophoretic drag on DNA to form a so-called DNA-membrane complex (Wolf 
et al. 1994; Rols and Teissié 1998; Mir et al. 1999). The subsequent DNA uptake is 
a slow process (as compared to the timescales of pore formation) and involves endo-
cytosis for DNA uptake into the cytosol and its intracellular trafficking to the 
nucleus (Golzio et al. 2002; Rosazza et al. 2016a). A much more detailed account of 
the molecule-dependent specifics of electroporation-facilitated transport is provided 
by Rems and Miklavčič (2016).

 Electroporation at the Level of Cell Suspensions and Tissues

This section focuses on cell electroporation in a multicellular environment. In par-
ticular, we consider cell suspensions of increasing densities and tissues, mainly 
from the perspective of the distribution of the electric field and the induced TMV 
(transmembrane voltage). The TMV is, in a multicellular environment, affected by 
the proximity of neighboring cells. If a cell is forcibly charged (e.g., when exposed 
to an electric pulse), redistribution of ions around the membrane will alter the elec-
tric field in the cell’s immediate vicinity. This means that, provided the cells are in 
close proximity, the cells will feel the electric field perturbation caused by their 
neighboring cells, and that field will be superimposed to the already present exter-
nally applied electric field (Rems and Miklavčič 2016). The first time this has been 
described was in the study by Susil et al. (1998).
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First, let us consider a cell suspension of ever-increasing density. When in a 
dilute suspension, cells can be considered sufficiently distant from one another not 
to, on average, sense the alteration of the electric field resulting from their neighbor-
ing cells. With increasing density of the suspension however, the induced TMV on 
a cell is more and more impacted by the field generated by other cells in its proxim-
ity. If spherical cells are in close contact, the maximum induced TMV will equal the 
product of the electric field strength and the cell’s radius (TMV = E × R). This cor-
responds to a 1.5 times reduction with respect to the TMV on isolated cells (Susil 
et al. 1998; Pavlin et al. 2002). This means that cells in dense suspensions have to 
be electroporated at higher electric field strength than those in dilute suspensions, 
and that is due to the reduction in the induced TMV. This has been corroborated by 
both numerical calculations (Essone Mezeme et  al. 2012b) and experiments 
(Canatella and Prausnitz 2001; Pucihar et al. 2007). Additionally, in experiments, 
the number of molecules that entered densely packed cells was determined to be 
lower, possibly due to a limited number of dye molecules available for transmem-
brane transport in the extracellular space. This is further potentiated by the phenom-
enon of cell swelling, following the cell exposure to electric pulses in a 
low-conductivity medium (Pavlin et al. 2005; Pucihar et al. 2007).

To elaborate a bit further on the phenomenon of cell swelling, note that electro-
poration of cells is accompanied by cytosolic solutes leaking into the extracellular 
medium and the (transient) inability of the cell to regulate homeostasis. In dense 
suspensions (when the volume fraction of cells is on par with the volume of the 
extracellular space), this leakage results in an increase in the suspension conductiv-
ity. In a very low-conductivity medium, the cell’s inability to regulate cross- 
membrane transport results in a considerable amount of water to be taken up by the 
cell via the permeable membrane, thus disrupting the osmotic balance of the cell. 
This disruption in osmotic balance and water uptake cause the cell to swell up, 
while the release of intracellular ions to the cell’s exterior medium results in medium 
conductivity changes. These changes and cell swelling were extensively studied by 
Pavlin et al. (Pavlin et al. 2005, 2007; Pavlin and Miklavcic 2008) during electro-
poration in dense suspensions of B16-F1 cells. They found a two-part increase in 
suspension conductivity: a large increase during the pulse cause by an increase in 
the conductance of the cell membranes and the second, gradual increase between 
the pulses caused by efflux of ions from the cells (Rems and Miklavčič 2016).

The contribution to bulk conductivity due to the increase in conductance of the 
individual cell membranes diminishes rapidly after the pulse during fast membrane 
recovery (pore closure). But since the cells are electroporated by the electric field 
imposed from multiple directions, this affects the conductivity of the cell suspen-
sion in an anisotropic fashion. During the pulse, the conductivity of the suspension 
is higher in the direction parallel to the electric field than in the direction perpen-
dicular to it. Similar increase in conductivity anisotropic in nature can be observed 
in tissues (Essone Mezeme et al. 2012a).

Cells in suspensions can be brought into contact by manipulation (e.g., using 
electrophoresis, dielectrophoresis). The quality of thusly achieved contact is lacking 
as compared to the level of contact when cells are growing in monolayers or 
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clusters. Neighboring cells in cell cultures form spontaneous contacts by connecting 
via different membrane structures. These contacts are formed rapidly (within 
20 min) of cell plating (Ušaj et al. 2013). Kotnik et al. (Kotnik et al. 2010) studied 
the effect of cell connections on the induced TMV by means of an in vitro model of 
CHO cell clusters. Cells in such clusters are interconnected by gap junctions. These 
junctions form conductive pathways between the cytoplasm of one and another 
interconnected cell. By consequence, if the connected cells are exposed to a non- 
electroporative pulse, the cluster will act as a single large cell with a single cyto-
plasm. On the other hand, an electroporative pulse will result in a higher induced 
TMV across the membranes, impacting the dynamics of the opening and closing of 
gap junctions. As gap junctions become affected by electroporation, cells in the 
cluster start behaving as individual cells. This allows for molecular transport at 
membrane areas where the cells form connections with each other.

Although clustered cells behave as though they are individual entities with regard 
to electroporation, their shape and orientation in a plated cluster can vary. Cells are 
spread over the surface to which they are adhered and irregularly shaped, thereby 
increasing their size in comparison to cells in suspension. Electroporation can, in 
surface-adhered clusters of cells, be detected at lower electric field strength than in 
suspensions (Rols and Teissie 1989). But as we gradually increase the electric field 
strength, we notice that larger cells whose orientation is longitudinally aligned with 
the electric field (i.e., their long axis is parallel to the electric field vector) get elec-
troporated at lower field strengths (Valič et al. 2003). Note that this holds for longer 
pulses (e.g., tens or hundreds of μs), but not for short (Dermol-Černe et al. 2020). 
Still, the amount of transmembrane molecular transport is lower for monolayers as 
compared to suspensions (Pucihar et al. 2008). Partially the reason is the effective 
reduction in the electric field by the neighboring cells (field shading) and partially 
the hindered diffusion of molecules (for both cell-to-cell and cell-to-surface 
contacts).

Overall, we can conclude that cells in an assembly will respond to electric pulses 
similarly as will single cells in dilute suspensions of nearly perfect spherical shape, 
provided we account for the local electric field distribution. With the latter, it is 
important to determine the actual field strength an individual cell is exposed to. The 
knowledge of basic characteristics of membrane electroporation as deduced from 
experiments on single cells is transferable, in a large degree, to cells in assemblies. 
However, the experimental studies also highlighted the importance of cell assembly 
heterogeneity (shape, size, orientation, and sensitivity to electric pulses), cell clus-
tering (hindering inter-cell diffusion), and possible implications of other structures 
(e.g., the extracellular matrix, which is absent in suspended cells). The theoretical 
analysis of reversible and irreversible electroporation as correlated with the electric 
field distribution in tissue is therefore indispensable if we are to understand how 
different factors affect cell electroporation in assemblies and how to transfer (or 
“upscale”) the knowledge obtained in vitro on cell suspensions to structures such as 
adhered cell monolayers or even tissues (Miklavcic et  al. 1998; Miklavčič et  al. 
2000; Kranjc et al. 2016).
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When theoretically modelling tissue in relation to studies of the phenomenon of 
electroporation, we most often work under the assumption that the tissue is a homo-
geneous structure. This homogeneity is meant in the sense of some hypothetical 
bulk electrical properties, i.e., conductivity and permittivity, which we can measure. 
By such analysis we of course completely neglect the cellular structure of tissue. 
Such simplifications can be justified by their benefits, chief among them being the 
computational cost which arises from modelling cells individually in a large vol-
ume. The second benefit stems from incomplete knowledge on how structures in 
tissue manifest themselves as bulk tissue properties.

In the bulk tissue model, the heterogeneity of the tissue structure is reflected in 
the functional dependence of these electrical properties on the frequency (Čorović 
et al. 2010) and on the applied field (Gabriel et al. 1996; Sel et al. 2005). The fre-
quency dependency is tissue-specific, since tissues differ in their microscopic struc-
ture (shape, size, orientation, and cell density). Also, some tissues exhibit anisotropy 
due to cells’ orientation in one preferential direction. Skeletal muscle tissue is a 
prime example of an anisotropic structure, where the long muscle fibers conduct the 
electric current more readily in the direction parallel than perpendicular to the fibers 
(Miklavčič et al. 2006).

If bulk properties of a tissue are known, it is possible to calculate the macro-
scopic electric field distribution inside with relative ease for an arbitrary electrode 
configuration. As tissues are also subject to a threshold phenomenon for electro-
poration with respect to the electric field strength, it is possible to do a comparison 
between numerically determined field strength distribution and the experimentally 
determined reversibly and irreversibly porated tissue area/volume, in order to deter-
mine the reversible and irreversible electroporation threshold, respectively 
(Miklavčič et al. 2000; Šel et al. 2007).

The daunting challenge here is, once having determined the “bulk” tissue elec-
troporation thresholds of reversible and irreversible electroporation, how to then 
relate these bulk thresholds back with the micro-level, local electric field as experi-
enced by individual cells. One simple possibility is to model a simplified, “average” 
representative cell in tissue and then treat the problem as though the cells are in a 
dense suspension. Thus it has been shown (Miklavčič et al. 2000) that the behavior 
of cells in tissue is not unlike the behavior of cells in dense suspensions, at least 
when considering the electroporation threshold.

The simplified treatment just described does however not account for local tissue 
conductivity changes as resulting from electroporation. If a square-wave pulse is 
applied by means of needle electrodes inserted into tissue, the electric field distribu-
tion will be inhomogeneous. Do note however that this heterogeneous current den-
sity is still present, although less pronounced, in other electrode geometries, 
including a seemingly homogenous field-producing configuration of plate elec-
trodes. In those regions exposed to above reversible electroporation threshold field 
strengths, tissue conductivity will increase due to increase in cell membrane con-
ductivity. These localized changes in conductivity consequently change the electric 
field distribution both during the pulse and between individual pulses (provided 
several are applied in a train with inter-pulse pause short enough not to permit 
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membrane resealing). The electric field strength thus becomes higher in those 
regions which have not yet experienced noticeable electroporation and remain less 
conductive. This results in a gradual propagation (though self-limited) of the elec-
troporated tissue area. These conductivity changes have profound and significant 
implications for determining thresholds for tissue electroporation based on com-
parison of experimental results and numerical modelling. The importance of 
accounting for conductivity changes and the local field strength distribution in tis-
sue has been highlighted in numerous studies (Miklavčič et al. 2000; Sel et al. 2005; 
Neal 2nd et al. 2012; Neal et al. 2015; Corovic et al. 2013; Bhonsle et al. 2015). One 
of the difficulties in estimating tissue conductivity changes is that they form an 
inhomogeneous area within the target tissue and cannot be directly resolved (spa-
tially) by measuring the electric current between the electrodes. Important progress 
in this direction has nevertheless been achieved recently by a novel technique per-
mitting imaging of local tissue conductivity during pulse application using electric 
impedance tomography (EIT) (Davalos et al. 2002, 2004; Granot et al. 2009). This 
technique was then further advanced and developed into a complementary tech-
nique of magnetic resonance electric impedance tomography (MREIT) (Kranjc 
et al. 2015, 2016), permitting imaging of electric current density distributions in 
tissue during electroporation.

If considering electroporation in connection with food processing applications, 
by far the most common target tissue for the treatment will be plant tissue. As shown 
by the schematic representation of plant tissue in Fig. 7 (left-hand side), the most 
distinguishing feature of plant tissue compared to animal tissues is the structure of 
the extracellular matrix, i.e., the cell wall. The cell wall is there not only to support 
the plasma membrane and give the cell its shape but also as a warrant of structural 
integrity, enabling the cell to withstand pressure differences across the membrane 
that can be enormous (the cell would otherwise burst in an instance due to turgor). 
It acts as a selective filter, allowing water and ions to freely diffuse, while posing a 
limiting factor to transmembrane transport of large molecules (over approx. 20 kDa 
in size). However, smaller molecules (up to 10 kDa) can pass between cells of some 

Fig. 7 A considerably simplified schematic representation of tissue comprising cells with intact 
membrane (left) and electroporated membrane (right). The cell membrane delineates the intracel-
lular and the extracellular space
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higher plants through structures known as plasmodesmata. Plasmodesmata are spe-
cialized cell-to-cell junctions extending through the cell wall (Lodish et al. 2008). 
Note that these junctions are not shown in Fig. 7.

If plant tissue is intact, its plasma membrane represents the greatest resistance to 
cell-to-cell transport and to (transmembrane) transport between the intracellular and 
the extracellular space. Moreover, there is the additional hindrance and filtering 
behavior of the cell wall. Both of these limiting structures must be considered when 
studying mass transport in plant tissues (Buttersack and Basler 1991). This must be 
contrasted to the problem of animal tissues (Dermol-Černe et  al. 2018; Dermol- 
Černe and Miklavčič 2018), where, although an extracellular matrix is present and 
to a degree is a hinderance to transport, cells are not embedded in an extracellular 
structure akin to a cell wall. The cell wall in this sense presents an additional level 
of complexity (Dymek et  al. 2015) that must be considered when studying 
electroporation- mediated mass transport to, from, and within plant tissues (Janositz 
and Knorr 2010; Janositz et al. 2011).

Figure 7 (right-hand side) is a simplified representation of electroporated plant 
tissue. Plasma membrane’s permeability is illustrated as increased by the treatment 
and has lost the ability to selectively control the influx/efflux of water and of solutes 
that are able to pass through the membrane (subject to their hydrodynamic size). 
According to current understanding (Galindo et al. 2008; Ganeva et al. 2014; Stirke 
et al. 2014), electroporation may also affect the cell wall by either decreasing or 
increasing its permeability. Recent studies’ results are contradictory, highlighting 
the need for further studies in the fundamentals of electroporation-based phenom-
ena, something that has historically not been receiving due attention in the field of 
food processing applications of electroporation (this trend has recently seen a turn 
for the better). Nevertheless, according to recent literature, we can summarize that 
the limited electroporation effect on the cell wall is dependent on cell configuration 
(tissues, monolayers, cells in suspension), the organism (yeast or plant species), and 
the treatment protocol. Observed increase in permeability of electroporation-treated 
(plant) tissue remains attributable in the largest extent to the increase in permeabil-
ity of the cell membrane.

As mentioned in preceding sections of this chapter, electroporation can irrevers-
ibly affect a cell membrane, causing it to ultimately break down. Plant cells are in 
no lesser extent subject to this phenomenon than animal cells and tissues. However, 
in case of plant tissue, the cytosol, parts of the disintegrated membrane, and the 
intracellular material will most likely remain entrapped in the extracellular matrix 
following irreversible electroporation. Given the enormous turgor pressures in some 
of the constituent cells in plant tissues, it is questionable whether we can speak of 
reversible electroporation, given that once the osmotic balance of a cell is disrupted, 
the cell is no longer able to control the influx or efflux of water.
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 Conclusions

Even though the mechanisms of electroporation have been investigated for at least 
four decades (and in food processing, applying electric fields to food matrices has 
an even longer tradition), there are still open questions remaining to be answered. 
One of the main reasons why understanding electroporation is posing a challenge is 
the wide range of spatial scales (from nm-thick membranes through μm-sized cells 
and up to cm-scale tissue segments) and temporal scales involved (from ns to hrs, or 
even days, as evident from Table  1). Therefore, investigation of electroporation 
necessitates a multi-scale modelling approach, ranging from MD simulations to 
large-scale continuum models of cells and tissues, coupled with systematic experi-
ments at every stage of the modelling way. In recent years, such an approach has 
indeed resulted in significant progress (Kotnik et al. 2019).

The importance of quantifying transport, both the number of transported solutes 
into the cell and its temporal dynamics, is increasingly gaining recognition 
(Pakhomov et al. 2015; Sözer et al. 2017, 2018b). While there is a general consen-
sus that the TMV induced by an electric field promotes formation of pores in the 
lipid bilayer, the contribution of other mechanisms to cell membrane permeabiliza-
tion remains to be elucidated. Recently, the long-standing assumption that the pores 
formed due to the pulse application are also the primary conduits of transport for 
seconds and up to minutes after the pulse is increasingly being challenged (Smith 
et  al. 2004; Son et  al. 2014), since MD simulations failed to indicate that pores 
retain any stability once the induced TMV vanishes or drops to a very low level. One 
possible explanation could be that these “primary” pores evolve into more complex, 
stable pores that involve both lipids and other molecules. However, the molecular 
organization of these secondary, complex pores, remains elusive (Weaver and 
Vernier 2017). Another hypothesis is that lipid oxidation caused by exposure to the 
imposed electric field results in spontaneous formation of pores in areas of oxidized 
membrane lesions. Both possible explanations just mentioned imply that we may 
have to distinguish between at least two different types of pores. This has previously 
been proposed (Neumann et al. 1998; Pavlin and Miklavcic 2008), but a description 
of the underlying pore structure is lacking. Another possibility still would be that 
the non-transient (i.e., longer-lived) permeability following the pulse does not 
involve pores at all but is instead facilitated by leaky peroxidized membrane lesions 
and modified membrane proteins (Teissié et al. 2005; Mir 2020).

Answering these important and at least partially open questions is prerequisite to 
optimizing existing and developing new electroporation-based technologies and 
treatments, food processing applications included.

We conclude with a brief mention of the problems and challenges related to elec-
troporation as applied to food processing (Lebovka and Vorobiev 2016). The nature 
of electroporation when applied to food tissues can be complicated, as it includes 
different scales, ranging all the way from single cells to suspensions and tissues 
with elaborate structure and profoundly expressed heterogeneity. What effects elec-
troporation will have on plant material depends not only on the size of the 
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constituent cells but also on their orientation and spatial distribution. Also important 
are electrophysical parameters of cells, the pH of media, and the presence of  
osmotic agents. This means that optimization of electroporation treatment and 
electroporation- assisted processing of plant tissues entails, among other, precise 
adaptation of electroporation protocols, selection of the optimal electric field 
strength, optimal pulse duration, pulse repetition time, and the most suitable tem-
perature. Mathematical modelling can provide valuable information when optimiz-
ing electroporation protocols in terms of both optimal power consumption and 
preservation of the food material quality. Additionally, numerical simulations can 
be useful when describing electroporation effects in the presence of complex trans-
port processes and changes in temperature, electrical conductivity, electric field 
strength, and spatial distribution of the electrolytes in tissue during electroporation. 
In recent decades, various models and simulations were performed, aiming at opti-
mizing electroporation for treatment of liquid foods, geometrical optimization of 
the treatment chambers, and prediction of the electric field distribution, flow veloc-
ity, and temperature inside the treatment chamber. Figure 8 illustrates electric field 
and temperature distributions in a parallel-plate (a–d) and a colinear (e–f) treatment 
chamber at the end of a single pulse of 100 μs with the fluid flow field taken into 
account. Notice the inhomogeneity that is particularly present in the colinear treat-
ment chamber and is less pronounced in the parallel-plate flow chamber, though 
some heterogeneity is present there as well, in particular at the electrode edges (see 
the zoomed-in pair of subfigures, Fig. 8b, d). Since the available computing power 
available to researchers for modelling and simulation has greatly increased over the 
last couple of decades, it is now possible to construct and analyze using very detailed 
mechanistic models of equipment and processes, historically considered too 
demanding for computation. New, multi-physics approaches (i.e., modelling of 
highly interdependent, coupled quantities such as flow, temperature, electric field/
current and conductivity, etc.) can now be employed for studying spatial distribu-
tions in systems of interest also in the temporal domain (dynamics!) in an efficient 
manner, as opposed to computing only the steady state or relying on experiment-
based empirical models.

In preparing such a broad overview chapter on the fundamental principles under-
pinning electroporation as a phenomenon, one is faced with difficulties in summa-
rizing existing findings, as experimental detail is lacking in many reports, making 
comparison of results from different studies difficult, if not impossible. To address 
this, it is extremely important that further studies published in future articles follow 
the recently published recommendation papers (Campana et al. 2016; Raso et al. 
2016; Cemazar et al. 2018). This holds in particular for the problem of evaluating 
the local electric field strength, more often than it should be simply estimated as the 
voltage-to-distance ratio, in spite of diverse electrode geometries for many of which 
such estimation is an oversimplification.
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Fig. 8 Electric field strength and temperature distribution in a parallel-plate and colinear flow-
through treatment chamber, in aid of illustrating one of the remaining challenges in electroporation 
research in the domain of food processing. The electrical, thermal, and flow relations in continuous 
flow treatment chambers are complex, and necessitate advanced multi-physics computational 
models for accurate description of conditions impacting treatment efficiency
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Nomenclature

A  Electrode area [m−2]
Cdl  Electronic double-layer capacitance [F]
E   Electric field strength [V m−1]
E°red  Standard reduction potential [V]
F  Faraday constant [C mol−1]
f  Pulse repetition frequency [Hz]
Fv  Volumetric flow rate [m3 s−1]
i  Current intensity [A]
if  Faradaic current [A]
ic  Non-Faradaic charging current [A]
j   Current density vector
j   Current density [A m−2]
if  FARADAIC current [A]
ic  Non-Faradaic charging current [A]
j   Current density vector
j   Current density [A m−2]
mrs  Amount of species s produced by the reaction r [g]
Ms  Molecular weight of the species s [g mol−1]
np   Number of pulses [−]
nrs   Number of electrons transferred for each product s formed by the  
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Qp  Total charge transferred per each pulse [C]
Qr  Cumulative electric charge transferred by the reaction r [C]
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tr  Residence time [s]
U  Electric potential [V]
Uth  Reaction potential [V]
v  Treatment volume [m3]
Wp  Specific energy per pulse [kJ kg−1pulse−1]
WT  Total specific energy [kJ/kg]
xdl  Thickeners of the double layer [m]
Zf  Faradaic impedance [Ω]

Greek Letters

σ  Electrical conductivity [S m−1]
τ  Pulse width [s]
Δϕdl  Potential drop across the electronic double layer [V]

Operators

Δ Difference

 Introduction

Pulsed electric fields (PEF) is an innovative nonthermal technology which has 
attracted considerable interest in the last decades in food industry due to its potential 
to provide the food processor with the opportunity to produce new and value-added 
food products and ingredients with reduced energy consumption and enhanced 
quality attributes preferred by consumers.

In PEF processing, a food product is physically and electrically contacted with 
the metal electrodes of a treatment chamber, operated either in batch-wise or in 
continuous, and exposed to repetitive (Hz-kHz) very short (μs-ms) electric field (E) 
pulses of low (E  <  2  kV/cm), moderate (E  =  1–5  kV/cm), or high intensity 
(E = 10–40 kV/cm) and relatively low energy input (WT = 0.1–150 kJ/kg) supplied 
by a pulse generator. The pulse shapes commonly used in PEF treatments are either 
exponential or square-wave pulses, monopolar, or bipolar (Raso et al. 2016).

The application of electric pulses may cause either temporary or permanent for-
mation of pores in the membranes of microbial, plant, or animal cells, referred to as 
electroporation or electropermeabilization, which disturbs and damages mem-
brane’s functionality (Kotnik et  al. 2012), as well as induces targeted structural 
modification in the food matrix (Soliva-Fortuny et al. 2009).
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This make PEF technology suitable for a wide range of applications in food 
industry, such as those involving the inactivation of microbial cells in liquid foods 
(e.g., pasteurization) (Saldaña et al. 2014), or mass transport phenomena of juice, 
water, and bioactive compounds from plant sources (e.g., extraction, expression, 
drying, osmotic dehydration, freeze-drying, freezing, freeze-thawing) (Bobinaitė 
et al. 2015; Donsì et al. 2010; Jalte et al. 2009; Parniakov et al. 2015, 2016a, b; 
Pataro et al. 2020; Wiktor et al. 2013), or requiring structural modifications to facili-
tate some unit operation of food processing (e.g., peeling, cutting) (Arnal et  al. 
2018; Soliva-Fortuny et al. 2009)..

With regard to these applications, PEF processing is particularly interesting due 
to its relatively low energy consumption and processing temperature, easy scale-up, 
and implementation into existing processing line due to its continuous flow opera-
bility with very short processing time. This has led, today, to the first industrial 
applications especially in the potato processing industry, where the PEF is operated 
at low field strength and energy input (E < 2 kV/cm, WT = 0.1–2 kJ/kg) to facilitate 
cutting operations providing the highest potential in terms of technical feasibility as 
well as economical relevance (Fauster et al., 2018). On the other hand, only very 
few commercial- scale operations have been achieved for applications requiring 
high field strength and energy input (E > 10 kV/cm, WT = 50–150 kJ/kg), as reported 
for pasteurization of liquid food such as fruit juices and smoothies (Kempkes 2017). 
In this case, several technological issues mainly related to the long-term reliability 
of PEF generator and electrodes as well as high investment, service and mainte-
nance costs, consumers’ acceptance, regulatory aspects, and toxicity risks still 
remain and have to be addressed prior to the full exploitation of PEF technology.

Most of these limitations are related to the unavoidable occurrence of electro-
phoresis and electrochemical reactions accompanying the flow of electric current 
through the PEF treatment chamber when typical conditions for PEF processing are 
applied. These reactions, especially those leading to corrosion and fouling of the 
electrodes, electrolysis of water, migration of electrode material, and chemical 
changes that may occur into the food product undergoing a PEF treatment, are unde-
sired and must be minimized since these may seriously affect food safety (other 
than microbial) and quality, as well as process efficiency, equipment reliability, and 
cost aspects.

For these reasons electrochemical reactions have found increasing attention 
within the last years since their occurrence obviously raises concerns about PEF 
commercialization.

 Historical Background

Electrically driven electrochemical reactions were first reported at the end of the 
nineteenth century, when it was found that the bactericidal effect of direct or low- 
frequency alternating current resulted from thermal and electrochemical effects 
(Prochownick and Spaeth 1890; Krüger 1893; Thiele and Wolf 1899).
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In the 1920s a process called “Electropure” was introduced in Europe and USA 
(Beattie and Lewis 1925; Fetterman 1928), as the first attempts to use electricity for 
milk pasteurization. The process was performed by pumping the milk through a 
carbon electrode treatment chamber connected to a (not pulsed) 220 V alternating 
current source. Apart from thermal effects based on the mechanism of ohmic heat-
ing, lethal effects of electrochemical reactions such as the hydrolysis of chlorine 
were found when the applied voltage used to treat food was 3000–4000 V (Pareilleux 
and Sicard 1970).

A further attempt to use electricity to kill microorganisms was performed in the 
1950s in a process called electrohydraulic treatment, which consisted in a rapid 
discharge of high-voltage electricity (electric arcs) across two electrodes submerged 
in the liquid medium containing the microorganisms (Gilliland and Speck 1967). 
Electrochemical reactions (electrolysis of water), shock waves, and ultraviolet light 
forming free, highly reactive radicals were reported to be responsible for the bacte-
ricidal effect. Additionally, the contamination of treated food due to chemical prod-
ucts from electrolysis, electrode erosion, and the disintegration of particulates 
within the food (by the shock waves) inhibited an industrial application of this pro-
cess except for wastewater (Jeyamkondan et al. 1999).

The possibility of electrochemical reactions (electrolysis) occurring during PEF 
treatment has been first mentioned in 1960s by Sale and Hamilton (1967), who car-
ried out a pioneering work on the use of PEF for microbial inactivation and showed 
the insignificance of electrolysis on the lethal effect of direct current (DC) pulses.

However, only since the 1980s electrochemical reaction in PEF treatment sys-
tems found increasing attention, when Dunn and Pearlman (1987) introduced an ion 
permeable polymer membrane functioning as a physical barrier between the elec-
trodes and the liquid food in order to avoid electrode material from being released 
in the liquid food upon the application of PEF. However, this arrangement showed 
several drawbacks such as the possibility of using only monopolar pulses due to the 
selective nature of membranes, additional cost of membrane material and high sen-
sitivity to puncture by any electrical discharges, frequently required maintenance, 
and complicated arrangement for industrial implementation. Due to these complexi-
ties, it was understood that the reduction of electrode reactions, rather than a com-
plete prevention, might be preferred as long as the metal concentration remains 
within the limits dictated by food regulations.

In this line, Bushnell et al. (1995a, b) patented a method to avoid or reduce elec-
trochemical reactions and the fouling of electrodes in a PEF processing system. 
Based only on a theoretical analysis, the authors suggested that the rate of electro-
phoresis and electrochemical reactions is proportional to the net electric charge 
delivered to the PEF chamber, and therefore, a claim has been made that a “zero- 
net- charge delivery” substantially prevents fouling of electrode(s) and reduces elec-
trochemical reactions in general. Authors explained that, by removing all the 
residual charge at the electrode interface during the time elapsing between two con-
secutive pulses (zero-net-charge concept), no cumulative buildup of charges occurs 
and, hence, no electrochemical reactions will take place for any pulse of a width 
shorter than a certain threshold.
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Few years later, a broad discussion of fundamental electrochemistry related to 
PEF has been given by Morren et al. (2003), who developed electrical equivalent 
circuit models to describe the behavior of the electrode/electrolyte interface under 
various conditions. Moreover, the authors performed the first attempt to study the 
release of electrode material into liquid product undergoing a PEF treatment. They 
exposed stainless steel electrodes in contact with an aqueous solution of NaCl to 
sinusoidal waveforms of only 15 and 150 V peak-to-peak voltages, resulting in a 
maximum electric field of 0.15 kV/cm and a maximum current of 480 mA, which 
were far below the typical PEF treatment conditions. This notwithstanding, the 
results have a certain relevance showing that at each voltage level the amount of the 
different elements (iron, chromium, nickel, and manganese) released from stainless 
steel electrodes is proportional to the width of applied pulses after a critical width.

Since then several researchers have addressed the problem of electrochemical 
reactions in PEF treatment systems highlighting that it is a very complex phenom-
ena, which is largely unavoidable in the long-term trials, especially when PEF is 
carried out under severe treatment conditions (Pataro et  al. 2014a). Most of the 
attention has been focused on the phenomenon of metal release and electrode corro-
sion and its dependence on the main operating parameters (Gad and Jayaram 2011, 
2012a, 2014; Góngora-Nieto et al. 2002; Kim and Zhang 2011; Kotnik et al. 2001; 
Master et al. 2007; Morren et al. 2003; Pataro et al. 2014a, 2015a, b; Roodenburg 
et al. 2005a, b, 2010; Saulis et al. 2007). To this regard, numerical simulation has 
been recently applied as a valuable tool to improve the understanding of fundamen-
tals of the electrochemical phenomena occurring at the electrode- liquid interface of 
a PEF chamber, clarifying the effects of the main electrical parameters, chamber 
design characteristics, and treatment medium composition on electrode corrosion or 
release of electrode’s materials (Pataro et al. 2015a, b, 2017a, b).

Very little attention has been, instead, paid to possibility that reaction products 
(e.g., metal ions) and food constituents can participate in secondary chemical reac-
tions also after pulse treatment has been completed, thus negatively affecting chem-
ical and sensorial properties of food treated products and arising possible toxicity 
problems (Evrendilek et al. 2004; Rodaitė-Riševičienė et al. 2014; Sun et al. 2011; 
Zhao et al. 2012).

Therefore, additional work is needed to obtain more detailed insights on the 
influence on these phenomena on the technical feasibility of PEF technology as well 
as on safety and quality aspects of food products.

 Electrochemical Behavior of a PEF Treatment Chamber

 Ionic Double Layer and Electrode Reactions

In a PEF system the two metal electrodes of the treatment chamber are electrically 
connected by a high voltage cable to a pulse generator and placed in direct contact 
with a liquid food (or any electrolyte solution). From an electrochemical point of 
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view, this system acts as an electrolytic cell where an external source of electrical 
energy is responsible for driving an electrical current through the cell. The current 
flowing in the conductive solid electrodes consists of free electrons, while in the 
conductive electrolyte solution, the current is carried by ions rather than by free 
electrons (Roodenburg et al. 2005a).

To understand the electrochemical behavior of a PEF chamber, it is necessary to 
identify the characteristics of the electrode/electrolyte interface.

Initially the PEF chamber can be considered as made with equal electrodes in 
contact with an electrolyte with homogeneous concentration. Before starting the 
pulse treatment (i.e., without externally applied voltage), immediately at each 
electrode- electrolyte interface, in order to maintain the condition of electroneutral-
ity, a so-called double layer will develop. This layer, which consists of charged 
particles and/or of orientated dipoles (Fig.  1), behaves as an electrical capacitor 
(Morren et  al. 2003). The formation of the double layer causes a potential drop 
(Δϕdl) across the electrode-electrolyte interface, which tends asymptotically to zero 
at the imaginary boundary of the double layer. When no external voltage is applied 
across the electrodes, this potential drop is of the order of magnitude of mV and 
only low-level reactions occur at each electrode-electrolyte interface. In these con-
ditions the two competing reactions reach an equilibrium, whereby the currents are 
equal with opposite sign leading to a zero net current flow (Morren et al. 2003).

During pulse treatment, due to the application of a potential difference across the 
electrodes, an electrical current pass through the cell occurs, and charges buildup 
across the double layer takes place (Bockris et al. 2002; Gileadi 1993a). In this case, 

Fig. 1 (a) Schematic diagram of an ionic double layer at the electrode-electrolyte interface (xdl is 
the thickness of the double layer); (b) variation of the electrostatic potential ϕ with distance x from 
the electrode surface
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the charge density and the thickness (xdl) of the ionic layers at the interface increase 
leading to an increase of the potential drop Δϕdl.

As long as the potential across the double layer remains below the typical thresh-
old voltage (Uth) of the reaction potential of reacting species (~1–2 V), no electro-
chemical reactions occur, except some low-level reactions due to the exchange 
current. The threshold voltage, or standard reduction potentials (E°red), may be dif-
ferent for each of the electrode and depends, among others, on temperature, elec-
trode material, pH, and the chemical content of the fluid (Pataro et al. 2017a, b).

If a high enough voltage is applied across the electrodes for a long enough time 
to let the voltage across the double-layer capacitor exceed the threshold value, in 
order to preserve the charge conservation principle, two independent electrochemi-
cal (Faradaic) half-cell reactions will occur at the electrode interfaces (Eqs. 1 and 
2): oxidation half-cell reactions (i.e., loss of electrons) will take place at the elec-
trode surface behaving as anode (i.e., high voltage electrode), and reduction reac-
tions (i.e. gain of electrons) at the electrode surface behaving as cathode (i.e., 
grounded electrode) (Morren et al. 2003). As a result, the overall reactions (Eq. 3) 
produce periodic concentration changes of redox species at the electrode-electrolyte 
interfaces.

Anodic half-reaction:

 
R n exed

O
, ,2 2
→ + ⋅ −

 (1)

Cathodic half-reaction:

 
O

edx n e R
, ,1 1
+ ⋅ →−

 (2)

Overall redox reaction:

 O Oed edx xR R, , , ,1 2 1 2+ → +  (3)

where Ox,1 and Red,1 are, respectively, the oxidized and reduced form of the chemical 
species 1; Ox,2 and Red,2 are, respectively, the oxidized and reduced form of the spe-
cies 2; and n is the number of electrons (e−) exchanged during the reaction.

If during PEF treatment monopolar pulses are applied, the electrode connected 
to high voltage will behave as anode, while the grounded electrode will behaves as 
cathode. If instead bipolar pulses are applied, the cathode and anode interchange 
places according to the pulse repetition frequency and, therefore, oxidative and 
reductive half-reactions will occur alternatively at the same electrode site 
(Roodenburg et al. 2005a; Pataro et al. 2017a, b).

The electrode reactions involve mass transport of electro-active species to the 
electrode, electron transfer across the electrode interface, and the mass transport of 
the reaction products back to the solution. Mass transport and charge transfer are 
two consecutive processes whose rate depends, besides the applied potential, on 
electrode material, electrolyte, pulse repetition frequency, pulse polarity, tempera-
ture, and pH, among others. The slower the two processes is, therefore, the limiting 
step determines the overall rate (Gileadi 1993b; Morren et  al. 2003; Pataro 
et al. 2015a).
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During PEF treatment, and especially when high treatment intensities are 
applied, a variety of electrochemical reactions may simultaneously occur at the 
electrode-food interfaces involving chemical species of either electrode material or 
food product (Pataro et al. 2020). Since predicting all possible electrochemical reac-
tions during the PEF processing of any real liquid food is a very complex task, for 
simplicity, only few examples of potential anodic and cathodic half-cell reactions 
related to electrolysis of water and corrosion will be presented in the following 
equations (Gad and Jayaram 2014).

Cathodic half-reactions:
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2 2( )

−
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Anodic half-reaction:
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M M M Fe,Ni,Cr,Mn,Ti,Pt,aqs

n n e( ) ( )
+ −⇒ + = …( ) (12)

Which of the half-reactions occurs depends on the relative ease of each of the 
competing reactions.

After pulsing (i.e., when PEF system is switched off), due to either concentration 
differences around the electrodes or to surface material changes, the behavior of cell 
may shift from electrolytic to galvanic. Thus, if the treatment chamber is not dried 
up, some of the products of those electrochemical reactions may spontaneously 
initiate a number of secondary chemical reactions, which may involve food compo-
nents, even with no external voltage applied (Pataro et al. 2020).

 Electrical Equivalent Circuit

The relationship between an external electrical perturbation at the terminals of a 
PEF chamber and the response of the double layer at each electrode interface can be 
described by an equivalent electrical circuit. In Fig. 2, simplified equivalent electri-
cal circuits for the PEF treatment chamber with electrode-electrolyte interfaces are 
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Fig. 2 Electrical equivalent circuit for the PEF treatment chamber with electrode-electrolyte inter-
faces. (a) schematic of a parallel plate PEF chamber with a pulse generator; (b) equivalent circuit 
with no Faradaic reactions; (c) equivalent circuit with Faradaic reactions. Cdl is the double- layer 
capacitance; Rs is the bulk resistance of the electrolyte solution; Za

fk  is the anodic Faradaic imped-
ance in the branch k (k = 1…n); Zc

fp is the cathodic faradaic impedance in the branch p (p = 1…m); 
iafk and icfp represent the anodic and cathodic Faradaic current passing in the branch k and p, 
respectively
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shown for different conditions. An external dc source of voltage (U) is applied to a 
conductive electrolyte through the metal electrodes of the PEF chamber. In the 
equivalent circuits, Rs represents the bulk resistance of the solution, while the ohmic 
resistance of both electrodes is negligible. Each electrode-electrolyte interface is 
analogous to a parallel combination of the double-layer capacitance Cdl, which is 
involved in the charging process of the double-layer capacitor by a non-Faradaic 
current, and a number of branches (n at anode and p at cathode), each consisting of 
a normally open switch in series with a Faradaic impedance Zf (Z

a
fk at the anode and 

Zc
fp at the cathode). The Faradaic impedances, which are used to model the Faradaic 

process associated to each of the possible half-cell reactions that might occur at the 
anodic and cathodic interface (Gad and Jayaram 2014), include resistors for the 
Faradaic processes and electrolyte transport, and Warburg impedance for diffusional 
limitations whenever applicable (Bockris et  al. 2002; Gileadi 1993b, c; Morren 
et  al. 2003; Pataro et  al. 2015a). The switches are controlled through the corre-
sponding double-layer potential (Δϕdl,a at the anode and Δϕdl,c at the cathode), i.e., 
each switch will close when the capacitor potential exceeds the threshold voltage 
(Uth,i) characteristic of a given electrode reaction i (Gad and Jayaram 2014).

These models do not take into account some peculiar factors such as the hetero-
geneity of electrode surface and the eventual formation of reaction intermediates 
absorbed at the electrode surface. Moreover, the circuit is nonlinear being Cdl and Zf 
dependent on potential (Gileadi 1993b).

Initially, when an external voltage (U) is applied, and the threshold voltage at 
which the half-cell reactions (Uth,i) typically start is not reached yet, the model takes 
the form of Fig. 14.2b. In this phase, the current (i) starts flowing through the elec-
trolyte resistance, and only a capacitive, non-Faradaic charging current (ic) is flow-
ing in Cdl. This current is called charging current (ic) since it is responsible for 
charging the double-layer capacitor up to the reaction potential (Uth) of the reacting 
species (Morren et al. 2003). The time required for this charging process is called 
threshold time (tth, in μs) and is given by the following equation (Morren et al. 2003):

 
t

C U

jth
dl dl=
′ ′

 
(13)

where j is the current density (in A cm−2) through the chamber, while the quoted 
parameters represent the equivalent values of the specific capacitance (capacitance 
per unit of area, Cdl, in μF cm−2) and reaction potential (Uth, in V) of the two 
electrode- electrolyte interfaces in series (i.e., C′

dl = (1/2)∙Cdl and U′
th = 2∙Uth). From 

Eq. 13, it can be seen that, for a given electrode reaction, the threshold time depends 
mainly on the current density, which in turn depends on the applied voltage, fluid 
conductivity, and chamber geometry, as well as on the value of the double- layer 
capacitance.

As soon as the potential of one capacitor (Δϕdl,a or Δϕdl,c) exceeds the reaction 
potentials (Uth,i) of one or some of the possible anodic or cathodic half-cell reac-
tions, the switches in the corresponding branches close, and the currents (if,i) start 
flowing through the impedance element (Zf,i), and the circuit appearing in Fig. 2c 
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holds. The current flowing through either Za
fk or Zc

fp elements is a Faradaic current 
since it is involved in electrochemical half-cell reactions and represents a direct 
measure of the rate of the reactions taking place at the electrode-electrolyte inter-
faces. Dividing of the total current (i) passing through the treatment chamber among 
the half-cell reactions depends on their reaction potential and relative rates. 
Faraday’s law governs the relationship between the amount mrs (in g) of a species s 
produced by the reaction r, and the cumulative electrical charge 𝑄r (in C) trans-
ferred by the reaction over a period of time, i.e.,

 
m

Q

F

M

n
r s

rs
rs

=
 

(14)

where F = 96,485 C mol−1 is the Faraday constant, Ms is the molar mass of the sub-
stance s (in g mol−1), and nrs is the number of electrons transferred for each product 
s formed by reaction r. The ratio Ms/nrs is the equivalent weight of the species s.

From the preceding discussion, the occurrence of electrode reactions might be 
avoided or minimized by maintaining the capacitor potential below the reaction 
potential of the reacting species through controlling the shape (amplitude/width) 
and protocol of the applied pulses, a proper design of circuit topology and treatment 
chamber, and the chemical-physical properties of the food product undergoing PEF 
process.

 Factors Affecting Electrode Reactions

The extent of the electrochemical reactions occurring at the electrode-electrolyte 
interface of a PEF chamber is mainly related to the total amount of electrical charge 
passing through the electrode-electrolyte interface during the pulse treatment, which 
is in agreement with the Faraday’s law.

The total charge transferred per each pulse Qp (in C) depends primarily on cur-
rent i (in A) and pulse duration τ (in s), where the current depends indirectly on food 
conductivity (σ), applied voltage (U), and chamber geometry. The transferred 
charge can be calculated by integrating the current density vector j at the interface 
area (Eq.  15). For conductive media the current density vector j equals σ·E 
(Roodenburg et al. 2005a).

 

Q t t tp
A Ai i

= = = ⋅∫ ∫∫ ∫ ∫∫ ∫
0 0 0

τ τ τ

σi d d d d dj A E A
 

(15)

where j is the local time dependent current density (in A m−2), A is the oriented 
surface of the interface (in m2), σ is the electrical conductivity of the treated medium 
(in S m−1), and E is the electric field vector (in V m−1).

Electrochemical Reactions in Pulsed Electric Fields Treatment



154

The total transferred charge (Qtot, in C) during a PEF treatment can be deter-
mined by multiplying the charge delivered per pulse (Qp, in C/pulse) by the total 
number of pulses (np) (Eq. 16). The number of pulses (np) is generally set for a batch 
treatment chamber, while for a continuous flow treatment chamber, it can be evalu-
ated by multiplying the pulse repetition frequency (f, in Hz) and the residence time 
(tr, in s) of the product in the chamber, which in turn can be estimated as the ratio of 
the treatment volume (v, L) and the volumetric flow rate (Fv, L s−1).

 
Q n Q f t Q f v

F
Qp p r p

v
ptot

= ⋅ = ⋅ ⋅ = ⋅ ⋅
 

(16)

It should be also noted that the total charge passing through the PEF chamber is 
strictly related to the total specific energy input WT, which, along the field strength 
E, is one the main process parameters that define the PEF treatment intensity 
(Eq. 17):
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(17)

where Wp is the specific energy input per pulse (in J L−1 pulse−1).
However, besides the total amount of charge transferred, the way of delivering 

the electrical charge also affects the rate of charging and discharging of the double- 
layer capacitors, thus affecting the rate and the amount of electrochemical reactions.

From Eqs. (13, 15, and 16), it can be inferred that the extent and the rate of the 
electrochemical reactions occurring at the electrode-electrolyte interface of a PEF 
chamber depend on many factors, which are related to each other and that can be 
classified into three groups: processing parameters, design parameters, and treat-
ment medium characteristics. An adequate knowledge of the influence of these fac-
tors and their interactions on the extent of the electrochemical reactions occurring at 
the electrode-electrolyte interface is necessary to establish optimal PEF treatment 
conditions, circuit topology of the pulse generator, geometry and material of elec-
trodes, and food characteristics allowing to minimize any undesired side effect 
related to these reactions.

 Processing Parameters

As it can be inferred from the Eqs. (13 and 15, 16, 17), for a given chamber geom-
etry and treatment medium characteristics, the main PEF processing parameters that 
can affect the buildup of charge on the double-layer capacitors and, consequently, 
the extent and rate of electrode reactions are electric field strength, energy input, 
pulse width, and pulse polarity.
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In general, at a fixed pulse width, increasing the field strength (i.e., applied volt-
age) and energy input (i.e., number of pulses or treatment frequency) will increase 
the total transferred charge through the electrode-electrolyte interface (Eqs. 15, 16 
and 17), as well as the charging rate (Eq. 13) of the double-layer by increasing the 
current density. However, it was shown that variation in the applied voltage, within 
the typical PEF conditions for microbial inactivation, did not have a remarkable 
effect on the extent of electrochemical reactions (Gad and Jayaram 2014). On the 
other hand, instead, the pulse repetition frequency, which is the main processing 
parameter that need to be adjusted when operating in a continuous flow mode to 
deliver the desired amount of energy through the treatment chamber, plays a crucial 
role on the charging rate of the double-layer capacitors, especially when monopolar 
pulses are applied (Pataro et al. 2014a, 2015b). In particular, as the pulse frequency 
increases upon increasing the energy input (Eq. 17), the time interval between two 
consecutive monopolar pulses decreases resulting in only a partial discharge of the 
double-layer capacitor at each electrode-electrolyte interface, before the next pulse 
will be applied. As a consequence, charges will be accumulated on the double layer 
at a faster rate as the frequency increases, and when the threshold voltage is 
exceeded, electrochemical reactions will occur causing the corrosion of the elec-
trodes or other undesired side effects (Pataro et al. 2014a, 2015b). This explanation 
agrees with the concept of charging the double-layer capacitors as well as with the 
need to avoid a cumulative buildup of charge discussed in Morren et al. (2003).

In addition to field strength, energy input and frequency, electrochemical reac-
tions are also dependent on pulse width and pulse polarity since these parameters 
may affect the charging rate of the double-layer capacitance.

It has been shown that, when the applied voltage is kept the same, shorter pulses 
lead to a lower amount of electrochemical reaction (Gad and Jayaram 2014; Morren 
et al. 2003). To explain the effect of pulse width, Gad (2014) suggested that, from 
the perspective of each half-cell reaction, the width of each pulse can be divided into 
two parts. In the first part, the double layer is charged as long as its potential remains 
below the potential reaction of the reacting species. For a given electrode material 
(i.e., for a given double-layer capacitance), the duration of the first part depends on 
the current (i.e., applied voltage) and remains unchanged (Eq. 13). The second part 
starts when the potential reaction is reached and thus the half-cell reaction occurs. 
With shorter pulses, the second part of the pulse (when electrode reactions occur) is 
shortened considerably. This is in agreement with Eq. (13) that gives a trade-off 
between current density and pulse duration for a certain treatment chamber geom-
etry. A higher field strength in the same treatment chamber (i.e., a higher applied 
voltage) results in a higher current density. Thus for higher field strength, the pulse 
duration should be decreased. Therefore, the optimum pulse should feature rela-
tively short pulse width with an applied voltage satisfying the minimum field 
strength required for microbial inactivation (Gad and Jayaram 2014).

As compared to monopolar pulses, bipolar or oscillatory pulses featuring a ratio 
between positive and negative pulses closer to unity may prevent electrochemical 
reactions by the same concept of zero-net-charge delivery (Bushnell et al. 1995b; 
Roodenburg et  al. 2005a), where both double-layer capacitors are partially but 
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continuously charged and discharged without reaching the threshold potential (Uth) 
corresponding to the onset of anodic and cathodic Faradaic reactions (Amatore 
et al. 1998). Under such circumstances, the current flowing through the cell would 
be purely capacitive leading to only a formal displacement of charges from one 
double layer to the double layer of the other electrode (Gad 2014).

 Design Parameters

The extent of electrophoretic phenomena and electrochemical reactions at the 
electrode- electrolyte interface of a PEF chamber is also affected by circuit topology 
of the pulse generator, treatment chamber geometry, and electrode materials.

Besides the generation of a given pulse shape, a proper design of the circuit 
topology can enable to force double-layer discharging based on the concept of 
“zero-net-charge delivery,” which substantially reduces the extent of electrophoretic 
and electrochemical effects (Bushnell et al. 1995a, b). In this line, Gad and Jayaram 
(2014) designed a pulse generator characterized by a bidirectional nature of the cur-
rent waveform, which was used to ensure zero-net-charge delivery with monopolar 
pulses. Based on this principle, the charging current of the generator’s capacitor was 
allowed to pass through the PEF processing chamber in one direction, and then, the 
pulse current generated during the capacitor discharging phase flowed in the oppo-
site direction. Thus, the current flowing through the chamber during the capacitor- 
discharging phase removes any charge remaining on the double layer from the 
capacitor-charge phase. Thus, the accumulation of charge on the double layer from 
one pulse to another can be avoided.

From Eq. (13), it can be inferred that, for a given electrode reaction and external 
applied voltage, the threshold time depends mainly on the current (density) through 
the electrical resistance of the PEF chamber and the value of the double-layer 
capacitance of the electrode material.

Thus, PEF treatment chamber geometries featuring high intrinsic electrical resis-
tance, which, therefore, operate at a relatively low current, may limit the occurrence 
of electrochemical reactions (Gongora Nieto et al. 2002). Different types of elec-
trode arrangement have been proposed both for static and continuous chamber, with 
the most commonly used having been parallel plate and co-field configuration. 
Parallel plate electrodes configuration are the simplest in design and produce the 
most uniform distribution of the electric field. They are typically characterized by a 
large electrode surface and low intrinsic electrical resistance (from few ohms to tens 
of ohms) (Gongora-Nieto et al. 2002; Raso et al. 2016). Therefore, this configura-
tion generally operates at relatively high current density, which makes shorter the 
charging time of the double-layer capacitance. On the other hand, a co-field cham-
ber configuration cannot develop a constant electric field across the gap (as with 
parallel plate), thus yielding nonuniform treatment. However, such configuration 
has advantageous fluid dynamics, highly desiderate for food processing and conve-
nient for cleaning in place, as well as a high intrinsic electrical resistance (of the 
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order of hundreds of ohms) due to the low effective area in the cross section of the 
tubular electrodes (Gongora-Nieto et al. 2002). Thus, this configuration typically 
operates at lower current density than the parallel plate configuration, which makes 
it suitable for limiting the occurrence of electrode reactions (Eq. 13).

Similarly, the use of high capacitance electrode materials, such as platinum 
(Cdl = 48 μF/cm2), titanium (Cdl = 50 μF/cm2), glassy carbon (Cdl = 260 μF/cm2), or 
dimensionally stable anode (DSA) (Cdl = 2000 μF/cm2), instead of the most com-
monly used stainless steel electrodes (Cdl = 35 μF/cm2), may limit the occurrence of 
electrode reactions. In fact, according to Eq. (13), the use of electrode material with 
high Cdl values may slow down the charging process of the double-layer capacitor, 
avoiding its full charging before the next pulses is applied (Amatore et al. 1998; 
Góngora-Nieto et al. 2002; Pataro and Ferrari 2020). Moreover, on the basis of the 
same principle of avoiding full charging of the double-layer capacitors, it has been 
found that the extent of the electrochemical reactions may be limited by using elec-
trode materials featuring higher resistance to electrochemical reactions such as tita-
nium and platinized titanium (Amatore et  al. 1998; Gad et  al. 2014; Kim and 
Zhang 2011).

 Treatment Medium Characteristics

The composition as well as chemical physical properties of the treatment medium 
can significantly affect the type and the extent of the electrophoretic phenomena and 
electrochemical reactions occurring at electrode-electrolyte interface.

In rich-protein foods such as milk, a film of material can collect or agglomerate 
on at least one electrode via electrophoretic process leading to the so-called fouling 
of the electrodes.

On the other hand, many food products contain halides such as chlorides, which 
are aggressive anions which may damage the thin oxide layer on the passivated 
metal electrode surface protecting the metals against corrosion. Thus the presence 
of these active species may contribute to the enhancement of the oxidation half-cell 
reactions at the anode, including those causing the release of metals from the elec-
trodes (Pataro et al. 2014a, 2015b).

Also electrical conductivity and pH of the treatment medium may affect the 
extent of electrode reactions. Acidic food products, such as most fruit juices, may 
face higher problems with electrode material migration than nonacidic products, 
especially when PEF is carried out under severe processing conditions using elec-
trochemically active electrode material (e.g., stainless steel) (Amatore et al. 1998; 
Gad and Jayaram 2011, 2012a; Pataro et  al. 2012, 2014a, b; Roodenburg et  al. 
2005b). This can be explained by knowing that lower pH means higher concentra-
tion of hydrogen ions at the cathode. As a result, the cathodic half-reaction (Eq. 18) 
could couple with the anodic half-reaction (Eq. 19) resulting in accelerated corro-
sion and hydrogen generation (Eq. 20) compared to those at the neutral pH value 
(Amatore et al., 1998).

Electrochemical Reactions in Pulsed Electric Fields Treatment



158

Cathodic half-reaction:

 
2 2 2H Haq( )

+ −
( )+ ↔e g  

(18)

Anodic half-reaction:

 
M M aqs e( ) ( )

+ −↔ +2 2
 

(19)

Overall reaction:

 
M H M Haq aqs g( ) ( )

+
( )
+

( )+ ↔ +2 2 2
2  

(20)

where M = Fe, Cr, Ni or any other metallic components of the electrode material.
Thus, for treating of acidic products, including beverages such as orange juice, 

the use of more inert materials may be an interesting way for markedly reducing the 
extent of electrode corrosion and electrochemical phenomena that occur at the 
electrode- solution interface (Gad and Jayaram 2012b). The effect of the type of 
acid, however, requires further investigation.

On the other hand, highly conductive foods such as tomato juice, milk, and 
orange juice may experience a higher rate of electrode material migration (Amatore 
et al. 1998; Gad and Jayaram 2012b; Pataro et al. 2012), due to the high current flow 
passing through the medium with high conductivity, which lead to a higher charging 
rate of the double-layer capacitors (Eq. 13). As a result, according to Eq. (13), bev-
erages such as orange juice, which has a typical conductivity of 0.3 S/m, can be 
treated with a longer pulse than tomato juice, which has a typical conductivity 
of 2 S/m.

 Side Effects of Electrochemical Phenomena and Challenges

During PEF treatment electrophoresis-based phenomena (electrode fouling) as well 
as various electrochemical reactions can potentially occur, including those involv-
ing chemical changes in food products, electrode corrosion, and electrolysis of 
water. In addition, some of the products of those electrochemical reactions may 
initiate a number of secondary chemical reactions involving food components, even 
after pulse treatment has been completed. These reactions are unavoidable, espe-
cially for those applications requiring high treatment intensity (e.g., microbial inac-
tivation) and lead to undesired effects, which may hamper commercialization of the 
PEF process through technological, safety, quality, and costs aspects (Pataro and 
Ferrari, 2020), as depicted in Table 1.

Electrode corrosion is one of the main consequences of the electrochemical reac-
tions occurring at the electrode-electrolyte interface of a PEF treatment chamber. 
The dissolution of the anode material due to oxidation of the metal of the electrode 
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(Eq. 12) along with detachment of small particles of electrode material (pitting cor-
rosion) is responsible for this phenomenon.

The electrode material released into the PEF processed foods are basically con-
taminants and may have some toxic potential, as well as affect food quality, equip-
ment reliability, treatment efficiency, and electrode lifetime (Evrendilek et al. 2004; 
Morren et al. 2003; Pataro et al. 2014a, b, 2015b; Roodenburg et al. 2005a,b; Saulis 
et al. 2007).

Table 1 Side effects of electrochemical phenomena occurring in the operation of a PEF treatment 
chamber (Pataro and Ferrari, 2020)

Electrophoresis, electrochemical 
phenomena, secondary reactions

Process and technological 
issues

Effects on Food safety and 
quality

Distortion or local 
enhancements of the electric 
field
Electric arcs formation
Short electrode lifetime
Reduced reliability and life 
time of pulse generator

Health safety regulation
Alteration in color, flavor, and 
taste (metallic mouth feeling)
Toxic compounds
Formation of high reactive 
species (free radicals)
Food disintegration 
(by-products)

Electrode fouling
Electric arcs formation
Short electrode lifetime
Reduced reliability and life 
time of pulse generators
Interruption of the flow of 
the product

Contamination of the 
processed food
Formation of high reactive 
species (free radicals)

E

O2+4H+ +4e-

C
at

h
od

ee
do

n
A

2H2O

2H+ +2e-

H2

Electrolysis

Gas bubble generation
Electrode corrosion
Electric arcs formation
Reduced reliability of and 
lifetime of pulse generators

Oxidative degradation of food 
components
Formation of toxic compounds 
(H2O2)
Under-processing of food

Fe2++H2O2⟺ Fe3++OH-+

Fe3++nH2O⟺ Fe(OH)n(3-n)++n

Secondary reactions

Contamination of the system 
(rust formation)

Local changes of pH
Generation of reactive oxygen 
species (ROS)
Oxidative degradation of food 
constituents
Production of active chlorine 
species (ACS)
Toxicity problems

Mn+ migrated metal ions,  piece of anode material (pitting corrosion),  negative-charged par-
ticles,  positive charged particles
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For the safety aspect of PEF processing, the type and amount of electrode mate-
rial released in the processed products must be within the health safety regulations 
before introducing it as processed food to the market (Gad and Jayaram 2012a; 
Roodenburg et al. 2005a). By reviewing the regulations for food industries dictated 
by governments in Europe and USA (CODEX STAN 193–1995; CODEX STAN 
247–2005; USDA 2018), they have been mainly concerned with the presence of 
heavy/toxic metals, namely, cadmium, lead, and mercury, while no standards are 
given for the maximum concentration of dissolved metallic elements typically con-
stituting the materials used as electrodes in a PEF chamber. Only for some of them, 
such as the main metallic elements of stainless steel, which is one of the most popu-
lar electrode materials of PEF chamber, guidelines could be taken from drinking 
water regulations (Directive No 98/83/EG; U.S. EPA 2009), as shown in Table 2.

Apart from safety aspects, the release of electrode material in the product may 
cause alteration in color, flavor, and taste (metallic mouth feeling) of PEF processed 
foods, which may stand against consumers’ acceptance to this technology 
(Evrendilek et al. 2004; Gad and Jayaram 2012b; Sun et al. 2011). Thus, sensory 
analyses should be performed to evaluate the acceptance of PEF processed products 
against either conventionally or unconventionally processed foods or fresh products.

Finally, corrosion can cause serious damages to the electrodes, whose surface 
roughness can markedly increase as a consequence of the metal release from the 
anode and, in part, as partial deposition of metal oxides on the cathode (Kim and 
Zhang 2011; Pataro et al. 2014a; Roodenburg et al. 2005a; Saulis et al. 2007). This 
might create distortion or local enhancements of the electric field, which may mark-
edly impair PEF treatment uniformity as well as reduce treatment efficiency during 
the operation (Donsì et al. 2007; Jaeger et al. 2009; Pataro et al. 2011, 2014a, b; 
Saulis et al. 2007). Moreover, the increase in surface roughness may trigger arcs 
formation (dielectrical breakdown of food) within the treatment chamber, which 
may likely promote the formation of high reactive species (e.g., free radicals), as 
well as reduce the reliability of pulse generator (e.g., switching devices) and the 
lifetime of electrodes (pitting corrosion) to few hours of operation (Kim and Zhang 
2011; Gad et al. 2014; Saulis et al. 2007; Pataro et al. 2014a; Roodenburg et al. 
2005b; Toepfl et al. 2007), thus reducing the technical feasibility of PEF technology.

Fouling of the electrodes is another undesirable side effect that is believed to be 
due to electrophoresis accompanying the flow of electric current during PEF pro-
cessing. Specifically, under the influence of the external electric field, charged par-
ticles (e.g., relatively large protein molecules or other fouling agent) suspended in 
the liquid food product are moved toward the oppositely charged electrode where 
they are collected, or agglomerated, to form a film of food particles (Bushnell et al. 
1995a, b). The formation of such a film on the electrode(s) during extended process-
ing periods can cause local electric field distortion, arcing, contamination of the 
system, and, in some cases, the interruption of the flow of the product (Bushnell 
et al. 1995a, b).

Electrolysis of water, which is largely contained in food subjected to PEF treat-
ment, may also occur generating H2 and O2 gases (Eqs. 7, 8, and 9) at the electrode- 
solution interfaces. In addition, especially when there is a significant amount of 
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chloride ions in the treated medium, cathodic half-reactions for electrolysis (Eqs. 7 
and 8) may be also coupled with the anodic half-reaction (Eq. 4), resulting in H2(g) 
and Cl2(g) generation. The liberation of oxygen by electrolysis may further promote 
electrode corrosion (Tzedakis et  al. 1999) as well as induce degradation of food 
components (e.g., phenolic compounds, lipids, and vitamins like ascorbic acid) and 
the formation of toxic compounds, such as H2O2 (Eq.  6) (Morren et  al. 2003). 
Moreover, the presence of gas bubbles formed by electrolysis increases the chance 
of the occurrence of dielectric breakdown and arcing, thus causing technological 
and food safety problems and reducing the treatment efficiency (Góngora-Nieto 
et al. 2003; Toepfl et al. 2007).

Finally, products generate from electrochemical reactions during PEF treatments 
may initiate a number of secondary chemical reactions by reacting each other or 
involving food constituents, which may lead to changes in chemical composition, 
organoleptic attributes, and physical properties of processed food products, as well 
as the formation of toxic compounds even after the pulse treatment has been com-
pleted (Morren et al. 2003; Pataro and Ferrari 2020).

For example, secondary reactions triggered by corrosion and electrolysis prod-
ucts may induce local changes of pH in the vicinity of electrode surfaces, which 
may affect activity and stability of enzymes and microbial resistance to PEF treat-
ments (Meneses et  al. 2011; Rodaitė-Riševičienė et  al. 2014). Moreover, the 
migrated metal ions along with pH changes can affect degradation of natural anti-
oxidant compounds such as ascorbic acid (Assiry et al. 2006), as well as the stability 
of pigments such as anthocyanins (Sun et al. 2011), thus potentially altering color 
and nutritional and functional properties of food products. Corrosion and electroly-
sis products may also generate reactive oxygen species (ROS) such as hydroxyl 
(•OH), hydroperoxyl (•OOH), superoxide anion (O2•−) radicals, H2O2, and singlet 
oxygen (1O2), which may cause oxidative degradation of lipids, vitamins, and 
amino acids/proteins, thus potentially leading to production of undesirable flavor, 
toxic, and color compounds, which make foods less acceptable or unacceptable to 
consumers (Zhao et al. 2012).

In product containing chloride compounds, as many food products do, secondary 
reactions triggered by electrolysis products (e.g., Cl2, Eq.  4) can result in the 

Table 2 Maximum contamination levels of metallic elements of stainless steel dictated by 
European legislation (Directive No 98/83/EG) and US regulations for drinking water

Concentration level of metallic elements (μg/L)
RegulationFe Cr Ni Mn

200 50 20 50 Directive No 98/83/EG

300a 100b NA 50a U.S. EPA 2009
aNational Secondary Drinking Water Regulations are non-enforceable guidelines regarding con-
taminants that may cause cosmetic effects (such as skin or tooth discoloration) or aesthetic effects 
(such as taste, odor, or color) in drinking water
bNational Primary Drinking Water Regulations (NPDWRs) are enforceable standards that are 
established to protect the public against consumption of drinking water contaminants that present 
a risk to human health
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production of active chlorine species (ACS) with high redox potentials, such as 
hypochlorous acid (HOCl) and hypochlorite anions (OCl). The formation of these 
compounds can cause toxicity problems, even though they may also act as bacteri-
cides, thus improving the preservation efficiency of PEF treatment (Zhao et al. 2012).

Based on the above discussion, there is a challenge to assess whether the side 
effects are within the acceptable limits or to provide feasible strategies to eliminate, 
or at least reduce, the extent of electrochemical phenomena that cause these unde-
sired effects. Specifically, although dissolution of electrode materials and other 
electrochemical reactions are largely unavoidable in the long term, their limitation 
is possible by either avoiding full charging of the double-layer capacitors, or using 
chemically inert electrode materials.

To this regard, for the PEF treatment of a given food product, strategies such as 
reduction of the buildup area (as in the case of co-field chambers) keep the applied 
voltage, pulse length, and frequency as the minimum value required for generating 
sufficient electric field and electrical energy for the specific application, as well as 
using bipolar pulses and electrode material having a high specific double-layer 
capacitance can help to significantly reduce the amount of electrochemical reactions 
(Amatore et al. 1998; Gad and Jayaram 2012a, 2014; Góngora-Nieto et al. 2002; 
Kotnik et al. 2001; Pataro et al. 2014a, 2015b; Roodenburg et al. 2005a, b). Similarly, 
proper design of pulse generator equipped with switching devices with a very low 
leakage current or by inserting a pulse transformer into the system may also reduce 
the amount of electrochemical reactions (Mastiwijk 2007). On the other hand, 
replacing commonly used stainless steel electrodes by more inert material such as 
titanium electrodes may be one solution to overcome this problem (Kim and Zhang 
2011; Gad and Jayaram 2014; Toepfl et al. 2007). Also homogeneity of the electric 
field within the treatment zone, reduction and generation of enhanced field area, 
polishing of electrode surface after the mechanical machining (i.e. lathe), as well as 
degassing the food product before PEF treatment are other important design criteria 
and strategies for avoiding or limiting undesired electrochemical effects at the 
electrode- media interface (Pataro and Ferrari 2020).

 Conclusions

Today, the first successful industrial applications of PEF processing in food industry 
have been achieved, especially as a pre-processing step to facilitate cutting opera-
tion in potato processing industry, where low or moderate PEF treatment intensities 
are required. In the food sector of fruit juice preservation, instead, where high treat-
ment intensity along with and highly homogeneous treatment are required, several 
disadvantages and limitations still remain, such as those related with the electropho-
retic and electrochemical phenomena occurring at the electrode-food interface of a 
PEF treatment chamber, which are unavoidable in long-term trials or when large 
amount of electrical charge is transferred through the electrodes.
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The occurrence of electrochemical phenomena, especially those leading to cor-
rosion and fouling of the electrodes, electrolysis of water, migration of electrode 
material components, and chemical changes, may seriously affect PEF commercial-
ization through safety, quality, and technological and cost aspects.

The present challenge is to reduce the amount of electrochemical reactions by 
modifying the pulse generator systems, improving treatment design, and selecting 
more inert electrode materials and minimum treatment intensity, while taking into 
account chemical-physical properties of food under treatment, in order to improve 
the technical feasibility of PEF technology as well as to maintain chemical 
food safety.
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Abbreviations
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 Introduction

The safety of foodstuffs is an indispensable requirement that is taken for granted by 
consumers; nevertheless, sensory and nutritional quality is affected by the presence 
and/or growth of microorganisms in food. For these reasons, microorganisms are 
one of the main concerns for the food industry. Food can be contaminated by micro-
organisms along the entire food chain. Microbial growth and metabolism can bring 
about quality changes such as pH modification, off-odors, gas, or slime formation 
leading to food spoilage (Huis in’t Veld 1996). While microbial food spoilage is a 
huge economic problem, foodborne illnesses caused by pathogenic microorganisms 
likewise represent an enormous public health concern with severe direct and indi-
rect economic consequences (Baird-Parker 2000). In spite of immense efforts 
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undertaken by the food industry and by food safety authorities, the number of 
reported outbreaks caused by pathogenic microorganisms shows that foodborne ill-
ness cases continue to represent a major public health problem worldwide. WHO 
estimated a total of 600 million foodborne illnesses and 420,000 deaths for the year 
2010: the most frequent agents were norovirus, Campylobacter spp., and non- 
typhoidal Salmonella enterica (NTC), along with others such as Salmonella typhi, 
Taenia solium, hepatitis A virus, and mycotoxins, especially aflatoxins (WHO 2015).

The most effective means of ensuring microbial safety is by preventing the con-
tamination of raw material and foods at the primary production stage, as well as 
throughout the entire food production chain. However, the large number of possible 
microbial contamination sources makes microbial control by prevention enor-
mously difficult. Once microorganisms have contaminated food, preservation tech-
nologies are essential in order to guarantee food safety: either by preventing 
microbial growth or by achieving microbial inactivation.

Traditional preservation technologies based on the inhibition of microbial growth 
include temperature control, water activity reduction, acidification, the addition of 
preservatives, and packaging in modified atmosphere. However, as the infection 
dose of some pathogenic microorganisms is very low (Blackburn and McClure 
2009), microbial growth inhibition does not suffice to ensure food safety, and thus, 
in many cases, it is necessary to apply inactivation technologies.

Due to its simplicity and effectiveness, heating is the most frequently used 
method of microbial destruction in the food industry. Heat-pasteurized foods are 
free of vegetative pathogens, and thermal sterilization supposes the destruction of 
microorganisms that would be able to grow in food under normal non-refrigerated 
conditions, including bacterial spores capable of causing significant dangers to pub-
lic health. However, heat treatments also have repercussions on the nutritional and 
sensory characteristics of food such as protein denaturation, non-enzymatic brown-
ing, and loss of vitamins and volatile flavor compounds (Ling et al. 2015). As a 
result, heat processing is not suitable for the obtention of foodstuffs with the char-
acteristics currently demanded on the market: consumers increasingly tend to favor 
foods that are minimally processed, fresh-like, and natural, without preservatives 
(Augustin et al. 2016). Therefore, the interest in developing nonthermal food pres-
ervation technologies as an alternative to heat processing has greatly increased over 
the last decades. Such nonthermal food processing technologies should be able to 
improve shelf-life (by inactivation of pathogen and spoilage microorganisms) while 
preserving nutritional and organoleptic properties; at the same time, they should be 
economically feasible for industrial implementation (Barba et al. 2017).

As a gentle method of food preservation, pulsed electric field (PEF) is one of the 
most promising nonthermal technologies. PEF technology consists in applying 
high-voltage electric fields (5–50 kV/cm) in short pulses (μs-ms) to a matrix located 
between two electrodes. PEF treatments have been shown to cause microbial inac-
tivation of vegetative cells of bacteria, yeast, and molds; however, bacterial spores 
are resistant to this technology at near-ambient temperatures (Pol et al. 2001; Siemer 
et al. 2014; Wouters et al. 2001). Thus, the main application of PEF treatments, as a 
preservation technology, is as an alternative to thermal pasteurization.
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In order to implement PEF technology as a pasteurization process, it is necessary 
to prove that it ensures a level of microbial safety equivalent to traditional pasteuri-
zation processing (Saldaña et al. 2014). To achieve this objective, a series of studies 
need to be conducted with the purpose of understanding the mechanisms involved 
in microbial PEF inactivation, identifying the critical factors that affect microbial 
inactivation, and describing the microbial inactivation kinetics. Furthermore, it is 
necessary to carry out those studies on microorganisms of concern for public health, 
as well as to identify the pathogens that are most resistant to PEF (NACMCF 2006).

The present chapter reviews the current state of knowledge regarding microbial 
inactivation by PEF. First, the mechanisms of microbial inactivation by PEF and the 
major factors affecting PEF lethality are discussed. Then, the kinetics of microbial 
inactivation using this technology are described. Finally, the chapter concludes by 
summarizing those aspects that require further investigation for the development of 
PEF processes capable of supplying safe food products of high organoleptic and 
nutritional quality.

 Mechanisms of Microbial Inactivation by PEF

 The Electroporation Phenomenon

The electroporation phenomenon is generally accepted as the main mechanism of 
microbial inactivation by PEF. For decades, this phenomenon of permeabilization 
has been repeatedly demonstrated in cells, in lipid vesicles, and in planar lipid bilay-
ers. It is accepted that the underlying physical mechanism should occur in the lipid 
bilayers, because they are the only molecular component common to all membrane 
types (Kotnik et al. 2012). Electroporation consists in the formation of stable pores 
in the lipid bilayer which can be transitory or permanent, depending on treatment 
conditions and cell characteristics. Pore formation in microbial cytoplasmic mem-
branes generates a loss in their selective permeability, which produces an imbalance 
in cell homeostasis and can lead to cell death.

Although different theories have been advanced to explain the electroporation 
phenomenon, the theory of aqueous pore formation (Weaver and Chizmadzhev 
1996) is currently the one most widely accepted (Kotnik et al. 2019). The spontane-
ous formation of transient aqueous pores in the lipid bilayer occurs under normal 
conditions in a cell, thereby allowing water molecules, ions, and other hydrophilic 
molecules to cross over. According to this theory, when cells are subjected to an 
external electric field, the energy required to form such aqueous pores is reduced 
(Kotnik et  al. 2012), thereby facilitating the formation of larger and more stable 
pores. However, and in spite of sophisticated microscopy techniques already avail-
able, it has not been possible to directly observe the pores formed in the lipid bilay-
ers or distinguish them from artifacts derived from sample preparation (Kotnik et al. 
2012; Spugnini et  al. 2007). This theory has only been clearly demonstrated by 
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molecular dynamics simulations (MDS), which show the spontaneous formation of 
aqueous pores in lipid membranes, along with a significant increment in the rate of 
pore formation and pore stabilization when a sufficiently strong electric field is 
applied (Delemotte and Tarek 2012; Leontiadou et al. 2004; Tarek 2005; Tieleman 
et al. 2003).

 The Microbial Cell in an Electric Field

The composition and structure of microbial membranes vary among microbial 
groups, species, and strains. Gram-positive bacteria present a thick peptidoglycan 
layer surrounding the phospholipid membrane, which provides them with rigidity 
and physical resistance. Conversely, Gram-negative bacteria possess a thinner pep-
tidoglycan layer surrounded by an outer membrane made of lipopolysaccharides, 
which gives them special resistance against the entry of different chemical com-
pounds. In yeasts, the cytoplasmic membrane is surrounded by a rigid cell wall 
composed by polysaccharides, which provides mechanical strength. Although 
membrane characteristics vary among microbial groups, the cytoplasmic membrane 
is a structure common to all microorganisms, thus making it the target component 
for electroporation. Apart from separating the cytoplasm from the surrounding 
media and maintaining osmotic equilibrium between the cell and the exterior, the 
cytoplasmic membrane is also involved in a number of metabolic processes (Rogers 
et al. 1980).

The cytoplasmic membrane mainly consists of a lipid bilayer made up of phos-
pholipids, with the nonpolar (hydrophobic) portion oriented toward the inside and 
the polar (hydrophilic) portion oriented toward the outside. Thanks to this makeup, 
the cytoplasmic membrane is a good dielectric structure with low intrinsic electrical 
conductivity. Conversely, both extracellular and intracellular media are good elec-
trical conductors. Therefore, the structure formed by the extracellular media, the 
cytoplasmic membrane, and the intracellular media is a conductor-dielectric- 
conductor structure and would behave as a capacitor (Ivorra 2010; Teissie et  al. 
2005). This means that charges are accumulated on both sides of the cytoplasmic 
membrane as in an electrical capacitor (Fig. 1).

Under normal conditions, cells maintain an irregular distribution of positive and 
negative ions on both sides of the membrane. This distribution generates an electric 
potential difference between the inside and the outside of the membrane called rest-
ing transmembrane voltage (RTV). When cells are subjected to an external electric 
field, ions are redistributed and accumulate on both sides of the membrane. This 
phenomenon supposes an increase in the electric potential difference of the mem-
brane, which is designated as induced transmembrane voltage (ITV) (Tsong 1989). 
When ITV achieves a determined threshold, the phenomenon of electroporation of 
the cytoplasmic membrane occurs (Zimmermann et al. 1974).

Before electroporation takes place, ITV is proportional to the applied electric 
field strength and the size and shape of the cell. For a single spherical cell with a 
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nonconductive cytoplasmic membrane, ITV can be calculated by the Laplace equa-
tion (Schwan 1957):

 
ITV E r cos= ( )3

2
θ

 
(Eq. 1)

where ITV is the induced transmembrane voltage, E is the electric field strength 
applied, r is the cell radius, and θ is the angle measured from the vector created 
between the center of the cell and the evaluated point with respect to the electric 
field direction.

Therefore, according to this equation, the electric field strength required to 
induce electroporation is greater for smaller cells. In fact, data reported show that 
microbial cells (1–10 μm), in order to be electroporated, require higher electric field 
strengths (>10 kV/cm) than eukaryotic plant cells (40–200 μm; < 5 kV/cm) (Donsì 
et al. 2010).

Furthermore, the equation implies that electroporation does not occur in a uni-
form way across the entire cytoplasmic membrane. Those zones of the membrane 
that are perpendicular to the electric field (θ ≈ 0°) will be electroporated more easily 
because they are subjected to higher ITV. This fact has been demonstrated by moni-
toring the change in ITV during PEF treatment of a single cell using a potentiomet-
ric dye (Kotnik et al. 2010).

Based on Eq. 1, further complex equations have been developed in order to 
describe the ITV induced in nonspherical cells. Figure 2 shows the theoretical ITV 
achieved at two different points of the cytoplasmic membrane of Escherichia coli 
depending on its orientation with respect to the electric field (oblate and prolate, 
parallel or perpendicular, respectively). The figure clearly shows that the highest 
transmembrane potential would be reached at the point corresponding to the largest 
radius, and ITV would be at its highest when that point of the membrane is perpen-
dicular to the electric field direction (θ = 0°).

Once the transmembrane potential threshold is achieved and metastable hydro-
philic pores are created, the latter start to evolve (Saulis 2010). The number of pores 

Fig. 1 The lipid bilayer as a capacitor
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and/or their size varies during this stage. At the point when the external electric field 
ceases to be applied, pores that were previously formed can be transitory or perma-
nent, causing reversible or irreversible electroporation, respectively (Tsong 1989). 
Pore resealing, and, therefore, the cell’s survival, will depend on various factors, 
including the ambient (recovery) conditions, which will be explained below.

 Potential Cell Outcomes After PEF

After a PEF treatment, several scenarios can occur which are summarized in Fig. 3. 
On the one hand, cells can remain intact or non-electroporated, and therefore sur-
vive the PEF treatment, or they can be permeabilized. After a PEF treatment, as 
previously indicated, pores can remain permanently open (irreversible electropora-
tion) or reseal (reversible electroporation). This behavior has been widely demon-
strated in microbial cells using different techniques including propidium iodide (PI) 
staining (Aronsson et  al. 2005; Cebrián et  al. 2015; García et  al. 2007; Zhao 
et al. 2011).

Fig. 2 Theoretical ITV (volts) reached at two points of the cytoplasmic membrane of a microbial 
cell (R1 = 0.25 μm; R2 = 1.0 μm) subjected to 20 kV/cm of field strength depending on its orienta-
tion within the electric field (from oblate to prolate and again oblate). Data calculation based on 
equations taken from Kotnik et al. (2010), where E is the electric field strength, R1 is the short 
radius, R2 is the long radius, and θ is the angle measured from the center of the cell to the evaluated 
point with respect to the direction of the electric field
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It can be assumed that when a microbial cell is electroporated, it is damaged to a 
certain degree. Cell survival chances will differ depending on the severity of dam-
ages (number of pores, size, etc.) as well as on recovery conditions (Wang et al. 
2018). Thus, if ambient conditions are adverse, pores might not be resealed and 
cells would end up dying. On the other hand, results have shown that sublethally 
injured cells might be able to repair the pores generated by a PEF treatment and 
survive if recovery conditions are favorable. At this point it should be noted that the 
occurrence of sublethal damage after exposing microbial cells to PEF has been the 
object of controversy, since contradictory results have been reported (Aronsson 
et al. 2004; Simpson et al. 1999; Wuytack et al. 2003). The explanation for these 
discrepancies might be that the occurrence of sublethal damage would highly 
depend on the medium pH and on the microbial strain, as demonstrated by García 
et al. (2003, 2005a).

The pore resealing process after PEF has been scarcely investigated in microbial 
cells. In eukaryotic as well as in prokaryotic cells, it is generally reported that this 
process depends to a great extent on the recovery conditions (medium composition, 
medium pH, temperature, conductivity) (Saulis 2010). As a consequence, the 
required period for pores to reseal has been observed to vary from seconds to hours 
(Kotnik et  al. 2019). For example, Saccharomyces cerevisiae repaired sublethal 
damages after 1 and 4 h when the incubation was in Sabouraud Broth or peptone 
water, respectively, while cell recovery in a neutral buffer was not observed even 
after 4 h of incubation (Somolinos et al. 2008b). Moreover, it has been observed that 
cytoplasmic membranes can recover their impermeability to propidium iodide (PI) 
but remain permeable to small ions such us Cl− (Saulis 2010). Cebrián et al. (2015) 
observed in Staphylococcus aureus that this phenomenon was highly dependent on 
the characteristics of the recovery media. Under optimal conditions, S. aureus com-
pletely recovered its impermeability to PI and NaCl simultaneously. However, 

Fig. 3 Different microbial cell outcomes immediately after the application of PEF treatments and 
after a recovery period. (?, hypothesis to explain some non-understood outcomes; *, New concepts 
proposed)
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under adverse conditions, cells once more became impermeable to PI, but not to 
NaCl, and ended up dying. This would support the theory that the resealing of pores 
consists in an initial rapid reduction in pore size (seconds/minutes) without the 
occurrence of important metabolic processes, followed by a slow one (minutes/
hours) that continues until the repair process is complete (Saulis 2010).

A detailed study by García et al. (2006) reported that the repair mechanisms for 
sublethal membrane damage in Escherichia coli were associated with energy and 
lipid synthesis requirements in 95% of the injured population. However, the remain-
ing 5% of the damaged population repaired their membranes immediately after the 
PEF treatment, probably just by means of a physical process without any biosyn-
thetic requirement. Regarding Gram-positive bacteria, Somolinos et al. (2010a, b) 
found that Listeria monocytogenes only required energy production for membrane 
repair; however 10% of the population repaired their damage quickly without any 
biosynthetic requirement. These small percentages of cells that repaired their dam-
age rapidly could also be responsible for the detection of a proportion of non- 
electroporated dead cells after PEF (Zhao et al. 2011).

On the other hand, several theories proposing other potential cell outcomes after 
PEF have been recently advanced. It has been suggested that in eukaryotic cells an 
electro-desensitization phenomenon occurs. It would lead to the appearance of cells 
which, once electroporated, are not able to become repolarized again because they 
cease to act as a capacitor (Silve et al. 2014). This would imply that further treat-
ments would not result in additional electroporation: consequently, the injuries suf-
fered by the cells would be repairable, and they would be able to survive under 
adequate recovery conditions. Paradoxically, once these cells had recovered their 
membrane integrity, they could act again as a native cell, thereby becoming electro- 
sensitive once more. This phenomenon might also occur in prokaryotic cells, which 
would explain the tailing kinetics typically observed in microbial survival curves 
obtained by PEF.  The opposite phenomenon, electrosensitization, has also been 
described in mammalian cells: cells subjected to PEF become sensitive to subse-
quent PEF treatments due to underlying physiological mechanisms (cell swelling, 
influx of Ca2+, oxidative damage, cytoskeleton rearrangement, ATP leakage, and 
depletion) (Muratori et al. 2017).

In summary, the exposure of microbial cells to PEF can lead to thoroughly dif-
ferent outcomes depending on various factors mainly associated with the type of 
microorganism, the environment, or the PEF process parameters. Taking into 
account the different scenarios in which cells can end up injured or stressed, a num-
ber of PEF-based combined treatments have been proposed, as will be discussed 
below. These include, for example, the addition of antimicrobial compounds or stor-
age under acid conditions.
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 Techniques for the Detection of Electroporation 
in Microbial Cells

The alteration of the integrity of the microbial cytoplasmic membrane has been 
demonstrated by means of a series of techniques and procedures. These techniques 
can be divided into (1) measurement of the uptake of membrane non-permeant 
exogenous compounds, (2) measurement of the leakage of intracellular compounds, 
(3) microscopy visualization techniques, (4) selective medium plating technique, 
and (5) measurement of osmotic response (García-Gonzalo and Pagán 2017). The 
main advantages and disadvantages of each technique are summarized in Table 1.

Propidium iodide (PI), a fluorescent dye, has been the molecule most commonly 
used to assess membrane permeabilization by measuring its uptake. PI is a strongly 
hydrophilic, small molecule (660 Da) that binds with DNA but is unable to enter 
intact cells. Microbial cells can be brought in contact with PI after a PEF treatment 
to monitor irreversible electroporation or before a PEF treatment to monitor irre-
versible and reversible electroporation. The number of permeabilized cells can be 
monitored by epifluorescence microscopy, spectrofluorometry, or flow cytometry. 
Other fluorescent dyes used for this purpose are ethidium bromide (EtBr), cyanine 
monomers, and SYTOX®/SYTO®. These fluorescent compounds have also been 
used to label certain dextrans of different molecular weight in order to evaluate pore 
size depending on the permeability of the cytoplasmic membrane to those dextrans 
in microalgae and other eukaryotic cells (Bodénès et al. 2019).

The leakage of intracellular compounds was one of the first techniques to evi-
dence electroporation phenomena because of its simplicity. Proof was achieved, for 
example, by absorbance measurements of nucleic acids and proteins at 260 and 
280 nm, respectively, or by detecting the presence of adenosine trisphosphate (ATP) 
via luciferin-luciferase assay. Although sensitivity can be increased by using fluo-
rescent probes that bind to leaked compounds, this is an indirect and semiquantita-
tive technique that is difficult to correlate with the number of electroporated cells. 
The release of different ions has also been used to quantify membrane electropora-
tion, K+ being the most suitable one for this purpose. Cebrián et al. (2015) reported 
to have precisely determined the percentage of S. aureus electroporated cells (up to 
95–99%) by K+ release measurement.

Electron and atomic microscopy techniques should allow researchers to detect 
pores from 1  nm in diameter. However, the resulting images of electroporated 
microbial cells are contradictory. It is thought that the observed pores are a conse-
quence of artifacts associated with sample preparation. These techniques are useful 
in order to observe changes in the extra- and intracellular morphology of affected 
cells, such as increase in surface roughness, craters, elongation, disruption of organ-
elles, etc., rather than to observe the presence of pores in the membrane (García- 
Gonzalo and Pagán 2017). No correlation has been found between observed changes 
in morphology and the level of microbial electroporation or inactivation due to PEF.

Another widely used method to detect electroporation consists in recovering sur-
vivors after PEF by plating onto the same culture media with a compound that 
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prevents the growth of sublethally damaged cells (selective medium) as well as 
without the compound (nonselective medium) (Mackey 2000). If it is assumed that 
reversibly electroporated cells are sublethally damaged, their number may be calcu-
lated by the difference between the number of survivors grown in nonselective and 

Table 1 Advantages and limitations of the different techniques used to detect and quantify 
electroporation on microbial cells. Based on García-Gonzalo and Pagán (2017)

Technique Advantages Limitations Referencesa

Uptake of 
extracellular 
compounds

Fluorescent dyes Rapid outcomes
Direct evidence of 
electroporation

Potentially hazardous
Specific equipment 
required to evaluate 
fluorescence

Zhao et al. 
(2011)
Cebrián 
et al. (2015)

Dextrans of 
different sizes 
labelled with 
fluorochromes

Estimating pore 
size
Direct evidence of 
electroporation

Specific equipment 
required to evaluate 
fluorescence
Not useful in bacteria

Bartoletti 
et al. (1989)
Bodénès 
et al. (2019)

Intracellular compound leakage Rapid outcomes, 
simplicity

Semiquantitative 
technique
Difficult correlation 
between the amount of 
leaked components and 
the number of 
electroporated cells

Aronsson 
et al. (2005)
Martínez 
et al. (2016)

Electron and atomic force 
microscopy

Direct evaluation 
of morphological 
changes

May be affected by 
methodological artefacts 
during sample 
preparation
Uncertainty of its 
capability to visualize 
pores. Low precision and 
poor detection limits
Specific equipment is 
required

Marx et al. 
(2011)
Picart et al. 
(2002)

Selective medium recovery Simple protocol, 
no specific 
equipment 
required
Higher sensitivity, 
even in ranges up 
to 90% of 
population

Long time required to 
obtain results (>48 h)
Previous MNIC studies 
are requiredb

Kethireddy 
et al. (2016)
Novickij 
et al. (2018)

Osmotic response Rapid outcomes
Simplicity
Inexpensive

Low sensitivity
Indirect measurement of 
electroporation
Semiquantitative
Not useful in gram- 
positive bacteria

Korber et al. 
(1996)

aExamples of references where the technique has been used
bMNIC (Maximum noninhibitory concentration)
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selective media, respectively. The selective media most commonly used to detect 
damage to the cytoplasmic membrane is agar with sodium chloride added (Mackey 
2000). Bile salts are another commonly used selective agent, but they are only suit-
able for the detection of damages in the outer membrane of Gram-negative bacteria 
(Arroyo et al. 2010a). Further antimicrobials unable to access the cytoplasm or the 
cytoplasmic membrane of this group of bacteria under normal conditions are kana-
mycin, nisin, and citral, and they have been investigated with the same purpose 
(Arroyo et  al. 2010b; Martens et  al. 2020; Novickij et  al. 2018). This technique 
requires previous studies to detect the maximum noninhibitory concentration 
(MNIC) of the selective compound which permits the growth of untreated microbial 
cells since it varies among microorganisms.

The measurement of the optical density (OD600) of PEF-treated suspensions is an 
indirect technique designed to determine the loss of osmotic response when cells 
are suspended in a hypertonic medium, i.e., a strong salt solution. This semiquanti-
tative technique thus evaluates membrane integrity alterations through the loss of 
the cells’ ability to plasmolyze. In a hypertonic medium, native cells respond by 
diffusing water from the cytoplasm to the external medium, thereby causing a strong 
condensation of cytoplasmic material that can be detected as an increment in OD600. 
This response will not be detected in electroporated cells. However, this technique 
is only of limited use for Gram-positive bacteria and for the quantification of the 
number of electroporated cells.

Although all of these techniques have been suggested for the evaluation of the 
electroporation phenomenon, most of them do not provide a direct measurement 
thereof. In microbial studies, levels of inactivation from 1.0 to 5.0 Log10 cycles (90 
to 99.999% of the population) are commonly achieved, while most of these tech-
niques are only useful for detecting electroporation in a range lying between 0 and 
95–99% of the population, except for those based on plate counting in selective and 
nonselective media.

Other complementary techniques, such as Fourier transform infrared spectros-
copy, the measurement of changes in membrane potential, and those based on 
molecular tools, can reveal interesting information regarding the mechanisms of the 
electroporation phenomenon in microbial cells (Chueca et al. 2015; Gelaw et al. 
2013; Kotnik et al. 2010). More detailed information on all these techniques can be 
found in some studies (i.e., Batista-Napotnik and Miklavčič 2018; Cebrián 2016; 
García-Gonzalo and Pagán 2017).

 Factors Determining Microbial Inactivation by PEF

Microbial inactivation by PEF is affected by several factors that can be grouped as 
(1) processing parameters, (2) microbial characteristics, and (3) treatment medium 
characteristics (Wouters et al. 2001). It is essential to understand how each of these 
factors affects microbial inactivation in order to obtain useful data, prevents experi-
mental artifacts, and compares published results obtained by different research groups.
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Due to the substantial variety of PEF equipment operating in different laborato-
ries as well as the variety of protocols used to generate data, it is rather challenging 
to attempt to compare results with the purpose of achieving definitive conclusions. 
As a standardization of experimental procedures used in different laboratories is 
quite difficult to achieve, Raso et al. (2016) listed the critical treatment conditions 
that should be reported in studies and that would be particularly beneficial for com-
parison of results.

 Processing Parameters

PEF treatments are defined by the electric field strength (kV/cm), the number of 
pulses along with their shape and width (μs), the treatment time (s), the frequency 
(Hz) of pulse delivery, and the total specific energy (kJ/kg). Furthermore, treatment 
temperature can affect the ultimate lethal effect on the microbial population.

 Electric Field Strength

Electric field strength is one of the factors that most strongly determine microbial 
resistance and is one of the processing parameters that fundamentally characterize 
PEF treatments. It has been widely reported that in order to inactivate microbial 
cells, a threshold value called “critical electric field strength” (Ec) should be 
reached. It has been defined as the minimum external electric field strength required 
in order to observe microbial inactivation. It should be noted that the Ec may vary 
depending on other treatment parameters, such as treatment time or treatment tem-
perature; therefore, this parameter should be clearly and accurately indicated. For 
example, the Ec for Listeria monocytogenes can vary from 5 to 22 kV/cm when 
treatment time increases from 40 to 2000 μs (Fig. 4). Other authors have defined Ec 
as the minimal field strength required to achieve the transmembrane potential 
threshold that causes electroporation (Bazhal et  al. 2003; Ho and Mittal 1996; 
Vernhes et al. 2002). This approach could be more useful for the characterization of 
microbial resistance to PEF, because it is possible to theoretically estimate this Ec 
depending on microbial size, as previously described (Fig. 2), and not depending on 
the moment when inactivation is achieved. Additionally, the final death of an elec-
troporated cell depends on several factors, and the Ec for a level of inactivation 
could thus vary, depending, for example, on recovery conditions. It thus seems to be 
more adequate to establish the Ec threshold on the basis of the electroporation out-
come, which is more consistent. On the other hand, it has also been extensively 
demonstrated that, above the Ec, inactivation levels increase with the electric field 
strength, at least up to a certain point (Raso and Álvarez 2016; Toepfl et al. 2014).

A critical point when studying microbial inactivation, but also other effects/
applications of PEF, is the distribution of the electric field strength inside the treat-
ment chamber. Thus, the geometry and configuration of treatment chambers have 
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been pointed out as essential for accurate control of the applied electric field strength 
(Huang and Wang 2009). Batch chambers with parallel electrode configuration are 
considered the most suitable for the generation of almost uniform electric fields. 
Consequently, such chambers should be used in basic studies on microbial inactiva-
tion in order to obtain accurate data, particularly regarding those focused on mecha-
nisms. Although parallel-electrode chambers should also be used for continuous 
processing, aspects such as fluid dynamics or electric current requirements might 
prevent their use. In any case, this all makes clear that PEF treatment chamber 
design should be based on mathematical simulations in order to clearly establish the 
distribution of field strength (Gerlach et al. 2008; Wölken et al. 2017).

 Treatment Time

Treatment time is defined as the effective total time during which microorganisms 
are subjected to the electric field. It is one of the most critical parameters: along with 
electric field strength, it is one of the two main factors that determine the lethality of 
PEF treatments. Treatment time can be prolonged either by increasing the pulse 
length or by increasing the total number of pulses. In general, inactivation increases 
with treatment time; however, after a certain number of pulses, a “saturation” phe-
nomenon appears, called the tailing effect. This behavior pronounced influence on 
the effectiveness of PEF treatments and will be discussed below in further detail.

 Pulse Shape

As indicated, treatment time is based on the repetitive application of pulses of deter-
mined shape and width. The pulses’ various characteristics can affect the microbial 
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Fig. 4 Influence of the 
electric field strength on 
the PEF inactivation of 
E. coli at constant 
treatment times (thin 
lines). The thick lines 
represent the regression 
line of the straight part of 
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treatment time (40 and 
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response to the treatment. Either exponential or square wave pulses can be applied 
for inactivation purposes (de Haan 2007). It has been observed that both pulse 
shapes have an equivalent lethal effect at the same specific energy input (Ou et al. 
2017). However, square wave pulses are preferred because it is easier to calculate 
the total treatment time by knowing the number of pulses and the pulse width. 
Furthermore, exponential decay pulses partially involve the application of low volt-
ages (below the Ec) which give rise to an ohmic heating effect, which can compli-
cate the interpretation of results.

Both types of pulses can be delivered in monopolar or bipolar mode, the latter 
consisting in the application of alternatively positive and negative pulses. Differences 
in inactivation levels have been reported when comparing monopolar and bipolar 
pulses. Qin et al. (1994) observed higher inactivation levels with bipolar pulses, as 
well as a lesser degree of electrolysis. By contrast, Beveridge et al. (2005) obtained 
superior inactivation levels with bipolar pulses when they were wider than 3 μs and 
with monopolar pulses narrower than 2 μs of width. This aspect still requires more 
investigation in order to clarify its effect on microbial inactivation. In addition, it 
should be remarked that recent studies have reported the existence of a “cancellation 
phenomenon” in mammalian cells when applying bipolar pulses (Ibey et al. 2014; 
Pakhomov et al. 2014; Polajžer et al. 2020). The cancellation phenomenon consists 
in the annulment of a pulse effect by the next one, due to their opposite effects on 
ion redistribution in cells. Because of this, unipolar pulses resulted in being more 
efficient in cell killing. This phenomenon, only observed with pulses of a duration 
of nanoseconds (60–300 ns) or microseconds (1–10 μs), has not been described in 
the case of microbial cells.

 Pulse Width

The influence of pulse width on the microbial lethality of PEF is still unclear. Some 
studies reported higher inactivation rates when wider pulses were applied (Aronsson 
et al. 2001; Wouters et al. 1999). However, they were obtained in conditions without 
temperature control. Longer pulses involve the delivery of a higher amount of 
energy in the treatment zone per unit of time and hence an increase in temperature, 
which may sensitize microorganisms to PEF. Other authors did not observe differ-
ences in inactivation levels when varying pulse width without modifying treatment 
time or specific energy under isothermal conditions (Álvarez et al. 2003a; Fox et al. 
2008; Frey et al. 2013; Raso et al. 2000). To prevent misinterpretation of results 
when studying the influence of pulse width, Raso et al. (2016) thus recommend the 
use of lower frequencies to avoid the Joule heating effect. Furthermore, it should 
also be pointed out that long pulses (longer than 20 μs) have been reported to gener-
ate a greater number of electrochemical reactions, resulting in the release of chemi-
cal species that are potentially toxic for microorganisms, as well as in fouling and 
corrosion of the electrode surfaces (Ho and Mittal 2000; Pataro et al. 2017).

On the other hand, Vernhes et  al. (2002) reported that for pulses of the same 
specific energy, shorter pulses applied at higher field strengths were more effective 
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in microbial inactivation than wider pulses at lower field strengths. These data indi-
cate that, as pointed out by Toepfl et  al. (2014), pulse characteristics cannot be 
studied independently from other parameters.

 Frequency

The frequency of pulse application has also been studied in terms of microbial inac-
tivation response, in ranges from 0.5 to 500 Hz. The majority of studies reported 
that microbial inactivation is independent of the frequency applied for an equivalent 
treatment (Hülsheger et al. 1981; Mosqueda-Melgar et al. 2007; Raso et al. 2000). 
However, similarly to what has been described above for pulse width, it is essential 
to take into account that the frequency-dependent increase in temperature in the 
treatment medium may enhance the PEF inactivation effect, thereby leading to 
unreliable or noncomparable results.

 Specific Energy

Microbial inactivation by PEF increases with the total specific energy (energy per 
mass unit) of the treatment (Fig. 5a). This parameter depends on applied voltage, 
total treatment time, resistance of the treatment chamber, and amount of treated 
product. The resistance of the treatment chamber depends on its geometry and on 
the degree of conductivity of the treatment medium. Due to its broad significance, 
specific energy is also an essential parameter to be included when characterizing a 
PEF treatment, together with field strength and treatment time. This is critical, 
because although PEF microbial inactivation increases along with energy, greater 

Fig. 5 Influence of total specific energy at 30 kV/cm (a) and the influence of electric field strength 
at the same total specific energy of 40 kJ/kg (b) in the inactivation of Salmonella typhimurium by PEF
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lethal effects are achieved at the same specific energy by increasing the field strength 
(Fig. 5b) (Álvarez et al. 2003a; Huang et al. 2014; Puértolas et al. 2009; Zhong et al. 
2005). Furthermore, the information provided by the specific energy factor is essen-
tial when comparing the lethal effect of PEF with that of other technologies, both 
thermal and nonthermal. In continuous processing with PEF, specific energy is also 
commonly used to estimate the temperature increment due to the Joule effect and 
thereby the outlet temperature of the treated product.

 Temperature

PEF technology emerged as a nonthermal technique for food preservation as a 
replacement for traditional thermal treatments in order to avoid heat effects on food 
properties. However, the lethal effect of PEF has been shown to increase notably 
with temperature, even when combined with nonlethal temperatures (< 50  °C) 
(Katiyo et al. 2017; Saldaña et al. 2010a; Sharma et al. 2014; Timmermans et al. 
2019) (Fig. 6). For example, the same PEF treatment (30 kV/cm; 150 μs; pH 3.5) 
increased the inactivation of Salmonella typhimurium by 4.0 Log10 cycles when 
applied at 38 °C instead of at 4 °C (Saldaña et al. 2010a). Molecular dynamic simu-
lations (MDS) indicate that the electroporation threshold decreases as temperature 
is increased (Song et  al. 2011), a hypothesis already advanced by Coster and 
Zimmermann (1975). This synergetic behavior has been attributed to a change in 
the lipid bilayer from a gel-like consistency to a more liquid crystalline state as a 
consequence of temperature rise, thereby facilitating the formation of pores (Stanley 
and Parkin 1991). Additionally, Cebrián et al. (2016a) pointed out that other causes 
might also be involved in this effect, such as changes in other membrane compo-
nents or structures or a higher ion/component diffusion rate. Therefore, control of 
this parameter or of those aspects that affect it is essential in order to obtain accurate 
data concerning microbial resistance to PEF, especially when inactivation mecha-
nisms are being studied.

Fig. 6 Inactivation of 
Saccharomyces cerevisiae 
by PEF treatments at 
20 kV/cm under pH 4.0 at 
different treatment 
temperatures: 10 °C (●), 
25 °C(  ⃝ ), 30 °C (■), 
40 °C (▲), and 50 °C (⋇)
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 Microbial Characteristics

Microbial resistance to PEF is highly reliant on intrinsic microbial characteristics, 
especially on the type of microorganism, cell size and shape, and growth conditions. 
Furthermore, the microbial resistance observed against PEF treatments does not 
always correlate with the resistance to other inactivation technologies (Cebrián 
et al. 2016b).

 Type of Microorganism

For decades it has been known that although PEF is rather successful in achieving 
inactivation of vegetative cells of bacteria, molds, and yeast (Hamilton and Sale 
1967), bacterial spores are resistant to this technology. The complex spore enve-
lopes, and mainly the cortex, probably prevent the electroporation phenomenon 
from taking place (Pol et al. 2001). However, recent studies have reported that bac-
terial spores of Bacillus subtilis and Geobacillus stearothermophilus can be inacti-
vated by the combination of moderate preheating and PEF treatments with elevated 
final temperatures (Cregenzán-Alberti et al. 2017; Reineke et al. 2015; Siemer et al. 
2014). Regarding other nonbacterial spores, certain ascospores and conidiospores 
of yeast and molds have been proven sensitive to PEF; however, ascospores of 
Neosartorya fischeri were resistant (Raso et al. 1998).

Resistance to PEF is not only greatly dependent on the type of microorganism 
(Gram-positive bacteria are generally more resistant than Gram-negative), but there 
is also a great degree of variability among the most sensitive strains of the same 
microbial species. Saldaña et al. (2010) studied five strains of Listeria monocyto-
genes, Staphylococcus aureus, Escherichia coli, and Salmonella typhimurium, and 
they found differences in inactivation levels from less than 1.0 to 4.0 Log10 cycles. 
On the other hand, Cebrián et al. (2007) observed that different pigmented and non-
pigmented enterotoxigenic strains of S. aureus showed similar PEF resistance. In 
general, interspecific differences in microbial PEF resistance are greater than intra-
specific ones (Cebrián et al. 2016b).

 Cell Size and Shape

From a theoretical point of view, and taking the mechanism of electroporation into 
account (Eq. 1 and Fig. 2), cell size and shape should be one of the most significant 
intrinsic parameters affecting microbial resistance to PEF. Yeast and molds are gen-
erally considered more sensitive than bacteria due to their size. Regarding cell 
shape, the orientation within the electric field is determinant for the susceptibility of 
nonspherical cells, which are generally more resistant (Fig. 2). Thus, it can be spec-
ulated whether the stochastic spatial orientation of microorganisms inside an elec-
tric field could also have an impact on a treatment’s efficiency, as is the case with 
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diversity in size (Heinz et al. 2001). Nevertheless, these general assumptions are not 
always corroborated; other intrinsic microbial characteristics may influence micro-
bial resistance to PEF, for example, the structure and composition of the cellular 
envelopes (Kandušer et al. 2006; Liu et al. 2017; Wang et al. 2019).

 Culture Conditions

Microbial culture conditions such as growth phase and growth temperature have 
been proven to generate modifications in microbial resistance to PEF. Most of the 
investigations point out that cells in exponential phase are more sensitive than in 
stationary phase (Alvarez et al. 2002; Arroyo et al. 2010a; Somolinos et al. 2008a; 
Wang et al. 2019). During the exponential phase, most of the cells are in the division 
stage, which may increase the lipid bilayer’s susceptibility to be electroporated due 
to the cells’ greater size (Jacob et al. 1981). In a growing culture, cells are observed 
to elongate and then form a partition that eventually separates the cell into two 
daughter cells. Conversely, the fact that cells are shortened when they have reached 
the stationary phase (Deforet et al. 2015) could also explain their higher resistance 
to PEF. Furthermore, it is known that certain bacterial species express a series of 
general stress sigma factors when they achieve stationary growth phase (Abee and 
Wouters 1999). Some authors have found a relation between the expression of the 
sigma factors rpoS (Somolinos et al. 2008a) and σB (Cebrián et al. 2009) and higher 
PEF resistance in stationary phase.

Regarding growth temperature, the literature shows different behaviors. An 
increase in microbial sensitivity as growth temperature decreases has been reported 
(Alvarez et al. 2002; Liu et al. 2017; Russell 2002; Wang et al. 2019; Yun et al. 
2016). In this sense it has also been reported that the proportion of unsaturated fatty 
acids in Escherichia coli and Salmonella Typhimurium increases at low growth 
temperatures (Liu et al. 2017; Wang et al. 2019). This variation in the proportion of 
fatty acids might affect the fluidity of the membrane, which would become more 
susceptible to electroporation. However, when cells were treated during exponential 
phase, Wang et al. (2019) did not observe any influence of growth temperature on 
their resistance to PEF. Other data indicated that growth temperature did not alter 
microbial resistance to PEF (Álvarez et al. 2003b; Arroyo et al. 2010a). Similarly, 
Cebrián et al. (2016a) found no differences in the resistance of S. aureus at station-
ary phase when increasing the growth temperature from 10 to 42 °C, except in cells 
grown at 30 °C. Finally, even the opposite effect has been reported: E. coli displayed 
higher PEF resistance at the lowest growth temperatures (Cebrián et  al. 2008). 
These discrepancies thus seem to indicate that other factors and/or mechanisms 
might also be involved in the effect of growth temperature on microbial resis-
tance to PEF.

Other culture settings, such as the presence of ethanol or acid conditions, have 
likewise been shown to affect microbial resistance to PEF. Acetobacter sp. was 
more vulnerable to subsequent PEF treatments with a higher concentration of etha-
nol in the growth medium (Niu et al. 2019). Similarly, E. faecium grown under acid 

C. Delso et al.



187

conditions showed a higher sensitivity to PEF when treated at neutral pH than 
nonacid- adapted cells (Fernández et al. 2018). However, the same authors observed 
that the acid-adapted cells were more resistant to PEF when treated at pH 4.0 than 
control cells. Adaptive responses when cells are transferred from the growth media 
to a different media for treatment might also be occurring. Both protective and sen-
sitizing effects against PEF treatments have been detected in Gram-negative as well 
as in Gram-positive bacteria after having been pre-exposed to different acid, heat, or 
alkaline shocks (Arroyo et al. 2012; Cebrián et al. 2012; Somolinos et al. 2008a). 
However, different outcomes observed according to strain, treatment parameter, and 
type of shock treatment make it difficult to draw general conclusions on the influ-
ence of these shocks on microbial resistance to PEF.

 Characteristics of the Treatment Medium

Food products are complex matrixes whose physical and chemical characteristics 
strongly determine microbial growth and PEF sensitivity. PEF technology has been 
applied to a wide range of different products, mainly liquids (e.g., buffers, milk, 
fruit juices, beer, liquid egg, etc.) but also solid products (e.g., agar, gellan-gum gel, 
beef burgers, etc.). Thus, in theory, by knowing how each of the main factors such 
as electrical conductivity, pH, water activity, treatment medium composition, etc., 
tends to exert an influence on microbial resistance to PEF, it would be possible to 
predict and adequately design PEF treatments for application to all these different 
food products. However, it should be borne in mind that the food components might 
be interacting with one another, thus causing effects in a different way, or to another 
extent, than what was theoretically predicted in terms of microbial inactivation by 
PEF. Therefore, the optimized PEF process parameters previously calculated in buf-
fers or food models should still be validated in the target food matrix.

 Electrical Conductivity

Due to the PEF technique’s nature, the electrical conductivity of the medium is also 
a key parameter. The electrical conductivity of the treatment medium determines its 
resistivity and thus the current intensity required to generate the electric field. 
Certain authors did not observe an influence of conductivity (in a range from 0.05 
up to 0.45 S/m) on microbial inactivation when equivalent treatments of specific 
energy were applied (Álvarez et  al. 2003a; Gachovska et  al. 2013; Timmermans 
et al. 2019). Other studies, on the contrary, reported greater inactivation rates at the 
lowest conductivity (Jayaram et al. 1993; Sensoy et al. 1997; Vega-Mercado et al. 
1996; Wouters et  al. 1999). Although certain authors speculate that conductivity 
could influence the membrane’s permeability, this behavior might be attributed to 
the setup conditions and equipment used. What is more, those studies evaluated 
various dependent parameters, and each particular factor might bear an influence on 
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microbial inactivation in a different way, even in an opposite direction (Saulis 2010). 
Thus, it has to be reminded that at constant input voltage, the higher the conductiv-
ity, the lower the chamber resistance, which implies an increase in the temperature 
of the medium, thereby potentially affecting microbial resistance to PEF. It is there-
fore difficult to discern whether conductivity actually exerts an influence on the 
electroporation phenomenon or whether the observed effects are a result of the 
influence of conductivity on other process parameters.

 pH

The influence of pH on microbial resistance to PEF has been widely evaluated: it 
has been shown to be especially dependent on the type of microorganism, as indi-
cated above. Generally, Gram-positive bacteria are more resistant in neutral pH 
media than in acid conditions, whereas Gram-negative behave in the opposite way 
(García et al. 2005a, 2007; Saldaña et al. 2010, b, c). Saldaña et al. (2010) confirmed 
this effect comparing five strains of two Gram-positive bacteria (Listeria monocyto-
genes and Staphylococcus aureus) and two Gram-negative (Escherichia coli and 
Salmonella typhimurium) at pH  4.0 and 7.0. The differences in PEF resistance 
according to medium pH were very marked for L. monocytogenes and E. coli but 
less pronounced for S. aureus and S. typhimurium. In general terms, the bacterial 
foodborne pathogen most resistant to PEF treatments in neutral pH would be 
Listeria monocytogenes. By contrast, at pH 4.0 the most resistant bacteria would be 
E. coli, Cronobacter sakazakii, and Salmonella (Cebrián et al. 2016b). Regarding 
yeast, Somolinos et al. (2007) did not find a statistically significant effect of pH on 
the PEF resistance of two yeast species (Saccharomyces cerevisiae and Dekkera 
bruxellensis), although they observed that S. cerevisiae was slightly more sensitive 
at pH 5.0 and 6.0. Similar results were found by Aronsson and Rönner (2001).

The higher sensitivity of Gram-positive bacterial cells at acidic pH has been 
attributed to a change in their capability to maintain a transmembrane pH gradient 
due to membrane electroporation (Vega-Mercado et al. 1996). Loss of membrane 
continuity would be expected to impair pH homeostasis, thereby modifying intra-
cellular pH and affecting the critical components of the cell (DNA, enzymes, etc.). 
This mechanism would explain the behavior of Gram-positive bacteria, but not that 
of Gram-negative ones which are more sensitive at neutral pH. García et al. (2007) 
attributed this difference in behavior to the capacity of each bacterial group to repair 
sublethal damages in the cytoplasmic membrane after PEF depending on the 
medium pH. They only observed the existence of sublethal injury in the populations 
of two Gram-negative bacterial species and two Gram-positive ones after PEF when 
treated in acidic and neutral pH media, respectively (García et al. 2005a). The influ-
ence of pH on microbial resistance to PEF therefore seems to be related to the 
recovery capability of sublethal injured cells. The underlying causes of this 
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phenomenon nevertheless still need to be elucidated. On the other hand, Somolinos 
et al. (2010) noticed that the apparently greater resistance of E. coli at pH 4.0 was 
actually related to the presence of higher concentrations of citric acid in the 
McIlvaine buffers at acid pH; similar effects were obtained with other organic acids. 
More research is required to completely explain the mechanisms involved in the 
influence of pH on microbial resistance, particularly due to their practical implica-
tions for the applicability of this technology.

 Water Activity (ɑw)

This parameter is one of those least investigated in terms of its influence on micro-
bial resistance to PEF. In general, a reduction in aw increased the PEF resistance of 
several bacteria and yeast (Alvarez et al. 2002, 2003b; Aronsson and Rönner 2001; 
Arroyo et al. 2010a). It has been speculated that microorganisms in an environment 
with low aw suffer a release of inlet water to the exterior, resulting in a cell size 
reduction that augments their resistance to PEF. Furthermore, cell shrinkage prob-
ably causes a thickening of the cell membrane, as well as a decrease in membrane 
permeability and fluidity (Neidhardt et al. 1990).

However, the effect of aw on resistance is highly dependent on the solute. For 
example, Fig.  7 shows the PEF survival curves of Salmonella Senftenberg and 
L. monocytogenes obtained at the same aw (0.93) adjusted with 50% (w/v) of sucrose 
and 10% (w/v) of glycerol. Glycerol makes both microorganisms more sensitive to 
PEF treatments, while sucrose behaves the opposite way. This could be related to 
these solutes’ different properties and membrane permeability among others.
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Fig. 7 Influence of the aw of the treatment medium on the PEF inactivation of Salmonella serovar 
Senftenberg (a) and L. monocytogenes (b). Treatment conditions, McIlvaine buffer pH  7.0 
and > 0,99 (■), aw = 0,93 and 50% sucrose (O), aw = 0,93 and 10% glycerol (∆), aw = 0,80 and 50% 
glycerol (▲); field strength, 22 kV/cm, 2,2 kJ/kg/pulse (Salmonella), 28 kV/cm, 3,6 kJ/kg/pulse 
(L. monocytogenes); 2 μsec square wave pulses; frequency, 1 Hz; conductivity, 2 mS/cm
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 Composition of the Treatment Medium

Several studies have been carried out to evaluate the influence of treatment media 
components on the efficacy of PEF. However, the wide variety of possible condi-
tions and combinations makes it difficult to reach general conclusions.

Protein concentration has been reported to exert a protective effect during inacti-
vation (Jaeger et  al. 2009). However, Schottroff et  al. (2019) found no effect of 
protein concentration when the treatment was carried out at neutral pH. Similarly, 
Mañas et al. (2001) observed non-protective behavior of emulsified lipids or soluble 
proteins in the microbial inactivation of E. coli by PEF at neutral pH.

 Kinetics of Microbial Inactivation by PEF

Microbial death kinetics describes the evolution of the number of microorganisms 
that are subjected to a lethal agent for a long time. Survival curves corresponding to 
microbial inactivation by PEF are generally represented as the Log10 of the number 
of survivors to a constant electric field strength against time. It has been tradition-
ally assumed that first-order kinetics governs this relation, which means that the 
number of survivors decreases exponentially with treatment time and a straight line 
describes the survival curves. This approach is very useful for the characterization 
of microbial resistance to PEF using the D values (decimal reduction time) and for 
the prediction of inactivation rates under different conditions (electric field strength, 
pH, temperature) by developing secondary models.

Some early studies have found such a linear relation in survival curves by PEF 
(Heinz et al. 1999; Reina et al. 1998; Sensoy et al. 1997) but only at inactivation 
levels of less than 4.0 Log10 cycles and when treatments are applied at low electric 
field strengths or for short times. If the treatment time is prolonged, this linear cor-
relation tends to deviate, resulting in curves with a concave upward tail, describing 
rapid inactivation in the first instants of the treatment until reaching a point when the 
inactivation rate decreases.

Survival curves with a tailing effect are the ones most commonly reported in 
studies of microbial resistance to PEF treatments (Martínez et al. 2016; Monfort 
et al. 2010a, b; Puértolas et al. 2009; Qin et al. 2015; Walter et al. 2016). In order to 
describe this particular inactivation kinetics obtained by PEF treatments, several 
alternative models to the traditional first-order kinetics have been proposed. Table 2 
summarizes different models (primary models) that have been suggested to describe 
PEF survival curves, from purely empirical equations to the most widely used model 
based on the Weibull distribution. The Weibull model has been reported as one of 
the best fits for the death kinetics of microorganisms subjected to PEF; several stud-
ies have used it to characterize microbial death under such circumstances. On the 
basis of their parameters, secondary models have been developed, mainly using 
quadratic response equations to describe the effect of different factors such as the 
electric field, treatment medium pH, and temperature on the parameters of the 
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primary model (Huang et al. 2013, 2014; Saldaña et al. 2010a, b, c; Sampedro et al. 
2011; Walter et al. 2016).

Several theories have been proposed to explain deviations from first-order kinet-
ics. While the mechanistic theory assumes that a microbial population has identical 
resistance to a lethal agent, the vitalistic theory suggests the existence of a distribu-
tion of microbial sensitivity to inactivation processes (Stewart et al. 2002). According 
to the latter, survival curves would describe the cumulative form of a temporal dis-
tribution of lethal effects: the tailing would correspond to the death of the more 
resistant ones. Likewise, a mix of two fractions or subpopulations with different 
degrees of PEF resistance could also cause concave upward survival curves. The 
first portion would mainly describe the death of the least resistant microorganisms, 
whereas the second one would describe the death of those that are most resistant.

Although the application of the Weibull model is based on the assumption that 
different degrees of PEF resistances exist within the same microbial population 
(Mafart et al. 2002), it should be empirically tested, since the presence of microor-
ganisms with different PEF sensitivity within a microbial suspension has not been 
demonstrated. Given the Weibull model’s lack of mechanistic significance, conclu-
sions drawn from its application should not be extrapolated; the same applies to all 
the models featured in Table 2. In any case, these models are helpful in order to 
quantify and compare the magnitude of factors affecting microbial inactivation 
already described in this chapter.

 Methodological Artifacts Affecting Microbial Inactivation 
Kinetics by PEF

As pointed out above, deviations from linearity are frequent in microbial survival 
curves to PEF; there is still no agreement on the causes or mechanisms responsible 
for this particular behavior. As described above, many factors affect the efficiency 
of PEF treatments in a variety of different directions. Moreover, the non- 
standardization of microbial growth protocols, of PEF treatment processing, or of 
recovery conditions might lead to methodological artifacts that could also exert an 
effect on inactivation kinetics. Table 3 summarizes the main sources of artifacts that 
can occur during PEF treatment processing for microbial inactivation purposes and 
which may affect inactivation kinetics.

 Strain and Culture Conditions

Particular care must be applied regarding inoculum preparation and culture condi-
tions of microorganisms to obtain rigorous data, especially in view of the wide 
distribution of degrees of PEF resistance within microbial groups and even among 
strains of the same microbial species. It is known that the electric field threshold 
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required to achieve electroporation is directly dependent on cell size or on cell ori-
entation (of nonspherical forms) within the electric field. Through computational 
models, Lebovka and Vorobiev (2004, 2007) validated that the variability in cell 
size and/or morphology within a population can justify the deviation from first- 
order kinetics. Therefore, microbial kinetics experiments must be performed with a 
single strain at a homogeneous stage of growth in order to avoid variance in the size 
and morphology of cells. For validation experiments, it could be more effective to 
use cocktails of representative strains instead of single strains.

On the other hand, heterogeneity in the microbial population due to method-
ological errors can also change the shape of survival curves and lead to erroneous 
conclusions regarding inactivation kinetics and the concept of resistance distribu-
tion. Accordingly, and in spite of the numerous studies published on microbial inac-
tivation by PEF, further work is still necessary to elucidate if the actual underlying 
cause of nonlinearity in survival curves is due to a distribution of innate or acquired 
microbial resistance. Such research should focus on the role of microbial mecha-
nisms triggered by exposure to PEF and on the evolution of the microbial popula-
tion after treatment.

 PEF Treatment Parameters

Control of PEF treatment parameters is critical to enable comparison of results, 
since there are huge dependencies among the different process parameters. For 
example, an underestimation of temperature rise during the application of the PEF 
treatment may imply an increase in electrical conductivity and thus a reduction of 
the chamber’s resistance (Ω), which means that a higher intensity (A) is required to 
deliver the same voltage (V) between the electrodes, as previously pointed out. 

Table 3 Experimental artifacts that can influence the kinetics of PEF microbial inactivation

Artifact source Causes

Strain and culture 
conditions

Lack of standardization regarding the inoculum preparation
Mixtures of cells at different stages of growth
Mixtures of strains with different degrees of resistance

PEF treatment Inaccurate measurement of treatment parameters
Nonuniform distribution of the electric field strength in the treatment 
chamber
Variations in the electric field strength during the treatment
Variation of sample temperature during the treatment

Treatment medium Inaccurate measurement of treatment medium properties
Generation of electrochemical reaction products

Recovery conditions Use of selective media
Short incubation times
Holding of the microorganisms in the treatment medium before 
enumeration
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Temperature, moreover, is one of the main parameters affecting microbial inactiva-
tion. This implies that if temperature is not meticulously controlled, the proportion 
of inactivation can be affected, thereby leading researchers to obtain false tenden-
cies in the kinetics, either by making it concave or lineal. The same would apply to 
any other relevant treatment parameters.

Therefore, to obtain accurate data parameters such as actual electric field 
strength, treatment time, temperature, pulse width, and intensity, they should be 
monitored continuously throughout the treatment. It is more suitable to use square 
wave pulses, since they permit to calculate the actual electric field and treatment 
time more accurately than exponential decay pulses.

Nonuniform distribution of the electric field in the treatment chamber is probably 
the most important operational artifact that can occur in the estimation of the micro-
bial resistance to PEF. This artifact has been reported by different authors as the 
cause of the tailing effect. Mañas et al. (Mañas et al. 2001) observed the presence of 
dead spaces in the head of chambers where the electric field was ineffective, and 
they observed an enhancement of inactivation rates when the content of the chamber 
was homogenized between pulses by mixing. Donsì et al. (2007) treated S. cerevi-
siae cells immobilized in agar; after visualizing colony growth, they concluded that 
the electric field was lower in the peripheral zones of the chamber. However, even 
after applying the mixing protocol, inactivation kinetics did not become lineal; the 
authors attributed the tail to the formation of cell clusters, which made cells more 
resistant. By contrast, Raso et al. (2000) found a good uniformity of the electric field 
using a batch chamber of parallel electrodes. No differences in the inactivation of 
Salmonella Senftenberg were obtained by applying mixing protocols, and observa-
tion of treated agar discs showed homogeneously distributed colonies. Moreover, 
the uniformity of the electric field in a batch treatment chamber of parallel elec-
trodes was also confirmed by numerical simulation (Saldaña et  al. 2010a). 
Consequently, basic studies of microbial inactivation kinetics require previous 
investigation of the electric field uniformity, which is generally better in static 
chambers of parallel electrodes rather than in continuous ones (Toepfl et al. 2014).

The deviation from first-order kinetics is not so evident when PEF treatments are 
applied in continuous flow conditions (Picart et al. 2002; Walkling-Ribeiro et al. 
2009). This could be related to the fact that methodological artifacts such as dead 
spaces in the chamber or nonuniformity of the electric field are minimized by turbu-
lent flow (Meneses et  al. 2011). Thereby, if such artifacts were the cause of the 
nonlinearity of survival curves, they would be drastically reduced in continuous 
treatment chambers, thanks to the turbulent flow that homogenizes samples. 
Moreover, in continuous flow treatments, the residence time in the treatment cham-
bers is extremely short, and higher frequencies are required as the treatment time is 
extended. These facts suppose a dissipation of the thermal energy throughout the 
product, leading to an increase in temperature due to ohmic heating (Lindgren et al. 
2002; Saldaña et al. 2014). Hence, without temperature control, the synergistic kill-
ing effect of heat combined with PEF would make the survival curves linear. Lastly, 
numerical simulation has shown that the temperature rise in continuous flow treat-
ments varies widely in different parts of the treatment chamber, especially in 

C. Delso et al.



195

collinear ones (Buckow et al. 2010, 2011). It is thus difficult to discern the actual 
individual effect of the electric field independently of the influence of temperature, 
which extremely affects microbial resistance to PEF. Furthermore, an underestima-
tion of temperature increment would imply changes in the electrical conductivity of 
the medium and thus a change in the actual intensity delivered as well as in the 
specific energy applied. Therefore, in order to obtain adequate data regarding micro-
bial death kinetics, it is preferable to use static chambers rather than continuous flow 
treatments, in which it is complex to keep all parameters under control.

 Treatment Medium

An accurate characterization of the treatment medium properties is essential in 
order to understand and predict their influence on processing parameters and avoid 
methodological artifacts. As discussed, microbial inactivation by PEF has been 
found to depend on the pH and aw of the treatment medium. The medium’s electrical 
conductivity has likewise been shown to be one of the most important factors, due 
to the particular nature of the PEF technique and its direct influence on the other 
electrical parameters.

Electrochemical reactions have been proven to occur during the application of 
PEF, resulting in partial electrolysis of the solution, electrode corrosion, and intro-
duction of particles of electrode material into the liquid (Pataro et  al. 2017). By 
introducing undesired toxic constituents, such phenomena can enhance the micro-
bial killing effect and provoke an overestimation of inactivation. Furthermore, the 
degradation of electrode surfaces may imply a nonhomogeneous distribution of the 
electric field strength along the treatment chamber. These effects would be intensi-
fied with longer treatment times and thus might deform the survival curves. Such 
electric reactions should therefore be minimized by reducing pulse width, using 
suitable electrode materials, and periodically carrying out adequate maintenance of 
the electrodes.

 Recovery Conditions

After the application of PEF to cells, different outcomes can be observed, and their 
evolution is highly dependent on ambient conditions (Fig. 2). For example, suble-
thally damaged cells can survive or die depending on the incubation time after PEF 
or on the temperature and pH of the medium (Raso et al. 2016). The quantification 
of survivors should therefore be adequately carried out with standardized proce-
dures. Holding microorganisms in the treatment medium before enumeration, 
applying an incubation time that is too short, or using selective media may lead 
researchers to overestimate the treatment’s effectiveness and hence the safety mar-
gin that has been achieved.

Although anaerobic conditions or low oxygen concentrations may affect micro-
bial recovery, Cebrián et  al. (2007) did not find differences in the recovery of 
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Staphylococcus aureus after PEF when anaerobic conditions were applied. On the 
other hand, Marcén et  al. (2019) observed a greater number of E. coli survivors 
when PEF-treated cells recovered under anaerobic conditions in a medium with low 
redox potential, thus suggesting that oxidative damage might affect survival capac-
ity. This effect needs to be investigated more thoroughly.

In conclusion, there are many sources of potential methodological artifacts 
which, in turn, can cause survival curves to deviate from first-order kinetics. Once 
the methodological artifacts are under control, such curve behavior can be explained 
by the hypothesis of a resistance distribution within a population. More basic in- 
depth studies should thus be carried out to elucidate the actual microbial inactiva-
tion kinetics with PEF under highly controlled conditions, as well as the underlying 
mechanisms. In all such studies, it would likewise be important to adequately 
describe the PEF treatment conditions in order to avoid misunderstandings (Raso 
et al. 2016).

 Combined Treatments

Even though the efficacy of PEF to inactivate vegetative cells has been widely dem-
onstrated, in most cases it is necessary to apply intense PEF treatments (high volt-
ages and long times) to obtain substantial microbial inactivation capable of 
guaranteeing food safety and stability (Saldaña et al. 2014). From a practical point 
of view, such high-intensity treatments have many drawbacks associated with 
equipment requirements, their impact on food properties, and the total cost of the 
process. Thus the industrial scale-up potential is quite limited for microbial inacti-
vation purposes. What is more, bacterial spores and enzymes are resistant to PEF; 
this could represent an additional limitation of the technology. Therefore, in order 
to increase the lethal effect of PEF treatments or to prevent subsequent damage by 
deteriorative agents, certain combinations of PEF with other preservation strategies 
have been investigated (Garner 2019). Combined treatments consist in the applica-
tion of various preservation techniques in a successive or simultaneous form. Thanks 
to the additive or even synergistic lethal effect achieved by such combinations, PEF 
treatments can be applied with mild intensity, thereby causing considerably less 
impact on food properties. This approach, known as Hurdle technology, has already 
been successfully applied by combining PEF with traditional food preservation 
techniques.

One of the most successful strategies can be found in the application of PEF in 
combination with mild temperatures during pulse delivery. The inactivation levels 
obtained with a determined PEF treatment can be significantly enhanced by means 
of moderate temperatures (< 50 °C) that should not affect food properties (Katiyo 
et al. 2017; Saldaña et al. 2014; Sharma et al. 2014; Timmermans et al. 2019).

On the other hand, the acidification of foods is one of the approaches most widely 
applied with the purpose of reducing the undesirable effects of thermal processing, 
since low pH reduces microbial thermal resistance and inhibits the germination of 
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surviving spores. Acidic food products are thus especially interesting candidates for 
PEF-based combined processes. Such strategies would also prevent sublethally 
damaged or stressed cells from recovering their viability, as might otherwise occur 
after a PEF treatment (Fig.  3). Although the effect of treatment medium pH on 
microbial resistance has been shown to be highly variable, a further incubation of 
PEF-resistant microorganisms under acidic conditions can lead to a progressive 
decrease in their numbers. For example, E. coli O157:H7 in apple juice was inacti-
vated less than 90% by a PEF treatment (19 kV/cm, 400 μs); however, after just 
6 hours of incubation in the juice, the inactivation level increased up to 99.99% of 
the population (García et al. 2005b). Therefore, although microbial sensitivity to 
PEF does not always increase by lowering the treatment medium pH, the key in this 
combination is the inhibitory effect of low pH on the germination of bacterial spores 
and on the growth of nonacid-tolerant microorganisms, as well as the inactivating 
action of low pH and/or low temperatures on microorganisms sublethally 
injured by PEF.

The combination of PEF with antimicrobial compounds in the treatment medium 
has also been proven to be an effective strategy capable of increasing the lethal 
effect of PEF. Some of the investigated antimicrobials with positive results are nisin 
(Saldaña et al. 2012), lysozyme (Smith et al. 2002), EDTA (Monfort et al. 2011), 
organic acids (Mosqueda-Melgar et al. 2008), ozone (Unal et al. 2001), and essen-
tial oils (Ait-Ouazzou et al. 2013; Espina et al. 2014). The effect of antimicrobials 
has been proven as a simultaneous and as a successive treatment. However, their 
effect on the viability of microorganisms after PEF treatments has not been 
investigated.

Studies in this area indicate that the combination of PEF with other preservation 
factors seems to be a very promising approach for the nonthermal preservation of 
foods with a low impact on food quality, while ensuring food safety and stability. 
However, recent studies have reported that microbial cells can occasionally develop 
adaptive responses to certain stresses (e.g., heat or alkaline shocks, acid growth 
conditions, or the presence of ethanol), thereby increasing their subsequent resis-
tance to PEF (Cebrián et al. 2012; Fernández et al. 2018; Niu et al. 2019). In order 
to optimize a combined treatment with PEF, it is thus necessary to evaluate the pos-
sible emergence of cross-resistances.

 Conclusions

To ensure continued consumer confidence in the food industry, it is essential that 
high levels of food safety and quality be maintained. There is an increasing demand 
for foods that contain lower levels of preservatives and have been subjected to less 
severe processing; however, such requirements are not always compatible with an 
improvement in microbial safety and stability. In order to reduce the foodborne 
microbiological hazard and to extend the shelf-life of minimally processed foods, 
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alternative nonthermal technologies for microbial inactivation have been widely 
investigated.

Pulsed electric fields have widely proven to be effective in killing vegetative 
bacteria, yeast, and molds at mild temperatures and are thus becoming a promising 
technology that can be applied to obtain safe, fresh-like food products. Prior to an 
implementation on an industrial scale, it is necessary to establish adequate process 
parameters capable of successfully inactivating the target pathogenic 
microorganisms.

The application of an external electric field causes the formation of stable aque-
ous pores in the cytoplasmic membrane, with the corresponding loss of osmotic 
equilibrium, leading to microbial cell death. Several further varieties of cell out-
come can be also observed after the application of a PEF treatment, including sub-
lethally damaged cells that are capable of surviving under optimal conditions. 
Although other potential cell phenomena have been theorized, further research is 
still necessary to better understand the variety of different cell responses after hav-
ing been exposed to PEF. The knowledge thus gained would allow researchers to 
design improved PEF experiments and to adequately investigate the inactivation 
kinetics.

A wide range of techniques are currently available for the detection and measure-
ment of microbial electroporation. Although the one most widely used is the mea-
surement of the uptake of fluorescence dyes, other techniques present advantages in 
certain particular scenarios. Those based on plate count display a much higher sen-
sitivity at high levels of electroporation, which is especially useful in microbial 
inactivation studies. Different techniques should therefore be chosen, depending on 
the objectives and characteristics of the study.

Electric field strength, treatment time, and total specific energy stand out as the 
main parameters that characterize PEF treatments and determine the degree of final 
microbial death, which increases with treatment temperature. On the other hand, the 
actual influence of pulse shape and width as well as of frequency on inactivation is 
still to be fully elucidated. In any case, all these process parameters should be con-
sidered, monitored, and correctly reported in research on microbial inactivation by 
PEF. The influence of microbial type, of cell size and shape, as well as of culture 
conditions are all immensely relevant. Microbial cells tend to be more sensitive to 
PEF as their size increases, during exponential growth phase. Gram-positive bacte-
ria are generally the most resistant ones, followed by Gram-negative bacteria, yeast, 
and molds; however, media composition can drastically change this assumption, 
since medium pH is one of the most relevant factors.

The kinetics of microbial PEF inactivation usually deviates from linearity, result-
ing in the appearance of tails in the survival curves. Several mathematical models 
have been proposed to describe this inactivation kinetics, whereby Weibull is the 
one the most used. However, these models’ lack of biological significance limits 
their extrapolability. Although the cause of this tailing has been attributed to differ-
ent phenomena (resistance distribution within a microbial population on the one 
hand or methodological artifacts on the other), there is no consensus on this subject, 
and further work is still necessary. Understanding the actual underlying mechanism 
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of this deviation would allow for an optimization of PEF process parameters for 
purposes of microbial inactivation.

In summary, further research is required in order to clarify the underlying mecha-
nism of PEF microbial inactivation. Future studies will also help to understand how 
different parameters influence PEF lethality and to develop mathematical models 
with biological significance that would allow for the prediction of inactivation of 
foodborne pathogens as well as spoilage microorganisms of concern under different 
treatment conditions. All of this would contribute toward the definitive implementa-
tion of PEF as an alternative to thermal treatments for food pasteurization processes 
in continuous flow conditions at industrial scale for liquid – and perhaps in the near 
future also for solid – food products.
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US ultrasound
WE aqueous extraction
WL water losses

Symbols

°Brix Brix value
A area of cell
AP area of a single pore
a modulus of elasticity
b consolidation coefficient
C solute concentration in the solvent
Cm specific capacitance of membrane
D diffusivity
d Diameter of a sample
dm thickness of membrane
E electric field strength
Fi Fick number
fe electroporation factor
fi relative fraction
fp density of pores in a membrane
G compressibility modulus
h height or thickness of a sample
k electrical conductivity contrast, k = σd/σu

ke hydraulic permeability of the extracellular space
ki hydraulic permeability of the intracellular space
kp  hydraulic permeability of the pore
kBT thermal energy
m mass
n number of pulses
Np number of pores per cell
P pressure
Pmax fracture pressure
R radius of a cell
rc critical radius of a pore in a membrane
rp radius of a pore in a membrane
S firmness (stiffness) coefficient
Sc specific surface of the cell
T temperature
T pressing time
tc time of a cell charging
tc,m time of a membrane charging
tp pulse duration
tPEF total time of PEF treatment, tPEF = ntp
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U voltage
um transmembrane potential (voltage)
W specific energy consumption
Wa activation energy
Wc maximum energy of pore formation in membrane
Y diffusion (juice) yield
Yc consolidation ratio
Ze fraction of electroporated cell
Z disintegration index
Zc electrical conductivity disintegration index
Zd diffusivity disintegration index
α transmembrane flow coefficient
αr aspect ratio
Δt distance between pulses (
ε relative deformation
γ surface tension
η viscosity
θ angle
ρ density
σ electrical conductivity
τ characteristic time
τB consolidation time
τd diffusion time
τr retardation time
ω line tension

 Introduction

During the last few decades, there has been a growing interest in application of 
pulsed electric fields (PEF) for processing of food and agricultural materials. The 
recent efforts have been aimed at applying PEF for extraction of bioactive mole-
cules, osmotic dehydration, expressing of juices, drying, freezing, frying, cooking 
of foods, fermentation, inactivation of microorganisms, etc. (Vorobiev and 
Lebovka 2020).

The early interest on effects of electric field on plant growth, seed germination, 
and living organisms arose in the middle of the eighteenth century, starting from the 
works of Abbot Nollet (Heilbron 1979). The bactericidal and sterilization effects of 
electricity in food products were revealed at the end of the nineteenth century (Cohn 
and Mendelsohn 1879). The “electropure process” for heating the milk was accepted 
as a safe milk pasteurization technology in Europe and the USA in the 1930s (Moses 
1938). In the middle of the twentieth century, the DC and AC electrical treatments 
were applied for assistance of sugar beet processing (Zagorul’ko 1958), juice 
extraction from fruits and vegetables (grapes, apples, carrots) (Flaumenbaum 1949), 
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and processing of vegetable raw materials, meat, and fish (Kogan 1968; Matov and 
Reshetko 1968; Lazarenko et al. 1977; Rogov 1988). The advantages of DC and AC 
techniques were the short time of treatment and their relatively easy implementation 
to assist different processes, like diffusion, pressing, drying, etc. However, the 
applications of DC and AC electrical treatments were limited by significant eleva-
tion of temperature (due to the ohmic heating), thermal degradation of food and 
biomaterials, significant electrode erosion, and high energy costs. Thus DC and AC 
methods have found only limited usages.

In this line, the PEF treatment presents a good nonthermal alternative for pro-
cessing of food and agricultural products without significant elevation temperature 
and food quality deterioration and with moderate power consumption. Commonly, 
the PEF causes selective damage of cell membranes in cells without significant 
effects on cell walls. In plant tissues, an important damage of cell membranes can 
be observed at the electric field strengths of E = 100–1000 V/cm, using pulses with 
duration between 1 and 103μs and total PEF treatment time within tPEF = 10−4–10−1 s 
(Vorobiev and Lebovka 2008). For microbial killing larger fields (E = 20–50 kV/
cm) and smaller treatment times (tPEF = 10−5–10−4 s) are required (Barbosa-Cánovas 
et al. 1998). In pioneering works, the application of PEF treatment (with electric 
field strength up to E = 20 kV/cm and exponential pulses with duration of tp = 20μs) 
was shown to be effective for the selective damage of membranes of sugar beet tis-
sue without significant heating of surrounding media (Zagorul’ko 1958). This phe-
nomenon was called electroplasmolysis. The PEF treatment was also used for 
inactivation of Salmonella in egg powder suspensions and processing of fish prod-
ucts by Doevenspeck in the early 1960s (Doevenspeck 1961) (for more details see 
the reviews (Sitzmann et al. 2016a, b)). More active research efforts on PEF treat-
ments of food and agricultural materials started about two decades ago (Gulyi et al. 
1994; Knorr et al. 1994a, b; Barbosa-Cánovas et al. 1998), and they are basically 
grounded on the electroporation concept (Pakhomov et  al. 2010; Akiyama and 
Heller 2017; Miklavčič 2017).

This chapter presents the short review on PEF applications for the extraction of 
intercellular components from biological tissues. The concept of electroporation, 
main mechanisms of PEF actions, protocols of PEF treatments, techniques to detect 
PEF-induced changes, recent applications of PEF to assist solid/liquid expression, 
and solute extraction from different food and biomaterials are presented.

 Electroporation, Its Detection, and PEF Protocols

 Electroporation of Membranes

The academic interest on mechanism of PEF actions on biological cell has started 
in the middle of the twentieth century. The experimentally observed efficiency of 
high-frequency electric currents for inactivation of bacteria and viruses (Nyrop 
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1946) was explained by the effects of local overheating (Ingram and Page 1953). 
The effects of PEF-induced damage of cell membrane (reversible and irreversible) 
were experimentally observed (Stämpfli and Willi 1957; Stämpfli 1958), and these 
effects were explained by losses of the membrane’s function as semipermeable bar-
riers between the bacterial cell and its environment (Hamilton and Sale 1967; Sale 
and Hamilton 1967, 1968). The further works performed in the period between 
1960 and 1990 revealed detailed mechanisms of PEF action on breakdown of cell 
membranes (Neumann and Rosenheck 1972; Zimmermann et al. 1974; Riemann 
et al. 1975; Zimmermann et al. 1976a, b, c, 1980) and formation of pores in mem-
branes (Kinosita Jr. and Tsong 1977a, b; Kinosita and Tsong 1977). The knowledge 
on the sublethal and lethal effects of PEF in function of pulse intensity, duration, 
frequency, temperature, and other parameters has been collected in a series of papers 
(Hülsheger and Niemann 1980; Hülsheger et al. 1981, 1983).

Based on these early works, the electroporation concept was theoretically 
grounded (Weaver and Chizmadzhev 1996; Miklavčič 2017). Electric field selec-
tively modifies structure of cell membranes. The lipid membranes have significantly 
smaller electrical conductivity (σm) as compared to internal cytoplasmic (σi) and 
external extracellular media (σe). Therefore, electric field is predominantly concen-
trated on the biological membrane, which leads to its alteration and damage.

The transmembrane potential required for the breakdown of biological mem-
brane was experimentally estimated to be in the order of um ≈ 1.0 V (Weaver and 
Chizmadzhev 1996). Electric field strength applied for the breakdown of membrane 
with thickness of dm ≈ 5 nm can be estimated as E = um/dm ≈ 2 × 1010 V/cm, which 
is a typical value required for the breakdown of insulating materials (Rumble 2019).

For the description of cell membrane breakdown, different physical models have 
been proposed. These models are based on the considerations of electrically induced 
thermal, osmotic, mechanical, hydrodynamic, and viscous-elastic instabilities 
(Chen et al. 2006). Historically, the first speculation on selective breaking of cell 
membranes was based on electroosmotic effect during the PEF application 
(Zagorul’ko 1958). Later on it was speculated that the fast molecular exchange 
induced by electroosmosis could cause chemical imbalances and provoke cell lysis 
(Dimitrov and Sowers 1990). The ohmic heating could cause selective heating of 
the membrane as the most resistive part of the cell. However, simulations show that 
heat diffusion effects effectively prevent the Joule overheating of cell membrane 
owing to its small thickness (dm ≈ 5 nm) (Lebovka et al. 2000).

Electroporation model, based on the formation of electropores inside cell mem-
brane, is actually popular to explain PEF effects (Fig. 1). In this model cell mem-
brane is treated as a condenser (a homogeneous slab of lipids) with a specific 
capacitance, which can be calculated as Cm = εmε0/dm (≈3.5 × 10−3 F/m2), where εm 
(≈2) is the dielectric constant of a lipid membrane and ε0 = 8.85 × 10−12 F/m is the 
permittivity o free space. The external electric field stimulates creation and growth 
of pores in a membrane. The energy of aqueous pore formation represents parabolic 
function of r for the balance between line tension (2πrω) and surface tension (πr2γ) 
contributions (Weaver and Chizmadzhev 1996):
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 W r r= −2 2π ω π γ  (1)

Thus the formation of pores is supported by the surface tension forces and is sup-
pressed by the line tension forces. Inside the pore the lipid part of membrane with 
low dielectric constant εm (≈2) is replaced by water or ionic solution with high 
dielectric constant εw (≈80).

The induced transmembrane voltage (um) increases the effective surface tension 
and promotes the opening of pores

 
γ γ∗ = + ( )( )1

2
u um o/ ,

 
(2)

where is the voltage parameter (uo ≈ 0.17 V for the typical values γ ≈ 2 × 10−3 N/m 
and ω ≈ 2 × 10−11 N for lipid membranes (Winterhalter and Helfrich 1987).

The critical radius of the pore, rc, and maximum energy of pore formation W(rc) 
can be estimated from the condition ∂W/∂r = 0. It gives for the critical radius of the 
pore rc = ω/γ* and for the activation energy Wc(rc) = πω2/γ* = πrcω. The equilibrium 
density of pores induced in cell membrane (or pore surface fraction) can be 
estimated as

 f W k Tp c B≈ −( )exp / . 
(3)

In absence of the external electric field (um = 0), the estimations give the values 
rc ≈ 10 nm, where Wc(rc) ≈ 109kT (kBT ≈ 4.11 × 10−21 J at T = 298 K) is the thermal 
energy and fp ≈  4.6  ×  10−48. Therefore formation of pores is a highly improba-
ble event.

However, in presence of the external electric field, the value of rc decreases and 
Wc increases with increasing of um. For example, for the transmembrane potential of 
um = 1 V we get

 
r u um oc nm,= ∗ = ( ) + ( )( ) ≈ω γ ω γ/ / / / .1 0 28
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Fig. 1 Pore induced by external electric field in cell membrane. The real membranes contain a 
variety of molecules like proteins, glycoproteins, glycolipids, sphingolipids, cholesterol, etc. (Tien 
and Ottova 2003)
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 W r r kTc c( ) = ≈π ωc 4 28. , 
(4b)

and  fp  ≈  0.014; therefore the pore formation can be initiated by thermal 
fluctuations.

The transient aqueous pore model gives the following relation for estimation of 
the lifetime τ of a single membrane (Weaver and Chizmadzhev 1996).
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(5)

where experimental estimation gives τ∞ ≈ 3.7×10−7 s (at T = 298 K) for the lipid 
membrane (Lebedeva 1987).

The electropore model presented in Fig. 1 corresponds to the formation of simple 
pore with hydrophilic internal coating. The electroporation effects for pores with 
complicated structures were also discussed (Neu and Krassowska 1999). In general, 
within the temperature range of 20–55 °C, the complex phase behavior and melting 
transitions were observed for the lipid bilayers (Heimburg 1998; Holl 2008). It can 
affect the changes in transmembrane potential with temperature elevation 
(Zimmermann 1986). In general, electroporation evolves changes in the size and 
number of pores induced by PEF, interactions between pores, aggregation of pores, 
and transport processes of biomolecules (dyes, vitamins, disaccharides, anticancer 
drugs, peptides, and genes) through the membrane (Rols 2006). Moreover, electro-
poration behavior can be influenced by complex composition of real membranes 
containing a variety of molecules like proteins, glycoproteins, glycolipids, sphingo-
lipids, cholesterol, etc. (Tien and Ottova 2003) (Fig. 1).

In dependence of PEF treatment intensity, sublethal, intermediate, and overlethal 
electroporation effects can occur. At moderate PEF treatment, the sublethal injury 
with recovery or resealing effects can be observed (Saulis 1997). Typically, the 
duration of resealing is of order of 1–100μs, and it significantly depends on the 
temperature and composition of lipid membrane (Sugar et al. 1987). However, in 
some cases very prolonged resealing duration (seconds, minutes, and even hours) 
was also observed (Rols and Teissié 1990; Pakhomov et  al. 2009) that can be 
explained by the lipid peroxidation (oxidative degradation of lipids) mechanism 
(Rems et al. 2019).

During the last decades, the formation of electropores was intensively studied by 
computer simulations (Rems and Miklavčič 2016). Particularly, at high electric 
fields, formation of the bilayer patches containing hydroperoxide lipid derivatives 
was demonstrated (Rems et al. 2019). Detailed reviews on this subject can be found 
in the literature (Apollonio et al. 2012; Delemotte and Tarek 2012; Casciola and 
Tarek 2016).
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 Electroporation of Single Cell and Ensembles of Cells 
and Tissues

 Spherical Cell

The electroporation of single cell is complicated by the distribution of transmem-
brane potential um over cell surface. For the idealized spherical cell (Fig. 2a), the 
distribution of transmembrane potential um can be evaluated using Schwan’s equa-
tion (Grosse and Schwan 1992):

 u f ER t tm e c= − −( ) 1 5 1. cos exp /θ , 
(6)

where fe is the electroporation factor, θ is the angle between the external electric 
field E and the radius-vector on the membrane surface, R is the radius of the cell, 
and tc is the time of a cell charging.

The highest drops of transmembrane potential occur at the cell poles, and it 
decreases up to a zero at θ = ±π/2. The factor [1-exp(−t/tc)] accounts for the mem-
brane charging, and fe(≤1) is an electroporation factor (Kotnik et al. 1997, 1998):
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(7)

where dm is the thickness of the membrane and σm, σe, σi are the electrical conduc-
tivities of the membrane, extracellular, and intracellular media, respectively.

The time of a cell charging can be evaluated using the equation
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Fig. 2 A biological cell in the external electric field. Schematic presentations of the idealized 
spherical cell covered by cell membrane (a) and a structure of the eukaryotic plant cell (b)
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where tc,m = dmCm/σm is the time of a membrane charging.
In the limit of nonconducting membrane (σm = 0), we have fe = 1. In general case, 

the value of fe depends significantly on the conductivity ratio σe/σi and radius of the 
cell, R. For biological cells the typical values of parameters are σm ≈ 5 × 10−7 S/m, 
σi ≈ 2 × 10−1 S/m, εm ≈ 2, dm ≈ 5 nm (Kotnik et al. 1997), R ≤ 10μm for yeasts and 
microbial cells, R = 10–30μm for animal cells, and R = 10–100μm for plant cells. 
Using these values we can estimate tc,m ≈ 35.4μs, Cm ≈ 3.5 × 10−3 F/m2. In vivo 
conditions (i.e., at σe/σi ≈ 1), fe ≈ 1 and tc < < tc,m. For external medium with low 
electrical conductivity (i.e., at σe/σi. < <1), the value of can be fe is significantly 
smaller than 1 and tc ≈ tc,m.

The real biological cells have more complicated internal structure (e.g., see 
Fig. 2b). The effect of electroporation is dependent on the size of membrane enve-
lope. Therefore, with moderate electric fields (<1–5 kV/cm), only electroporation of 
the external cell membrane is expected. The pronounced electroporation of the 
membranes of intracellular formations can be achieved at more strong electric fields 
(≈10–100 kV/cm) applied with nanosecond durations (Tekle et al. 2005; Buchmann 
and Mathys 2019).

 Cells with Different Shapes and Sizes

The real cells show a vast variety of shapes and sizes. For the elongated cell, um has 
its maximum or minimum value when the longest axis of the cell is parallel or per-
pendicular to the electric field, respectively.

For the prolate spheroid oriented with its long axis along the external field, the 
stationary value of um can be evaluated using the following equation (Kotnik and 
Miklavčič 2000):
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where αr (≥1) is an aspect ratio of spheroid (major/minor axis ratio).
In the limiting case of αr = 1 (i.e., for the sphere), this equation reduces to the 

um = 1.5ER that is equivalent to Eq. (6). In the limiting case of large aspect ratio 
(a ≥ 10), it reduces to

 u ER a am r rθ =( ) = − − +( )0 1 1 2 2/ ln ln / . 
(9b)

For the arbitrary-oriented spheroidal cells, the values of um can be found in the lit-
erature (Kotnik and Pucihar 2010). The more complicated electroporation problems 
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account for the irregular geometry of cells, local heterogeneities in the membrane 
structure (Gowrishankar and Weaver 2003), nonuniform membrane conductance 
(Zudans et al. 2007), and changes in the membrane permeabilization and electrical 
conductivity during the pulsing (Mercadal et al. 2016).

 Ensembles of Cells

In the ensembles of cells (e.g., bio-suspension), electroporation phenomena are 
complicated by different cell size distributions and different orientations of cells. 
For example, for the ensemble of spherical cells of different size, simulation pre-
dicts for the fraction (Z) of electroporated (damaged) cells, the Weibull’s kinetics 
Ze = 1-exp-[(t/τc)n], where τc is the empirical parameter and n is the shape parameter 
dependent upon the width of the cell size distribution (Lebovka and Vorobiev 2004).

For the elongated cells, the nonexponential kinetics can also reflect the disorder 
in cell orientations (Lebovka and Vorobiev 2007). The simulations predict upward 
concavity, n  <  1, for the prolate spheroids and near-exponential kinetics for the 
oblate spheroids. The most pronounced deviations from the exponential electro-
poration kinetics were observed for the disordered suspensions of prolate spheroids 
having large aspect ratios (ar) and treated by the small electric field strength (E). For 
the partially oriented suspensions, efficiency of electroporation increases with 
increasing of order parameter and field strength.

In the concentrated ensembles of cells (dense suspensions), the effects of defor-
mation of the external electric field by the adjacent cells are also important. These 
effects can result in significant violation of Schwan’s equation (Eq. (6) (Susil et al. 
1998; Pavlin et al. 2002; Qin et al. 2005; Ramos et al. 2006). The corrections were 
evaluated for different cell packings (Susil et al. 1998; Pavlin et al. 2002; Qin et al. 
2005; Ramos et al. 2006; Henslee et al. 2014), and the theoretical estimates were 
used for explanation of the experimental results on electroporation in dense suspen-
sions of Chinese hamster ovary cells (Pucihar et al. 2007).

 Tissues

In the plant tissues, electroporation phenomena are even more complicated due to 
the different distributions of local electric fields, different solute concentrations, 
electrical conductivities, etc. (Pucihar et al. 2007). The tissue electroporation can be 
monitored by changes of some material property, P (such as the electrical conduc-
tivity, textural characteristics, diffusivity, acoustic response, etc.) in the course of 
PEF treatment (Fig. 3).

It is useful to introduce the disintegration index (Z) defined as

 Z P P P Pi d i= −( ) −( )/ , 
(10)
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where the initial level, Pi, corresponds to the intact tissue and the final level, Pd, cor-
responds to the long time of PEF treatment and maximum tissue damage. This 
equation gives Z = 0 for the intact and Z = 1 for the completely electroporated mate-
rial. The characteristic damage time, τ, defined as the PEF duration needed for 
attaining a half of the material damage (Z/2) is also useful for the characterization 
of electroporation phenomena (Bazhal et al. 2003).

Figure 4a shows typical dependencies of the characteristic damage time τ versus 
electric field strength E experimentally estimated for the potato tissue preheated to 
two different temperatures (Lebovka et al. 2002; Bazhal et al. 2003). The data were 
obtained by analyzing the changes in low-frequency electrical conductivity during 
PEF treatment. The value of τ decreased with increasing of both the temperature T 
and the electric field strength E. The empirical equation similar in shape to Eq. (5) 
has been proposed to fit the experimental data (Lebovka et al. 2005a)

 

τ τ∞=
+ ( )

exp
/

/
.

W kT

E Eo1
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(11)

Here, τ∞, W and Eo are adjustable parameters.
The observed noticeable decrease of the characteristic electrical damage time 

after preheating of cell tissues can be explained by the structural transitions (melt-
ing) inside the cell membranes and the more pronounced electroporation efficiency 
at high temperatures (Zimmermann 1986). For the studied case of potato tissue, the 
direct thermal damage (thermal plasmolysis) was insignificant at temperatures 
below 50 °C, and the observed effects can only reflect electroporation effects. Note 
that even at small electric fields (E < 100 V/cm), the noticeable electroporation of 
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Fig. 3 Schematical time 
dependence of some 
material property (P), 
versus time of PEF 
treatment (tPEF). Here, Pi 
Pd, are the initial (before 
the PEF treatment) and 
final (after the long time of 
PEF treatment) levels of P, 
and τ is the characteristic 
damage time. The arrow 
shows direction of increase 
of the electric field strength 
E, temperature, T, or other 
processing parameters
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cell tissues is still possible at the room temperature after prolonged treatment dura-
tion, tPEF ≈ 10–1000 s.

The τ(E) dependencies for different plant tissues may be rather different (Fig. 4b), 
and they can be greatly influenced by the presence of spatial variations in the den-
sity, porosity, electrical conductivity, sizes, and shapes of cells. For example, the 
extracellular porosity of apple tissue is high (14–25%), but the extracellular poros-
ity of carrot (4%), potato (2%), and many other tissues is considerably smaller 
(Karathanos et al. 1996). Usually, the outer parenchyma porosity is higher than that 
of the inner parenchyma (Mavroudis et al. 1998).

PEF-treated cells of the plant tissue can be intact (with vital metabolic activity), 
partially disintegrated (with incomplete metabolic activity), or completely disinte-
grated (with lost metabolic activity) (Jaeger et al. 2009). In the vicinity of electro-
porated cells, the local electrical conductivity is high, whereas it is low near the 
intact cells. This inhomogeneous distribution of electrical conductivity has an 
impact on the distributions of local transmembrane potentials. The computer simu-
lations (Lebovka et al. 2001) based on the distribution of electrical conductivities of 
electroporated (σd) and intact (σu) cells (σu < <σd) revealed formation of the conduc-
tive paths of electroporated cells between electrodes and correlations between 
extent of electroporation and changes in electrical conductivity. The data of simula-
tion were in qualitative correspondence with electroporation experiments for the 
PEF-treated apples (Lebovka et al. 2001). Experimentally observed effects of the 
pulse frequency were explained accounting for the presence of resealing and mass 
transfer phenomena.

Simulations have been also used to explain the correlation between electropora-
tion efficiency and electrical conductivity contrast (k  =  σd/σu) experimentally 
observed for different fruit and vegetable plants (apple, potato, carrot, courgette, 
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Fig. 4 Characteristic damage time (τ) versus the electric field strength (E) for the potato tissue at 
two different temperatures (a) (Lebovka et al. 2005a) and for the different tissues at room tempera-
ture (b) (Grimi 2009). The values of τ were estimated from the measurements of tissue electrical 
conductivity (a) or tissue acoustic properties (b)
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orange, and banana) (Ben Ammar et al. 2011a). The simulated data were in good 
correspondence with existing experimental data (Lebovka et al. 2002). For exam-
ple, the estimated values of the optimal electric field strength were Eo ≈ 360 V × cm−1 
(σd/σu ≈ 14.3) for the potato and Eo ≈ 976 V × cm−1 (σd/σu ≈ 5.6) for the banana (Ben 
Ammar et al. 2011a).

 Techniques to Detect Electroporation

Disintegration index Z defined by Eq. (10) (sometimes called as electroporation 
degree or electropermeabilization index) is a very useful characteristic to estimate 
the degree of electroporation. However, determination of Z requires direct analysis 
of the microscopic structure of cells or examination of modifications in material 
properties induced by PEF, e.g., changes of electrical and mass transport character-
istics and textural, acoustic, and other properties.

The estimation of extent of electroporation is very important for the optimization 
of different processing operations assisted by PEF, e.g., pressing and extraction. 
Unfortunately, it is not a simple or definite task. In principle, disintegration induced 
by PEF reflects selective damage of cell membranes without direct impact on the 
cell walls. However, electroporation can also affect the cell walls owing to changes 
in their moisture content and other secondary effects. Moreover, the electroporation 
is statistical process, and reversible or irreversible pore formation can develop 
depending on the PEF protocol. The supplementary effects related to pore resealing, 
mass transfer processes, and inhomogeneities in tissue structure can also be 
important.

Nowadays, practically all proposed techniques to detect electroporation are indi-
rect. Moreover, they can be destructive (invasive), affecting the structure of electro-
porated material. In general, each technique requires a careful adaptation for the 
studied type of material (Lebovka and Vorobiev 2014, 2016).

 Light and Other Microscopies

Light microscopy is a simple, attractive, demonstrable, and decisive technique. It 
allows application of modern computerization tools and can be used for the visual-
ization of food material structure and microstructure and quantitative evaluation of 
changes in size, shape, and other characteristics of biological cell (Chanona-Pérez 
et al. 2008; Russ and Neal 2016). The effects of disintegration and spatial distribu-
tions of different components inside the PEF-treated material may be easily revealed. 
The light microscopy was used to reveal PEF-induced changes and counting the 
number of electroporated cells in onion epidermis (Fincan and Dejmek 2002) and in 
apple parenchyma (Chalermchat et al. 2010). Light microscopy can be used for the 
visualization of modifications induced by diffusion, osmotic impregnation, drying, 
and freezing (Ben Ammar 2011; Loginova 2011). Disintegration index Z can be 
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evaluated from image analysis as the ratio of damaged and total numbers of cells. 
The disadvantages of this method may be related to problems of tissue preparation, 
staining strategies, and individual adaptation of pH for selected type of materials.

TEM, SEM, and AFM techniques are also very illustrative and powerful tools for 
checking the morphological changes in membranes and cell walls (Condello et al. 
2013). These methods were tested for the quantification of PEF-induced changes in 
membrane structure (Chang and Reese 1990), formation of electropores (Chen et al. 
2006), and other effects of electroporation (Lee et al. 2012). Particularly, SEM and 
TEM have been widely applied to study the PEF effects in materials of biological 
origin such as food materials (Fazaeli et al. 2012). AFM technique has been used for 
characterization of changes in the membrane and cell walls provoked by electro-
poration (Suchodolskis et al. 2011; Garcia-Gonzalo and Pagán 2016; Pillet et al. 
2016; Napotnik and Miklavčič 2018). In several works magnetic resonance imaging 
(MRI) techniques have been applied to study the electroporation in vegetable tis-
sues (Hjouj and Rubinsky 2010; Rondeau et al. 2012; Kranjc and Miklavčič 2017; 
Dellarosa et  al. 2018; Suchanek and Olejniczak 2018). However, all these tech-
niques are destructive and require applications of individual methods for specimen 
preparation (staining, fixation, dehydration, ultrathin sectioning, etc.) or high- 
vacuum conditions.

 Electrical Impedance Techniques

The electrical impedance techniques are the most popular to detect electroporation. 
These techniques are straightforward, simple, and non-expensive and can be easily 
adapted for the continuous monitoring of electroporation during the PEE treatment. 
In these techniques the electrical conductivity of PEF-treated materials is used as 
the material property (see Eq. (10)). In a low-frequency (≈1–10 kHz) impedance 
technique, the electrical conductivity disintegration index Zc is defined as (Lebovka 
et al. 2002)

 Zc i d i= −( ) −( )σ σ σ σ/ . 
(12a)

Electrical conductivity (σ) increases from the value of σi (intact or untreated tissue) 
to the value of σd (completely disintegrated tissue) during the PEF treatment. The 
value of σd can be estimated using a long treatment time (tPEF ≈ 0.1–1 s) at high 
electric field strength (E > 1000 V/cm). However, this method can evolve electro-
chemical reactions and generation of gas bubbles during the prolonged PEF treat-
ment, which can affect the value of σd. Such effects were clearly demonstrated in 
experiments with sugar beet tissue (Lebovka et al. 2007b). Another method to pro-
duce a completely disintegrated tissue is based on the application of freeze-thawing. 
However, this procedure can violate the structure of cell walls and affect the proper 
estimation of σd.
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Figure 5 shows temporal behaviors of the electrical conductivity disintegration 
index Zc for different food materials (potato, apple, carrot, and orange) obtained on 
the base of low-frequency impedance technique (Ben Ammar 2011).

In low-high frequency technique, the value of Zc is defined as (Angersbach 
et al. 2002)

 Zc i d i= −( ) −( )ασ σ σ σ/ , 
(12b)

using the values of σ and σi (for the partially electroporated and intact materials, 
respectively) measured at low frequency (≈1–10 kHz); the value of σd = σi

∞ is mea-
sured for the intact material at high frequency (50 MHz). In this equation the mea-
sured value of σ for PEF-treated material is corrected using the correction factor 
α = σi

∞/σ∞.
However, electrical impedance techniques are destructive, and they require pre-

liminary cutting of samples to assure good contact with electrodes. Moreover, the 
electrochemical reactions and generation of gas bubbles inside the treated tissues 
and near electrodes may affect the measured values of electrical conductivity.

 Diffusivity

These techniques are based on the mass transfer measurements using solid-liquid 
extraction or drying experiments. They are straightforward, relatively simple, and 
non-expensive. The diffusivity disintegration index, Zd, can be evaluated by Eq. (10) 
using solute or moisture diffusivity (D) as a material property (P) (Barba et  al. 
2015). However, these techniques are destructive, and estimated values of D may 
depend on the used experimental procedure.
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Fig. 5 Electrical 
conductivity disintegration 
index, Zc, versus the time 
of PEF treatment, tPEF, for 
different food materials 
obtained using a low- 
frequency impedance 
technique. PEF treatment 
was done at E = 400 V/cm 
using bipolar pulses with 
duration of tp = 1000μs and 
pulse repetition time of 
Δt = 10 ms. (Adapted from 
the data presented in (Ben 
Ammar 2011))
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 Textural Tests

Different textural disintegration indexes, Zt, can be evaluated by Eq. (10) using the 
cutting force, stress-deformation, or relaxation tests (Lu and Abbott 2004) for the 
characterization of material property (P). These techniques are straightforward, 
relatively simple, and non-expensive, and they were widely applied for the quantifi-
cation of PEF-induced changes in different fruit and vegetable tissues (Chalermchat 
and Dejmek 2005; Grimi et al. 2009a; Liu et al. 2021). However, all these tech-
niques are destructive, the cutting or puncture tests require the penetration of a 
probe (nail or blade) inside the sample, and in stress deformation or relaxation tests, 
the sample is compressed.

 Acoustic Test

The test is straightforward, relatively simple, and less destructive and can be used 
for the detection of electroporation in PEF-treated whole roots or fruits, e.g., sugar 
beet, potato, tomato, and apple (Grimi et al. 2010a, 2011). The acoustic disintegra-
tion index is defined as (Grimi et al. 2010a).

 Z S S S Sa i d i= −( ) −( )/ , 
(12c)

where S is the firmness (stiffness coefficient) S = f2
mm2/3ρ1/3 (here fm is the frequency 

corresponding to the maximum acoustic amplitude, A, in the acoustic spectrum, m 
and ρ are the sample mass and density, respectively).

 PEF Protocols, Treatment Chambers, and Optimization 
of the Treatment

In food processing, the capacitor discharge, square wave, and analog PEF genera-
tors can be used (Reberšek and Miklavčič 2011). PEF generators include power 
source, capacitors, coils of inductance, resistors, and quick switches of different 
types (Pourzaki and Mirzaee 2008; Toepfl et al. 2014). The electric energy is stored 
in a bank of capacitors.

 PEF Protocols

Figure 6 demonstrates the most popular exponential decay and square wave shapes 
for bipolar pulses. The bipolar pulses offer minimum energy consumption with 
reduced dissolution of the electrodes and reduced electrolysis (Qin et  al. 1994; 
Wouters and Smelt 1997). Note that square wave generators are more expensive and 
more complex than the exponential decay generators. However, the square wave 
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generators have better disintegrating and energy efficiencies as compared with the 
exponential decay ones.

The pulse protocol is defined by the applied amplitude, U (peak voltage); pulse 
duration, tp; time interval between pulses, Δt (or pulse repetition rate f = 1/Δt); and 
number of pulses, n (Canatella et  al. 2001). The total time of PEF treatment is 
defined as tPEF  =  ntp. In more complicated protocols, the trains with long pause 
between pulses are applied to avoid significant ohmic heating during the PEF 
treatment.

 Treatment Chambers

Different designs of treatment chambers were used in laboratory and large-scale 
applications. Nano- and microfluidic systems have been used in electro-transfection 
experiments for studying electroporation phenomena (Chang et al. 2016), for cell 
handling and manipulation (Čemažar et al. 2013, 2017), and for in situ observation 
of electroporation under the optical microscope (Bodénès 2017; Bodénès et  al. 
2019). Different designs of microscale fluidic chips have been used for analyzing 
cellular properties or intracellular content of bacteria and yeast (Fox et al. 2006) and 
studying extraction of cell compounds (Rockenbach et  al. 2019). In small-scale 
laboratory experiments, the cuvettes with parallel configuration of electrodes and 
1–4  mm gaps are rather popular (Bio-Rad Laboratories 2019; BTX 2019; 
Eppendorf 2019).

In food processing and bio-recovery applications, different chambers were pro-
posed for batch and continuous PEF treatment. The batch chambers typically use 
plate-to-plate electrode geometry. In continuous flow operations, the electrode con-
figurations with parallel plates and coaxial and collinear cylinders were tested 

U

Distance between
pulses ∆t

Pulse duration tp

Exponential decay        Square wave n sequential pulses

tPEF=n× tp

Fig. 6 The exponential decay and square wave shapes for bipolar pulses and the simple protocol 
of PEF treatment including n sequential pulses with total duration of tPEF = ntp
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(Reberšek et al. 2014; Toepfl et al. 2014; Raso et al. 2016). Note that for parallel 
plate or coaxial electrode configurations, the electric field within the interelectrode 
space can be rather homogeneous. However, the collinear chambers with more 
inhomogeneous field can be easier inserted in processing lines, and they are more 
preferable for continuous treatment of solid/liquid suspensions with large particles.

 Optimization of the PEF Treatment

The numerical studies have shown that PEF-induced damage in fruit and vegetable 
tissues is mainly controlled by the electric field strength E and the treatment time 
tPEF (tPEF = ntp) (Barba et al. 2015). In general, the electric fields with higher value 
of E and longer duration of the treatment tPEF lead to the better electroporation effi-
ciency and higher values of disintegration index Z.

However, the optimum PEF treatment permitting minimized energy consump-
tion can be achieved using the proper combination of the values of E and 
tPEF. Typically, the values of specific energy consumption, required for the effective 
PEF damage of fruit and vegetable materials, are situated in the interval of 1–16 kJ/
kg, and they are noticeably smaller than the values of specific energy consumption 
required for the mechanical (W = 20–40 kJ/kg), enzymatic (W = 60–100 kJ/kg), and 
thermal (W > 100 kJ/kg) disintegration (Toepfl 2006).

For the protocol of PEF treatment including n sequential pulses, the specific 
energy, W (kJ/kg), can be evaluated using the summing of pulse energy inputs

 
W t E t dti = ∫ ( ) ( )

0

2σ ρ/
 

(13a)

over the n sequential pulses

 
W W

n

i

i= ∑
=1

.
 

(13b)

Here, ρ is the density of the treated material and σ(t) is the electrical conductivity of 
the treated material, which is a growing function of PEF treatment time (Raso 
et al. 2016).

Therefore, the total specific energy is mainly determined by the behavior of the 
electrical conductivity (σ (t)) or the electrical conductivity disintegration index 
(Zc(t)) of the material during PEF treatment. The total specific energy is approxi-
mately proportional to the product of the characteristic damage time (τ(E)) and the 
square of electric field strength (E2) (Lebovka et  al. 2002). The treatment time 
decreases significantly with E increase, approaching the τ∞ value in the limit of high 
fields (E ≈  1000  V/cm) (Fig.  7a), and the product τ(E)E2 corresponding to the 
energy consumption goes through a minimum.

This minimum of τ(E)E2 function determines the optimum value of the electric 
field strength E ≈ E0 (Bazhal et al. 2003). For apple, carrot, and potato, the experi-
mental curves τ(E)E2 passed through the minimum at E = 200–400 V/cm (Lebovka 
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et al. 2002). Typically, for many vegetables and fruits, the optimum values of E are 
situated in the interval between 200 and 1000 V/cm. The PEF treatment at excess 
values of E above Eo can result in elevated energy consumption without additional 
electroporation effect. In a general case, the power consumption can be rather com-
plex function of the size and shape of cells, electrical properties of material, and the 
treatment protocol (Ben Ammar et al. 2010).

The pulse duration (tp) and the distance between pulses (Δt) may also affect the 
efficiency of electroporation in plant tissues. For example, the influence of pulse 
duration (10–1000μs), on the electroporation behavior of grapes, apples, and pota-
toes, was experimentally demonstrated (De Vito et al. 2008; Vorobiev and Lebovka 
2010; Ben Ammar 2011) (Fig. 7a). Longer pulses were more effective, particularly 
at room temperature and moderate electric fields (E = 100–300 V/cm). The applica-
tion of PEF protocols with longer distance between pulses (Δt) at fixed values of E 
and tPEF also resulted in more accelerated kinetics of disintegration of the apple tis-
sue (Lebovka et al. 2001) (Fig. 7b). Similarly, a cell permeabilization of an onion 
tissue was significantly higher above the critical distance between pulses, Δt = 1 s 
(Asavasanti et al. 2011b). It was suggested that at low frequencies, convection and 
cytoplasmic streaming play a significant role in distributing more conductive fluid 
throughout the tissue (Asavasanti et al. 2012).

During the PEF treatment, the ohmic heating can be also significant (Blahovec 
et al. 2015). The superposition of the PEF treatment and moderate ohmic heating 
give synergetic effect for enhancement of electroporation (Lebovka et al. 2005b; 
Lebovka and Vorobiev 2011). Such synergetic effect can be revealed by analyzing 
of the behavior of characteristic damage time (τ) at different temperatures (Lebovka 
et al. 2005a)). The synergy PEF and thermal treatments at moderate temperatures 
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Fig. 7 Electrical conductivity disintegration index (Zc) for apple tissue (determined by low- 
frequency impedance technique) versus the time of PEF treatment (tPEF): (a) at different pulse 
durations (tp = 10, 100 and 1000μs), E = 100 V/cm and Δt = 10 ms. Inset shows characteristic 
damage time, τ, versus E at different values of tp (Adapted from the data presented in (De Vito et al. 
2008)); (b) at two pulse repetition times Δt = 10 ms and 60 s, E = 500 V/cm, and tp = 1000μs. 
(Adapted from the data presented in (Lebovka et al. 2001))
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(T ≈ 50 °C) give a unique opportunity to reach high tissue disintegration at moderate 
electric fields without noticeable product quality losses.

 Solid/Liquid Expression and Solvent Extraction of Valuable 
Compounds from Food Plants Enhanced by PEF

 Solid/Liquid Expression: Principles and Models

Solid/liquid expression (often named as pressing or pressure extraction) is com-
monly used for liquid expelling from food and biomass materials. Solid/liquid 
expression can be produced by movable elements, for example, piston, screw, rolls, 
etc. (Couper et al. 2012). In hydraulic presses, used to process fruits, oilseeds, and 
nuts on a small scale, the pressure is applied via an adjustable piston, and the resul-
tant juice is passed through a fine wire screen. In belt presses, the liquid is removed 
by squeezing the press-cake between compressing rollers (Cheremisinoff 2017). 
This technique is used for the dewatering of biological sludge, juice production 
from fruits, etc. In the screw presses, a slowly rotating screw transports and com-
presses solid-liquid mixtures (Virkutyte 2017; Qingwen et al. 2018). These presses 
are widely used on the large scale for the oil recovery from oilseeds, dewatering of 
sugar beet pulp, production of corn fibers and starches, fruit and vegetable juicing, 
green tea leaf dewatering, winemaking, etc. (Mushtaq 2018). The pressing allows 
producing fresh-like juices and extracts without undesirable effects of thermal deg-
radation with special interest in applications for temperature or solvent sensible 
materials (Ashurst 2016).

Solid/liquid expression can be realized using constant pressure or constant rate 
regimes or their combinations. Constant pressure solid/liquid expression can be per-
formed on industrial pressing equipment like filter press and tube and hydraulic 
piston presses. In this regime the pressure is suddenly increased up to some given 
value, which may cause a sudden compression of the material. For biological mate-
rials, gentler regime of a constant rate expression with gradually increasing pressure 
may be preferable. Such regime may be implemented using hydraulic pistons or 
screw presses. Combined regimes with a constant rate and with a constant pressure 
for the respectively initial and final pressing periods can be also applied.

Commonly, the juice yield obtained by pressing of coarse (natural) food particles 
is insufficient. Efficiency of the solid/liquid expression depends greatly on the tissue 
integrity. It can be significantly improved using preliminary operations like fine 
grinding of raw material, thermal treatment (heating or freeze-thawing), or enzyme 
maceration (Monteith and Parker 2016; Sheikh and Kazi 2016; To et  al. 2016; 
Cheremisinoff 2017). However, these operations lead to the passage of cell compo-
nents like pectins, cellulose, and other impurities into the extracts. As a result, 
cloudy juices are often produced (Taylor 2016). For further processing of such 
juices, costly multistage clarification and stabilization procedures are needed 
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(Albagnac et al. 2002). For example, in sugar production, the fine grinding of sugar 
beet into the mash was not industrially implemented because of the difficulties for 
purification of extracted juices (Van der Poel et al. 1998). To overcome the difficul-
ties for juice clarification and purification, coarse fragmentation of raw material 
(e.g., by slicing) is widely used.

Conventional solid/liquid expression from cellular tissue is accompanied by air 
expulsion; collapse and different transformations of cellular structure; breakage and 
separation of cell walls; liquid flowing between intracellular, extracellular, and 
extraparticle spaces; and many other effects (Das et al. 2018). In rigid materials, the 
fluid flow is determined by two main characteristics: porosity and permeability. The 
porosity is a measure of available pore space, and permeability reflects ability of the 
fluid to flow through the medium under applied pressure.

In compressible porous materials, fluid flow is influenced by the compressibility 
that is the measure of the mechanical strength (Jönsson and Jönsson 1992). In such 
materials, the mechanisms of liquid-solid expression are determined by the filtra-
tion and consolidation phenomena (Lanoisellé et  al. 1996). Moreover, for com-
pressible cellular materials, the cell rupture during liquid expulsing can significantly 
modify the tissue compressibility. In this case, the simultaneous cell cracking and 
filtration/consolidation phenomena are manifested. Solid/liquid expression can be 
also complicated by secondary (creep) consolidation (Lanoisellé et al. 1996). Initial 
compaction of sliced or grinded particles is needed to start solid/liquid expression. 
For the description of such phenomena, different mechanistic models have been 
developed (Lanoisellé et al. 1996; Schwartzberg 1997).

For a constant pressure regime, the model with a spring (a1) and one viscoelastic 
element (a2, η2) (Fig. 8a) predicts three retardation processes related to the liquid 
flow resistance of the Terzaghi element (time of τ1), liquid flow resistance of the 
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Fig. 8 Viscoelastic rheological model of cellular tissue with one (a) and two (b) Kelvin-Voigt ele-
ments. Here, Hook’s spring a1 is supplemented by viscoelastic elements with the modulus of elasticity 
(a2, a3) and viscosity (η). P is the applied pressure. PEF treatment can affect the rheological properties 
of cellular tissue, and several viscoelastic elements can be used for description of the model
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Voigt element (time of τ2), and creep deformation of the particulate bed (time of τ3), 
and it is assumed that τ3> > τ1, τ2 (Shirato et al. 1986).

In rheological models the tissue can be represented by Terzaghi’s spring with the 
compressibility modulus G1 supplemented by one (a) or several (b) Kelvin-Voigt 
(G-η) elements. The preliminary treatment of tissue (e.g., by application of slicing, 
fine grinding, heating, or freeze-thawing) causes initial cell damage. The solid/liq-
uid expression starts after compaction of sliced or grinded particles. The initial 
expression and primary filtration-consolidation behavior are dominated by the com-
pression of the spring a1 (Shirato et  al. 1986). The deformation of Kelvin-Voigt 
elements corresponds to the secondary (creep) consolidation (Lanoisellé et al. 1996).

In general case, biological tissues can include two (Fig.  8b) and even more 
Kelvin-Voigt elements representing different consolidation periods. Preliminary 
fragmentation and application of PEF treatment can affect the viscoelastic proper-
ties and number of Kelvin-Voigt elements. PEF treatment during the solid/liquid 
expression can also affect the characteristics of rheological model. For example, 
PEF application before pressing may influence the behavior of primary consolida-
tion period. PEF application during the pressing may prolong this primary consoli-
dation period or even induce additional consolidation periods (Lanoisellé et al. 1996).

For characterization of compression the consolidation ratio, Yc, defined as

 
Y

h h

h hc
o=

−
−

=
∞ ∞0

ε
ε

,
 

(14)

is used. Here h, h0, and h∞ are the actual, initial, and final (obtained after the infini-
tively long time of pressing) thicknesses of the sample, and ε = 1-h/ho is the relative 
deformation.

Important characteristics of the compression behavior are the infinitive relative 
deformation (ε∞) and the consolidation coefficient, (b) expressed in m2/s, which is 
the analog of diffusion coefficient and represents filtration diffusivity during the 
press-cake consolidation under applied pressure.

The compression characteristics may significantly depend on the pressure and 
applied treatment (Grimi et  al. 2010b). Figure 9 shows examples of the limiting 
(infinitive) relative deformation (ε∞) (a) and consolidation coefficient (b) (b) versus 
the applied pressure (P) for the untreated, PEF-treated (400  V/cm, tPEF  =  0.1, 
Zc ≈ 0.9), and freeze-thawed sugar beet tissues (disks with diameter of 25 mm and 
height of 10 mm) (Grimi et al. 2010b). The pressure behaviors ε∞ (P) were rather 
similar for PEF-treated and freeze-thawed tissues, and the value of ε∞≈0.95 seems 
to be maximally attainable for the sugar beet tissue. However, for the untreated 
samples, the values of ε∞ are significantly smaller (e.g., ε∞=0.4 even at high applied 
pressure of 40 bar). The estimated fracture pressure of the untreated sample was of 
order of Pmax ≈ 84 bar (Grimi et al. 2010b).

The consolidation coefficients (b) increase with P for both PEF-treated and 
freeze-thawed tissues (Fig. 9b). The higher values of b for the freeze-thawed tissue 
as compared with PEF-treated tissue were observed. This reflects weaker and softer 
structure of the freeze-thawed tissue.
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In the generalized model, the primary and creep consolidation periods of the 
extraparticle volume and the consolidations of both extracellular and intracellular 
volumes were accounted (Lanoisellé et al. 1996). This model represents the consoli-
dation ratio (Yc) as the sum of different retardation processes:

 
Y t f Y t f t tc b
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(16)

is the primary consolidation term with a consolidation time of τ = τb = 4 h2
0/(π2b) 

(here b is the consolidation coefficient), fi = (1/Gi)/Σ (1/Gi) (i = 1–4) are the corre-
sponding fractions of the retardation processes related to Hookean springs (Gi), and 
τi are the corresponding retardation times. The compressibility modulus (G1) is 
attributed to primary consolidation of the tissue, and other terms in Eq. (15) are 
attributed to the secondary (creep) consolidation of the tissue (i = 2) and to the pri-
mary (i = 3) and secondary (i = 4) consolidation of the extraparticle channels.

At large values of Y (when Y > 0.415 or t is large), the primary consolidation 
(Eq.16) can be well fitted (with less than 1% error) by the first term in the series 
(Schwartzberg 1997):

 
Y t t( ) = − −( )1

8
2π

τexp / .
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Fig. 9 Infinitive relative deformation (ε∞) ε∞ (a) and consolidation coefficient (b) (b) determined 
at different applied pressures P for the untreated, PEF-treated (400 V/cm, tPEF = 0.1, Zc ≈ 0.9), and 
freeze-thawed sugar beet tissues. (Adopted from (Grimi et al. 2010b))
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However, the large numbers of terms are needed when Y is small (or t is small). In 
this case (when Y < 0.62), the primary consolidation can be well fitted (with less 
than 1% error) by the equation (Olson 1986):
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For full diapason, 0 < Y < 1, the primary consolidation can be well fitted (with less 
than 0.3% error) by the following equation (Shirato et al. 1980):
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where ν ≈ 2.8–2.85 is an empirical parameter.
Figure 10 illustrates Y(t/τ) dependencies obtained using the exact theory (Eq. 

(16)) and different approximations (Eqs. 16a–16c).
For more precise analysis of the deviations of solid/liquid expression from the 

classical filtration-consolidation behavior, the dual-porosity model was developed 
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Fig. 10 Primary consolidation ratio (Y) versus the reduced time (t/τ) obtained using the exact 
theory (solid triangles, Eq. (16)) and different approximations (dashed line, Eq. (16a), solid line, 
Eq. (16b), and open squares, Eq. (16c), ν = 2.8)
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(Mahnič-Kalamiza and Vorobiev 2014; Mahnič-Kalamiza et  al. 2015; Mahnič- 
Kalamiza 2016). In this model the biological tissue was represented by the intracel-
lular (symplast) and the extracellular (apoplast) spaces (Fig.  11). The model 
postulated that liquid flows from the intracellular to the extracellular space under 
the pressure gradient. The cells were supposed to be spherical with radius of R, the 
specific surface of the cell was calculated as Sc = 3/R, and the cell area was calcu-
lated as A = 4πR2. The cells are covered by semipermeable cell membranes with 
permeability, which is a function of the size and the quantity of pores appeared dur-
ing the PEF treatment. The pore surface fraction was evaluated as fp  =  Np∙Ap/A, 
where Np is the number of pores per cell and Ap is the average single pore area.

The transmembrane flow coefficient (α) was calculated as α = kpS2fp, where kp is 
the permeability of the pore of radius (rp) induced in cell membrane by PEF. The 
value of kp can be estimated based on the Hagen-Poiseuille equation as kp = rp

2/8. 
The compressibility of the intracellular space was assumed to be considerably 
higher than that of the extracellular space. Extracellular space with hydraulic per-
meability (ke) is formed by the cell wall, extracellular liquid, and air (Fig.  11). 
Liquid flow in this space was supposed to obey the Darcy filtration law. The perme-
ability of the intracellular space (e.g., ki ≈ 10−24 for sugar beet tissue) was neglected 

Electroporated
cell membranes

Influx/efflux through
an electropore

Cell
wall

Void space
(air & liquids)

Intracellular
space

Fig. 11 A schematic representation of dual-porosity model for description of solid/liquid expres-
sion from electroporated cellular tissue. The tissue includes intracellular and extracellular media 
with semipermeable boundaries (membranes) between them. The membrane has its own hydraulic 
permeability, which is a function of electroporation parameters. The extracellular space with own 
hydraulic permeability has intricate structure formed by the cell wall, extracellular liquid, and air. 
(Mahnič-Kalamiza and Vorobiev 2014)
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in comparison to the permeability of the extracellular space (ke ≈ 10−17) (Mahnič- 
Kalamiza and Vorobiev 2014).

The theory based on the dual-porosity model has been tested for checking of the 
PEF treatment effects on solid/liquid expression (Mahnič-Kalamiza and Vorobiev 
2014; Mahnič-Kalamiza et al. 2015; Mahnič-Kalamiza 2016). The disk-like sam-
ples of sugar beet and apple (with diameter of 25 mm and height of 5 mm) were PEF 
treated by bipolar rectangular pulses (E = 300–800 V/cm, tp = 100μs, tPEF = 1.6 ms) 
and then pressed at the constant pressures of P  =  5.82  bar for sugar beet and 
P = 2.91 bar for apple.

Figure 12 presents examples of the relative deformation (ε) versus the pressing 
time (t) for sugar beet (a) and apple (b) disks. Symbols correspond to the experi-
mental data at different values of electric field strength (E), and solid lines corre-
spond to the simulation data obtained using the dual-porosity (DP) model at different 
values of the pore surface fraction (fp) (Mahnič-Kalamiza et al. 2015). At the same 
PEF treatment conditions (the same E and tPEF), the estimated values of fp for sugar 
beet (Fig. 12a) were an order of magnitude smaller than those for apple (Fig. 12b). 
It can be explained by the smaller size of cells for the sugar beet.

 Solvent Extraction of Soluble Substances: Principles 
and Models

Transfer of solute from biological solids to solvent is a traditional unit operation in 
different food applications (extraction of sucrose from sugar beets, of phytochemi-
cals from plants, of lipids from oilseeds, of valuable biomolecules from algae, and 
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many others) (Aguilera 2003). For example, the conventional hot water extraction 
at 70–74 °C is widely used in industrial production of sucrose from sugar beet. Such 
processing permits denaturation of cell membranes (thermal plasmolysis) and 
accelerates the sucrose extraction from sugar beet slices. Unfortunately, during ther-
mal plasmolysis the cell walls are also subjected to the thermal destruction, and 
different undesirable substances (like pectin and other colloids) can also be extracted 
into the juice (Van der Poel et al. 1998). The purification of juice needs numerous 
operations and is a very costly process.

In recent decades, the solvent extraction from biological solids assisted by differ-
ent unconventional techniques (high pressure, ultrasound, microwaves, and pulsed 
electric fields) has been tested (Aguilera 2003; Puri 2017). Application of PEF treat-
ment is of special interest. The early studies demonstrated that tissue treatment even 
at low gradient electric fields (DC or AC) in the range of 100–200 V/cm could sig-
nificantly enhance diffusion of soluble substances (Flaumenbaum 1949; Zagorul’ko 
1958). However, such treatments can result in undesirable electrolysis and loss of 
quality of the products (Bazhal and Gulyi 1983), as well as in significant energy 
consumption and temperature elevation (ohmic heating effects) (Jemai 1997). The 
PEF treatment is a good alternative to the DC or AC applications. It is a nonthermal 
cost-effective technique that has shown high potential for extraction purposes. In 
recent two decades, many studies have demonstrated the PEF effects on solute 
extraction from plant tissues (Vorobiev and Lebovka 2013; Chan et  al. 2014; 
Vorobiev and Lebovka 2016a, b, 2019).

Solvent extraction goal is the diffusion of biomolecules from a sample into the 
external solvent. It is a multiphase and unsteady-state mass transfer operation 
(Aguilera 2003). In the food industry, the commonly used solvents are water, etha-
nol (or ethanol-water mixtures), and other solvents with preference to the so-called 
green solvents (Nelson 2003).

The most popular theory for the description of the diffusion processes is based 
on the analytical solution of Fick’s second law (Crank 1979). The kinetics of extrac-
tion depends upon the shape of the sample, temperature, type of the solvent, and 
agitation of the solution. For the infinite slab (plane sheet), the theory gives the fol-
lowing equation for the time evolution of the relative solute concentration in solu-
tion (diffusion yield):
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where C is the solute concentration in the solvent, C∞ is its equilibrium value in the 
limit of long (infinitive) extraction time, τ = τd = h2/(π2D) is the diffusion time, h is 
the thickness of a slab, and D is the effective diffusion coefficient (solute diffusiv-
ity). It is assumed that at the initial moment of time (t = 0), the solute is homoge-
neously distributed inside the slab, and there is instantaneous equilibrium between 
the surface of the slab and surrounding solvent. A dimensionless time Fi = tD/h2 is 
called Fick number (Gekas 1992).
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The time dependence of the diffusion yield (Y), with time of τd (Eq. 17), is equiv-
alent to the time dependence of the primary consolidation ratio (Y), with time of τb 
(Eq.  16). Therefore, the consolidation coefficient b can be considered as the 
filtration- consolidation analog of the solute diffusivity (D).

The approximate relations represented by Eqs. (16a)–(16c) can be used for esti-
mation of the diffusion time (τd) and solute diffusivity (D). Fick’s solution is fre-
quently used for the estimation of solute diffusivity in different biological tissues 
(Gekas 1992; Zogzas and Maroulis 1996; Varzakas et al. 2005; Azarpazhooh and 
Ramaswamy 2009). The values of solute diffusivities in foods have been reviewed 
extensively in the literature (Schwartzberg and Chao 1982; Aguilera 2003; Varzakas 
et al. 2005; Saravacos and Krokida 2014).

Single exponential law with coefficient f = 8/π2 (and relaxation time τd) can be 
used at the large values of Y (>0.415) for the good fitting of experimental data (see 
Fig. 10, Eq. 16a). For more precise fitting in whole diapason of 0 < Y < 1, the rela-
tion represented by Eq. (16c) with fitting parameter ν can be used. Note that for the 
fitting of the experimental curves of Y(t) other empirical relations were also tested 
(Varzakas et al. 2005; Chan et al. 2014). We can refer the extended exponential rela-
tion (also known as the Weibull or Kohlrausch law (Elton 2018))
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or multi-exponential relation
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Here, f, β are the fitting parameters, and fi corresponds to the fraction of the expo-
nential process with relaxation time of τi.

Two-exponential law can be used for the fitting of extraction curves, which 
includes the first step of a fast extraction (washing stage) and the second step related 
to a slow extraction (solute diffusion) (Chan et al. 2014). Figure 13 presents such 
situation for the diffusion yield (Y) obtained using two-exponential equation 
(Eq. 19) with fast (washing) contribution (f1 = 0.5, τ1 = 0.1τ) and slow bulk diffusion 
contribution (f2 = 0.5, τ2 = τ).

The theory based on the dual-porosity model has been also tested for checking of 
the PEF treatment effects on diffusion extraction of soluble substances (Mahnič- 
Kalamiza and Vorobiev 2014; Mahnič-Kalamiza et al. 2015; Mahnič-Kalamiza 2016).

 Some Examples of PEF-Assisted Processes for Different Foods

In recent decades PEF-assisted solid/liquid expression and solvent extraction have 
been tested for different food and biomass materials, like apple, citrus, tomato, 
sugar crops, potato and carrot crops, grapes and residues of wine industry, other 
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fruits and vegetables, microalgae, mushrooms, leaves, etc. Additional recovery of 
valuable cell compounds, e.g., carbohydrates, polyphenols, proteins, etc., was 
demonstrated.

 Potatoes and Apples

Potato and apple were frequently used in early studies as model tissues for testing 
different electroporation effects. For instance, juice expression and solute extraction 
can be significantly improved when these tissues are electroporated by PEF.

As example, experimental studies revealed complex character of solid/liquid 
expression from PEF-treated potato slices (Lebovka et al. 2003). Figure 14 presents 
the juice yield (relative mass losses) Y = Δm/m (open squares) versus pressing time 
t for the untreated potato slices at constant pressure of P = 5 bar (symbols). The 
value of Y is proportional to the consolidation ratio (Yc) defined in Eq. (14). The 
dashed line represents the least square fit of the consolidation data using the multi- 
exponential relation

 
Y f t

m

i

i i= ∑ − −( ) 
=1

1 exp /τ ,
 

(20)

where i = 1–3, τi, and fi are the expression (consolidation) periods and correspond-
ing relative fractions.

The time of the initial expression period was τ1 = 10 ± 2 s. During this initial 
period, about 20% of the juice was expressed (p1 = 0.20 ± 0.05). The initial period 
may be attributed to the expression of external juice and air. The value of τ1 for this 
initial expression period may depend upon the type of tissue and the degree of tissue 
fragmentation (Schwartzberg 1997). The parameters for the second expression 
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period were τ2 ≈ 500 ± 150 s and f2 = 0.20 ± 0.05 (Fig. 14). The third expression 
period was more prolonged with time of τ3 ≈ (4 ± 1) × 104 s, and biggest quantity of 
liquid was expressed during this period (f3 = 0.60 ± 0.05). After certain transition 
time, kinetics of the longest expression period may be approximated by Buisman’s 
logarithmic creep law, Y∝lnt (Buisman 1936).

Potato was used for checking the effects of PEF protocols on the juice expression 
behavior. Figure  15a shows typical juice expression curves obtained from the 
untreated and PEF-treated potato slices at constant pressure (P = 5 bar). In these 
experiments, the electric field strength was fixed at E = 200 V/cm, pulse duration 
was tp = 100μs, pulse repetition time was Δt = 10 ms, number of pulses (n) was 
varied, and total time of the PEF treatment tPEF = ntp was lasted from 5 ms to 3 s. PEF 
was applied at t = 20 s just after the first consolidation stage when about 20% of 
juice was expressed (Lebovka et al. 2003). After the PEF application, additional 
quantity of juice was released from the electroporated cells, and the consolidation 
process was developed more intensively. Increase of the PEF treatment duration 
(tPEF) leads to a more rapid expression kinetics.

Difference between the behaviors of second consolidation period (lasted from 
≈20 s to ≈103 s) and third consolidation period (lasted from ≈103 s to ≈104 s) was 
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noticeable for the untreated tissue, and it completely disappeared after the pro-
longed PEF treatment (tPEF > 100 ms) (Fig. 15a). Figure 15b shows the curves of 
juice expression Y(t) before and after the PEF treatment of potato slices. PEF treat-
ment was applied at the different moments of time directly during expression. The 
treatment protocol was E = 300 V/cm, tp = 100μs, Δt = 10 ms, and the fixed number 
of pulses was n = 1000 (tPEF = 0.1 s) (Lebovka et al. 2003). The delay in PEF appli-
cation resulted in the retardation of juice release from the electroporated cells and 
lead to the longer duration of pressing. From an industrial point of view, it is impor-
tant to reduce the pressing time as much as possible. So, it is desirable to apply the 
intermediate PEF treatment at the initial period of compression, predominantly 
before or during the second consolidation period.

Potato was also used for testing the PEF effects on the characteristics of tissue at 
constant velocity regime of compression. Figure 16 shows the deformation behavior 
ε(t) = 1-h(t)/h0 (a) and the final deformation εf (at tf = 1.3 × 104 s) (b) of the untreated 
and PEF-treated potato disks (diameter d = 25 mm and initial thickness h0 = 10 mm) 
when compression is started at the constant velocity (V = 0.1 mm/s) and continued 
at the constant pressure (P = 10, 20 or 40 bar) (Grimi et al. 2009a). During the con-
stant velocity stage, at t < tt, the deformation increases linearly with time, and pres-
sure also increases up to attain the fixed value of P = 10, 20, or 40 bar (at t = tt) 
(Fig. 16a).

The difference in the compression behavior for the untreated and PEF-treated 
potato samples appeared just at t > tt, when pressing is continued at the constant 
pressure. For the untreated samples, two different effects were observed: (a) the 
pressure-induced rupture (cracking) of intact cells with release of juice from rup-
tured cells and (b) the juice expression outside the tissue by filtration-consolidation. 
At the high level of electroporated cells (conductivity disintegration index Zc = 0.95), 
the temporal variation of tissue deformation reflects mainly filtration-consolidation 
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behavior (Lebovka et al. 2003). Juice expression from the electroporated cells was 
much faster than from the mechanically cracked cells for the same values of pres-
sure. For example, 3.5 h and just 70 s of compression at P = 10 bar were required to 
attain the same deformation (ε ≈ 0.15) of the untreated and PEF-treated (Zc = 0.95) 
potato disks, respectively. Final deformation (εf) of the untreated and PEF-treated 
potato disks was estimated after the long compression time (tf = 1.3.104 s ≈ 3.5 h). 
The values of εf obtained at the different pressures are presented in Fig. 16b. It can 
be seen that extrapolation of the εf(P) curves obtained for the different degrees of 
cell disintegration (Zc = 0, 0.5, 0.95) gives the same hypothetical pressure value of 
Pm ≈ 60 bar, which exceeds the experimentally measured fracture pressure for the 
potato samples (Grimi et al. 2009a).

PEF-assisted juice expression from apple (Golden Delicious) slices was studied 
on a laboratory filter-press cell at the constant pressure (Bazhal and Vorobiev 2000). 
The slices were obtained using a 6 mm grater. For the untreated slices, juice yield 
was increased from 28% to 61% when pressure, P, was increased from 1 to 30 bar. 
PEF treatment (electric field strength of E  =  200–1000  V/cm, pulse duration of 
tp = 20–100μs, pulse repetition time of Δt = 10 ms, number of pulses of n = 3–1000) 
permitted enhance importantly the juice yield, which attained about 80% at 
E = 1000 V/cm tp = 100μs, n = 1000, and P = 3 bar.

Correlations between the PEF energy consumption and apple juice yield were 
established. The maximum juice yield was attained at optimum energy consumption 
of 3 kJ/kg. The juice obtained without PEF treatment was turbid and required filtra-
tion. The juice obtained for PEF-assisted pressing was significantly clearer and did 
not require additional filtration.

Note that PEF treatment may significantly affect the structure of cell membranes, 
whereas it seems to retain the cell wall architecture in plant tissues (Fincan and 
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Dejmek 2003). However, the rigidity of cell walls may hinder the consolidation 
behavior during solid/liquid expression. The studies have revealed significant effects 
of mild heating (e.g., at 50 °C) on the textural softening of different food tissues 
(apple, carrot, potato) (Lebovka et  al. 2004a) and juice expression behavior 
(Lebovka et al. 2004b).

Figure 17 presents the juice yield curves obtained at the constant pressure expres-
sion (P = 5 bar) for fine-cut apple slices (1.5 mm in width, 40–50 mm in length). 
The data for untreated, preheated (thermal), PEF-treated (E = 500 V/cm, tp = 10μs, 
Δt = 10 ms, tPEF = 0.01 s), and preheated and PEF-treated samples can be compared. 
Slices were preheated at T ≈ 50 °C for 10 min, and then they were treated or not by 
PEF at the ambient temperature. For the preheated sample, the juice yield was sig-
nificantly higher than for the untreated one. PEF treatment accelerated the juice 
yield (Y) for both untreated and preheated samples. However, the most significant 
effect of PEF was observed for the thermal + PEF sample.

Ohmic heating (OH) and PEF treatment were applied to enhance the juice yield 
from potato (1.5 mm in width, 1 mm in thickness, and 30–40 mm in length) and 
apple (6  mm in width, 1.5  mm in thickness, and 30–40  mm in length) slices 
(Fig. 18a) (Praporscic et al. 2005). Before OH slices were pre-compacted to ensure 
the good contact with electrodes. Ohmic heating was realized at E = 30 or E = 50 V/
cm for 45 s. The interrupted heating-cooling mode of OH treatment was used when 
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the temperature of slices reached 50 °C. Therefore, the final temperature of slices 
never exceeded 50 °C. Before PEF treatment, slices were also pre-compacted to 
ensure the good contact with electrodes. PEF treatment was done at E = 850 V/cm 
and tPEF = 10 ms (tp = 100μs, Δt = 10 ms) and ambient temperature. For the potato 
samples, the highest juice yield was observed after the PEF treatment (Fig. 18a).

However, for apple samples, the highest juice yield was observed after the OH at 
E = 50 V/cm (Fig. 18b). This result can be explained by synergetic effect of thermal 
and electric field treatments that was more significant for the apple than for the 
potato (Lebovka et al. 2004a, b).

Aqueous extraction of solutes from apple tissue was also significantly enhanced 
by PEF (Jemai and Vorobiev 2002, 2003). Different pretreatments were compared 
to enhance extraction kinetics from apple disks (Golden Delicious): thermal dena-
turation (plasmolysis) (75 °C, 2 min) followed by diffusion at different temperatures 
(20–75 °C); (2) PEF treatments (E = 100–650 V/cm, tp = 50–200μs, n = 1000) fol-
lowed by diffusion at 20 °C; and (3) PEF treatments (E = 500 V/cm, tp = 100μs, 
n = 1000) followed by diffusion (60 min) at T = 20–75 °C. Detectable enhancement 
of diffusion kinetics was observed beginning from the field strengths of 
E = 100–150 V/cm. Further increase of E and tPEF resulted in more rapid diffusion 
kinetics. The temperature dependence of solute diffusivity D followed the Arrhenius 
law with activation energy Wa  ≈  28  kJ/mole (for samples without thermal 
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pretreatment) and Wa  ~ 13 kJ/mole (for thermally denaturized samples). For the 
PEF-treated samples, only one regime with intermediate activation energy, 
Wa ≈ 20 kJ/mole, was observed.

PEF treatment (E = 100–1100 V/cm and tPEF = 10–100 ms) was used for acceler-
ating the osmotic dehydration (OD) of apples (Golden variety) (Amami et al. 2005). 
PEF-treated apple disks (2.8 cm in diameter and 0.85 cm in thickness) were placed 
in stirred hypertonic solution of sucrose. The best results were obtained at E = 900 V/
cm, tPEF = 75 ms, and energy input of W = 13.5 kJ/kg. PEF treatment noticeably 
increased water losses (WL) (on 50%) and solids (sugar) gain (SG) (on 6%) com-
pared to the control samples. Therefore, PEF treatment allowed obtaining the high 
dehydration effect with minimal sugar uptake by the apple. With increase of sucrose 
concentration from 44.5 to 55 and 65 w/w, the WL and SG values became higher, 
especially for the PEF-treated apples (Amami et  al. 2006). PEF-assisted OD of 
apple (Idared variety) has been studied (Wiktor et al. 2014). For PEF-treated sam-
ples, the increase in WL up to 36–46% was observed.

 Sugar Crops

Sugar crops include sugar beet, sugarcane, chicory, sugar maple, sugar palm, etc. 
The most intensive studies have been devoted to the PEF-assisted solid/liquid 
expression and water extraction processes applied to sugar beets. Conventional 
sugar beet processing employs the hot water extraction followed by very complex 
multistage juice purification. This is a time- and energy-consuming processing that 
can be significantly improved by application of PEF treatment.

Sugar Beet

In the early works, the effect of PEF protocols (E = 215–427 V/cm, tp = 100μs, 
Δt = 10 ms, n = 250–500) on juice expression from sugar beet cossettes (slices) was 
studied at the constant pressure regime (P = 5 bar) (Bouzrara and Vorobiev 2000, 
2001). An intermediate PEF treatment applied during the pressing enhanced mark-
edly the juice yield, and a correlation between the PEF energy input and juice yield 
was demonstrated. In addition to the parameters of PEF protocol, other factors, such 
as pressure and size of sliced particles, have been reported to have significant effects. 
For the untreated sugar beet slices, pressure increase from 0.5 bar to 10 bar enhanced 
the juice extraction yield from 1.6% to 34%. PEF treatment (E  =  500  V/cm, 
tp = 100μs, Δt = 10 ms, n = 1000) followed by pressing at P = 10 bar enhanced the 
juice yield up to 62.3%. The combined process with an intermediate PEF applica-
tion was most effective and enhanced the juice yield up to 78.5% (at P = 5 bar) and 
up to 82.4% (at P = 10 bar). Effect of the size of PEF-treated sliced particles (width 
of 1.5–7 mm, length of 5 mm, and thickness of 1.5 mm) on the kinetics of solid/
liquid expression was also evaluated. As expected, the quantity of juice expressed 
(at P = 5 bar) from small untreated particles was higher (up to 40% for slices with 
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width of 1.5 mm) than the quantity of juice expressed from large untreated particles 
(15% for slices with width of 7 mm). Nevertheless, the total juice yield after the 
PEF application (E = 500 V/cm, tp = 100μs, Δt = 10 ms, n = 1000) was nearly the 
same for particles with sizes in the range of 1.5–6 mm (76–78%), and it was slightly 
smaller for the largest particles of 7 mm (73%).

The attractive feature of pressing with an intermediate PEF treatment was a bet-
ter purity and a paler color of sugar beet juice (Bouzrara and Vorobiev 2001). 
Moreover, the juice obtained with assistance of PEF had higher sugar concentration 
and did not contain any pectin substances, which is advantageous for the subsequent 
filtration and purification processing.

Experiments on PEF-assisted solid/liquid expression from sugar beet cossettes 
(grated with 6  mm grater) at the constant rate regimes were also performed 
(Praporscic et al. 2004). During the pressing of sliced particles at the same constant 
velocity V (V = 0.65 or 5.5 mm/min), the loading pressure increased continuously 
with the time up to the maximum value of 25 bar, and then pressing was continued 
at this pressure of Pm = 25 bar. The PEF treatment (E = 0–1000 V/cm, tp = 100μs, 
Δt = 10 ms, tPEF = 0–0.1 s) was applied before pressing (P = 0) or during pressing at 
the different moments of time (corresponding to the pressures of P = 1.5–25 bar). It 
was demonstrated that PEF application to the non-pressurized sugar beet cossettes 
leads to a higher energy consumption. On the other side, PEF treatment of pressur-
ized cossettes resulted in a delayed kinetics of juice expression. The optimal PEF 
treatment results minimizing energy consumption were obtained after the pressur-
ization of cossettes at P = 1.5–5 bar.

Figure 19 shows the kinetics of juice yield Y(t) expressed from sugar beet cos-
settes during the constant rate solid/liquid expression (V = 0.65 mm/min, Pm = 25 bar) 
for different modes of PEF treatment (Praporscic et al. 2004). In these experiments 
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the PEF treatment was applied when pressure attained the value of 5 bar. However, 
the PEF treatment parameters were different: tPEF = 30 ms and different values of E 
(Fig. 19a) or E = 670 V/cm and different values of tPEF (Fig. 19b). At the fixed value 
of tPEF = 30 ms, the noticeable PEF effect on juice yield was only observed for E 
above 250–300 V/cm (Fig. 19a). However, above 500 V/cm increase in E gave only 
insignificant supplementary effect. At the fixed value of E = 670 V/cm, the PEF 
effect was significant for tPEF duration between 1 and 2.5 ms (Fig. 19b).

Enhanced sucrose extraction from PEF-treated sugar beet cossettes has been also 
revealed (Jemai and Vorobiev 2003). A laboratory-scale solid-liquid extractor was 
used in these experiments. Soluble matter concentration of the extract and electrical 
conductivity of the solid-liquid mixture were simultaneously measured during 
extraction. Significant enhancement of soluble matter release was observed for the 
PEF treatments above E  =  150  V/cm. Later on, PEF-assisted sucrose extraction 
from sugar beet disks (30  mm in diameter and 8.5  mm in thickness) treated at 
E = 235–1180 V/cm, tp = 100μs, Δt = 10 ms, and n = 100–1000 were studied in 
details (El Belghiti and Vorobiev 2004). It was demonstrated that Fick’s diffusion 
law was insufficient to explain the overall mass transfer kinetics from the PEF- 
treated sugar beet tissue. The extraction kinetics was modeled using a two- 
exponential model presented by Eq. (19). This model involves two simultaneous 
processes related to rapid convection of solutes from the tissue surface to the solu-
tion (washing process) and with slower transport of solutes from the interior to the 
exterior of electroporated tissue (diffusion process). During the rapid washing stage 
of extraction, up to 20–25% of surface sugar was recovered under the optimal PEF 
treatment conditions. The kinetics of the prolonged diffusion stage of extraction can 
be accelerated by intensive stirring.

Figure 20 shows kinetics of aqueous sucrose extraction from sugar beet cossettes 
at different electric field strengths (E). Extraction was performed in well-stirred 
water at 25 °C for 2 h. Just Y ≈ 48% was attained in the absence of PEF in saturated 
state after 2 h of extraction. This may indicate extraction of sucrose from mechani-
cally broken cells obtained during the slicing of the beet. The yield of solute was 
significantly increased with PEF treatment attaining Y ≈ 93% for the PEF-treated 
cossettes at 670–800 V/cm. The influence of PEF treatment time (tPEF) and elevated 
extraction temperatures (30, 40, and 50 °C) were also evaluated. At the fixed electric 
field strength of E = 670 V/cm, the effective electroporation of tissue was obtained 
using tPEF = 0.025 s.

The effect of temperature (T = 20–80 °C)) on the aqueous extraction of sucrose 
from sugar beet cossettes electroporated by PEF (E = 400 V/cm, tPEF = 0.1 s) was 
studied (Lebovka et al. 2007a, b). The extraction yield was characterized by changes 
in °Brix measured during extraction:

 
YB i f i= −( ) −( )   

Brix Brix Brix Brix/ ,
 

(21)

where °Brix, °Brixi, and °Brixf are, respectively, the actual, the initial, and the final 
values of °Brix of the extract.
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Figure 21 shows the kinetics of soluble solid diffusion from the untreated (a) and 
electroporated (b) cossettes at different temperatures (Lebovka et al. 2007a, b). For 
the untreated cossettes, diffusion duration of 50–60 min was needed at 70–80 °C to 
attain the maximal value of °Brix, YB  =  1 (Fig.  21a). At lower temperatures of 
40–50 °C, very important time would be needed to extract such quantity of soluble 
solids. However, for the electroporated cossettes, the maximal value of °Brix was 
attained more rapidly even at lower extraction temperature of 60  °C.  Moreover, 
effective diffusion can be achieved at lower temperatures of 40–50 °C (Fig. 21b), 
and even cold diffusion at temperatures of 20–30 °C seemed to be attainable.
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Aqueous extraction of sugar from the PEF-treated sugar beet cossettes was stud-
ied using the laboratory counter-current extractor with 14 extraction sections 
(Loginova et al. 2011a, c). Perforated plastic baskets filled with 500 g of cossettes 
were used for the manual transportation. The most concentrated solution (diffusion 
juice) was produced in sect. 1 in the contact with fresh cossettes, and the exhausted 
cossettes (pulp) were obtained in the last section, 14. The total extraction time was 
70 min. The draft (juice to cossettes ratio) was varied from 120% to 90%. Exhausted 
pulp was pressed at 5 bar. The PEF intensity was fixed at 600 V/cm. It was demon-
strated that even the cold and warm diffusion at 30–50  °C permitted effective 
exhausting of electroporated cossettes (Loginova et al. 2011a, c). Cold and warm 
diffusion led to the lower quantity of colloidal and pectin compounds released from 
sugar beet tissue to the extract. At such conditions the juice turbidity decreased by 
10%, and it was less colored by 27%. The purification of diffusion juice obtained 
from the electroporated cossettes was evaluated (Loginov et  al. 2011, 2012). 
Filtration properties of the juice of first carbonatation obtained from electroporated 
cossettes by cold and warm diffusion (at 30 and 50 °C) were considerably better 
than those of the juice obtained by hot diffusion (at 70 °C). Moreover, the thin juice 
of the second carbonatation obtained from electroporated cossettes had significantly 
paler coloration than corresponding thin juice obtained by hot diffusion from the 
untreated cossettes.

Later on, the characteristics of juices expressed at P = 5 bar from untreated, pre-
heated (70 °C), and electroporated (E = 600 V/cm, tPEF = 7 ms) sugar beet cossettes 
were compared (Mhemdi et al. 2014). Juice yield expressed from the untreated cos-
settes was rather low (Y < 25%). Juice yields obtained from the preheated and PEF- 
treated cossettes were significantly higher (70–75% for the 30 min of pressing). 
However, the quality of juice expressed from the preheated cossettes was rather 
poor (purity of 92.5% and color of 7800 ICUMSA units) as compared to the quality 
of juice expressed from PEF-treated cossettes (purity of 93.5% and color of 5600 
ICUMSA units). The worse quality of the juice obtained from preheated cossettes 
(70 °C) can be explained by the dissolution of hydrosoluble cell pectins and the 
enhanced enzymatic reactions at this elevated temperature. The better quality of 
juice obtained by cold pressing of electroporated sugar beet cossettes permits sim-
plification of juice purification with decreased use of lime during carbonatation. 
Purification of juice obtained by PEF-assisted cold pressing has been studied 
(Mhemdi et al. 2015). The raw juice was heated to 45 °C and pre-limed with addi-
tion of CaO, and then the main liming was heated to 85 °C. The juices of first car-
bonatation obtained from electroporated cossettes demonstrated better filtration 
properties than those obtained from thermally treated cossettes (Mhemdi et  al. 
2015). PEF-assisted procedure permitted to decrease significantly the quantity of 
lime used for the juice purification and to reduce the quantity of wastes generated 
by the filtration station of sugar beet factory. Thin juices of second carbonatation 
obtained from the electroporated cossettes had significantly better quality than those 
obtained from the preheated to 70 °C cossettes. The purity of juice obtained from 
PEF-treated cossettes increased from 93.5% (raw juice) to 95.5% (thin juice) 
(Mhemdi et al. 2015).
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The high quality of raw juice obtained by cold pressing of electroporated sugar 
beet cossettes allowed effective application of membrane purification (Mhemdi 
et al. 2014). In the proposed method, the juice was clarified by preliminary centrifu-
gation and then filtrated at the laboratory Amicon filter under the pressure of 2 bar 
using the polyether sulfone (PES) membranes with pore sizes of 10–100 кDa. 
Ultrafiltration of juices obtained from electroporated sugar beet cossettes using 
dynamic filter with rotating disk (1000 tr/min) was also investigated (Zhu et  al. 
2015). The juice purity increased up to 96.4% using PES membrane with pore size 
of 10 kDa. The juice purity was even higher when lime was added for the cossette 
pressing (Almohammed et al. 2016a, b).

Combined pressing-diffusion experiments with sugar beet cossettes treated by 
PEF were conducted in a small pilot scale (Mhemdi et al. 2016). PEF-treated cos-
settes (E = 600 V/cm, tPEF = 10 ms) were pressed at 5 bar at ambient temperature to 
obtain 50% of juice from the mass of cossettes. Then pressed pulp was loaded to the 
laboratory counter-current extractor with 12 extraction sections (Loginova et  al. 
2011a, c). Different quantities of water were used for the extraction, and the draft 
(water to cossettes ratio) was varied in the experiments from 80% to 100%. The 
extraction temperature was fixed at 30 °C or at 70 °C.

Diffusion juice (extract) was mixed with pressing juice to obtain the mixed juice. 
Cossettes exhausted in the extractor (pulp) were subjected to pressing in the labora-
tory batch press at 5 bar. Results were compared with those obtained after the con-
ventional aqueous extraction (70 °C, draft of 120%) from the untreated sugar beet 
cossettes. Mixed juice obtained by pressing-diffusion technology from the electro-
porated sugar beet cossettes was 30% less colored than the juice obtained by con-
ventional diffusion at 70 °C from the untreated cossettes (approximately 7000 units 
vs. 10,000  units ICUMSA) (Mhemdi et  al. 2016). The purity of mixed juices 
(92.5–92.8) was higher than the purity of juice obtained by conventional diffusion 
(91.8%). This was explained by the very high purity of the juice obtained by cold 
expression from the electroporated cossettes. Decreasing diffusion temperature 
from 70 °C to 30 °C increased even more the quality of the mixed juice. Such juice 
had lowest coloration (≈ 5500 units ICUMSA) and highest purity (≈ 93.3%).

Cold pressing of PEF-treated sugar beet tails was studied to produce a ferment-
able juice (Almohammed et  al. 2017a, b). Optimal PEF treatment protocol 
(E = 450 V/cm, tPEF = 10 ms, and W = 6.84 kJ/kg) allowed increasing the yield of 
soluble solutes from 16.8% to 79.85%, and the dryness of press-cake was increased 
from 15% to 24%. Juice expressed from the PEF treated tails was more concen-
trated (10 vs. 5.2°Brix) and contained more sucrose (8.9 vs. 4.5 °S) than the juice 
expressed from the untreated tails.

Sugarcane

The effects of PEF treatment (E = 400–1000 V/cm, tPEF = 4 ms) on sugar extraction 
from sugarcane stems have been studied (Almohammed et al. 2016a, b). The stems 
of sugar cane (diameter of 28 mm, thickness of 4 mm) were PEF treated and then 
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immersed in water for 1 h to extract sugar at different temperatures (20–80 °C). For 
the untreated samples, solutes were almost completely extracted at 80  °C 
(YB ≈  0.98  in Eq. (21)), while just 30% of solutes (YB  =  0.3) were extracted at 
20 °C. PEF treatment significantly enhanced extraction yield at lower temperatures. 
For instance, 60% of solutes were extracted from the electroporated stems at 20 °C 
(Almohammed et al. 2016a, b).

Samples of sugarcane were PEF treated (E = 2 kV/cm and W = 2.4 kJ/kg) and 
then pressed with intermediate water soakings at the temperatures of 45–90  °C 
(Eshtiaghi and Yoswathana 2012). The yield of sugar extracted from the electropor-
ated samples at the temperature of 45 °C was nearly the same as that extracted from 
the untreated samples at higher temperatures of 80–90 °C. Moreover, PEF treatment 
allowed reduction of the extraction time by 20%.

Chicory

The PEF-assisted (E = 400 V/cm, tPEF = 0.1 s) extraction of solutes from chicory 
root slices (2 mm × 10 mm × 20 mm) at different temperatures (T = 20–80 °C) has 
been studied (Loginova et al. 2010). Kinetics of solute diffusion from chicory slices 
was similar to the kinetics of solute diffusion from sugar beet slices. For the 
untreated chicory slices, the maximum extraction yield (YB ≈ 1) was obtained at 
T = 70–80 °C for ≈1 h. The same extraction yield was obtained for the electropor-
ated samples at lower temperature T = 40 °C. Pulsed ohmic heating combining both 
electrical and thermal treatments has been tested to assist inulin extraction from 
chicory (Zhu et  al. 2012). Inulin juice extracted from the electroporated chicory 
slices had better quality characteristics. Dynamic ultrafiltration with rotating disk 
was studied for the purification of inulin extracted from PEF-treated and untreated 
chicory slices (Zhu et al. 2013). A high rotational speed (2000 rpm) and a mem-
brane with large pore size (0.45μm) were selected. Significant differences in the 
appearance and color were observed for feed juice, permeate, and retentate. Aqueous 
extraction of inulin from the PEF-treated (E = 600 V/cm, tPEF = 10–50 ms) chicory 
slices (2 mm × 4 mm × 67 mm) was studied using a laboratory counter-current 
extractor (Zhu et  al. 2012). Extraction temperature was varied from 30 to 
80 °C. Inulin content in the juice extracted at 50–60 °C from the PEF-treated chic-
ory slices was comparable with that extracted at 70–80 °C from the untreated slices. 
The purity of juice extracted from the electroporated chicory slices was higher com-
pared to the purity of juice extracted from the untreated slices.

 Carrots

The effect of PEF treatment (E = 180–360 V/cm, tp = 100μs, Δt = 10 ms, n = 250–500, 
tPEF = ntp = 5 s) on the solid/liquid expression of carrot slices was studied. Slices 
were obtained with 6 mm grater and pressed at the constant pressure of P = 5 bar 
(Bouzrara and Vorobiev 2001). Without PEF treatment, the juice yield was 25.6%. 
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With PEF treatment it was increased up to 38.3% (at E  = 180 V/cm) and up to 
72.4% (at E = 360 V/cm). Moreover, PEF treatments permitted obtaining a lighter 
and more concentrated soluble matter juice.

Effects of PEF treatment on the solute extraction kinetics from carrot slices have 
been investigated by El-Belghiti and Vorobiev (2005). Coarse slices (thickness of 
1.5 mm, obtained with 6 mm grater) and fine slices (thickness of 0.5 mm, obtained 
with 2 mm grater) were treated by PEF (E = 200–650 V/cm, tp = 100μs, Δt = 1 ms, 
n = 200–1000).

Figure 22a shows kinetics of aqueous solute extraction from coarse and fine car-
rot slices treated by PEF applied with different energies (W). Extraction occurred in 
well-stirred water at 25 °C for 8 h. In absence of the PEF treatment, only around 
45% of solutes were released from the coarse slices after 8 h of extraction. With 
increase of the energy provided by PEF treatment, the quantity of extracted solutes 
increased accordingly, until a threshold value of W ≈ 9 kJ/kg was reached. No fur-
ther increase of the solute yield was observed above this threshold. Figure 22b com-
pares extraction kinetics for different types of carrot samples (disk-like with 
diameter of 30 mm and thickness of 8.5 mm, coarse and fine slices). The energy 
provided by PEF treatment was the same (W = 9 kJ/kg). In these conditions, similar 
extraction kinetics were observed for both coarse and fine slices, and ≈2 h were 
needed to attain nearly stabilized solute yield (Y ≈ 93%). However, the extraction 
was considerably slower for the disk-like samples.

Effects of centrifugal force on the extraction from PEF-treated carrot tissue were 
also studied (El-Belghiti et al. 2005b). Figure 23 presents kinetics of aqueous solute 
extraction from the untreated and PEF-treated (E = 670 V/cm, tp = 100μs, Δt = 10 ms, 
n = 300 pulses) carrot slices at different centrifugal accelerations, (G) (El-Belghiti 
et al. 2005b). In the absence of PEF treatment, a yield of around 58% was obtained 
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after 60  min of centrifugal extraction under the high centrifugal acceleration of 
5434 g. This yield corresponded to the extracted solutes from cells, which were 
broken mechanically during slicing. After the PEF treatment, solute yield was sig-
nificantly higher. Extraction yield increased up to around 92% after 60 min of cen-
trifugal extraction even at low centrifugal acceleration (G = 14 g). For the centrifugal 
accelerations above G ≈ 150 g, no further enhancement of solute concentration was 
observed. At this acceleration threshold, the solute concentration of around 97% 
was reached for 25  min of centrifugation. For the fixed centrifugal acceleration 
(G = 150 g), the final yield of solutes was approximately the same (Y ≈ 97%) at vari-
ous extraction temperatures in the interval between 18 and 35 °C. However, this 
yield was attained for 15 min at 35 °C and for 40 min at 18 °C.

 Red Beets

PEF-assisted extraction of pigments from red beets has been studied in several 
works (López et al. 2009; Fincan 2017). Water-soluble betalains (red-violet beta-
cyanins and yellow betaxanthins) are the main red beet pigments (Jackman and 
Smith 1996; Rodriguez-Amaya 2019). The important fraction of pigments (75–95% 
mass) is related to betanine. These pigments have application in the food, medical, 
and pharmaceutical industries, owing to their visual and health-promoting func-
tional properties (Tiwari and Cullen 2012). However, the temperature factor is very 
important for the extraction of these heat-sensitive pigments (Leong et al. 2018). A 
PEF treatment of 1 kV/cm allowed releasing ≈ 90% of the total red pigment during 
1 h of aqueous extraction (Fincan et al. 2004). The kinetics of PEF- assisted extrac-
tion from red beet slices was described using a bimodal Fickian diffusion model 
(Chalermchat et al. 2004). PEF treatment (1–9 kV/cm) was applied to extract beta-
nine from red beet roots at different temperatures (T = 10–60 °C) and pH values 
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(3.0–6.5) (López et  al. 2009). At optimal operational conditions (E  =  7  kV/cm, 
tPEF = 10μs, T = 30  °C and pH 3.5), ≈90% of total betanine was extracted after 
300  min. Effects of PEF treatment (E  =  375–1500  V/cm) and temperature 
(T = 30–80 °C) on the kinetics of extraction and degradation of colorants of red beet 
have been studied (Loginova et al. 2011b). PEF treatment was found to be effective 
for the acceleration of colorant extraction and reducing operational time. Increase of 
the temperature caused acceleration of both extraction and colorant degradation 
processes. The colorant degradation was rather important at T ≥ 60 ° C. PEF treat-
ment allowed effective “cold” extraction with a high level of colorant extraction and 
a small level of colorant degradation. For example, for extraction at T = 30 °C, PEF 
treatment allowed reaching of the high yield (Y ≈ 0.95) at the low level of degrada-
tion (D ≈ 0.10).

The efficiencies of PEF-assisted extraction of colorant from red beets have been 
compared for different protocols (Luengo et al. 2016). For PEF protocols applied at 
E = 0.6 kV/cm, tPEF = 40 ms, W = 43.2 kJ/kg and at E = 6 kV/cm, tPEF = 150μs, 
W = 28.8 kJ/kg, the betanine extraction yield increased by 6.7 and 7.2 times, respec-
tively, compared to the untreated samples.

 Onions

In many studies, onions have been used as a model material to investigate effects of 
PEF on the cell membrane permeabilization (Fincan and Dejmek 2002; Ben Ammar 
et al. 2011b). For PEF treatments above a threshold level of E = 350 V/cm, damage 
of onion cells was observed (Fincan and Dejmek  2002). The permeabilization 
occurred along preferential paths connecting the electrodes. Effects of PEF proto-
cols (electric field strength, pulse width, total pulse duration, and frequency) on the 
onion damage efficiency was studied in several works (Asavasanti et al. 2010; Ersus 
et al. 2010; Asavasanti et al. 2011a, 2012). Irreversible cell rupture was observed for 
PEF treatment of 333 V/cm (Ersus and Barrett 2010).

At constant total PEF treatment time, the degree of tissue disintegration was 
increased with shorter pulse widths and a larger number of pulses (Ersus et  al. 
2010). With application of ten pulses of 100μs, two critical values of electric field 
strength E were established: a lower value of E  =  67  V/cm (for cell membrane 
breakdown) and a higher value of E = 200 V/cm (for tonoplast membrane break-
down) (Asavasanti et  al. 2010). The effect of PEF frequency on the integrity of 
onion tissues was studied. It was established that lower frequencies (f < 1 Hz) can 
cause more important disintegration effect than higher frequencies (f = 1 to 5000 Hz) 
at the same value of E  =  333  V/cm (Asavasanti et  al. 2011a). This effect was 
explained by the influence of PEF frequency on the cytoplasmic streaming 
(Asavasanti et al. 2012).

Effects of PEF treatment (E = 0.3, 0.7 and 1.2 kV/cm) on the volatile compounds 
produced in onion cultivars were studied (Nandakumar et  al. 2018). Significant 
increases in the concentrations of alkanes, aldehyde (2-methyl-2-pentenal), and the 
sulfur-containing compounds were observed. These changes were explained by 
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PEF-induced electroporation and facilitation of the enzyme-substrate reactions after 
the PEF treatment. PEF-assisted (2.5 kV/cm) aqueous extraction of phenolic (PC) 
and flavonoid (FC) compounds from the onion tissue was also investigated (Liu 
et al. 2018). Under the optimal treatment conditions, the content of PC and FC in 
extracts was increased by 2.2 and 2.7 times, respectively, in comparison to the con-
trol (untreated) sample. PEF treatment (0.3–1.2 kV/cm) was applied to bunching 
onion bulbs (Liu et al. 2019). The carbohydrate leakage and fructan leakage from 
onion bulbs were observed.

 Tomatoes

PEF treatment (E = 3–7 kV/cm, tp = 3μs, tPEF = 0–300μs) was used to enhance the 
carotenoid extraction from pulp and peels of tomato (Canario variety) (Luengo 
et al. 2014a). Carotenoid extraction from tomato pulp was not significantly increased 
by the PEF treatment. However, the PEF treatment (E = 5 kV/cm, tPEF = 90μs) of 
tomato peels was more successful and permitted improvement of the carotenoid 
extraction yield by 39% as compared to the control extraction in a mixture of 
hexane:ethanol:acetone (50:25:25).

Moreover, PEF treatment permitted reduced hexane proportion in the mixture 
and decreased extraction time without affecting extraction yield. Extracts obtained 
with PEF treatment had a higher antioxidant capacity than the control ones due to 
their higher carotenoid concentration. The extractability of carotenoids from tomato 
peels (Pachino variety) treated by PEF (E = 0.25–0.75 kV/cm, 1 kJ/kg) and steam 
blanched (1  min at mild temperatures 50–70  °C) was also studied (Pataro et  al. 
2018). Extraction was realized in acetone. PEF treatment alone increased the carot-
enoid extractability by 44%, 144%, and 189%, respectively, at E = 0.25, 0.50, and 
0.75  kV/cm. Steam blanching alone also increased the carotenoid extractability 
(60–188%). Meanwhile, a synergetic effect of combined PEF and steam blanching 
was observed (Pataro et al. 2018).

PEF treatment (E = 4–24 kV/cm) applied for the assistance of lycopene extrac-
tion from tomato pulp (Savoura variety) permitted improvement of the extraction 
yield by 68.8% using optimal value of E = 16 kV/cm (Gachovska et al. 2013).

 Citruses

The citrus peels resulted from industrial production of different juices (orange, 
lemon, grapefruit, pomelo, and lime) constitute about 50% of fresh fruit weight, and 
they represent the reach source of polyphenols, pigments, and essential oils (Putnik 
et  al. 2017). Recovery of these components can be significantly improved with 
assistance of PEF. The effects of PEF treatment at E = 1, 3, 5, and 7 kV/cm on the 
extraction by pressing of total polyphenols and flavonoids (naringin and hesperidin) 
from orange peel have been investigated (Luengo et  al. 2013). For treatment at 
E = 7 kV/cm after pressing for 30 min at P = 5 bar, the total polyphenol extraction 
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yield increased by 159%, and the antioxidant activity of the extract increased by 
192%. PEF treatment at E = 10 kV/cm has been applied for the assistance of poly-
phenol extraction from orange peels in ethanol-water solutions (0–50% for 1  h) 
(Kantar et al. 2018). With 50% of ethanol in solution, the extraction yields were 12 
and 22 mg GAE/g DM, respectively, for the untreated and PEF-treated samples. 
PEF treatment at E = 3–9 kV/cm and 0–300μs on the extraction of polyphenol from 
lemon peel residues by pressing has been also investigated (Peiró et al. 2019). The 
effects of PEF were independent of lemon residue size. The treatment at E = 7 kV/
cm increased the efficiency of polyphenol extraction by 300%.

 Winemaking from Grapes

The red and white grape berries are rich in bioactive molecules such as sugars, car-
bohydrates, fruit acids (mainly tartaric and malic), mineral elements, and vitamins 
(Rousserie et al. 2019). During the last decades, different applications of PEF treat-
ment have been tested for the assistance of maceration/extraction processes in red 
and white winemaking and for the recovery of bioactive molecules from pomace, 
grape seeds, and vine shoots. Different examples of PEF applications for the 
improvement of winemaking in batch and continuous flow modes were described 
(Praporscic et al. 2007; López et al. 2008a, b; Grimi 2009; Noelia et al. 2009; Grimi 
et al. 2009b; Donsi et al. 2010; Puértolas et al. 2010a; Sack et al. 2010; Puértolas 
et al. 2010b; Donsi et al. 2011; Delsart et al. 2012; El Darra et al. 2013a; Garde- 
Cerdán et al. 2013; López-Alfaro et al. 2013; El Darra et al. 2013b; Delsart et al. 
2014; Luengo et al. 2014b; López-Giral et al. 2015; El Darra et al. 2016a, b; Saldaña 
et al. 2017; Vicaş et al. 2017; Comuzzo et al. 2018).

 Mushrooms

Mushrooms are rich in antioxidant, anticancer, and anti-inflammatory components 
including polysaccharides, antioxidants, polyphenols, proteins, lipids, and vitamins 
(Muszyńska et al. 2018). They also contain bioactive molecules like β-glucans and 
triterpenoids that can act as immune-modulators (Rathore et al. 2017). However, the 
conventional solid/liquid extraction of these bioactive molecules involves organic 
solvents and requires elevated temperatures. This may result in the noticeable deg-
radation of valuable cell compounds.

PEF-assisted solid/liquid extraction of polysaccharides from mushroom Inonotus 
obliquus (commonly known as chaga) was investigated (Yin et al. 2008). PEF treat-
ment was applied at E = 30 kV/cm at the solid/liquid ratio of 1:25. The data were 
compared with alkali extraction, microwave-assisted extraction, and ultrasonic- 
assisted extraction. The PEF-assisted method gave the highest extraction yield and 
better purity of extracts. The PEF-assisted solid/liquid extraction of exopolysaccha-
rides from Tibetan spiritual mushroom was also studied (Zhang et al. 2011). The 
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PEF treatment at E = 40 kV/cm under the optimal conditions allowed increasing the 
extraction yield by 84.3% compared to the control sample.

Later on, the efficiency of extraction and stability of extracts obtained from 
mushroom (Agaricus bisporus) by pressure extraction (PE) and by pressure extrac-
tion combined with PEF (PE + PEF) was studied (Parniakov et al. 2014). Extraction 
was conducted at room temperature at a constant pressure of 5 bar. In PE + PEF 
experiments, the PEF treatment was done in nonstationary conditions, because the 
thickness of mushroom cake decreased and the applied electric field strength 
increased during pressing (from 800 V/cm up to 1333 V/cm). The obtained data 
were compared with hot water extraction (WE) at elevated temperature T = 70 °C 
for 2 h and with ethanol extraction (EE) at T = 25 °C for 24 h.

Application of WE or EE methods resulted in high contents of proteins, total 
polyphenols, and polysaccharides in extracts. However, these extracts were cloudy 
and unstable. The extracts, produced by PE and PE + PEF methods, were clear and 
their colloid stability was high. Moreover, application of PE allows selective extrac-
tion of bioactive compounds with high purity, fresh-like proteins and polysaccha-
rides. Both PE and PE  +  PEF methods allowed selective separation of different 
components. Application PE + PEF method gave highest nucleic acid/proteins ratio 
and allowed production of mushroom extracts with high contents of fresh-like pro-
teins and polysaccharides. Supplementary EE from solid residues (cakes) allowed 
additional increase of yield of bioactive compounds.

For example, Fig. 24 compares concentration of total polyphenols obtained by 
PE, PE + PEF, aqueous (WE), and ethanol extraction (EE) methods. Supplementary 
ethanol extraction was also evaluated.

PEF-assisted solid/liquid extraction of polysaccharides from mushroom 
(Agaricus bisporus) was studied (Xue and Farid 2015). PEF treatment was applied 
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to a mushroom suspension (9% w/w) in continuous mode in flowing chamber. PEF 
treatment (E = 38.4 kV/cm, tPEF = 272μs, and a treatment temperature of T = 85 °C) 
permitted extract ≈98% polysaccharides, ≈51% total polyphenols, and ≈49% pro-
teins, whereas the conventional extraction (at 95 °C for 1 h) resulted in recovery of 
only ≈56% polysaccharides, ≈25% total polyphenols, and ≈45% proteins.

PEF-assisted solid/liquid extraction of Morchella esculenta polysaccharide 
(MEP) from morel mushroom (Morchella esculenta) was studied (Liu et al. 2016). 
PEF treatment was applied at E  =  15–25  kV/cm at the solid/liquid ratio of 
S/L = 1:20–1:40. For PEF-assisted procedure, the extracted polysaccharides were 
less degraded compared to those obtained by heat extraction.

A general review on the nonconventional methods of valuable compound recov-
ery from mushrooms (including enzyme-assisted extraction, PEF, ultrasound, 
microwaves, subcritical and supercritical fluid extraction) was recently published 
(Roselló-Soto et al. 2016).

 Conclusions

Pulsed electric fields (PEF) can be used as effective tool for the permeabilization of 
cell membrane by electroporation mechanism. Efficiency of electroporation depends 
critically on pulse protocols and properties of food materials. Under properly 
adapted PEF protocols, the efficient and highly selective extraction of useful mole-
cules from food plants and residues is possible. Moreover, PEF treatment allows the 
“pure” extraction with preservation of quality, color, flavor, vitamins, and important 
nutrients of products. PEF-assisted extraction is in a full correspondence with the 
green extraction concept, i.e., it allows excluding the toxic organic solvents. Many 
promising examples of the PEF-assisted extraction of juices, sugars, proteins, poly-
phenolic substances, and oils from different foods were already demonstrated. 
However, more investigations at pilot and preindustrial scales are still required to 
evaluate the advantages of PEF treatment taking into account quality of products, 
economic efficiency, and environmental aspects.
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Abbreviations

E Electric field strength
GC/MS Gas chromatography/mass spectrometry
HIPEF High-intensity pulsed electric fields
LIPEF Low-intensity pulsed electric fields
MIPEF Moderate-intensity pulsed electric fields
PEF Pulsed electric fields
PG Polygalacturonase
PME Pectin methylesterase
POD Peroxidase
PPO Polyphenoloxidase
TBARS Thiobarbituric acid reactive substances

 Introduction

Consumers’ demand for high-quality foods is continuously evolving. High nutri-
tional health-related value, reduction of synthetic additives and minimal processing 
are among the most challenging demands and constitute a critical reason to invest 
time and resources in the search for novel processes that can be industrially imple-
mented to obtain products gathering those characteristics. In addition, there is an 
imperative need for the industry to enhance processing efficiency and productivity, 
without sacrificing overall quality attributes such as safety, flavour and appearance 
of the final products. In this regard, different emerging technologies have been 
investigated and developed along the last decades, including pulsed electric 
fields (PEF).
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PEF treatment involves the application of pulses of high voltages (1–45 kV/cm) 
to foods placed between two electrodes. The process is conducted at ambient, sub- 
ambient or slightly above ambient temperature for a short time (μs), so that the 
energy losses due to heating on the food matrix are negligible (Odriozola-Serrano 
et al. 2013). In this sense, it is considered a non-thermal process able to retain most 
of the thermolabile compounds, causing minimal impact on the physicochemical 
properties related to food quality and product acceptance. Results from several stud-
ies have demonstrated that PEF is an advantageous technology in front of conven-
tional processes, which can be implemented by itself or as an assistant treatment in 
different food manufacturing processes (Wang et al. 2018) resulting in high-quality 
products that are able to satisfy current consumers’ claims.

A large number of studies have demonstrated the feasibility of PEF application 
for different purposes in the food industry: microbial or enzyme inactivation, func-
tionality enhancement, increasing extractability and recovery of nutritionally valu-
able compounds in a diverse variety of foods. PEF application is currently divided 
into high-intensity pulsed electric fields (HIPEF, 20–40 kV/cm), moderate-intensity 
pulsed electric fields (MIPEF, 1–20 kV/cm) and low-intensity pulsed electric fields 
(LIPEF – 0.5–1.5 kV/cm) (Oey et al. 2016; Toepfl et al. 2006). Most of the effects 
occurring during PEF processing, regardless of the treatment intensity, have been 
related to the electroporation mechanism leading to the disruption and/or permeabi-
lization of cell membranes, which facilitates transfer of intracellular compounds. 
However, this mechanism is still under debate (Wang et al. 2018). Barbosa-Canovas 
et al. (1998) stated that electroporation causes damage to cellular structural integrity 
of microorganisms, leading to final inactivation. Likewise, this electroporation and 
membrane disintegration phenomena also result in improved extraction yield of 
diverse target compounds from food matrices (Puértolas et  al. 2016; Vinceković 
et al. 2017), in an increase of oil extraction of pre-treated seeds (Zhang et al. 2017; 
Shortskii et al. 2017), or even in a promotion of the antioxidant content in fruits 
(Soliva-Fortuny et al. 2017).

The efficiency of PEF processing is related to different factors such as processing 
parameters (pulse shape, width, polarity, electric field strength, frequency, treatment 
time and temperature) and food matrix properties such as electrical conductivity, pH 
and proximal composition. Likewise, for microbial and enzyme inactivation pur-
poses, the treatment effectiveness will also be related to the target microorganism 
and/or enzyme characteristics. In this sense, each food must be separately tested to 
identify the optimal set of PEF processing conditions depending on the treatment 
objective. Regardless of the great number of PEF studies conducted over the last 
century and the promising results indicating that quality attributes of PEF-treated 
products show a better performance compared to those of conventionally treated 
foods, there are still some limitations and challenges to be faced, such as the inacti-
vation of bacterial spores and the scaling-up difficulties. However, the absence of 
industrial manufacturers, which in the past posed a serious drawback, is not a prob-
lem anymore. Several manufacturers are now building PEF systems for industrial 
use, easing the development of PEF applications at the commercial level.
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This chapter discusses the potential of PEF technology for promoting food qual-
ity attributes by providing selected examples in different food matrices and by criti-
cally evaluating the main advantages and drawbacks of each application. 
Furthermore, a detail of the main effects on different food components that are 
determinant to food quality is provided.

 Pulsed Electric Fields as a Way to Improve Food Quality

Food quality is well-correlated with fresh-like characteristics, flavour, colour, nutri-
tional value, safety and health-related compound content. In this sense, the effec-
tiveness of a food manufacturing process will rely on its impact on these parameters, 
immediately after processing and during shelf life. As earlier mentioned, PEF pro-
cessing is considered a non-thermal process. Depending on the treatment intensity, 
temperature increase is possible, but in most cases far below those temperatures 
used in heat treatments. Additionally, total treatment time is usually short, since the 
process involves tiny but intense pulses with high efficiency (Gabrić et al. 2018). 
These characteristics represent great advantages in front of conventional processes, 
because of the minimal impact in heat-sensible compounds and processing optimi-
zation, saving energy and, consequently, operational costs. Additionally, the appli-
cation of PEF maintains or minimally modifies the natural appearance of foods, 
such as flavour, colour and health-related attributes, thus allowing to obtain high- 
quality products that meet consumers’ demands.

Several research works have been focused in the study of PEF processing as an 
emerging technology applied to diverse food matrices such as fruit and vegetable 
juices, dairy products, liquid egg, tiger nut milk, kombucha, red wine, soymilk, soy 
protein isolate, potato, oilseeds, mixed beverages and fruit and vegetable by- 
products, among others, with different purposes, as seen in Table 1.

In general, the application of PEF could be focused in two areas of food process-
ing: (i) high-intensity pulsed electric field (HIPEF) treatments applied to preserve 
liquid foods and (ii) moderate-intensity pulsed electric field (MIPEF) treatments 
with the purpose of increasing the extraction yield of bioactive substances from 
plant-based foods or to improve the efficiency of other unit operations such as dry-
ing, frying, oil extraction, thawing and winemaking, among others. In both cases, 
although the impact on the food quality attributes is minimal, it is correlated with 
the treatment conditions and food characteristics, as it will be described in the fol-
lowing sections of the chapter.

Effect of Pulsed Electric Fields on Food Quality
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 High-Intensity Pulsed Electric Fields (HIPEF)

The basic principle of PEF at high intensity for microbial and enzyme inactivation 
relies in the application of electric fields at voltages higher than 20 kV/cm during 
short periods of time (μs-ms) to pumpable foods passing through two electrodes. It 
is important to highlight that only homogeneous liquids, without suspended parti-
cles and bubble-gas free, can be treated by HIPEF, in order to avoid dielectric break-
down during processing. According to Morales-de la Peña et al. (2019), the critical 
parameters to be considered for HIPEF processing optimization are the electric field 
strength (E), treatment time, pulse shape, pulse width, pulse frequency, pulse polar-
ity and temperature. Usually, the process effectiveness is mainly influenced by (a) E 
and treatment time; (b) the type of target microorganism or enzyme; and (c) treat-
ment medium characteristics (Li and Farid 2016).

The main mechanism causing cell death and enzyme inactivation is the electro-
poration phenomenon, which basically causes electrical breakdown of cell mem-
branes resulting in microbial inactivation and changes in the protein structure 
leading to enzyme inactivation. The effects caused by electroporation could be 
reversible or irreversible mainly depending on HIPEF treatment conditions (Barba 
et al. 2015).

Despite the high effectiveness of HIPEF in microbial inactivation reported by 
different authors (Niakousari et al. 2018; Li and Farid 2016; Masood et al. 2018), 
the existing technology does not allow food sterilization, since spore inactivation is 
not achieved under any condition, unless it is combined with thermal processes. 
However, HIPEF has been proposed as a feasible alternative for pasteurization of 
acidic products, such as fruit juices and fruit-based beverages, with excellent quality 
attributes, extended shelf life, fresh-like characteristics and, additionally, better 
functional properties than heat-treated products (Bermudez-Aguirre 2018). 
According to Wang et  al. (2018), the optimum level of E to achieve significant 
reduction of pathogenic and spoilage microorganisms in fruit and vegetable juices 
is in the range 20–45 kV/cm. HIPEF processes applied at these conditions allow the 
inactivation of different pathogenic microorganisms such as Escherichia coli, 
Listeria innocua, Staphylococcus aureus, Enterobacteriaceae and Pseudomonas 
fluorescens (Niakousari et al. 2018; Li and Farid 2016; Masood et al. 2018) without 
major changes in food quality attributes.

Regarding enzyme inactivation by HIPEF, usually larger specific energy inputs 
are required for their inactivation compared to those necessary for microorganisms, 
since they have demonstrated to be more resistant. The existing evidence suggests 
that HIPEF affects enzyme activity by changing mainly the secondary (α-helix, 
β-sheets, etc.), tertiary (spatial conformation), and quaternary (number and arrange-
ment of protein subunits) structures. In this case, different factors such as the elec-
trochemical effects, physicochemical properties of the target enzyme, processing 
conditions and media characteristics such as composition, pH, viscosity, conductiv-
ity, and ionic strength, among others, are well-correlated to the impact of HIPEF in 
the structure enzyme changes.

Effect of Pulsed Electric Fields on Food Quality
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HIPEF may activate/enhance, inactivate, limit or cause no changes in the activity 
of enzymes. The stability of enzymes towards HIPEF mainly depends on its inher-
ent properties and treatment conditions. To date, most of the works conducted to 
evaluate enzyme activity affected by HIPEF are focused on the effects on inactiva-
tion in order to obtain shelf-stable products. Results indicate that HIPEF is able to 
significantly inactivate different food quality-related enzymes such as alkaline 
phosphatase (Jaeger et al. 2009), peroxidase (Morales de la Peña et al. 2010), lipox-
ygenase (Aguiló-Aguayo et  al. 2009), lipase (Bendicho et  al. 2002), protease 
(Bendicho et al. 2003), pectin methylesterase (Elez-Martínez et al. 2007; Espachs-
Barroso et al. 2006) and polyphenol oxidase (Riener et al. 2008), among others.

In addition to achieving microbial safety and significant enzyme inactivation 
levels by applying HIPEF, this process can adequately preserve the quality attri-
butes of foods, such as flavour, colour and nutrient contents, even causing an 
increase in the concentrations of minor constituents such as health-related com-
pounds (Masood et al. 2018).

 Moderate-Intensity Pulsed Electric Fields (MIPEF)

MIPEF treatments are applied following the same principle than HIPEF treatments, 
but at a lower intensity (<20 kV/cm). In this case, the treatments can also be applied 
to solid foods suspended in liquid media (Bobinaitė et al. 2015). Under the effects 
of MIPEF treatments, cell membranes may be irreversibly or reversibly permeabi-
lized (Barba et al. 2015). According to Soliva-Fortuny et al. (2009), MIPEF has the 
potential to induce non-thermal cell permeability and stress reactions at cellular 
level in plant-based foods. These effects can allow the generation of plant secondary 
metabolites, the selective recovery of high-added value compounds from different 
matrices with high purity, the improvement of mass transfer rates and the enhance-
ment of the efficiency of some processes such as osmotic dehydration, drying, 
freezing and increasing oil, juice and bioactive compound extraction yields from 
different foods and food by-products. In this sense, MIPEF processing has the capa-
bility of being implemented as a pre-treatment or as an assistant treatment for 
diverse unit operations, thus allowing the development of high-quality products.

Some of the main advantages of MIPEF-assisted processes against conventional 
processes are the decrease of processing times, of solvent consumption and of the 
intensity of the conventional extraction parameters, which results in a reduction of 
energy cost and environmental impact. A parallel benefit of MIPEF is the reduction 
of heat-sensitive compound degradation, obtaining value-added products with 
improved functional properties (Boussetta et  al. 2012; Puértolas et  al. 2013). 
Interesting information about the MIPEF-assisted processing in osmotic dehydra-
tion, extraction by pressing, drying, freezing, extraction of valuable compounds and 
acceleration of winemaking treatment can be consulted in reviews conducted by 
Barba et al. (2015) and Wang et al. (2018).
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During the last decades, different studies have been conducted to proof the effi-
ciency of MIPEF in a great variety of food matrices with different purposes. Namely, 
Praporscic et al. (2007) evaluated the effects of MIPEF at 0.25–1 kV/cm applied in 
white grapes. They concluded that the treatment is able to accelerate juice extrac-
tion, increase the juice yield and improve the quality characteristics of the extracted 
juice. Consequently, avoiding the oxidation process commonly occurred in conven-
tional juice extraction process that serves as raw material for winemaking industry, 
obtaining a final product with better quality attributes. Likewise, a significant 
increase in antioxidant capacity of apple juice was observed when apple mash was 
processed at 3 kV/cm. Authors argue that this effect was due to a rise in the release 
of phenolics from the mash into the juice (Schilling et al. 2008). Other matrices 
such as rapeseeds have been treated by MIPEF (5–7 kV/cm), leading to a significant 
increase in the oil extraction yield and its concentration of health-related com-
pounds (Guderjan et al. 2007).

The feasibility of MIPEF to be adapted as a pre-treatment to assist other pro-
cesses has attracted the attencion of the food industry. According to Siemer et al. 
(2018), MIPEF has been currently implemented in potato processing at industrial 
levels. Today, more than 50 industrial MIPEF systems have been set up worldwide 
with successful results in products such as French fries, in which superior colour 
and texture can be attained in the final product and approximately 10% lower oil 
absorption during the deep-frying process. These results have caught the attention 
of other food manufacturers, such as fruit processors, who regard MIPEF as a poten-
tial pre-treatment to improve the quality of dried fruits or juice-based beverages.

 Effects of PEF on Food Constituents Related to Food 
Quality Attributes

 Proteins

Proteins are one of the most important food constituents. Physical, chemical and 
structural properties of proteins have a deep impact on their functional properties 
during both processing and storage and thus on the quality of the end products. 
Changes in protein functionality are linked to physicochemical stresses occurring 
during food processing such as thermal, chemical, pressure and mechanical bruising 
(Zhao et  al. 2014). Such conditions promote the unfolding of protein structures, 
affecting their biological activity and stability, which has a major influence on food 
quality. Among the consequences of PEF-induced effects on protein modifications 
with an impact on quality, it is worthwhile highlighting (i) changes in the catalytic 
activity of certain enzymes, having a determinant impact on important food quality 
attributes such as colour/visual appearance, texture/rheology and flavour, and (ii) 
modification of the thermal and physicochemical stability of proteins, having a 
major impact on important properties such as water-holding capacity, gel formation, 
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gel- or foam-forming capacity and stability, emulsification, solubility and rheologi-
cal behaviour.

Proteins with enzymatic activity can be inactivated under HIPEF treatment con-
ditions, while milder conditions often only result into an up- or downregulation of 
enzyme activities (Soliva-Fortuny et al. 2009). Most studies identify pulse charac-
teristics, peak intensity, shape and width, together with temperature, as the most 
critical process parameters having an influence on enzyme residual activities. Other 
food matrix-related parameters, such as composition, enzyme and food structure 
and pH, are as well important. For instance, the stability of enzymes in complex 
food systems is more difficult to predict than in a model solution, as enzyme activity 
and aggregation behaviour under PEF treatment could be largely affected. Scientific 
literature provides several examples of enzyme aggregation with other proteins or 
polysaccharides (Ho et al. 1997; Wu et al. 2015, Jin et al. 2020).

Enzymes are generally less sensible to HIPEF compared to microorganisms. 
Some studies have related the PEF-induced changes in the activity of enzymes to 
the association or dissociation of functional groups, movements of charges and 
changes in the alignment of the α-helix (Tson and Astunian 1986). It has been 
shown that PEF treatments may affect the conformation of the secondary structure 
of enzymes, causing a loss in α-helix and an increase in β-sheet contents. Although 
the key enzyme responsible for the loss of a specific quality trait may vary from one 
food commodity to another, countless examples are available illustrating the effect 
of PEF on enzymes in several food matrices.

In dairy technology, alkaline phosphatase is probably the most relevant enzyme, 
as it is often used as an indicator of the effectiveness of a heat treatment. Other 
enzymes such as xanthine oxidase, proteases and lipases are intimately related to 
biochemical modification leading to the release of flavour compounds. HIPEF treat-
ments have been shown to exert only a partial effect on milk enzymes (Soliva-
Fortuny et al. 2006; Sharma et al. 2014); hence the remaining active enzymes could 
generate either desirable or undesirable flavour components that would in turn limit 
the end product shelf life. Sharma et al. (2018) compared a PEF treatment delivering 
25.7 kV/cm for 34 μs in combination with mild preheating to 55 °C for 24 s. Alkaline 
phosphatase activity was comparable to that of heat-treated milk (60 °C for 30 min 
or 73  °C for 15  s). Xanthine oxidase and plasmin activities were only slightly 
affected by PEF processing, whereas lipolytic activity increased throughout storage 
in a similar way than for thermally pasteurized milk. This lack of enzyme inactiva-
tion suggests that PEF could only be applied for the pasteurization of raw milk in 
combination with heat treatments, in order to allow a reduction in the intensity of 
the thermal treatment. On the other hand, low bacterial counts and increased enzyme 
activities suggest that PEF could be a suitable alternative for cheese making, espe-
cially when enzyme activities are required for flavour development.

HIPEF treatments have been also proposed as a way to inactivate endogenous 
lipoxygenase (LOX) in different food products. LOX is the main responsible 
enzyme for the deoxygenation of polyunsaturated fatty acids, thus promoting the 
generation of off-flavours in plant-based foods, such as soy hydrolysates. Li et al. 
(2013) observed a maximum soybean LOX inactivation of 88% for treatments of 
42 kV/cm for 1036 μs, whereas physicochemical quality-related parameters, e.g. 
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colour, pH and electrical conductivity, did not substantially change. Combination of 
PEF and mild thermal treatments can be an alternative to reduce treatment time 
while maintaining enzyme inactivation. Riener et al. (2008) reported a similar maxi-
mum inactivation rate (84.5%) when applying a PEF treatment at 40 kV/cm for 
100 μs in combination with a pre-treatment at 50 °C.

Effects of HIPEF on other quality-related enzymes such as polyphenol oxidase 
(PPO), peroxidase (POD), pectin methylesterase (PME) and polygalacturonase 
(PG) have been extensively evaluated especially in fruit and vegetable beverages. 
Enzyme inactivation in fruit juices has been usually shown to decrease following 
exponential decay patterns that depend on the peak intensity of the treatment and 
the overall treatment time (Ho et al. 1997; Giner et al. 2000; Aguiló-Aguayo et al. 
2010a, b; Andreou et al. 2016).

Several examples of the application of PEF to inactivate oxidative enzymes are 
available in literature. PPO and POD are especially detrimental to the quality of 
many processed plant-based foods, as they are involved in a series of reactions lead-
ing to browning, off-flavour generation and loss of antioxidant compounds. 
Therefore, POD and PPO activities often stand as a major quality indicator in pro-
cessed fruit and vegetable beverages. The application of HIPEF with the aim of 
inactivating PPO and POD at low temperatures is feasible. Inactivation rates may 
greatly vary between two different food matrices. For instance, almost complete 
inactivation of POD was observed in PEF-treated orange juice (35  kV/cm for 
1500 μs using 4-μs bipolar pulses), whereas only a 27% reduction of POD activity 
was found in carrot juice submitted to a treatment at 35 kV/cm for 1000 μs (Elez-
Martínez et al. 2006; Quitao-Teixeira et al. 2008). Similarly, PPO is usually only 
partially inactivated. Sánchez-Vega et al. (2019) reported a maximal 64% inactiva-
tion in broccoli juice subjected to 35 kV/cm for long treatment times (2000 μs). The 
stability of the green colour of broccoli juice was significantly improved compared 
to that of a thermally treated juice. As in other cases, combination of PEF and mild 
heat seems to be a feasible way of achieving high inactivation rates for PPO and 
POD enzymes. Riener et al. (2008) compared the effect of PEF processing and a 
commercial thermal pasteurization treatment on apple juice and reported that 71% 
and 68% decrease for PPO and POD activities could be achieved by combining 
preheating to 50 °C and a short PEF treatment (40 kV/cm for 100 μs). The reported 
inactivation levels were by far higher than those observed in a conventional mild 
thermal treatment (72 °C for 26 s).

On the other hand, PEF treatments have also been shown to significantly decrease 
pectinolytic enzyme activities. The extent of this decrease depends on process con-
ditions, especially the delivered specific energy and the treatment temperature. 
Andreou et al. (2016) proposed the application of PEF to selectively inactivate pec-
tic enzymes. Although prolonged PEF treatment times allow obtaining nearly com-
plete inactivation of pectic enzymes such as PME and PG, combined PEF-heat 
treatments stand as the most feasible strategy for attaining this objective. Proper 
combinations of mild thermal treatments and PEF also provide an alternative to 
develop treatments for specific products such as ‘cold break’ tomato juice, thus 
leading to end products with improved quality characteristics.
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PEF application also stands as a good alternative to the thermal processing of 
protein-based foods as protein structures are less affected by PEF than by thermal 
treatments achieving similar rates of microbial inactivation (Perez and Pilosof 2004; 
Monfort et al. 2010). Although food preservation studies have demonstrated that 
microbial inactivation can be attained without significantly damaging protein func-
tionality, PEF treatments have been shown to cause changes, either deliberately or 
not, in protein structure and functionality. The proposed mechanisms involved in the 
loss of protein functionality include Joule heating damage and electro-conforma-
tional changes. There is no evidence to suggest that PEF treatments affect the pri-
mary structure of proteins (Garde-Cerdán et al. 2007). Sánchez-Vega et al. (2020) 
observed that even under intense and prolonged exposure to HIPEF (35 kV/cm for 
2000 μs), free amino acid contents in broccoli juice did not significantly decrease 
and were higher than those found in a thermally treated juice. However, it is likely 
that electric field stresses are able to ionize some chemical groups while disturbing 
electrostatic interactions between polypeptide chains. This could in turn have an 
impact on protein secondary structures due to the interaction between electric field 
and dipole moments (Zhao et al. 2014).

Different research works regarding the effect of PEF on protein structure have 
been carried out on egg products, given their high protein content and good perfor-
mance as gelling and foaming agents in food formulations. Barsotti et al. (2002) 
reported an enhanced ionization of sulfhydryl groups and a partial but transient 
unfolding of protein structures in ovalbumin subjected to 20 exponential-wave 
pulses of 31.5 kV/cm. Authors concluded that sulfhydryl reactivity was significantly 
influenced by the amount of energy applied per pulse. As well, HIPEF stresses have 
been shown to induce sulfhydryl-disulphide interchange reactions promoting pro-
tein aggregation and subsequent decrease in protein solubility (Zhao et al. 2009). 
PEF treatments applied to liquid whole egg have been shown to cause less modifica-
tion in the final product than commercial heat pasteurization treatments (Fig. 1). 
Results show that the lipoprotein matrix is less affected by PEF treatments, which 
has a direct effect on the preservation of microstructure, colour and rheological 
behaviour of the egg product (Marco-Molés et  al. 2011). Furthermore, heat pas-
teurization treatments cause a significant reduction in protein solubility (ca. 20%), 
a reduction in water-holding capacity and a consistent increase in the mechanical 
strength of egg gels. Consistently, Monfort et al. (2010) reported that a combination 
of HIPEF treatments (25 kV/cm) with mild heat (52–60 °C) applied to liquid whole 
egg significantly increased microbial inactivation while reducing the effect on the 
soluble protein content compared to a conventional heat pasteurization (60–64 °C).

Available literature offers some information regarding the effects of PEF on 
dairy proteins. HIPEF treatments achieving near pasteurization effects (2–5 log 
reductions in E. coli) were not shown to cause dramatic changes in milk proteins, 
monitored through the unfolding of β-lactoglobulin molecules (Barsotti et al. 2002). 
However, as enzymes can be inactivated by PEF processing, changes in other pro-
tein structures and functions after intense treatments should be expected. A modifi-
cation of up to 40% of the native structure of β-lactoglobulin after applying 10 
pulses of 12.5 kV/cm was reported by Perez and Pilosof (2004). These changes, 
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which can be probably related to aggregate formation, are though less significant 
than those occurring in thermal processes. Insignificant differences between PEF-
treated and heat-treated milk have been reported regarding their α-lactoglobulin, 
β-lactoglobulin and serum albumin contents (Odriozola-Serrano et  al. 2006). No 
changes in the structure or in thermal stability of bovine immunoglobulins were 
reported by Li et al. (2005). Indeed, the coagulation properties of PEF-pasteurized 
milk have been compared with those of raw and heat-pasteurized milk, showing that 
PEF-treated milk has a better rennetability compared to thermally treated milk.

 Lipids

Commercial thermal treatments ensure the safety of food products, but they may, as 
well, trigger or accelerate some phenomena that are deleterious to food quality from 
both nutritional and sensorial points of view. One of the most relevant reactions is 
the oxidation of lipids, which may lead to changes in colour, flavour and nutritional 
and bioactive content, even leading to the generation of toxic compounds. This reac-
tion is initiated via the formation of fatty acid alkyl radicals and is strongly pro-
moted by heat and enzyme activities, among other factors. Being a non-thermal 
technology, PEF may be advantageous against thermal treatments.

The effects of PEF treatments on foods with a high lipidic content have been 
evaluated with different aims. Arroyo et al. (2015) investigated the potential nega-
tive effects on off-flavour development of various MIPEF treatments aimed at 
enhancing tenderization of turkey breasts. PEF treatments of different number of 
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Fig. 1 Effect of HIPEF treatments (19 kV/cm, 32 kV/cm, 37 kV/cm) and heat pasteurization on 
the foaming capacity of liquid whole egg, subjected or not to previous homogenization. (With 
permissions from Marco-Molés et al. 2011)
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pulses, voltage and frequency were applied, and authors could not report any differ-
ence regarding lipid oxidation. Suwandy et al. (2015) evaluated the effects of PEF 
treatments (10 kV for 20 μs) on the tenderness, cooking loss, lipid oxidation and 
protein profile of cold-boned beef loins. No changes in lipid composition were 
reported, while a decrease in the shear force and an increase in proteolysis were 
observed after the application of one single pulse. In a similar way, Ma et al. (2016) 
submitted lamb shoulder, rib and loin cooked muscles to electric field strengths of 
1–1.4 kV/cm for 19,280 μs. The treatment did not immediately impact the product 
quality. However, after prolonged storage, an increase in volatile compounds due to 
lipid oxidation was observed. Faridnia et al. (2015) also found a significant increase 
in the lipid oxidation of frozen-thawed PEF-treated beef semitendinosus muscle. 
Combined freezing-thawing and PEF resulted in changes in the microstructure of 
meat, thus leading to improved tenderness without significant cooking loss. PEF 
itself did neither affect the polyunsaturated/saturated and omega 6/omega 3 fatty 
acid ratios nor the free fatty acids profiles. However, freezing, with or without PEF 
application, greatly affected the amount of volatiles directly related to lipid oxida-
tion and accounting for off-flavour formation in the treated meat samples.

Guderjan et al. (2007) proposed MIPEF (5–10 kV/cm) as a pre-treatment to be 
applied before oil separation to facilitate permeabilization of cell structures of rape-
seed. The treatment led to an increase not only in the oil yield but also in the content 
of functional food ingredients, namely, total antioxidants, tocopherols, polyphenols 
and phytosterols. No effect on unsaturated properties and saponification values was 
found, although an increase in free fatty acids and chlorophyll content was found. 
Zeng et al. (2010) evaluated the effects of PEF treatments (20–50 kV/cm for 40 μs) 
directly applied to peanut oil on its physicochemical properties. GC/MS analysis 
showed little changes in fatty acid composition. At the same time, treated oils exhib-
ited less increase in acidity throughout storage, whereas carbonyl group values of 
PEF-treated oils were less than that of untreated reference. It was thus suggested 
that the PEF treatment could extend shelf life of fatty products by reducing lipid 
oxidation rates.

The impact of HIPEF treatments applied for the pasteurization of beverages on 
lipid fractions has been also assessed by different researchers. No modification of 
the total fat content, the peroxide index and the TBARS (thiobarbituric acid reactive 
substances) value, the most commonly used assay to test lipid oxidation, was 
reported by Cortés et al. (2005) in PEF-treated tiger nut milk. As well, Morales-de 
la Peña et al. (2011) did not find any major modification in the concentration of 
most fatty acids of a PEF-treated (35 kV/cm for 800–1400 μs) fruit-juice-soy milk 
beverage during storage. Only polyunsaturated fatty acid, namely, linoleic, eicosa-
pentaenoic and docosahexaenoic, concentrations were found to decrease as it hap-
pened in the thermally treated samples. Consistently, no changes in the content of 
free fatty acids have been found in PEF-pasteurized whole milk (Odriozola-Serrano 
et al. 2006; Zhang et al. 2011). The increase in the free fatty acid content throughout 
storage can be likely explained by the product spoilage caused by microorganisms 
but not to the direct effect of PEF treatments on the lipid content.
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 Carbohydrates

PEF treatments do not have a major impact on low molecular weight carbohydrates 
as most of them are not charged. No significant chemical changes in mono- and 
disaccharides have been reported (Garde-Cerdán et al. 2007). Consequently, PEF 
stands as a promising physical technique for enhancing the extraction of sucrose 
from sugar beet, as it allows releasing the intracellular content without affecting the 
characteristics of the final product (López et  al. 2009a). However, it has been 
recently reported that PEF may have some effect on high molecular weight polysac-
charides. Han et al. (2009) found that treatments of up to 50 kV/cm led to structural 
changes in starch granules, which cause a decrease in some starch properties such 
as gelatinization temperature and enthalpy as electric field increased. Zeng et al. 
(2016) observed a reduction in the molecular weight of amylopectin in rice starches. 
Changes in molecular weight in starch and other polysaccharides are likely to be 
associated with a higher susceptibility to enzymatic hydrolysis induced by PEF 
treatments. Further studies are still needed to clarify the mechanisms of polysac-
charide modification by PEF.

 Minor Compounds

Many research efforts have been made to assess the potential of PEF treatments to 
preserve or even promote the content of minor compounds in foods. Different minor 
phytochemicals, e.g. vitamins, free-radical scavengers and flavour compounds, 
have been related with good health and a reduced risk of suffering from major 
chronic diseases, thus having a huge impact on product quality. Literature offers a 
comprehensive picture of the potential applications of PEF to preserve and promote 
bioactive compound in different food matrices (Elez-Martínez et al. 2017).

Increased vitamin C retention has been reported in PEF-treated juices and bever-
ages compared to heat-pasteurized juices (Odriozola-Serrano et al. 2008; Quitão-
Teixeira et al. 2009; Morales-de la Peña et al. 2010; Marsellés-Fontanet et al. 2013; 
Elez-Martínez et al. 2017). Vitamin C contents have been shown to depend mostly 
on the intensity and duration of the treatment. However, as a labile compound in the 
presence of oxygen at high temperatures, vitamin C can be outstandingly preserved 
when the product is deaerated and temperature is not increased for too long. 
However, higher vitamin C degradation has been shown to be triggered in other 
more complex food matrices, e.g. fruit juice-milk beverages, which may be a con-
sequence of PEF-induced changes in the structure and composition of the food 
product (Zulueta et al. 2013). No major changes in other vitamin contents have been 
reported. For instance, vitamin B concentrations, namely, niacin and thiamine, have 
not been shown to be affected by intense PEF treatments (35 kV/cm for 1800 μs) in 
fruit juice-milk mixed beverages, whereas riboflavin levels were significantly higher 
than those found in heat-treated beverages (Salvia-Trujillo et al. 2011). Furthermore, 
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as PEF treatments may cause changes in the food matrix, some investigations are 
currently being aimed at determining their impact on nutrient bioaccessibility. In the 
case of fruit juices, no positive or negative changes in vitamin C bioaccessibility 
have been reported (Rodríguez-Roque et al. 2015).

Among bioactive substances, phenolic compounds are the most widespread class 
of secondary metabolites in plant-based foods. These compounds are usually linked 
to mono- and polysaccharides or found as ester or methyl ester derivatives (Harborne 
et  al. 1999). Phenolic acids, flavonoids and tannins are the main phenolic com-
pounds found in the human diet. HIPEF treatments, generally applied as a non-
thermal alternative to the heat pasteurization of liquid foods, have been reported to 
have a protective impact on the phenolic composition of fruit juices and vegetable 
purées. Several examples can be found in different plant-based products such as 
fruit juices, vegetable purees or fruit juice-milk mixed beverages (Noci et al. 2008; 
Quitão-Teixeira et al. 2009; Rodríguez-Roque et al. 2015). Indeed, the content of 
other antioxidants has been found to be well preserved or even increased in HIPEF-
treated food commodities. Frandsen et al. (2014) found little differences in the glu-
cosinolate content of broccoli juices after applying intense PEF conditions (35 kV/
cm), whereas higher losses were reported after milder treatments (15 and 25 kV/cm) 
probably as a consequence of a lower inactivation rate for myrosinase enzymes. 
Consistently, several research works report an enhancement of carotenoid content in 
PEF-processed juices. Some examples are a 18.5% increase in the total carotenoid 
content observed in a papaya-mango fruit juice blend treated at 35 kV/cm with an 
overall energy input of 256 kJ/kg (Carbonell-Capella et al. 2016) or a 46.2% increase 
in the lycopene content in a PEF-pasteurized tomato juice (Odriozola-Serrano et al. 
2007). These increases in carotenoids are most likely due to the physical damage 
infringed to cell structures, this way facilitating carotenoid release from cell mem-
brane structures, namely, from chloroplast and chromoplast membranes, in a similar 
way than what occurs after low-temperature thermal processes (<100 °C).

As well, MIPEF treatments have been proposed as intensification methods for 
improving the nutritional and antioxidant content of different food products while 
enhancing extraction yields as well as the sensory attributes of different food prod-
ucts. The optimization of critical parameters, namely, treatment intensity, food 
matrix structure, mode of processing, process scale and type of product, is neces-
sary in order to further improve the beneficial effects of PEF pre-treatments for 
obtaining food commodities with enhanced health-related properties. In the specific 
case of fruit juice extraction processes, the adjustment of milling and pressing con-
ditions, in concomitance with mash electroporation, can be used to increase the 
content of total phenolics in the pressed juices (Jaeger et al. 2012). Higher β-carotene 
and vitamin C values were reported in PEF-treated paprika mash (1.7 kV/cm, 5 
pulses) (Ade-Omowaye et al. 2001). Similarly, beverages with enhanced antioxi-
dant content may be obtained after applying selected conditions to the fruit mash or 
even directly to the intact raw material (Fig. 2). Literature provides some interesting 
examples in apple juice (3 kV/cm and 10 kJ/kg; Schilling et al. 2008), white (0.4 kV/
cm, 100 ms, 15 kJ/kg; Grimi et al. 2009) and red grape musts (1.5 kV/cm, 15–70 kJ/
kg; Leong et al. 2016) and berry juices (1–5 kV/cm, 10 kJ/kg; Lamanauskas et al. 
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2016). Furthermore, the potential use of MIPEF treatments to promote phenolic 
extraction from red grape skins during the maceration-fermentation step of the 
winemaking process has been deeply investigated (López et  al. 2008, 2009b; 
Puértolas et al. 2010). Results demonstrate that PEF can be used to enhance the 
anthocyanin and total polyphenol content in red wines, hence leading to a remark-
able increase of colour intensity.

Regarding oil extraction, MIPEF treatments have been shown to increase yields 
while leading to increase in phytosterol contents (Guderjan et al. 2005). Similarly, 
the recovery of tocopherols, polyphenols and phytosterols in rapeseed oil was 
boosted after a PEF treatment (5–7 kV/cm and 42–84 kJ/kg), as it happened in oil 
obtained from PEF-treated olive paste (2 kV/cm and 5.22 kJ/kg). The concentration 
of antioxidants in the oil was 11.5%, 9.9% and 15.0% higher than in control oils for 
phenolic compounds, total phytosterols and total tocopherols, respectively (Puértolas 
and Martínez de Marañón 2015). Table 2 provides selected examples of the applica-
tion of PEF treatments to assist the extraction of oils.

Applications of PEF to assist drying processes have also revealed changes in 
some minor constituents in the final product. Taiwo et  al. (2003) reported lower 
amounts of vitamin C in osmotically dehydrated apple slices, especially after treat-
ments of relatively high electric field strength (2 kV/cm). However, as cell mem-
brane permeabilization in vegetable tissues causes an increase in mass transfer 
phenomena, some compounds may be significantly affected, either in a positive or 
in a negative way. Compared to osmotic dehydration, combining the application of 

Table 2 Selected examples of the application of PEF treatments to assist oil extraction

Type of 
oil

Treatment 
conditions Outcome References

Maize 
germ

0.6–7.3 kV/cm; 
0.62 and 91.4 kJ/kg

Up to 88.4% higher yield after milder treatment 
intensities
Phytosterol contents peaked by 32.4%

Gurderjan 
et al. (2005)

Rapeseed 4–7 kV/cm; 
42–84 kJ/kg

Yield increase from 23% to 32%
Higher concentrations of total antioxidants, 
tocopherols, polyphenols and phytosterols
No effects on unsaturation degree and 
saponification values
Increase in fatty acids and chlorophyll content

Guderjan 
et al. (2007)

Olive 1–2 kV/cm; 
1.47–5.22 kJ/kg

Yield increase by 14.1%
Treatments allowed reducing the malaxation 
temperature from 26 to 15 °C without 
impairing the extraction yield and quality 
parameters established for extra virgin oils

Abenoza 
et al. (2013)

Sesame 20 kV/cm; 
40–240 kJ/kg

Yield increase by 4.9%
No generation of lignans

Sarkis et al. 
(2015)

Sunflower 7 kV/cm; 6,1 kJ/kg Yield increase by 2.3%
Minor effects on main chemical characteristics 
(acidity and peroxide values), colour 
parameters and tocopherol content
Increase in phenolic content by 9%

Shortskii 
et al. (2020)
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MIPEF treatments and air drying could contribute to better preserve some heat-
labile compounds such as vitamin C, as drying times are significantly reduced (Ade-
Omowaye et al. 2003).

More recently, MIPEF treatments have been proposed for increasing the content 
of some phytochemical compounds in metabolically active vegetable tissues, 
through the induction of secondary metabolic pathways leading to their accumula-
tion in plant cells. Namely, the application of electric fields of ca. 1 kV/cm is able 
to induce a transmembrane potential difference of 0.2–1 V that is able to induce the 
formation of pores. This damage can be lethal or sublethal depending on the treat-
ment conditions as well as on food matrix characteristics. In the case of sublethal 
treatments, reversible damage likely induces the generation of reactive oxygen spe-
cies eliciting the synthesis of secondary metabolites. Different examples of the 
application of MIPEF treatments to increase the antioxidant content of fresh fruit 
and vegetables are found in scientific literature. Ribas-Agustí et al. (2019) proposed 
the application of MIPEF treatments to enhance the antioxidant content in fresh 
whole apples. Total phenolic content was increased by 26% after mild treatments of 
0.01 kJ/kg, while physicochemical quality attributes of the fresh commodity were 
not affected. Optimization of processing conditions allowed to dramatically increas-
ing the accumulation of total carotenoids and lycopene without significantly com-
promising the fresh-like quality of tomato fruits (González-Casado et al. 2018a). In 
other cases, some changes in the general appearance and texture (loss of turgidity) 
of the fresh fruits are observed. However, the treatments may be regarded as a 
pre-treatment applied for increasing the antioxidant content in fruits prior to further 
processing operations. For instance, a 36% increase in phenolic compounds and 
lycopene content has been reported to increase by 20% after applying 16 pulses of 
1 kV/cm to whole tomatoes (Vallverdú-Queralt et al. 2012). Similar results have 
been recently obtained to increase the carotenoid content in tomato fruits and car-
rots to be used as industrial raw materials (González-Casado et al. 2018b; López-
Gámez et al. 2020). An accurate selection of treatment intensities and post-treatment 
storage is required in order to obtain products with a higher antioxidant content 
(Fig. 2).

The flavour of many food products is easily affected during thermal processing 
and subsequent storage. Changes in the volatile profile of PEF treated products have 
been shown to depend on the product characteristics and intensity of the PEF treat-
ment. Nevertheless, the sensory acceptability of PEF treated products, such as fruit 
and vegetable juices, does not much differ from the freshly squeezed products. 
Consistently, the volatile compounds either in PEF-treated high acidic juices (orange 
juice, 35–40 kV/cm for 59–97 μs) or low acidic juices (watermelon, 35 kV/cm for 
1737 μs) have been shown to be much better preserved compared to heat-pasteur-
ized juices (Min et al. 2003a, b; Aguiló-Aguayo et al. 2010a). Similar results were 
reported by Cserhalmi et al. (2006) in a variety of citrus juices. Indeed, Min and 
Zhang (2003) reported a much better preservation of flavour in tomato juice. This 
observation was corroborated by Aguiló-Aguayo et al. (2010b) who concluded that 
HIPEF-treated (35  kV/cm for 1500 μs) tomato juices exhibited higher levels of 
compounds contributing to tomato aroma than heat-treated juices and even higher 
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than untreated juices, which could be related to the action of residual fractions of 
enzyme activities related to flavour development in the juice.

 Final Remarks

Scientific research provides vast evidence of the potential of PEF, applied either 
with a preservation aim or as a pre-treatment to improve the quality of food prod-
ucts. Application of HIPEF treatments to achieve microbial inactivation at tempera-
tures that do not cause major deleterious effects on colour, flavour or nutritional 
values allows very sound applications of this technology in the processing of plant-
based foods. As well, the use of MIPEF treatments as a pre-treatment to assist unit 
operations in food processing such as infusion, drying, extraction, fermentation and 
cooking, among many others, opens many ways for the future implementation of 
this technology at the industrial scale.
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Abbreviations

CFU colony forming unit
E electric field strength, electric field intensity (kV/cm)
LOX lipoxygenase
LWE liquid whole egg
n number of pulses
PEF pulsed electric field
PG polygalucturonase
PME pectin methylesterase
POD peroxidase
PPO polyphenol oxidase
PU pasteurization unit
Tmax maximum temperature (°C)
w  specific energy, electric energy (kJ/kg)
τ pulse width, pulse duration (μs)

 Introduction

Classical pasteurization is a thermal process that is widely used in the food industry 
to inactivate vegetative cells of food pathogens or spoilage micro-organisms and 
enzymes. Thermal pasteurization processes are relatively mild and do not act on 
bacterial spores; hence the resulting products usually require chilled storage to 
ensure quality and safety throughout the shelf life of the product. Thermal pasteuri-
zation processes apply temperature regimes between 65 and 95  °C with holding 
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times between seconds and minutes (Silva and Gibbs 2009), followed by a cooling 
step. Pasteurization can either be directly in package or in bulk followed by hot fill 
or an aseptic filling step. Product properties, target micro-organisms, and enzymes 
determine the treatment intensity required to ensure product quality and safety.

Today, thermal processes are widely used for pasteurization as they are efficient 
and robust, and inactivation effects on micro-organisms are established. Moreover, 
safety boundaries for treatment have been established for various product categories 
(Bean et al. 2012). The drawback of thermal pasteurization is that it may also affect 
the fresh characteristics of a product (i.e., loss of fresh flavor, texture, color) or 
nutritional value (i.e., loss of vitamin content). Furthermore, thermal processes may 
induce an off-flavor or browning of a product or lead to a change in structure due to, 
e.g., denaturation of proteins or gelatinization of starch.

Milder processes that are based on different mechanisms to target micro- 
organisms and enzymes received a lot of attention during the last decades, because 
these may avoid extensive heating, resulting in better food quality. Pulsed electric 
field (PEF) is a mild preservation technology for non-thermal pasteurization of liq-
uid food products.

Many PEF studies have been published examining the impact of PEF on micro-
bial inactivation, taste, enzymes, proteins, and quality (see Chapters “Microbial 
Inactivation by Pulsed Electric Fields” and “Effect of Pulsed Electric Fields on 
Food Quality”). These studies confirm that PEF effectively inactivates a diverse 
range of microbial cells when combined with low to moderate heat (T < 60 °C), 
which makes it an interesting alternative to conventional thermal preservation pro-
cesses for liquid foods that contain heat-labile components like specific nutrients 
and flavors. This chapter focuses on the possibilities and constraints of using PEF 
for non-thermal pasteurization of liquid foods. Specific focus is on PEF conditions 
using high voltage pulses with a duration of microseconds (E  =  10–40  kV/cm, 
τ = 1–100μs, w = 50–8000 kJ/kg).

 Principle of PEF for Pasteurization

The principle of PEF pasteurization is based on the electroporation of microbial cell 
membranes in the liquid food product, by application of short, but very high voltage 
pulses, which is explained in more detail in Chapter “Microbial Inactivation by 
Pulsed Electric Fields”. Depending on the applied pulse conditions and tempera-
ture, target micro-organism, and product characteristics, electroporation of micro-
bial cells can be either reversible or irreversible (Wouters et al. 2001). Irreversible 
electroporation results in cell inactivation. Reversible electroporated cells are dam-
aged but not inactivated; hence depending on the intrinsic and extrinsic product 
properties, cells may recover. PEF is often combined with mild heat or other preser-
vation hurdles to enhance inactivation effects or prevent/delay outgrowth of surviv-
ing cells. The pH of the food matrix largely determines the inactivation effect of the 
PEF treatment with higher reductions in more acidic environment. The effect of an 

R. Timmermans et al.



301

acidic environment is twofold: (1) an influx of acid during the electroporation pro-
cess causes additional stress to the cell, and (2) at low pH outgrowth of surviving 
cells in food products is delayed or avoided (Guan and Liu 2020; Lund et al. 2014). 
This explains why PEF treatment is more effective in high-acid than in low-acid 
liquid products. Combinations of PEF with anti-microbials that act on the cell mem-
brane, for example, nisin or citral, have been shown more effective by displaying 
synergistic effects (Montanari et al. 2019; Pol et al. 2000). However, for develop-
ment of clean label concepts, these approaches may be of less interest.

A typical PEF pasteurization process consists of the following steps for a con-
tinuous flow of liquid food product that is (1) mildly preheated (typically to tem-
peratures ranging between 20 and 55 °C), (2) exposed to an electric field in a PEF 
treatment chamber to obtain electroporation of the cells, (3) cooled down, and (4) 
aseptically packed to reduce the risk of recontamination after the process (Fig. 1). 
Because the PEF process is a volumetric process, no holding section is required as 
is the case for thermal processes, meaning that the liquid product can directly be 
cooled down after leaving the treatment chambers(s).

Mild preheating of the liquid enhances pore formation in the cell membrane by 
changing the cell membrane fluidity and thereby reduces the amount of electrical 

Fig. 1 Schematic representation of a continuous process of pulsed electric field (PEF) for pas-
teurization of a liquid food product, including measurement points for adequate process control
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energy required by the PEF process (Timmermans et al. 2014; Toepfl 2011) (Fig. 1). 
Just before the liquid product enters the treatment chamber(s), often an inline vent-
ing step is included to reduce the number of air bubbles, as these air bubbles could 
lead to flashovers in the treatment chambers. Next, liquid product enters the treat-
ment chambers that are vertically positioned to assure that the chambers are homog-
enously filled, which is a prerequisite for sufficient contact between liquid product 
and electrodes. Liquid food product is subjected to short electric pulses with a dura-
tion (τ) in the range of 1–100μs that generate electric field strengths (E), typically 
between E = 10–40 kV/cm. Multiple pulses are given at a selected frequency to 
ensure that every part of the liquid received the desired PEF treatment intensity dur-
ing its passage through the treatment chamber(s).

Different configurations of treatment chambers have been used in various studies 
as reviewed by Huang and Wang (2009). The configuration of treatment chambers 
most frequently used for commercial PEF pasteurization is a layout of two or more 
co-linear treatment chambers (Fig. 2a). The co-linear treatment chamber consists of 
an electrical insulating tube through which the liquid flows. On each side of this 
chamber, electrodes are positioned. Electrodes consist of metal pipes that can also 
serve as the entrance and exit of the fluid and can be integrated in the circulating 
pipes used for preheating and cooling. Electrodes can be either grounded or con-
nected to the high voltage pulse generator that produces the electric pulses. Usually, 

Fig. 2 Schematic representation of a PEF treatment chamber configuration with two co-linear 
chambers without (a) and with (b) intermediate cooling section
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monopolar or bipolar pulses are used in industrial systems (Alirezalu et al. 2019). 
The combination of electric field strength or electric field intensity (E), pulse width 
(τ), and number of pulses (n) determines the specific electric energy (w) delivered. 
This amount of energy, the product properties and the starting temperature of the 
PEF treatment determine the temperature increase due to joule heating (ohmic heat-
ing). The main challenge of this co-linear configuration is to cope with the inhomo-
geneity in electric field and temperature distribution in the treatment chamber 
during PEF processing. Optimization of the treatment chamber geometry by design 
and generation of turbulent flow can improve treatment uniformity (Jaeger et  al. 
2009a; Meneses et  al. 2011; Schroeder et  al. 2009). To avoid overheating of the 
product, cooling sections between the treatment chambers can be inserted (Sharma 
et al. 2014a) (Fig. 2b). This will lead to more energy use for applying the treatment.

 Potential Liquid Products for PEF Pasteurization

Target micro-organisms and enzymes relevant for PEF treatment are dependent on 
the type of liquid product to be treated. Dependent how the PEF process is designed 
(geometry of treatment chambers, additional cooling), this leads to a certain maxi-
mum temperature in the treatment chamber(s) (Tmax). The thermal load of a treat-
ment is determined by the temperature/time exposure during the entire process from 
preheating until cooling. The thermal load affects the residual microbial and enzyme 
activity, nutritional value, and visual and sensorial aspects of the treated product.

For the commercial application of PEF pasteurization, the safety of the product 
is of key importance. Secondly, applying PEF to a selected product must also bring 
added value, e.g., shelf life and product quality, with respect to a conventional ther-
mal process. Important in the comparison of PEF toward thermal pasteurization 
processing is that this is on equivalent processing impact, with respect to microbial 
safety and spoilage micro-organisms (Matser et al. 2010), i.e., comparison of condi-
tions to achieve a 5 or 6 log10 inactivation of a relevant target micro-organism. In this 
section, product categories will be discussed that are either applied industrially or 
potentially interesting to be treated with PEF, including the added value of the PEF 
treatment and challenges to these product groups.

 Fruit Juices

In this section a discrimination between high-acid fruit juices, with pH < 4.6, and 
low-acid fruit juices with pH > 4.6 is made, as the pH determines the relevant target 
organisms and PEF process conditions required.
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 High-Acid Fruit Juices

PEF targets vegetative micro-organisms, but not spore-formers. For acidic fruit 
juices, the combination of acid conditions and refrigerated storage of these products 
control the germination and outgrowth of microbial spores; hence acidic fruit juices 
are highly suitable for PEF processing. Inactivation studies showed that treating 
fresh fruit juices with a low pH (pH < 4.6), such as apple juice, orange juice, and 
blends of juices with PEF at E ~ 20 kV/cm, τ =  2–3μs, w = 50–120 kJ/kg, and 
Tmax = 60 °C, leads to 4–6 log10 reduction of Escherichia coli, Salmonella Panama, 
Listeria monocytogenes, Bacillus megaterium, and Saccharomyces cerevisiae 
(Timmermans et al. 2014; Toepfl 2011). Reduction of electric field strength from 20 
to 10 kV/cm while keeping preheating (36 °C), pulse duration (τ = 2μs), and energy 
input (w = 75 kJ/kg) at similar levels significantly reduces the inactivation of bacte-
rial cells to ~1 log10 (E. coli, L. monocytogenes, Salmonella Senftenberg, and 
Lactobacillus plantarum) in orange juice, while the PEF effectivity for the larger 
sized yeast cells of S. cerevisiae did not change (Timmermans et al. 2019). Further 
increase of the electrical energy input at E = 10 kV/cm would end up in a similar 
heat load as given during a thermal treatment. This implies that it is essential to 
evaluate the PEF process on relevant target organisms (pathogens and spoilage 
micro-organisms), instead of evaluation of only spoilage micro-organisms such 
as yeast.

The quality parameters of orange juice were evaluated after PEF processing 
(E = 23 kV/cm, τ = 2μs, w = 76 kV/cm, and Tmax = 58 °C) showing no changes in 
sugar profile, organic acid profile, bitter compounds, vitamin C, and carotenoid pro-
file after processing or during storage of 58 days at 4 °C. Formation of furfural and 
5-hydroxymethylfurfural was not detected (Vervoort et al. 2011). The only differ-
ence observed after applying these PEF process conditions compared to untreated 
juice and thermal treatment (72 °C/20 s) was on the residual activity of the enzymes 
pectin methylesterase (PME) and peroxidase (POD) (Vervoort et al. 2011). After 
this PEF treatment, still residual enzyme activity was present, leading to cloud 
instability of orange juice (Timmermans et al. 2011). Although cloud instability has 
seen as a defect in pasteurized juices for decades (Braddock 1999), nowadays mar-
keters use this as argument to the consumer that the product is pure without use of 
any heat treatment that causes loss of important nutrients.

An in-house trained panel of a commercial fruit juice producer did not detect 
changes in taste and flavor during the extended shelf life of orange juice from 7 to 
27 days when stored at refrigerated conditions (Fig. 3) (WFBR, unpublished data), 
indicating that the quality of the PEF treated products is very close to untreated 
products.

To produce ambient stable, high-acid juices, process conditions should ensure 
complete inactivation of the enzymes naturally present in juice, such as pectin meth-
ylesterase, peroxidase, and polyphenol oxidase (PPO). Substantial inactivation 
(78.0–92.7%) of PME in orange juice can be obtained using PEF based on literature 
data reviewed by Buckow et al. (2013); however very high specific energy inputs 
(up to about 8 MJ/kg) were required to obtain this reduction, and still no complete 
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inactivation was obtained. This energy requirement is by far higher than typically 
required for inactivation of vegetative micro-organisms (w  =  50–120  kJ/kg). In 
addition to the enzyme inactivation, also conidia and ascospores of yeasts and 
molds, as well as endospores formed by Alicyclobacillus species, should be inacti-
vated in ambient stable high-acid juices (Silva and Gibbs 2004). Studies of Raso 
et al. (1998) showed that conidia of Byssochlamys fulva could be inactivated by 3–6 
log10 using PEF conditions of E = 30–36 kV/cm in high-acid juices, while asco-
spores of Neosartorya fischeri were not affected. A few studies describe the combi-
nation of PEF with high temperature to inactivate bacterial spores (Reineke et al. 
2015; Siemer et al. 2014), but more research is required to evaluate if PEF can be 
used to obtain safe ambient stable high-acid fruit juices with added value compared 
to a thermal reference process.

During the last decade, PEF lab equipment has evolved to pilot scale equipment 
and industrial scale equipment (Irving 2012), and the first PEF processed fruit juices 
with shelf life up to 21  days are commercially available in different countries, 
including Germany, the Netherlands, the United Kingdom, and Austria (Buckow 
et al. 2013).

To conclude, a combination of moderate heat and PEF can be used for the inac-
tivation of vegetative pathogenic and spoilage micro-organisms in high-acid fruit 
juices. Product quality of PEF treated juice is very close to untreated, while the shelf 
life could be extended when treated juice is stored at refrigerated conditions. A rela-
tively low amount of energy (w = 50–120 kJ/kg) is required to achieve microbial 
inactivation, resulting in a remaining enzyme activity. This remaining enzyme activ-
ity is often accepted and used as an argument that the product is pure without heat 
treatment.
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Fig. 3 Sensorial evaluation of untreated and PEF-treated orange juice by a trained panel, during 
shelf life (7 °C). Scores range from 0 (dislike extremely) to 10 (like extremely), and scores <5 are 
considered as not acceptable. Untreated juice showed microbial spoilage at t = 12 days; microbial 
counts for PEF-treated juice at t = 31 days were still below the detection level (<10 CFU/mL). PEF 
conditions and material and methods were similar as discussed in Timmermans et al. 2011 (WFBR, 
unpublished results)
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 Low-Acid Fruit Juices

Some fruit juices including melon and watermelon juice, lychee juice, and coconut 
water have a pH >4.6. As pathogenic micro-organisms can grow at this pH under 
chilled conditions, a PEF process design that assures sufficient inactivation of 
pathogens is extremely important for these products. For example, application of 
PEF pasteurization (E = 20 kV/cm, w = 80 kJ/kg) in watermelon juice of pH 5.3 
resulted in ~1 log10 inactivation of human pathogens E. coli, L. monocytogenes, and 
S. Panama, which is by far lower than the 4–5 log10 reduction reached for the same 
bacteria in apple or orange juice with pH 3.5 and 3.7, respectively (Timmermans 
et  al. 2014). Blending low-acid juices with high-acid juices to reduce the pH is 
therefore an effective measure to improve the effectivity of a PEF treatment at 
E = 20 kV/cm.

Alternatively, an increase of the electric field strength to E  =  35  kV/cm and 
increase of energy input to 7.6  MJ/kg were effective to inactivate 3–4 log10 
Salmonella enteritis, E. coli, and L. monocytogenes in melon and watermelon juice 
(Mosqueda-Melgar et al. 2007). At these severe PEF conditions (E = 35 kV/cm, 
total treatment time of 2050μs, Tmax = 40 °C), vitamin C content and antioxidant 
capacity reduced to 46% and 78% of initial values, respectively, and no effect on 
lycopene content was measured in watermelon juice (Oms-Oliu et  al. 2009). No 
noticeable changes in color and 5-hydroxymethyl furfural (HMF) concentration 
were reported after applying PEF (E = 35 kV/cm, total treatment time = 1000μs, 
Tmax = 40 °C) in watermelon juice, while significant changes in the thermal refer-
ence (90 °C/60 s) were observed (Aguiló-Aguayo et al. 2009). Also during shelf life 
study (56 days at 4 °C), the PEF-treated (E = 35 kV/cm, total treatment time 1727μs, 
Tmax = 35 °C, w = 9.5 MJ/kg) watermelon juice showed brighter red color than the 
thermally treated (90 °C/30 or 60 s) (Aguiló-Aguayo et al. 2010a). Activity of lipox-
ygenase (LOX), pectin methylesterase (PME), and polygalacturonase (PG) was 
reduced after PEF treatment with a residual activity of 85%, 35%, and 86%, respec-
tively, which was similar to activity of thermal treatment applied, while residual 
activity of peroxidase (POD) was lower after PEF (1.7%) than after thermal treat-
ment (12%). Due to partial inactivation of enzymes, the viscosity was better retained 
after PEF and thermal treatment compared to untreated juice during storage (Aguiló- 
Aguayo et al. 2010a). Despite the decrease in overall flavor compounds observed 
during storage irrespective of the treatment applied, PEF-treated juices showed bet-
ter flavor retention than heat-treated samples for at least 21 days of storage (Aguiló- 
Aguayo et al. 2010b).

To conclude, the use of PEF for pasteurization of low-acid juice is promising, 
although very high energy input up to some MJ/kg is required to inactivate patho-
gens and enzymes. Mixing low-acid juice with high-acid juice might be an approach 
to reduce the amount of energy. Better retention of nutritional values was obtained 
after PEF treatment compared to a thermal reference process. More research is 
required to establish conditions that guarantee the food safety of the pasteurized 
product and meanwhile demonstrating the added value of the PEF process.
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 Smoothies and Fruit Puree

Another food category that may be pasteurized with PEF is smoothies and fruit 
purees, although their high viscosity compared to juice is challenging for PEF pro-
cessing. Smoothies are blended drinks consisting of a number of ingredients includ-
ing fruit or vegetables, fruit juice, yoghurt, and/or milk (Safefood 2009). Three 
main types of smoothies can be distinguished all having a high viscosity in com-
mon: products containing only fruit, products containing fruit in combination with 
dairy ingredients, and functional smoothies that contain probiotics. The high viscos-
ity influences the type of flow profile in the PEF treatment chamber (laminar, tran-
sitional, or turbulent). At high viscosity, a lower flow velocity will occur near the 
insulator wall of the treatment chamber, leading to longer cumulative treatment 
times of each individual particle and high (peak) temperatures, while a shorter total 
treatment time occurs in the center of the treatment chamber where a higher flow 
velocity exists (Jaeger et al. 2009a). This inhomogeneity in the treatment chamber 
can be improved by increasing the flow velocity, resulting in a better mixing of the 
fluid in the treatment chamber (Meneses et al. 2011). This explains why this effect 
will be observed more frequently in laminar conditions obtained at smaller-sized 
PEF equipment, than at turbulent flow conditions that are often reached at industrial 
equipment. Optimization of the geometry of the treatment chambers is another 
option to improve the inhomogeneity of the process to avoid over- or under- 
processing (Gerlach et al. 2008).

The number of scientific studies describing the use of PEF as preservation step 
for smoothies and fruit purees is limited. In general, for the inactivation of patho-
gens in smoothies by PEF, a higher energy input is required compared to high-acid 
juices. For example, in a study by Palgan et al. (2012), the effect of PEF on the 
inactivation of Listeria innocua in a milk-based tropical smoothie was evaluated. At 
E = 18 kV/cm and w = 178 kJ/L, no inactivation was observed, while increase of the 
intensity of the PEF treatment (E = 32 kV/cm, τ = 32μs and w = 900 kJ/L) leads to 
2.7 log10 inactivation. Similar observations in relation to the effect of the electric 
field strength were reported by Walkling-Ribeiro et al. (2008), who observed 3 log10 
inactivation of E. coli in a tropical smoothie at E = 24 kV/cm (650 kJ/L) and 5 log10 
reduction at E = 34 kV/cm (650 kJ/L). Geveke et al. (2015) obtained a 7.3 log10 
inactivation of E. coli in strawberry puree using PEF (E = 24.0 kV/cm, Tmax = 52.5 °C), 
but energy required to obtain this inactivation was not reported.

A combination of moderate heat and PEF (E  =  34  kV/cm, Tmax 55  °C and 
w  =  650  KJ/L) in a tropical fruit smoothie (pineapple, banana, apple, coconut, 
orange juice, pH = 4.3) reduced the total plate count of the smoothie by ~3.4 log10, 
which was similar to the microbial reduction obtained for the thermal reference 
process (72 °C/15 s) (Walkling-Ribeiro et al. 2010). Microbial shelf life of PEF and 
thermally treated smoothie had expired at 28 and 21 days storage at 4 °C, as the total 
plate counts were larger than the criteria of 3.0 log10 CFU/mL. Sensorial evaluation 
indicated comparable product quality in overall acceptability for both PEF and ther-
mal treatment, and no differences were observed in pH and conductivity during 
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storage. PEF-treated smoothie showed a better stability of the soluble solids and 
viscosity, while thermal treatment showed a better stability of the color (Walkling- 
Ribeiro et al. 2010).

A study by Timmermans et al. (2016) evaluated the effect of variable electric 
field strength ranging from 13.5 to 24.0 kV/cm and a fixed amount of energy (~ 
53 kJ/kg) and Tmax = 58 °C on a fruit smoothie containing strawberry, apple, and 
banana (pH = 3.6). For untreated smoothie, outgrowth of yeasts led to spoilage after 
8 days when stored at 4 or 7  °C, whereas in PEF-treated smoothie, yeasts were 
(partly) inactivated, but this provided outgrowth opportunities for spoilage molds 
naturally present in the smoothie/ingredients. PEF treatment led to a shift in the 
spoilage causing organisms from yeast to molds after 14 days (7  °C storage) or 
18 days (4 °C storage). Increase of the electric field strength from 13.5 to 24.0 kV/
cm resulted in more inactivation of yeasts naturally present, up to 2.8 log10 at most 
intense condition; however no complete inactivation was observed. At similar PEF 
conditions (E = 20 kV/cm), >7 log10 inactivation of S. cerevisiae was observed in a 
low viscous fruit juice with similar conductivity and pH (Timmermans et al. 2014). 
A possible explanation might be that the size of the yeast species naturally present 
in the mixed population is smaller than the cultivated S. cerevisiae studied in less 
viscous juices. Also the increased viscosity and presence of seeds might influence 
the homogeneity of the electric field as discussed before.

The conidiospores of Penicillium present in the strawberry, apple and banana 
smoothie of Timmermans et al. (2016) were further evaluated in a study by Nierop 
Groot et al. (2019) who determined the effect of PEF (E = 17 kV/cm and various 
Tmax) on these isolated spores in orange juice. Effectivity of the PEF treatment 
showed to be species dependent. Conidia of Penicillium expansum are less sensitive 
toward mild PEF process conditions (Tmax = 56 °C), compared to conidia formed by 
Penicillium bialowiezense, whereas at more elevated temperature (Tmax = 63 °C), 
more than log10 inactivation was obtained for both species. This might be an expla-
nation why this specific mold is detected in PEF-treated juices and smoothies. 
Further measures to assure shelf life are avoiding contamination of juices with 
conidia after PEF treatment and aseptic packaging to prevent outgrowth of molds.

To conclude, a combination of moderate heat and PEF can be used to extent the 
shelf life of low-acid, refrigerated fresh fruit smoothies and purees when compared 
to untreated smoothies. In general, a very high amount of energy (w = 650–900 kJ/
kg) is required for inactivation of pathogens, probably due to the high viscosity. A 
comparison between this combined process of moderate heat and PEF with high 
energy input toward a thermal treatment on microbial inactivation, enzyme activity, 
quality, and shelf life remains to be determined.

 Vegetable Juices and Soups

Vegetable juices are becoming increasingly popular due to their high nutritional 
content, low sugar content, and health-promoting characteristics (Shishir and Chen 
2017). A large range of vegetable juice products are commercially available, often 
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blended with fruit juices. Vegetables frequently used for single juices or blends are 
tomato, carrot, spinach, kale, avocado, beet root, cucumber, fennel, and celery. Most 
target micro-organisms in vegetables are similar to fruits, including E. coli, 
Salmonella, and L. monocytogenes; however vegetables can be contaminated with 
micro-organisms present in soil as well, such as the spore-forming micro-organisms 
Bacillus cereus and Clostridium botulinum (ICMSF 2005). The pH of vegetables 
juices is in general relatively high and requires additional measures to prevent out-
growth during shelf life. PEF combined with moderate heat (Tmax around 60 °C) is 
not effective for spore inactivation. High acidic condition (pH <4.6) prevents germi-
nation and outgrowth of B. cereus and Cl. botulinum, and acidification by blending 
it, for example, with fruit juice, can be used to control these spore-formers. This 
acidification also prevents or delays growth of some other vegetative pathogens and 
spoilage micro-organisms.

Enzymes often present in vegetables are PPO and POD and can lead to changes 
in color (browning) and flavor or off-flavor development. Other enzymes that can be 
present are PG and PME, which are involved in the degradation of pectin and can 
affect the product viscosity and texture, leading to, for example, thinning of purees 
or cloud loss in juices. The enzyme LOX is a primary contributor to the develop-
ment of off-flavor and off-odors.

PEF has limited effect on enzyme activity at processing conditions sufficient for 
microbial inactivation (50–1000 kJ/kg), and quality degradation may arise from the 
residual activity of the enzymes, which can be controlled to a certain extent through 
appropriate packaging and refrigerated storage (Terefe et  al. 2013). At sufficient 
high-specific energy input (1000–44,000 kJ/kg), PEF causes significant inactivation 
of enzymes at ambient and mild temperature conditions, including PME (up to 
97%), PG (up to 76.5%), PPO (up to 97%), POD (up to 97%), and LOX (up to 64%) 
(Terefe et al. 2013). Terefe and co-workers (2013) suggest in their review that both 
electrochemical effects and ohmic heating contribute to the observed inactivation 
but that the contribution of each of them depends on the design of the PEF treatment 
chamber as well as treatment conditions used. It has been estimated that the specific 
energy input required for enzyme inactivation by PEF is four times higher compared 
to thermal processing, as the PEF process requires energy for both the electric 
pulses and the intermediate cooling sections (Espachs-Barrosso et  al. 2006) 
(Fig. 2b).

Although the specific energy input might be very high to reduce enzyme activity, 
application of PEF for pasteurization of vegetable juices or soups can have some 
benefits compared to a thermal treatment. PEF (E  =  35  kV/cm, w  =  8.2  MJ/L)-
treated tomato juice maintained better nutritional value than those thermally pas-
teurized (90 °C/30 or 60 s), with higher total and individual carotenoids (lycopene, 
b-carotene, and phytofluene), vitamin C, and quercetin directly after processing and 
during storage (56  days at 4  °C) (Odriozola-Serrano et  al. 2008, 2009). Similar 
results were obtained when PEF treatment (E = 35 kV/cm, w = 5.5 MJ/L) and ther-
mal treatment (90 °C/60 s) were applied to gazpacho (a cold vegetable soup), show-
ing better retention of vitamin C and anti-oxidant capacity in the PEF-treated soup 
(Elez-Martínez and Martín-Belloso 2007).
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In vitro studies with a static simulation of human gastric and small intestinal 
model have demonstrated that PEF (Tmax < 40 °C) increases lycopene bioaccessibil-
ity up to 40% as compared to raw tomato juice (González-Casado et  al. 2018; 
Jayathunge et al. 2017; Vallverdú-Queralt et al. 2013), while a combination of heat 
(90 °C/2 min) and PEF (E = 35 kV/cm, 1500μs) can improve total lycopene bioac-
cessibility from tomatoes up to 238% relative to raw juice (Jayathunge et al. 2017). 
Recent work of Zhong and co-workers (2019) evaluated the effect of PEF and ther-
mal treatment on the bioaccessibility of lutein, lycopene, and beta-carotene follow-
ing in vitro digestion of tomato juice (pH 3.9) and kale-based juice (pH 3.9) in a 
model for human intestinal cells (Caco-2 human intestinal cell line). PEF increased 
lycopene bioaccessibility by 150% but reduced β-carotene bioaccessibility by 44%, 
relative to raw tomato juice. Lutein uptake was increased in both PEF and thermal 
treatment. Kale-based juice showed no difference in bioaccessibility or cell uptake 
by the PEF and thermal treatment (Zhong et al. 2019).

The conductivity of tomato juice or puree is 3–5 times higher than the conductiv-
ity of other fruits or vegetable juices (Heinz et al. 2002), leading to a high increase 
of the electric current and temperature. Although additional cooling sections can be 
added in laboratory, pilot, or industrial equipment (Min et al. 2003), this intermit-
tent cooling step introduces extra costs when the process will be commercially 
applied, which should be balanced with the added value brought by the applica-
tion of PEF.

Another aspect that should be considered is the use of multiple ingredients with 
different conductivity, i.e., different small vegetable pieces or chunks in a soup, 
which could potentially lead to a heterogeneous distribution of the electric field, 
therefore leading to local hotspots and cold spots. More research is required to eval-
uate how variations in particle size distribution and conductivity affect microbial 
inactivation by PEF treatment.

To conclude, PEF can be used to extend the shelf life of vegetable juices and 
soups, although very high energy input up to some MJ/kg is required to control the 
enzyme activity. Control of the pH of the product, for example, by acidification, is 
important to prevent or delay the growth of vegetative pathogens and spoilage 
micro-organisms. Better retention of nutritional values was obtained after PEF 
treatment compared to a thermal reference process, which might be interesting for 
specific or exclusive applications as costs are four times higher than a thermal 
treatment.

 Milk and Milk-Derived Products

Milk is one of the most consumed and nutritious liquid foods around the world 
(Alirezalu et al. 2019), as it is rich in essential proteins, amino acids, vitamins, and 
minerals. Due to this high nutrient content and its low acidity (pH 6.5–6.7), milk is 
an ideal growth environment for many micro-organisms, and consequently, fresh 
milk is a perishable and easy to spoil product (Ritota et al. 2017). According to the 
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European regulation, raw milk or dairy products must undergo a heat treatment to 
satisfy the requirements of the hygiene of foodstuff (EC 853/2004). The same regu-
lation specifies the temperature and time combination to obtain correct pasteuriza-
tion to obtain a 5 log10 reduction of Coxiella burnetii which is the most heat-resistant 
bacterium of public health concern in milk (Bean et al. 2012). Pasteurization must 
be carried out by (i) a high temperature for a short time (at least 72 °C/15 s) or (ii) 
a low temperature for a long time (at least 63 °C/30 min) or (iii) any other combina-
tion of temperature-time conditions to obtain an equivalent effect, such that foods 
show negative reaction to alkaline phosphatase immediately after the heat treatment 
(EC 853/2004).

As milk contains heat-labile (immune active) proteins, such as ɑ-lactalbumin, 
β-lactoglobulin, and immunoglobulins, PEF could potentially be used as pasteuriza-
tion process to inactivate micro-organisms and some enzymes while preserving 
heat-labile molecules and proteins. Many studies have been carried out to evaluate 
the effect of PEF on milk, and contrasting effects on inactivation of micro- organisms 
and enzymes in milk and derived products have been reported, mainly due to the 
various PEF conditions studied and heat involved. Moreover, milk components can 
also influence the effectivity of the PEF treatment. Presence of fat globules showed 
a protective effect toward PEF, as demonstrated for xanthine oxidase activity in 
whole milk fat (Sharma et al. 2014b). Also milk proteins influence the effectivity of 
PEF pasteurization, as shown for different types of milk proteins (Jaeger et  al. 
2009b), although this was also dependent on the concentration of milk proteins 
(Schottroff et al. 2020; Jaeger et al. 2009b).

Most important pathogenic and spoilage micro-organisms in milk include 
Coxiella burnetii, E. coli, Bacillus cereus, Cronobacter sakazakii, Mycobacterium 
paratuberculosis, Staphylococcus aureus, L. monocytogenes, Pseudomonas spp., 
and Salmonella spp. (Buckow et al. 2014; Alirezalu et al. 2019). Target organism to 
be inactivated by thermal processing is C. burnetii as this is the most thermal resis-
tant one, although it is possible that a different bacterium is target for PEF process-
ing as another inactivation mechanism is involved. Optimization of PEF processing 
conditions to inactivate micro-organisms is the focus of many research groups, who 
aim to explore the synergistic effect of electric pulses with moderate heat (see 
reviews by Buckow et  al. 2014; Alirezalu et  al. 2019). PEF technology for milk 
processing is a delicate balance between the electrical and thermal effect (Alirezalu 
et al. 2019), where more intense heat dosage might lead to more microbial inactiva-
tion (Fleischman et al. 2004; Walter et al. 2016), but also represents a process closer 
to a thermal treatment. Inactivation of spoilage micro-organism Pseudomonas and 
pathogens Listeria, Salmonella, and E. coli in milk could be obtained at a combina-
tion of moderate heat (Tmax: 40–70 °C) and a PEF process with E = 25–35 kV/cm 
with total treatment time of 20–40μs, which is equivalent to a specific energy input 
of approximately 120 and 240  kJ/kg, respectively (Buckow et  al. 2014; Sharma 
et al. 2014a; Walter et al. 2016). Total energy input of the entire PEF process includ-
ing preheating and intermediate cooling was 314 kJ/kg, which is higher than a ther-
mal process 63  °C/30 min (232 kJ/kg) or 73  °C/15  s (262 kJ/kg) (Sharma et  al. 
2018). PEF treatment under these conditions would also require at least one 
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intermediate cooling step to avoid overheating of the product. Longer treatment 
times are unlikely to be commercially viable or feasible, because of the high demand 
for electrical and cooling energy (Buckow et al. 2014).

Raw milk contains a large number of enzymes that display different functions 
and impact on dairy products (Kelly and Fox 2006). Moreover different enzymes 
have different stability toward processing steps, and this feature is used as indicator 
for thermal processing, such as alkaline phosphatase or lactoperoxidase, whereas 
others are of interest for their either positive or negative effect on quality of dairy 
products (e.g., plasmin, lipoprotein lipase, microbial protease). The effect of PEF 
processing parameters on the activity of milk enzymes was reviewed by Buckow 
et al. in 2014. The sensitivity of dairy enzymes to PEF varied substantially between 
the studies reported in literature, and it is dependent on the enzyme studied, applied 
treatment parameters, and intensities (electric field strength, treatment time, tem-
perature) and dairy matrix (Buckow et al. 2014). The large differences in reported 
enzyme activity could partly be ascribed by the different enzyme assays used, the 
lack of accurate temperature control reported in the PEF studies, and the variations 
of treatment efficiency by the different PEF treatment systems used (Buckow et al. 
2014). In general, for commercially or economical feasible PEF treatment condi-
tions, the effect of PEF treatment on enzymes was limited, but effects improved 
when more intense PEF treatments (E > 10 kV/cm or treatment time > 250μs) were 
combined with higher temperatures (T > 40 °C) (Terefe et al. 2013).

Several studies report on changes in the size and structure of the main milk pro-
teins and their functional properties induced by PEF (Eberhard and Sieber 2006; 
Perez and Pilosof 2004), while others reported no changes in functional properties 
(De Luis et al. 2009; Grahl and Markl 1996). Treatment of milk or whey at rela-
tively high PEF intensities (E = 30 kV/cm, w = up to 2460 kJ/L) decreased the clot-
ting time and increased its curd firmness or rennetability (Perez and Pilosof 2004; 
Yu et al. 2009, 2012). Contrary, at less intense PEF conditions with lower energy 
input, no physiochemical changes in pH, color, rennetability, and gelation parame-
ters of milk were observed when PEF treatment (E  =  30  kV/cm, w  =  90  kJ/L, 
Tmax = 53 or 63 °C) was compared to a thermal treatment (63 °C or 72 °C for 15 s) 
(McAuley et al. 2016). Similar observations were reported for sensory and nutrient 
retention, where intense PEF treatment conditions resulted in moderate changes, but 
mild treatments did not show any effect (Buckow et al. 2014).

For milk fat globules, contradicting effects of PEF treatment have been reported. 
Several studies report that PEF showed no effect (Barsotti et al. 2001; Sampedro 
et al. 2005), while others do report changes (Bermudez-Aguirre et al. 2011; Garcia-
Amezquita et al. 2009). A reduction in the milk fat globule size and zeta- potential 
after applying PEF (E = 20 kV/cm, w = 100 kJ/kg) was reported by Sharma et al. 
(2015), although larger effects were observed for thermal treatments (63 °C/30 min 
or 73 °C/15 s) than for the PEF treatment. Bermudez-Aguirre et al. (2011) observed 
deposition of proteins and fat on the electrodes (fouling or electrodeposition) at 
conditions of E = 31–54 kV/cm, 60μs, and preheating 20–40 °C, resulting in arcing 
and blocking of the system at most intense conditions (E = 53 kV/cm, preheating 30 
or 40 °C).
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The effect of PEF treatment on shelf life of milk products has been reported by 
several studies. The shelf life of PEF-treated milk (E = 35 kV/cm, Tmax = 40 °C) was 
followed when stored at 4 °C. After 5 days the milk was spoiled, which was defined 
as either a detection of total mesophilic count of 4.3 log10 or more (FDA 2007) or 
decrease of pH (Bermudez-Aguirre et  al. 2011; Odriozola-Serrano et  al. 2006). 
However, when moderate preheating for 24  s at 55  °C was combined with PEF 
(E = 25 kV/cm, 34μs, w = 122 kJ/kg), the shelf life could be extended up to 21 days 
at 4 °C, similar to thermally treated milk (63 °C/30 s or 73 °C/15 s) (Sharma et al. 
2018). Earlier study showed that these PEF conditions resulted in >6 log10 inactiva-
tion of E. coli, S. aureus, and L. innocua in whole milk (Sharma et  al. 2014a). 
Alkaline phosphatase inactivation decreased by 96–97% immediately after PEF or 
thermal treatment, whereas the activities of xanthine oxidase and plasmin were 
reduced to 30% and 7% immediately after PEF treatment but were similar to 
untreated milk at the end of the storage period (Sharma et al. 2018). The pH level 
decreased up to pH = 6.2 at the end of the storage period due to production of lactic 
acid by mesophilic bacteria or formation of fatty acids by the action of microbial 
lipases (Sharma et al. 2018).

Since spoilage and pathogenic micro-organisms require less intense PEF condi-
tions for inactivation compared to the proteolytic enzymes, it seems feasible to 
select conditions that target micro-organisms, but leaving enzymes largely unaf-
fected. This may lead to new dairy products or production of high-quality cheese 
with flavor and texture characteristics close to cheese produced from raw milk, 
without compromising the safety as found in cheese made of pasteurized milk. A 
study of Yu et al. (2012) showed that a PEF treatment (E = 30 kV/cm, Tmax = 50 °C) 
that caused 5 log10 reduction of Salmonella enteritidis improved milk proteolytic 
profile in terms of peptide and free amino acid concentration compared to heat- 
pasteurized milk. Further studies evaluating effect of lipolysis and other reactions 
on cheese made from PEF-treated milk remain to be studied.

To conclude, a combination of moderate preheating (~55 °C) and PEF can be 
used to extend the shelf life of raw milk and inactivate pathogens, including E. coli, 
S. aureus, and L. innocua. Important is that at least one cooling step is included to 
avoid overheating of the product, as high amounts of energy are needed to inactivate 
pathogens and enzymes. Large differences between process conditions are reported 
in different studies, making it important to screen the effect of microbial inactiva-
tion, shelf life, enzymes, and nutrients under the same conditions to evaluate the 
added value of PEF to a specific product. For process validation it is important to 
select the pathogen that is most resistant toward PEF.  This might be a different 
pathogen than used for thermal validation: for instance, Listeria is sensitive toward 
a thermal process but resistant toward PEF. Finally, implementation of PEF as pas-
teurization treatment for milk requires adaptation of legislation in place for pas-
teurization of milk.
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 Eggs

Eggs and egg products such as egg white or yolk are a nutritious part of our diet and 
useful ingredients in foods due to good functional properties for gelling, foaming, 
and emulsification (Monfort et al. 2010; Strixner and Kulozik 2011). As eggs can be 
contaminated with Salmonella, the European regulation EC 2073/2005 has laid 
down food safety criterion for Salmonella for egg products requiring testing for 
absence in five samples of 25 g of egg products. Salmonella is most heat resistant in 
the pH range between 5 and 6, and therefore a higher resistance is observed in egg 
yolk (pH  =  6.0) and whole egg (pH  =  7.6) compared to egg white (pH  =  9.1). 
However, besides the pH influence, the dry matter content and egg constituents 
influence heat resistance of Salmonella (Cunningham 1995).

To ensure food safety, the treatments classically used to pasteurize whole egg 
vary from 65 to 68 °C for 2–5 min to guarantee a 5 to 6 log10 reduction of Salmonella 
enteritidis and Listeria monocytogenes (Lechevalier et al. 2017). However, when 
temperature rises above 60 °C, the functional properties of the egg product decrease, 
and their viscosity increases (Hamid-Samini et al. 1984; Lechevalier et al. 2017; 
Strixner and Kulozik 2011). For egg white, viscosity increases when heated >56 °C, 
and protein coagulates at 60  °C (Cunningham 1995); for whole egg viscosity 
increases at temperatures >56–66 °C, and protein coagulates at 73 °C; and egg yolk 
showed a viscosity increase beginning at 65 °C with a progressive increase in rigid-
ity at 85 °C (Froning et al. 2002). PEF might be an interesting alternative to achieve 
non-thermal reduction of Salmonella, but with retention of functional protein 
properties.

Most of the microbial inactivation studies evaluating PEF focused on three dif-
ferent Salmonella serovars in liquid whole egg (LWE), egg white, or egg yolk as 
reviewed by Yogesh (2016). In general, about 1–2 log10 reduction was observed for 
Salmonella enteritidis, Salmonella Senftenberg 775 W, and Salmonella typhimurium 
in LWE at E = 25 kV/cm, w = 250 kJ/kg, and Tmax < 35 °C (Hermawan et al. 2004; 
Jin et al. 2009; Monfort et al. 2010). The effectiveness of the PEF application could 
be enhanced by increasing the temperature; however the risk of protein coagulation 
limits the temperature increase that can be used (Martín-Belloso et al. 1997). With 
the use of intermediate cooling sections between treatment chambers, a 6 log10 
reduction of E. coli in LWE could be obtained at E = 26 kV/cm at Tmax = 37 °C, 
although energy requirements were very high (in order of 12  MJ/kg) (Martín- 
Belloso et al. 1997). A similar set-up using an intermediate cooling section was used 
to study the reduction of Salmonella in diluted egg white and showed 4.8 log10 
inactivation of Salmonella (E  =  30  kV/cm, total treatment time of 800μs, 
Tmax = 20 °C) (Wu et al. 2016). Using similar PEF conditions, 4 log10 inactivation of 
S. enteritidis in egg white was achieved at 20 °C, while increase of the maximum 
temperature to 40 °C resulted in 6.3 log10 inactivation (Zhao et al. 2007).

Another option to increase reduction of Salmonella is the combination of a PEF 
process with thermal treatment and the use of a holding period. When after the PEF 
pulses a holding period at 55  °C for 3.0 or 3.5  min was applied, inactivation 
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increased up to 3.5 log10 for S. typhimurium (Jin et  al. 2009) and 4.3 log10 for 
S. enteritis (Hermawan et al. 2004), while a single PEF treatment at 20 °C or a heat 
treatment at 55 °C/3 min showed about 1 log10 inactivation (Jin et al. 2009). This 
combined application of PEF and holding period was further investigated by 
Monfort et  al. (2012) who also added additive triethyl citrate upon treatment of 
LWE. PEF (E = 25 kV/cm, w = 75–100 kJ/kg) followed by heat (52 °C/3.5 min, 
55  °C/2 min or 60  °C/1 min) with 2% triethyl citrate showed more than 5 log10 
reduction of various Salmonella serovars tested (Monfort et al. 2012).

The combined treatment of PEF (E = 25 kV/cm, total treatment time = 250μs 
with intermediate cooling) and holding period (55 °C/3 min) of LWE showed no 
significant changes in viscosity, electric conductivity, color, pH, and soluble solids 
when compared to a control (Hermawan et al. 2004). Shelf life of the treated LWE 
could be extended to over 60 days (4 °C), whereas the control sample spoiled after 
a few days with total counts exceeding 7 log10 within 5 days (4 °C) (Hermawan et al. 
2004). A similar combined process of PEF and thermal processing and the addition 
of additives showed a lower decrease in soluble protein (<5%) compared to the 
thermal treatment at 60 °C/3.5 min and 64 °C/2.5 min (Monfort et al. 2012). Minor 
effects of PEF (E = 30 kV/cm, 800μs, Tmax = 20 °C) on the structure of egg white 
proteins were observed compared to a thermal treatment, as only insoluble aggre-
gates were formed by PEF and both soluble and insoluble aggregates were formed 
after thermal treatment. Electrostatic interaction played an important role in aggre-
gate formation between lysozyme, ovotransferrin, and ovalbumin (Wu et al. 2016). 
Foaming properties of egg white or LWE did not change after application of PEF up 
to E = 32 kV/cm (Marco-Moles et al. 2011; Zhao et al. 2007); however at E = 37 kV/
cm, detrimental effects on the foaming capacity of LWE were observed (Marco- 
Moles et al. 2011). PEF processing up to E = 37 kV/cm showed no or minor effects 
on the gel hardness or water-holding capacity of LWE and egg white, whereas ther-
mal treatment (66 °C/4.5 min) displayed a significant impact on these two attributes 
in LWE (Marco-Moles et al. 2011).

To conclude, reported studies on PEF processing for egg products show several 
advantages over traditional heat processing in inactivation of pathogens while pre-
serving the functional characteristics of the proteins, although adequate selection of 
process parameters is necessary. Inactivation of Salmonella in egg products using 
PEF is challenging, as egg products have a high electric conductivity and coagula-
tion of proteins already starts at temperatures above 56 °C resulting in blocking of 
the treatment chamber. PEF treatment followed by a mild thermal treatment 
(Tmax  =  55  °C/3  min) and optionally combined with addition of some additives 
showed improved inactivation of Salmonella, without losing protein functionality. 
The best results in microbial inactivation and retention of protein functionality are 
expected for a combination of PEF with intermediate cooling steps.
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 Beer

Thermal pasteurization is the final step in an industrial production process of beer, 
aiming to increase the beer shelf life and stability (Milani et al. 2015). Two main 
methods are used to pasteurize beer: tunnel pasteurization, where bottles or cans are 
passed through a series of water jets applying heat, and flash pasteurization, where 
the beer is heated rapidly in a plate heat exchanger and holding tube before packag-
ing (Wray 2015). The combination of different preservation hurdles present in beer 
such as presence of ethanol, low pH (generally 3.7–4.1), low nutrient content, anti-
microbial properties of hop resins, and low oxygen levels due to the presence of 
carbon dioxide contributes to the control of spoilage, and therefore only a mild 
thermal treatment is required (Wray 2015). The aim of pasteurization is to inactivate 
micro-organisms such as yeasts and spoilage lactobacilli. Heat-resistant spore- 
forming bacteria are not a target since their spores are unable to germinate and to 
grow in beer (Wray 2015). The pasteurization measure for beer is expressed in 
pasteurization unit (PU), and 1 PU is equivalent to 1 min at 60 °C with z = 7 °C for 
beer spoilage vegetative yeast (Wray 2015). Thermal treatment for pilsner and lager 
beer requires the lowest thermal treatment (15–25 PU), whereas higher PU values 
are applied for low and non-alcoholic beer (40–60 PU and 80–120 PU, respectively) 
or beers that contain lemonade and fruit juice (300–500 PU and 3000–5000 PU, 
respectively) (Wray 2015). Applying the minimal amount of heat necessary to 
achieve stability ensures that the effect on both flavor and energy use is minimized 
(Wray 2015). PEF might be an interesting alternative to thermal pasteurization, 
especially to the alcohol-free beers and less bitter beers, as spoilage micro- organisms 
and pathogens E. coli and S. typhimurium were more thermal resistant in these types 
of beers (Silva and Gibbs 2009).

A technological challenge for PEF application for beer is the amount of carbon 
dioxide present in the product. Therefore, PEF should be applied under pressure to 
reduce the risk of arcing (Góngora-Nieto et al. 2003). In a study by Evrendilek et al. 
(2004), keg beer was PEF-treated (E = 22 kV/cm, 154μs total treatment time) and 
showed approximately 0.5 log10 reduction of aerobic and 0.6 log10 of anaerobic plate 
counts. When yeast cultures were added, 4 log10 reduction of both Saccharomyces 
uvarum and Rhodotorula rubra was obtained (Evrendilek et al. 2004). However, 
more intense PEF conditions (E  =  41  kV/cm, 175μs total treatment time) were 
required to inactivate bacteria of L. plantarum, Pediococcus damnosus, and B. sub-
tilis (Evrendilek et al. 2004). Micro-organisms that are typically found in brewing 
(S. cerevisiae, L. plantarum, B. subtilis, and Salmonella choleraesuis) were sub-
jected to a PEF treatment (E = 35–45 kV/cm, w = 530–2339 kJ/L) in beer with 0.5% 
or 3.5% alcohol in degassed or carbonated form (Walkling-Ribeiro et al. 2011). Up 
to 8 log10 inactivation was achieved after PEF processing, which was comparable to 
thermal processing at 76 °C/30 s. In beer at higher alcohol content (3.5%), more 
inactivation of L. plantarum by PEF was observed compared to low alcohol beer 
(0.5%). Other micro-organisms present in beer were not affected by the ethanol 
content. Moreover, the reduction of S. choleraesuis by PEF at a higher electric field 

R. Timmermans et al.



317

was more effective in carbonated than in degassed beer. On the other hand, a change 
in carbon dioxide volumes per volume beer had no effect on PEF inactivation of 
yeast and gram-positive bacteria (Walkling-Ribeiro et al. 2011).

The study of Milani et al. (2015) evaluated effect of PEF (E = 45 kV/cm, 70μs, 
with Tmax = 53 °C) on S. cerevisiae ascospores in nine different beers comprising ale, 
lager, dark, low alcohol, and no alcohol. Neither the beer production method nor the 
different constituents seemed to affect microbial reduction. At most intense PEF 
conditions, 0.9 log10 inactivation of ascospores in alcohol-free beer was observed, 
while up to 4.0 log10 inactivation in beer with 7% alcohol was obtained, indicating 
that alcohol percentage played an important factor in the efficiency of the process 
(Milani et al. 2015).

Studies on the effect of added value of application of PEF toward beer are scarce. 
Evrendilek et al. (2004) detected degradation of flavor and mouthfeel of PEF-treated 
beers, although this effect was ascribed to the corrosion of the stainless steel elec-
trodes. Today, electrodes are often made of titanium, which possibly avoids the 
corrosion of the electrodes and might lead to better products.

Although PEF processing of carbonated drinks is challenging, the overall find-
ings confirmed that PEF could be an alternative to thermal processing for microbio-
logically safe beer. A comparison of the PEF process toward a thermal process on 
quality and shelf life remains to be determined.

 Conclusions and Outlook

An overview of the possibilities and constraints of PEF for non-thermal pasteuriza-
tion of different liquid foods was provided in this chapter. Specific focus was on 
PEF conditions using high voltage pulses with a duration of microseconds 
(E = 10–40 kV/cm, τ = 1–100μs, w = 50–8000 kJ/kg) and moderate heating (Tmax 
60  °C). For industrial scale applications, the electric field strength and specific 
energy applied are usually at the lower end of this range, ranging between E = 10 
and 20 kV/cm (Toepfl 2012) and energy input up to 200 kJ/kg to balance between 
effectiveness of the treatment and costs (Kempkes 2017). These PEF conditions are 
industrially applied for preservation of fresh fruit juices and acidified vegetable 
juices and could be potentially interesting for other liquid food products.

Specific product characteristics will influence the efficiency of the PEF process 
to inactivate micro-organisms and enzymes, as is summarized in Table 1 and dis-
cussed in the previous sections per product category. Optimization of the PEF pro-
cess layout including preheating and intermediate cooling sections is required to (i) 
guarantee microbial and enzyme inactivation, (ii) bring added value with respect to 
shelf life and product quality, and (iii) have acceptable process and energy costs. 
Adaptations to the product recipe, e.g., lowering the pH, could be also an option for 
optimization of the efficiency of PEF pasteurization.

In addition to the use of microsecond pulses at high voltages, developments are 
going on in the use of pulses of other duration and intensity. A PEF process with 
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pulses of tens of nanoseconds at very high electric field strength (E ~ 100 kV/cm) 
showed inactivation of E. coli in water (Guionet et al. 2014). It could be interesting 
to evaluate if these conditions can be used for food pasteurization at industrial scale.

Contrary to these very short and intense conditions, recent reporting of long 
pulses of milliseconds at relatively low electric field strength (E  =  2.7  kV/cm) 
showed >5 log10 inactivation of E. coli, L. monocytogenes, Salmonella, Lactobacillus, 
and S. cerevisiae in both high-acid and low-acid fruit juices (Timmermans et  al. 
2019). Further research to these conditions that exhibit a non-thermal pulse effect 
responsible to inactivation needs to be done, as these conditions have the potential 
to be industrially applied in high volumes and might be applicable to solve some 
challenges summarized in Table 1 at lower energy consumption.
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 Usage of Pulsed Electric Field (PEF) in the Potato Industry

The first pulsed electric field (PEF) system was installed in the potato processing 
industry in 2010. Nowadays, over 100 machines are in use in the industry, most of 
them for French fries and potato chips (Elea Gmbh 2020). In the past, a preheater 
was applied to soften the raw potato making it processable for French fry produc-
tion. This resulted in high energy and water consumptions, as well as long startup 
and shutdown times. With a PEF system, it is possible to eliminate this preheating 
step, reducing the energy and water consumption by up to 90%, and terminate 
startup and shutdown times, making it a standard in the French fry industry. The 
potatoes need about 5 to 8 seconds to traverse the PEF system, and the treatment 
itself only takes a few microseconds. After the treatment, it is possible to produce 
French fries with fewer fines during cutting and to reduce breakage as PEF leads to 
tissue softening due to a loss of turgor pressure induced by the electroporation of the 
cell membrane. The softer raw material results in a smoother cutting surface, reduc-
ing the oil absorption by approx. 10%. In addition to that, the breakage can be 
reduced resulting in longer French fries. The second biggest industrial field of 
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application for PEF is the potato chips production. Here the main benefits are qual-
ity based since in potato chips industry no preheating is used. Possible quality 
improvements include an increase in yield as a result of improved cutting and 
reduced starch loss and oil uptake reductions of up to 20%. The reduced oil uptake 
in chips is more pronounced compared to French fries due to their larger surface 
area and the increased frying time. This relatively long frying time (3–10 min) also 
allows frying time and temperature adjustments. Additionally, the open cell struc-
ture increases the water diffusion rate positively impacting the oil content, color, 
and crispness of the final product. This is even more pronounced in vegetable chips 
with high sugar content, such as carrots, beetroot, or sweet potatoes. Here the frying 
adjustment that is enabled by PEF can help to reduce the acrylamide content and to 
improve the color of the final product. Furthermore, innovative cuts with increased 
yields such as spiral for French fries or waffle cutting for chips are possible. The 
greater flexibility of the raw material also offers new possibilities for hard-to-cut 
raw materials like sweet potato, cassava, or taro.

 Production of French Fries

French fries are cut from whole, raw potatoes or other tubers. They undergo a par- 
frying step in vegetable oil before being deep-frozen. The potatoes used for French 
fry production need to have a certain size in order to cut even potato strips from 
them. Usually French fries are either straight cut, characterized by a smooth surface, 
or crinkle cut leading to a corrugated surface (United States Department of 
Agriculture 1967). In addition, potatoes for French fry production are characterized 
by a high starch content of about 14–18% leading to improved texture, crispiness, 
and yield. Additionally, a reducing sugar content below 1.5% is desirable to avoid 
strong browning and acrylamide formation (European Snack Association 2014). 
Potato varieties that fit these characteristics are, for example, Agria, Marena, or 
Fontane (Krause et al. 2005). In Fig. 1 the industrial processing steps for French 
fries can be seen.

Potatoes are stored in temperature-controlled warehouses prior to being deliv-
ered to the factories. Upon arriving at the factory, they are sorted, washed, and 
peeled with either abrasive or steam peeling. Potatoes not suited for French fries are 
placed in a side stream used for potato mash or other products such as flakes. Peeling 
can be conducted prior to or after the PEF treatment as the treatment does not 

washing peeling PEF cutting blanching drying frying

Fig. 1 Industrial French fry processing line including PEF. (Elea Gmbh 2020)
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influence the peeling. However, removing the peel before PEF treatment helps to 
reduce the amount of dirt that is brought into the PEF system, leading to a greater 
reduction in water consumption. Therefore, most of today’s processing lines place 
PEF unit after peeling. The PEF treatment is followed by cutting using a hydrojet 
cutter. Any remaining potato pieces with defects are removed by an optical sorter 
and can be used for side stream products such as puree or flakes. French fries fulfill-
ing the quality standards are then blanched by scalding in hot water. This leads to 
gelatinization of starch and a partial destruction of the cell walls leading to an 
increased permeability (Botero-Uribe et al. 2017). Blanching is conducted in two 
steps. First a short blanching at high temperatures of about 80–100 °C for 2–5 min-
utes is applied. This high temperature inactivates the polyphenol oxidase (PPO) and 
peroxidase (Sanz et al. 2007). PPO can lead to browning in the potato due to oxidiz-
ing phenolic compounds to quinones (Botero-Uribe et  al. 2017). For the second 
step, lower temperatures of approx. 65–70 °C for 15–20 min are applied to wash out 
reducing sugars that promote the formation of undesired color and acrylamide 
(Botero-Uribe et al. 2017). Agblor and Scanlon (2000) stated that blanching also 
helps in improving the texture of French fries. After blanching the product enters the 
dryer at 70–90 °C. The evaporation of water increases the dry matter content in the 
French fries ensuring a mealy texture of the product (van Loon et  al. 2007). As 
water is removed during drying, less water is brought into the fryer, improving the 
frying performance. Furthermore, the shrinking of the pores in the potato cells 
reduces water transport through the product during frying. During frying, the evapo-
rating water is replaced by oil. As less water is brought into the fryer, the frying time 
can be reduced, and less oil is absorbed into the product (Botero-Uribe et al. 2017). 
The par-frying step is performed for two main reasons. Firstly, the evaporation of 
water leads to an increase in dry mass, allowing a more uniform crust formation 
during frying. The crust is formed due to the exchange of water with the hot oil. The 
high energy transfer from the oil leads to gelatinization and formation of a gel. This 
results in a supporting structure around the cells (Botero-Uribe et al. 2017). The 
second reason for par-frying is to reduce the oil absorption during the second frying 
by shrinking the pores and reducing the water content. This leads to an improved 
texture of the final product (van Loon et al. 2007). The par-frying step is followed 
by cooling, freezing, and packaging of the product.

 Challenges for the French Fry Production

The consumers or food service frying process is mainly responsible for the quality 
of the final product. Since this cannot be influenced by the producer, a high-quality, 
easy to prepare product is important. Therefore, a uniformly gelatinized par-fried 
product, relatively low in fat, is desirable. The high energy and water consumption 
necessary to soften potatoes by preheating are another challenge for the French fry 
producers. With an hourly consumption of 1.0–1.5 kW and 30 L water per tonne(s) 
of raw material for a PEF system, the needed energy and water can be reduced by 
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up to 90%. In addition to that, a PEF system operates at ambient temperatures, 
reducing the microorganism load in the process water and the ambient heat. Due to 
the fact that long startup and shutdown times from the preheater are eliminated (up 
to 45 min) using a PEF system, it is possible to increase the total production time by 
2 ½ days over the span of a year, depending on the production schedule. Figure 2 
shows the potato outlet of a PEF system installed in the French fry industry.

The application of PEF can help to manage those quality concerns. The PEF- 
induced reduction in turgor pressure triggered by the loss of water leads to a softer 
product that is easier to cut and shows less breakage and, due to the smoother cut-
ting surface, less oil absorption. The water evaporation facilitated by the open cell 
structure leads to the formation of a protective vapor layer, further blocking oil from 
entering the product. This increase in evaporation also allows a shortening of the 
frying time without affecting the final moisture content of the product. Additionally, 
the yield can be increased by up to 1.5% due to the easier-to-cut raw material and 
reduced losses.

Due to the homogeneous water distribution and enhanced water diffusion, the 
separation of the crust is less pronounced applying PEF, which is considered as a 
quality improvement (see Fig. 3).

 Implementation in the Industrial French Fry Process

Based on the abovementioned advantages, the main benefits for using a PEF system 
are the increase in production yield, the quality improvement, and the elimination of 
the preheater which significantly reduces energy and water consumption. Today’s 

Fig. 2 Potato outlet of an industrial PEF system in a French fry processing line. (Elea Gmbh 2020)
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PEF systems are able to process up to 70 t/h making them a perfect fit for the French 
fry industry, which is why they have already become a standard in this branch with 
over 80 installed machines worldwide. In Fig.  4 the main advantages of PEF, 
observed by researchers and in the industry, are displayed. Of course, additional 
costs are associated with the implementation of a PEF system into an existing 

Fig. 3 Level of crust separation after frying on PEF-treated (left) and untreated (right) French 
fries. (Elea Gmbh 2020)

Fig. 4 Processing and quality benefits for French fry production achieved by PEF pretreatment. 
(Fauster et al. 2018; Heat and Control 2019; Elea Gmbh 2020)
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processing line. The costs for a 26  t/h PEF plant with an annual production of 
200,000 t raw material would amount to approx. 6 €/t raw material (depreciation of 
3 years) including additional costs such as water and electricity (Elea Gmbh 2020). 
The return of investment (ROI) is positively influenced by the combination of pro-
cessing advantages and quality improvements. The exact monetary savings are 
dependent on optimization of the current processing line and layout. With a state-
of- the-art processing line, savings are lower compared to an older production line. 
An average ROI of about 1–2 years on a PEF system can be expected (Elea Gmbh 
2020). Fauster et al. (2018) observed a reduction in feathering (small cuts on the 
French fry surface) by about 78.0% and breakage by 42.7% investigating the impact 
of PEF in industrial French fry production. It was also possible to reduce the starch 
loss by up to 16.9%. These figures show the potential benefits of PEF treatment in 
the French fry production.

 Potato Chips Processing

Potato chips are prepared from specially bred potato varieties, fried in vegetable oil. 
For 1 tonne(s) of finished product, approx. 4 tonne(s) of raw material are used. The 
harvest season for potatoes is around June–July in Europe. Afterward, the potatoes 
are stored for the remaining season. The potatoes are stored under controlled condi-
tions to keep them as high in quality as possible, preventing mold and controlling 
reducing sugars (European Snack Association 2014). Figure 5 shows the general 
production steps of potato chips processing.

Before washing, small and spoiled potato tubers are sorted out. Either before or 
after peeling, the potatoes pass the PEF system where they are treated within sec-
onds. The peeling process is important because it greatly influences the quality and 
yield of the final product. The two main peeling methods utilized in today’s potato 
industry are steam and abrasive peeling of which the second one is mainly used for 
chips processing lines as steam peeling might result in the formation of a cooking 
ring (Potatobuisness. 2018). Furthermore, abrasive peelers are lower in cost, do not 
require heat supply, and result in a good overall appearance. However, an abrasive 
peeler has about 25% more peeling loss compared to a steam peeler and produces a 
high amount of diluted waste (Fellows 2000).

After peeling, the potatoes are cut. The cutting blades have to be changed about 
every 60–120  minutes to ensure their sharpness and even cut slices of about 

Fig. 5 Industrial potato chips processing line including PEF. (Elea Gmbh 2020)
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1.5–2.0 mm. For special cuts such as wave or V-cut, different knifes are needed. 
After cutting the chips are fried using one of two possible frying methods. In batch 
frying, the chips are introduced into the fryer directly after cutting. In continuous 
processing lines, a washing step is added before frying to remove residues (such as 
starch and fines) from the chip surface and to wash out reducing sugars (Moreira 
et al. 1999). For lower-quality potatoes with higher sugar contents, blanching can be 
used to further enhance the leakage of reducing sugars, improving the color of the 
final product. However, blanching can lead to a less crunchy texture of the chip (De 
Meulenaer et al. 2016).

For batch frying temperatures around 145–165  °C are used. When the slices 
enter the fryer, the temperature drops by about 20 °C. This is caused by the lower 
temperature of the raw material and the evaporating water from the product. In most 
industrial batch fryers, the heater is working at full force during the whole frying 
process. After the initial drop, the temperature raises again, up to the initial frying 
temperature at which point the frying is considered to be finished. Batch-fried chips 
are characterized by a rougher surface and a crunchier texture as the surface starch 
is not washed off before frying (Riaz 2016). The other processing method opposed 
to batch frying is continuous frying. Here a higher initial temperature of about 
175 °C is used, and the slices are washed and blanched before entering the fryer. 
The continuous frying curve is characterized by a linear drop of about 20 °C to a 
final temperature of about 155 °C. An optional deoiling step can be added at the end 
of the process before the chips are packaged.

 Challenges for the Potato Chips Production

A variety of challenges arise with the production of potato chips at industrial level. 
Due to the required long shelf life, it is necessary to have an end product with a 
moisture content no higher than 2.5%. This results in long frying times or high tem-
peratures as the initial moisture content of a potato is around 70%. This can cause 
excessive browning in the chips which is accompanied by the formation of acryl-
amide. It is especially important since manufactures have to control acrylamide 
levels due to the new EU regulation (Knott and Hill 2018). Besides selecting low- 
sugar raw material, the easiest way to control acrylamide levels is to fry at lower 
temperatures. This however brings unwanted changes to the final product such as 
reduced crunchiness and higher oil content. Another possible step is to introduce a 
blancher or hot water washing step in the frying line which helps to reduce the 
acrylamide precursors (reducing sugars and asparagine) but also negatively influ-
ences the texture of the final product. Furthermore, blanching is accompanied by 
high water and energy consumption.

PEF can help to handle the before mentioned challenges. Prior to frying, reduc-
ing sugars and asparagine can be washed out from the potato due to the electropor-
ated cell membranes. This allows an elimination of the blanching step (Lindgren 
2005; Ulrich et al. 2008; Heat and Control 2019) as up to 50% more glucose can be 
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washed out after the application of PEF (Janositz et al. 2011; Genovese et al. 2019). 
Additionally, the frying temperature or time can be reduced without affecting the 
final product quality, as the water diffusion rate is increased due to PEF. Both the 
increased diffusion rate and the washing out of sugars can help to reduce the acryl-
amide content in the final product and to improve the color.

Another point where improvement can be achieved by the application of PEF is 
the fat content of the final product. As consumers are striving for healthier snack 
products, reduced fat products, including chips, are becoming more important. For 
the chip producer, this is also a further advantage because oil is more expensive than 
potatoes in most countries. By reducing the oil content, more potato is sold which 
helps to reduce production costs. This reduction in oil absorption is mainly achieved 
by the alteration of the raw material due to PEF: As PEF treatment results in a more 
flexible product, the surface area after cutting is reduced, and less fines and break-
age are observed. This allows a lower oil adhesion on the chip surface. Furthermore, 
due to the increased water diffusion rate, a protective steam layer is formed around 
the chip during frying, blocking the oil from entering the product. In total, the oil 
content in the finished product can be reduced applying PEF by about 15%. This 
steam layer further prevents slices from sticking together (doubles) which would 
tend to have higher moisture content and would be rejected by optical sorting. The 
reduction in fines and starch losses during cutting also positively influences the 
process increasing the yield by 2%. The softening of the raw material enables new, 
innovative cuts such as waffle or deep rich cuts. Furthermore, hard-to-process raw 
material like cassava, manioc, or sweet potato can be considered for chips production.

 Technical Implementation in a Chips Processing Line

Taking into consideration the abovementioned benefits, PEF is rapidly becoming a 
standard in the snack industry. With the fast rise in demand of PEF systems for chips 
producers, systems are being developed that fit the needs of the producer. As chips 
production lines are usually smaller compared to French fry lines, compact all-in-on 
PEF systems have been developed that are able to handle up to 6 t/h of raw material 
(see Fig. 6) with small and compact designs. Due to their short processing times of 
less than 10 s, PEF systems are easy to implement into existing processing lines.

The averaged energy consumption of a PEF system is quite low (1 kWh per 
tonne(s) of raw material), allowing relatively low operating costs. Aside from peel-
ing, every other processing step benefits from the implementation of PEF. Due to 
the reduction in turgor pressure, the potato is softer and easier to cut, allowing for a 
longer use of the cutting knives and a smoother cutting surface. In Fig. 7 industrial 
scale benefits of a PEF system for chip processing are depictured. The results are 
gathered from manufacturers who have been using PEF for several years as well as 
researchers. It is however important to mention that any values on benefits are 
depended on raw material, the production process, and the layout of the process-
ing line.
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Naturally the implementation of PEF is accompanied by investment and running 
costs. Considering a processing capacity of 24,000 t raw potatoes per year, the run-
ning costs amount to about 6 €/t of raw material with a depreciation of 3 years. 
Additionally, the operating costs and electricity consumption amount to total cost of 
about 7 €/t raw material (Elea Gmbh 2020). However, installations of over 20 PEF 
systems in chips processing have shown a relatively fast ROI of 1–2 years due to 
cost savings such as 2% yield increase, reduction in doubles by 4%, and up to 15% 
reduction in oil content.

Fig. 6 PEF Advantage 
Belt One system with 
integrated generator, 
processing up to 6 t/h. 
(Elea Gmbh 2020)

Fig. 7 Process and quality benefits for industrial chips processing achieved by the integration of 
PEF. (Fauster et al. 2018; Heat and Control 2019; Elea Gmbh 2020)
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 Conclusion

In summary, the application of PEF provides a broad spectrum of quality and pro-
cessing benefits, making its implementation a standard for the potato processing 
industry. Here it has to be differentiated between quality benefits like reduction of 
acrylamide or improvement of color that have no direct influence on the ROI calcu-
lation of a PEF system and direct process and monetary benefits, like less water 
consumption or increased yield. The main driving factor using PEF pre-treatment 
for French fry processing is the possibility to replace a conventional preheater, 
reducing the energy consumption by almost 90%, leading to a ROI of below 2 years. 
For chips, the main monetary savings result out of an increase in yield and process-
ing capacity. That is the reason why the application of PEF entered the French fry 
market first. But as quality is becoming a more important factor day by day, the 
implementation of PEF in chips processing lines has become more common nowa-
days. For chips processing however, it is important to consider that besides the PEF 
system, the following processing steps, such as cutting and frying, also have to be 
adjusted in order to obtain all benefits and a good, high-quality product.
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Abbreviations

CI Color intensity
PEF Pulsed electric fields
TAC Total anthocyanin content
TPI Total polyphenol index

 Introduction

Grapes are the most important fresh fruit crop worldwide. Global grape production 
in 2017 amounted to ca. 73.3 million metric tons; approximately 52% of the produc-
tion was fermented into wine (OIV 2018). Global wine production in 2018 (exclud-
ing juice and musts) was around 279 Mhl (OIV 2018). More than 70% of that total 
production corresponded to red wine.

The main step in white and red winemaking is shown in Fig. 1. After the grapes 
are brought into the winery, the first step in winemaking involves removing leaves 
and stems from the bunches of grapes. In the case of red and rosé wines, the fruit is 
then crushed to release the juice, and the process of maceration of the resulting juice 
with solid part of the grapes (skins and seeds) begins. In the case of white wine, 
although maceration is maintained for a few hours in some cases, fermentation is 
nevertheless always restricted to the juice extracted from the grapes immediately 
upon crushing and pressing.
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During red winemaking, the maceration that occurs simultaneously with alco-
holic fermentation is extended from several days to weeks. The alcohol generated 
during fermentation enhances the extraction of polyphenols from the seeds and 
skins. These compounds give red wines their appearance, taste, and flavor, as well 
as their capability of aging.

Rosé wines are obtained from red grapes exposed to brief pre-fermentative mac-
eration. Grape pomace is maintained in contact with the juice for a short period of 
time (12–24 h) at cool temperatures until sufficient color has been extracted. The 
juice is subsequently drawn and fermented in a manner similar to white wine.

Although wine fermentation has been traditionally conducted by yeast derived 
from the grapes or present in the winery, the current standard is to inoculate a com-
mercial preparation of yeasts of which the characteristics are well known. During 
fermentation, yeast not only transforms the juice’s sugar in ethanol, but it also 
engenders a wide array of aromatic compounds that contribute to the flavor attri-
butes of wine. Alcoholic fermentation is regarded as completed once sugar levels 

Fig. 1 Comparison of the stages for obtaining white and red wine
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drop to a low, undetectable level, generally below 2 g.L−1. After having undergone 
alcoholic fermentation, the wine may be treated to foster a second process called 
malolactic fermentation. In this procedure that generally occurs in red wines, malic, 
a grape acid, is converted to lactic acid by lactic acid bacteria that can be indigenous 
to the winery or stem from commercial preparations.

After several weeks finishing the stage of fermentation, the wine is racked: it is 
separated from solids (yeast and bacterial cells, precipitated tannins, proteins, tar-
trate crystals) that settle during spontaneous or induced clarification. To enhance 
clarification and stability, wines are commonly chilled and filtered prior to bottling. 
Bottled wines are normally aged at the winery for a period of several months. Some 
red wines are aged in oak barrels prior to bottling for a period ranging from a few 
months to several years. This aging period allows for an important chemical trans-
formation that leads to flavor modification and integration. Following in-barrel 
maturation, the wines are typically subjected to further in-bottle aging at the winery 
before release.

Another aging technique traditionally conducted in the production of sparkling 
wines but more recently applied in the production of white and red wines is aging 
on the lees. It consists in maintaining the wine in contact with the yeast after the 
fermentation process is over. During this process, yeast autolysis occurs, and poly-
saccharides of the yeast cell wall, mainly mannoproteins, are released. These com-
pounds improve the wine’s aromatic and gustatory complexity.

In summary, winemaking is a multistep procedure involving a series of microbial 
and biochemical processes wherein grape components are transformed into taste 
and aroma characteristics of wine. Wineries can make good use of PEF by applying 
the technology to different steps with the purpose of impacting the above-described 
processes involved in winemaking. A PEF-induced irreversible electroporation of 
the cytoplasmic membrane of grape skin cells may facilitate the release of polyphe-
nols located in the skin cells during the process of maceration, thereby improving 
extraction yields or reducing maceration times. On the other hand, the irreversible 
electroporation of the cytoplasmic membranes of bacteria, yeast, and molds causes 
them to lose their selective permeability, thereby leading to microbial death. The 
capability of PEF to inactivate microbial cells at low temperatures, thereby avoiding 
the harmful effect of heat on the characteristics of wine, may make it an alternative 
to the use of SO2 and filtration for controlling microbial spoilage in wineries. 
Finally, electroporation accelerates the release of mannoproteins from the cell wall 
of yeast during “aging on the lees.”

 The Application of PEF to Improve Red Winemaking

Phenolic compounds play a highly significant role in red winemaking. Sensory 
characteristics of red wine such as color, taste, and aging properties are strongly 
dependent on a wine’s polyphenolic composition (Cheynier et  al. 2006). On the 
other hand, in vitro and in vivo studies have shown that certain phenolic compounds 
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of red wine possess antioxidant properties that may be beneficial to human health, 
including eventual protection against cardiovascular diseases and cancer 
(Nichenametla et al. 2006).

Two kinds of phenolic compounds are present in wine: non-flavonoids (phenolic 
acids and stilbenes) and flavonoids (anthocyanins, flavan-3-ols, and flavonols). The 
monomeric forms of anthocyanins are the main agent responsible for the red color 
of young red wines, and they also play a role in the development of red polymeric 
pigments during wine aging thanks to the association between anthocyanin pig-
ments and other polyphenols, especially tannins and phenolic acids (Salas et  al. 
2003). Flavan-3-ols (tannins) are a large family of polyphenolic compounds mainly 
responsible for the astringency, bitterness, and structure of wine. The final group of 
flavonoids is flavonols: they contribute to bitterness, they display antioxidant activ-
ity, and they affect red wine color by acting as copigments of anthocyanins. Among 
other non-flavonoid compounds, stilbenes have also been recognized as compounds 
bearing antioxidant and anti-inflammatory properties (Tomera 1999).

Aroma is also an important quality attribute of wines. The aroma of young wine 
emerges mainly in the course of fermentation. Although grapes and must from non- 
floral grape varietals do not possess intense or explicit flavors, fresh fermented wine 
has pleasant aromas associated with its varietal origin (Delfini et  al. 2001). It is 
estimated that more than 40 different aromatic molecules such as acids, alcohols, 
esters, aldehydes, terpenols, lactones, norisoprenoids, and volatile phenols are 
formed or released from precursors during fermentation (Loscos et al. 2007).

The juice of red grapes has a low amount of phenolic compounds and aromatic 
molecules. Maceration is therefore required in order to enrich the fermenting must 
with polyphenols and aromatic precursors located in the pomace. Whereas tannins 
are located in the cells of both grape skins and seeds, anthocyanins and aromatic 
precursors are solely located inside the grape skin cells (Amrani-Joutei and Glories 
1995). Maceration is therefore one of the most critical technological operations for 
wineries, not only in view of its major influence on wine quality but also because it 
is the stage with the highest energy and manpower requirements (Togores 2011).

In traditional maceration, the solid parts of grape berries generally remain in 
contact with the fermenting must during the entire fermentation process (7–10 days); 
maceration time can even be extended for several days beyond fermentation in order 
to obtain a wine with adequate polyphenol content. This long period of required 
contact is due to the presence of cellular barriers such as the cytoplasmic membrane 
and the cell walls, which hamper the mass transfer of compounds of interest from 
inside the cells to the fermenting must.

Several drawbacks are involved in maintaining the grape pomace in contact with 
the must during fermentation. During maceration, approximately 20% of the fer-
mentation tanks is occupied by the solid parts of the grapes, thereby reducing the 
tanks’ effective volume and, as a consequence, the winerys’ production capacity. 
This problem becomes particularly significant during the harvesting peak, because 
reducing maceration time with the purpose of increasing production capacity may 
compromise wine quality. Other negative side effects are related with the difficulty 
of controlling fermentation temperature when the solid parts are present in the 
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fermentation tanks and with the workforce and energy consumption required to 
periodically pump the wine over the skin mass that rises to the top of the fermenta-
tion tanks.

The current techniques used in wineries to improve extraction of polyphenols 
and to reduce maceration time are either enzymatic treatments or procedures based 
on heating, such as thermovinification and flash expansion. Commercial pectolytic 
enzymes that act on the wall of the grape skin cells are often used by wineries to 
improve color and aroma. However, certain contradictory results attributed to the 
different nature and activities of the commercial enzyme preparations, as well as the 
presence of unwanted enzymes such as β-glucosidase in the preparations, have been 
reported (Bautista-Ortín et al. 2005). Thermal techniques, on the other hand, present 
a series of problems, such as the difficulty involved in stabilizing the extracted phe-
nolic compounds (Morel-Salmi et al. 2006; Samoticha et al. 2017), a loss of varietal 
aromas (Geffroy et al. 2015), and a consumption of high quantities of energy.

 Effect of PEF on the Extraction of Phenolic Compounds During 
Maceration in Red Winemaking

The application of PEF to accelerate and/or increase the extraction of phenolic com-
pounds during the maceration stage in red winemaking has been thoroughly inves-
tigated. Some of the studies have pointed out that PEF also improves the extraction 
of aromatic compounds (Delsart et al. 2012; Garde-Cerdán et al. 2013). The treat-
ment is generally applied to crushed and destemmed grapes with the objective of 
causing irreversible electroporation of the cytoplasmic membrane of grape skin 
cells, which contain the majority of the compounds required for obtaining quality 
red wine. Pores formed in the cell membrane improve mass transfer rates of the 
compound of interest without having to entirely disintegrate the cell envelopes.

The potential of PEF for improving the extraction of polyphenols in red wine-
making was initially evaluated using batch treatment chambers featuring parallel 
electrodes with a capacity ranging from a few grams to a few kilograms. The ben-
efits of electroporation were demonstrated for several varieties of grapes including 
Tempranillo, Grenache, Graciano, Mazuelo, Merlot, Aglianico, Cabernet 
Sauvignon, and Cabernet Franc, harvested in Spain, France, Lebanon, and Italy. 
The main results obtained in those experiments in terms of improvement in color 
intensity (CI), total anthocyanin content (TAC), and total polyphenol index (TPI) 
are shown in Table 1.

The improvements obtained in different oenological parameters depending on 
polyphenol extraction by application of PEF treatments ranged from 20% to 60% as 
compared with wine obtained from untreated grapes. This effect seemed to depend 
on the intensity of the treatment, the grape variety, and grape maturity. PEF treat-
ments were generally more effective at higher electric field strengths, although for 
some varieties such as Graciano the most suitable treatment was at the lowest 

Applications of Pulsed Electric Fields in Winemaking



342

intensity applied (in the range of 2–10 kV.cm−1) and in Cabernet Sauvignon the 
intensity was intermediate (5 kV.cm−1) (López et al. 2008a). These results indicate 
that, for some grape varieties, an intense electroporation of skin cells may engender 
a very intense release of phenolic compounds that precipitate rather than maintain 
themselves in the wine. The varying effect of PEF on the extraction of polyphenols 
for different grape varieties has been explained in terms of polyphenol 

Table 1 Improvements in color intensity (CI), anthocyanin content (TAC), and total polyphenol 
index (TPI) in wines obtained from grapes treated by PEF in batch

Grape variety PEF treatment conditions
Δ CI 
(%)

ΔTAC 
(%)

Δ TPI 
(%) Refs.

Tempranillo 5 kV.Cm−1; 50 pulses; 1.8 kJ.
Kg−1

13 15 18 López et al. 
(2008b)

10 kV.Cm−1; 50 pulses; 
6.7 kJ.Kg−1

23 26 24

Grenache 2 kV.Cm−1; 50 pulses; 0.4 kJ.
Kg−1

26 11 18 López et al. 
(2008a)

5 kV.Cm−1; 50 pulses; 1.8 kJ.
Kg−1

21 32 14

10 kV.Cm−1; 50 pulses; 
6.7 kJ.Kg−1

29 24 16

Graciano 2 kV.Cm−1; 50 pulses; 0.4 kJ.
Kg−1

19 18 14

5 kV.Cm−1; 50 pulses; 1.8 kJ.
Kg−1

12 14 13

10 kV.Cm−1; 50 pulses; 
6.7 kJ.Kg−1

6 7 12

Mazuelo 2 kV.Cm−1; 50 pulses; 0.4 kJ.
Kg−1

29 16 14

5 kV.Cm−1; 50 pulses; 1.8 kJ.
Kg−1

51 35 31

10 kV.Cm−1; 50 pulses; 
6.7 kJ.Kg−1

62 38 36

Cabernet 
Sauvignon

5 kV.Cm−1; 50 (exp. pulses); 
2.1 kJ.Kg−1

48 43 45 López et al. 
(2009)

Aglicano 1.0 kV.Cm−1, 104 pulses; 
50 kJ.Kg−1

6 9 13 Donsì et al. 
(2010)

1.5 kV.Cm−1, 103 pulses, 
10 kJ.Kg−1

12 54 32

1.5 kV.Cm−1, 2.5 x 103 pulses, 
25 kJ.Kg−1

19 76 38

Merlot 0.5 kV.Cm−1, 100 ms ns 25 18 Delsart et al. 
(2012)

Cabernet Franc 0.8 kV.Cm−1; 100 ms, 42 kJ.
Kg−1

20 49 51 El Darra et al. 
(2013)

5 kV.Cm−1; 1 ms, 53 kJ.Kg−1 23 60 62

ns no significant difference
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extractability, which depends, in turn, on grape maturity, cell morphology, and com-
position of the skin cell wall (López et al. 2008a). Results suggest that the electro-
poration of grape skin cells is more useful in situations in which the extraction of 
phenolic compounds from the grape skins is more difficult (López et al. 2008a).

The implementation of PEF technology for improving polyphenolic extraction 
requires it to be applied in continuous flow, in order to be able to treat the hundreds 
or thousands of tons of grapes that have to be processed annually in a winery. The 
first studies conducted in continuous flow at pilot plant scale (120 kg.h−1) permitted 
researchers to validate the results obtained in batch. More importantly, however, 
they were able to produce sufficient amounts in order to evaluate the sensory char-
acteristics of wine obtained from PEF-treated grapes and its evolution in the course 
of aging (Puértolas et al. 2010a).

Table 2 provides an overview of or main results reported on the benefits of apply-
ing PEF in continuous flow in terms of improvement CI, TAC, and TPI. It shows 
results obtained at pilot plant scale in which hundreds of kg.h−1 were processed, but 
also others obtained on a semi-industrial scale with flows amounting to tons per 
hour. Studies obtained in continuous flow confirm those previously obtained at lab 
scale in batch with relatively low amounts. Differences observed in terms of global 
effect were unimportant despite the varying treatment chamber configurations used 
in continuous flow (while batch treatments were conducted with a parallel electrode 
treatment chamber, the configuration of the treatment chamber in continuous flow 
was colinear).

As compared with a parallel electrode treatment chamber configuration, the 
colinear configuration has lower energetic requirements thanks to its higher load 
resistance, and the chamber’s circular section facilitates the flow of crushed grapes 
(van den Bosch 2007). However, the inhomogeneity in the distribution of the elec-
tric field in this configuration could cause a proportion of the grape skin cells either 
to remain unaffected or insufficiently affected by an electric field strength too low 
to cause electroporation.

López-Giral et al. (2015) studied the effect of PEF applied in continuous flow 
(400 kg.h−1) on phenolic compound extraction from three grape varieties (Graciano, 
Tempranillo, Grenache) in the course of two vintages. Results showed that the effect 

Table 2 Improvements in color intensity (CI), anthocyanin content (TAC), and total polyphenol 
index (TPI) in wines obtained from grapes treated by PEF in continuous flow

Grape variety
PEF treatment 
conditions

Δ 
CI%

Δ 
TAC%

Δ 
TPI% Refs.

Cabernet 
Sauvignon

5 kV.Cm−1, 3.7 kJ.Kg−1 34 38 23 Puértolas et al. 
(2010a)

Grenache 4 kV.Cm−1, 1.5 kJ.Kg−1 13 25 24 Luengo et al. (2014)
Graciano 4.6 kV.Cm−1, 720μs 103 84 51 López-Giral et al. 

(2015)Tempranillo 4.6 kV.Cm−1, 720μs 184 184 93
Grenache 4.6 kV.Cm−1, 720μs 230 458 98
Grenache 4.0 kV.Cm−1, 370μs 52 18 29 Maza et al. (2019)
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of PEF depends on the grape variety, but they also showed that the different physi-
cochemical composition of grapes, varying from one vintage to the next, exerted a 
significant influence on the effect of PEF. The improvement in the extraction of 
polyphenols from the PEF-treated grapes was more pronounced when the concen-
tration of phenolic compounds in the skins was lower. Therefore, the application of 
PEF technology to improve the extraction of polyphenols would be of particular 
interest for those vintages in which the concentration of those compounds in the 
grape skins is relatively low.

The potential of PEF for reducing maceration time has also been investigated in 
studies conducted in continuous flow at pilot plant scale and at semi-industrial scale. 
Cabernet Sauvignon grapes treated by PEF at a flow of 120 kg.h−1 were vinified in 
tanks of 80 L capacity (Puértolas et al. 2010a). Grape pomace was separated from 
the fermenting must after 96 h, whereas in control the grape skins remained in con-
tact with the fermenting must until the end of fermentation (144 h). Although the 
maceration time for wine obtained from Cabernet Sauvignon grapes treated by PEF 
(5 kV.cm−1, 150μs, 3.7 kJ.kg−1) was 48 h shorter, by the end of alcoholic fermenta-
tion, the resulting wine presented higher CI, TAC, and TPI values than the con-
trol wine.

Trials conducted on a semi-industrial scale in wineries confirmed results obtained 
at laboratory and pilot plant scale. Luengo et  al. (2014) processed 3000  kg of 
Grenache grapes subjected to a PEF treatment (4.3 kV.cm−1, 60μs) using a colinear 
treatment chamber at a flow of 1900 kg.h−1. The wine obtained from PEF-treated 
grapes with a maceration time of 7 days was compared with wine obtained from 
untreated and PEF-treated grapes with the current maceration time used in the win-
ery (14 days). After 7 days of maceration, the CI, TAC, and TPI of the wine obtained 
from grapes treated by PEF were 13%, 25%, and 24% higher, respectively, than in 
wine obtained from untreated grapes after 14  days of maceration. These results 
confirm the potential of PEF to obtain wine with a sufficient concentration of poly-
phenolic compounds while still applying moderate maceration times.

More recently, 12  tons of Grenache grapes were processed at a flow rate of 
2500  kg.h−1, and wines obtained from untreated and PEF-treated (4.0  kV.cm−1, 
370μs) grapes after 3 and 6 days of maceration were compared (Maza et al. 2019). 
The pre-treatment of grapes by PEF permitted to reduce maceration time from 6 to 
3 days without causing a significant decrease in red wine color or in the concentra-
tion of polyphenolic compounds; alternatively, it allowed to increase those param-
eters depending on polyohenol extraction when maceration time was extended to 
6 days. The more elevated tannin concentration observed in PEF-treated wines was 
a consequence of a higher degree of extraction of tannins located in the grape skins 
rather than in the seeds.
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 Evolution of Wine Obtained with Grapes Treated by PEF 
During Aging in Bottles and Oak Barrels

Wine obtained after concluding the maceration- fermentation step requires a stabi-
lization stage followed by an aging period in bottle or in oak barrels prior to con-
sumption (see Fig. 1). During the aging stage, polyphenols participate in successive 
reactions that exert a considerable influence on a wine’s overall sensory quality 
(Setford et al. 2017). These modifications are a consequence of precipitations, deg-
radation reactions, or polymerization reactions that lead to the formation of new 
stable compounds, and they help bring about important changes in the wine’s sen-
sory properties (Guadalupe and Ayestarán 2008). Since these reactions depend to a 
great extent on the type and degree of concentration of polyphenols obtained during 
fermentation, it is important to have knowledge about the evolution of wines pro-
duced from grapes treated with PEF during aging.

The evolution of wine obtained from PEF-treated grapes during aging in bottle 
and oak barrels was investigated for the first time by Puértolas et al. (2010b). The 
evolution of the main wine indexes depending on polyphenolic extraction along 
aging of Cabernet Sauvignon wine obtained from PEF-treated grapes follows the 
same trend as that of control wine in terms of evolution of color intensity, anthocy-
anin content, total phenolic content, and tannin content during wine aging in bottle 
or in oak barrels (6 months) followed by bottling (8 months). The preferable chro-
matic characteristics and higher polyphenolic content obtained from the PEF treat-
ment after the fermentation process were maintained after aging.

Grenache wines obtained from PEF-treated grapes were aged during 24 months 
in bottles, as well as during 6 months in oak barrels followed by 18 months of aging 
in bottle (Maza et al. 2019). Similar conclusions on the evolution of indexes depend-
ing on polyphenolic extraction were obtained after even longer aging periods. In 
terms of color intensity, phenolic families (anthocyanins, hydroxycinnamic acids, 
flavonols, and flavanols), and individual phenolics, the Grenache wine obtained 
with PEF-treated grapes with different maceration times evolved similarly to the 
wine obtained with untreated grapes during aging in bottle or in oak barrel followed 
by bottling. In all cases, a decrease in the concentration of those compounds was 
observed across time, and the differences between the wine obtained from untreated 
and PEF-treated grapes persisted at the end of the aging period.

 Sensory Properties of Wines Obtained with Grapes 
Treated by PEF

Aromatic molecules also play a highly significant role in red winemaking, owing to 
their contribution to sensory properties. Several investigations on the effect of PEF 
treatments on wine aroma compounds have been conducted.
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The effect of PEF on the volatile composition of wine was investigated for the 
first time by Garde-Cerdán et al. (2013). The volatile composition of Tempranillo 
and Graciano wines was not improved by treating the grapes with PEF; however, 
the aromatic characteristics of Grenache wine were improved by increasing the 
concentration of monoterpenoids, β-ionone, total esters, and volatile phenol 
compounds.

With the same grape variety, another study was conducted in which control wine 
was compared with wine obtained from grapes treated by PEF after 3 and 6 days of 
maceration. The content of all major aromatic compounds was greater in the wines 
that had undergone a longer maceration period (Maza et al. 2019). Slight differ-
ences were observed among the wines obtained with untreated and PEF-treated 
grapes and subjected to the two maceration times investigated. In the case of aroma 
compounds liberated from precursors in the grapes and present in trace concentra-
tions (μg.L−1) in wine, the concentration of β-ionone associated with the floral 
aroma of “violets” that went undetected in control exceeded the odor threshold in 
the wines obtained from grapes treated by PEF.

PEF could therefore help extract certain individual aroma precursors present in 
grapes, thereby increasing the concentration of certain molecules which, once liber-
ated from precursors, can exert a positive effect on wine aroma.

The effect of PEF on the organoleptic characteristics of wine has been also 
assessed by sensory evaluation. A panel of professional testers preferred Merlot 
wine obtained by grapes treated by PEF at 0.5 and 0.7 kV.cm−1 for 40 ms than con-
trol wine or wine obtained by grapes subjected to a more intense PEF treatment 
(0.7 kV.cm−1, 100 ms) (Delsart et al. 2012). While the diffusion of tannins to the 
wine after applying the most intense treatment was probably excessive, their diffu-
sion was lower in the case of less intense PEF treatments, and the resulting wines 
were more aromatic and fruity, thus suggesting that PEF treatments promote an 
additional diffusion of aromatic compounds from the cell skins.

Results of a triangle and preference test showed significant sensory differences 
between the wines obtained with untreated or PEF-treated grapes after 3 and 6 days 
of maceration when aged either in bottle or in oak barrels. All panelists were able to 
differentiate the wines obtained with untreated or PEF-treated grapes from one 
another, and a majority of panelists (86%) preferred wines elaborated from grapes 
treated with PEF.  These results indicate that the improvement in polyphenolic 
extraction brought about by the application of a PEF treatment prior to maceration 
permits to obtain wines that are sensorially different and that were preferred by 
panelists.

 Application of PEF in Wineries for Microbial Inactivation

Microbial processes play a fundamental role in the final quality flavor and aroma 
characteristics of wine. While the yeast Saccharomyces cerevisiae conducts alco-
holic fermentation, malolactic fermentation is conducted by lactic acid bacteria. 
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Microbial control in wineries is necessary in order to prevent wine spoilage in view 
of the microorganisms involved in both types of fermentation once the process is 
finished, but also in order to prevent the growth of other microorganisms that are not 
involved in the fermentation process, such as non-Saccharomyces yeast or acetic 
acid bacteria (Drysdale and Fleet 1988).

The development of spoiling microroganisms in wine may lead to great eco-
nomic losses in wineries (Zuehlke et al. 2013). The growth of undesirable yeast 
during alcoholic fermentation may impair the development of the inoculated yeast 
and may likewise lead to important sensorial changes in the wine just after fermen-
tation. On the other hand, lactic acid bacteria are responsible for the alteration 
known as “piqûre lactique”: acetic acid bacteria are able to spoil the wine via etha-
nol acidification, and yeast from the genus Brettanomyces are involved in the forma-
tion of unpleasant odors described as “leather,” “animal,” and “horse sweat.”

To avoid microbial spoilage, the most common practice applied in wineries is the 
addition of sulfur dioxide (SO2), due to its effectivity in inhibiting the development 
of non-Saccharomyces yeast and spoilage bacteria. Although SO2 is widely regarded 
as indispensable due to its combined antimicrobial and antioxidant activities, cer-
tain drawbacks are associated with it. It has been reported that sulfur dioxide may 
cause organoleptic deviations and unpleasant flavors when it is added in excess; 
furthermore, it can constitute a health hazard by producing allergic reactions in 
sensitive consumers (Lester 1995; Yang and Purchase 1985). One of the oldest chal-
lenges for wineries has thus been to find alternatives that permit the reduction or the 
elimination of the use of SO2 in winemaking.

PEF was recently evaluated as one of the alternatives for obtaining additive-free 
wine, due to the treatment’s ability to inactivate vegetative cells of microorganisms 
at lower temperatures that those used in thermal processing.

The application of PEF to must of the Parellada white grape variety prior to 
fermentation as an alternative to the addition of SO2 for controlling the development 
of spoilage microorganisms was investigated for the first time by Garde-Cerdán 
et  al. (2008). They carried out a reproducible fermentation of PEF-treated must 
without significantly modifying the composition of volatile compounds responsible 
for the typical white wine flavor stemming from alcoholic fermentation and aging. 
The concentration of SO2 in wine can therefore be reduced to safer levels or even 
eliminated.

Puértolas et al. (2009) investigated the PEF resistance of wine spoilage micro-
biota such as Dekkera anomala, Dekkera bruxellensis, Lactobacillus plantarum, 
and Lactobacillus hilgardii. PEF treatments led to substantial inactivation of all 
investigated microorganisms, whereby yeasts were more sensitive to PEF than 
bacteria.

The most complete study to date of the inactivation of wine-associated microbi-
ota by PEF was conducted by González-Arenzana et al. (2015). Four different PEF 
treatments in continuous process were tested in a continuous-flow system with the 
purpose of inactivating 25 species of yeast, lactic acid bacteria, and acetic acid bac-
teria, all associated with winemaking. The obtained inactivation was highly depen-
dent on the type of microorganism. Overall, the level of inactivation varied from 
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0.64 to 4.94 log10 cycles. The results from that study were subsequently validated 
upon different winemaking stages of red Tempranillo Rioja wines: after alcoholic 
fermentation, after malolactic fermentation, and during aging in oak barrels.

The application of PEF to wine after alcoholic fermentation aimed to reduce the 
microbial population in order to facilitate the growth of a commercial strain 
Oenococcus oeni for subsequente malolactic fermentation (González-Arenzana 
et al. 2019a). The applied PEF treatment (33 kV.cm−1, 105 ms, 158 kJ.kg−1) led to a 
significant reduction in the yeast population and completely eliminated acetic acid 
bacteria; however, a lower level of inactivation was observed in the case of lactic 
acid bacteria in the four different wines assayed. In three of them, a slight shorten-
ing of the malolactic fermentation period duration monitored through malic lactic 
acid consumption after inoculating O. oeni and an improved sensorial quality after 
the PEF treatment were observed.

Wineries commonly add SO2 to wine after malolactic fermentation to prevent 
spoilage and to reduce the activity of enzymes that cause wine oxidation. The effect 
of the stabilization process currently used in a winery (the addition of 30 mg.L−1 
SO2) was compared with the effect of a PEF treatment (33 kV.cm−1, 105 ms, 158 kJ.
kg−1), as well as with the combination of the addition of 15 mg.L−1 SO2 and a PEF 
treatment (González-Arenzana et  al. 2019a). Four days after treatment, it was 
observed that the PEF treatment was more effective in reducing the microbial popu-
lation of the three investigated wines than the addition of SO2. After 6 months of 
aging, neither yeast nor acetic bacteria were detected in any of the wines, indepen-
dently of the treatment previously applied; moreover, some of the lactic acid bacte-
ria were still viable in some of the wines. After these observations and the evaluation 
of the wines’ physicochemical and sensory properties, the authors concluded that 
PEF constitutes an alternative to SO2 in terms of microbial stabilization, and it can 
preserve and/or enhance physicochemical and sensory qualities.

One of the main problems involved in aging wine in oak barrels is the difficulty 
of disinfecting the barrels, since the wood has a porous structure. As a consequence, 
certain microorganisms surviving in the wood may spoil the wine in the barrels. The 
main agent responsible for wine spoilage during aging in oak barrels is 
Brettanomyces/Dekkera yeast. These yeasts that produce ethyl-phenols responsible 
for unpleasant odors in the wine are known to tolerate wine ethanol content and 
commonly applied doses of SO2. The capability of PEF to decontaminate wines 
containing Brettanomyces/Dekkera yeast was investigated by González-Arenzana 
et al. (2019b). After the PEF treatment, they observed a significant microbial inacti-
vation of the most important spoilage microorganisms active in aged wines, includ-
ing Brettanomyces/Dekkera, thereby leading to a significant reduction of volatile 
phenols as compared with the untreated wine.

In conclusion, studies conducted to demonstrate the ability of PEF to inactivate 
wine spoilage microorganisms, along with validation of the technique for microbial 
decontamination in different stages of winemaking and with the demonstration that 
PEF did not negatively affect physicochemical and sensory properties, all support 
PEF’s potential as an alternative that can permit the reduction or elimination of the 
use of SO2 in wineries.
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 Application of PEF in Wineries for Accelerating Aging 
on the Lees

Aging on the lees is a technique traditionally used in the production of sparkling 
wines but has more recently been extended to white wine and even red wine (Pérez- 
Serradilla et al. 2008). The technique consists in maintaining the wine in contact 
with the lees for a period of time after fermentation. The lees are the residues that 
remain in the bottom of the fermentation tanks after alcoholic fermentation. 
Although their makeup is variable, they are mainly composed of yeast (Guilloux- 
Benatier and Chassagne 2003).

During the aging of wine on the lees, yeast autolysis takes place, i.e., a lytic event 
in the cells caused by intracellular yeast enzymes. As a consequence of this yeast 
degradation, certain yeast compounds such as proteins, nucleic acids, lipids, and 
polysaccharides are transferred to the wine (Charpentier et al. 2004). One of the 
transferred compounds exerting an effect on physicochemical and sensory proper-
ties of wine is mannoproteins: highly glycosylated proteins which constitute the 
major component of the cell wall in yeast. Their presence in wine produces positive 
effects such as the reduction of haze formation, the prevention of tartaric salt pre-
cipitation, diminution of astringency, and notable improvement in terms of mouth-
feel, aroma intensity, and color stability (Pérez-Serradilla and de Castro 2008).

Traditional aging on the lees is an extended process that lasts from a few months 
to years; it requires considerable investment in equipment (tanks, barrels), entails 
elevated labor costs (periodic stirring, bâtonnage, and sensorial analyses), and 
implies immobilization of winery stocks. Furthermore, this practice may negatively 
affect wine quality, thereby increasing the risk of wine oxidation and microbial 
contamination. Due to the drawbacks associated with aging on the lees, wineries 
have a great interest in reducing the duration of the process.

It has been recently proven that PEF treatment triggers the autolysis of S. cerevi-
siae and accelerates the release of mannoproteins (Martínez et al. 2016). Several 
mechanisms associated with electroporation could be involved in the induction of 
autolysis by PEF. On the one hand, electroporation would permit water from the 
surrounding media to enter into the cytoplasm, where there is a higher solute con-
centration. The decrease of osmotic pressure within the cytoplasm as a consequence 
of the water inlet could lead to plasmolysis of the organelles and the release of the 
enzymes involved in cell wall degradation (proteases and β-glucanases). On the 
other hand, the electroporation of the cytoplasmic membrane by PEF could facili-
tate the contact of those released enzymes with the outermost layer of the yeast cell 
wall where the mannoproteins are located (Fig. 2). This effect, initially observed in 
yeast suspended in buffer, has also been validated in aging on the lees of white 
Chardonnay wine (Martínez et al. 2019).

Chardonnay aging in the presence of S. cerevisiae yeast treated with PEF was 
compared with traditional aging on the lees (Martínez et al. 2019). Mannoprotein 
release increased drastically in Chardonnay wine containing PEF-treated (5 and 
10 kV.cm−1, 75μs) yeasts.
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While no mannoprotein release was observed in the first 10 days of aging on the 
lees in wine containing untreated yeast, mannoprotein concentration increased by 
40 and 60% in wines containing yeast treated by PEF at 5 and 10 kV.cm−1, respec-
tively. After 30 days of incubation, the mannoprotein concentration in wines con-
taining yeast treated under the most intense PEF treatment conditions reached the 
maximum value.

Control cells, on the other hand, required 6 months to reach the same maximum 
level. Chromatic characteristics, total polyphenol index, total volatile acidity, pH, 
ethanol, and CIELAB parameters of the wine were not affected during aging on the 
lees with PEF-treated yeast. On the other hand, mannoproteins released from PEF- 
treated yeast decreased wine turbidity after centrifugation and showed more pro-
nounced foaming properties than mannoproteins released during traditional aging 
on the lees (Fig. 3).

 Conclusions

PEF can be regarded as a technology with multiple applications for wineries in view 
of its ability to improve different operations conducted therein. The effects of PEF 
on different winemaking stages respond to some of the food industry’s most impor-
tant current demands, such as the improvement of energy efficiency and sustain-
ability, as well as the reduction of the use of chemicals.

The physical techniques currently applied to reduce the duration of the 
maceration- fermentation stage in red winemaking such as thermovinification and 
flash expansion are based on heating (Morel-Salmi et al. 2006). Considerable efforts 
have been conducted to optimize energy consumption and heat recovery in pro-
cesses based on heating. However PEF may yet offer further potential to help reduce 
energy consumption and operational costs while improving the overall sustainabil-
ity of food production. Table  3 compares the energy requirements for grape 

Fig. 2 Release of mannoproteins from Saccharomyces cerevisiae cells subjected to PEF treatments
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Fig. 3 Turbidity and foam 
measurements of 
Chardonnay wine 
containing S. cerevisiae 
cells either untreated (a), 
PEF treated at 5 kV.cm−1 
for 75μs (b), or PEF 
treated at 10 kV.cm−1 75μs 
(c) after 30 days of storage

Table 3 Estimation of the energetic requirements of thermovinification, flash expansion, and PEF 
for the improvement of polyphenol extraction during winemaking

Technology

Specific energy delivered to 
the grape
(kJ.kg−1)

Additional specific 
energya

(kJ.kg−1)

Total specific 
energy
(kJ.kg−1)

Thermovinification 161.92 40.68 202.6
Flash-release 251.88 45.86 297.7
PEF 6.70 – 6.70

aThe energy required for the complete operation of the thermal system (pumps, refrigeration, and 
condensation systems)
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processing via thermovinification, flash expansion, and PEF to obtain an equivalent 
effect in terms of polyphenol extraction in red winemaking.

The energy required to increase the temperature of grapes is much higher than 
the energy required to electroporate grape skin cells by PEF. As the PEF treatment 
only causes a temperature increment of a few degrees, one of its additional advan-
tages is that it is not necessary to cool the grapes after heating to initiate fermenta-
tion. Another important issue when comparing thermal technologies and PEF from 
an energetic point of view is that PEF delivers energy directly to the product, thus 
making it much more efficient than heating techniques that transfer thermal energy 
through an intermediate medium such as water, water vapor, or oil. Whereas thermal 
techniques require water, PEF can help winemakers to obtain similar objectives 
without increasing water consumption. PEF is thus considerably more sustainable, 
since it reduces resource consumption as well as CO2 emissions.

Regarding the implementation of PEF, another issue to be considered is the ease 
of installation of the PEF unit in the winery and the possibility of using the same 
generator for different applications (Fig.  4). The overall space required for the 
installation of thermovinification or flash expansion is much larger; generally, 
moreover, a winery has to undergo renovation in order to install such units along 
with their associated auxiliary units. PEF technology differs from others in view of 
its portability. The pulse generator unit can be separate from the treatment chamber, 
thereby allowing a rapid adaptation of the process, depending on the product to be 
treated. This can allow the PEF generator used to electroporate of the grape skins to 
be assigned to further uses, such as microbial inactivation or treatment of lees.

Table 4 shows the estimated costs for the introduction of a PEF unit in a winery 
according to production capacity. Although the same unit can be used for different 
applications, the total cost per liter of produced wine has been calculated only in 
view of grape treatment prior to maceration-fermentation. As observed, the applica-
tion of PEF slightly would increase the cost per liter of wine.

Fig. 4 Use of pulsed electric field for different applications in a winery
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In conclusion, the development of pulse power systems capable of responding to 
the processing capacity demands of wineries, the low energy consumption involved 
in PEF’s different applications in winemaking, and the easy incorporation of PEF 
treatment chambers into existing processing lines all constitute solid arguments in 
favor of a successful transfer of PEF technology to wineries in a near future.
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 Introduction

Olive oil is an edible oil widely appreciated for its sensorial characteristics, as well 
as for its high nutritional value (Nocella et al. 2018). A series of health benefits have 
been associated with olive oil consumption, including prevention of cardiovascular 
diseases and of several types of cancers. These health benefits are attributed to the 
presence of monounsaturated fatty acids (mainly oleic acid) and of minor compo-
nents with biological properties such as sterols, tocopherols, phenols, and carot-
enoids (Schwingshackl and Hoffmann 2017). Although olive oil is regarded as an 
essential component of the Mediterranean diet, large amounts of olive oil are cur-
rently produced and consumed worldwide (Uylaser and Yildiz 2014).

Virgin olive oil is olive juice obtained without the use of chemicals or industrial 
refining processes. According to the International Olive Council, virgin olive oil is 
obtained from the fruit of the olive tree (Olea europaea L.) solely by mechanical or 
other physical means under certain conditions, particularly thermal conditions, that 
do not lead to alterations in the oil and in which the olives have not undergone any 
treatment other than washing, decantation, centrifugation, and filtration. The fol-
lowing parameters determine the quality of olive oil: free acidity, peroxide value, 
absorption coefficients in the ultraviolet region (K232 and K270), fatty acid ethyl 
esters, and sensory analysis (characteristic aroma, flavour, and zero negative attri-
butes) (European Comission Regulation, 1991). Based on these physico-chemical 
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parameters and sensory properties, EU legislation classifies olive oil into different 
categories: extra virgin olive oil (EVOO), virgin olive oil, and lampant olive oil 
(European Comission Regulation, 1991). EVOO is the olive oil of the highest 
quality.

It is estimated that current industrial systems extract no more than 80% of the oil 
contained in the olive fruit: this represents a considerable monetary loss for olive oil 
firms (Chiacherini et al. 2007). Although the residual oil in the pomace is normally 
extracted using organic solvents, its quality is much lower because most of its nutri-
tional and sensorial attributes are lost during refining.

The aim of this chapter is to evaluate the ability of pulsed electric field (PEF) 
technology to improve the degree of extraction and enhance oil quality in the indus-
trial olive oil extraction process.

 Olive Oil Extraction

Olive oil is extracted from the olive fruits using only mechanical or other physical 
means. In the traditional system, olives were crushed by a grindstone consisting of 
several stone wheels that revolved on a large stone bowl where the olive fruits were 
located. The oil was separated from the obtained olive paste in a hydraulic press in 
which the paste was spread on disks made of different fibres and stacked on top of 
one another. However, due to the discontinuity of the process, to the pressing sys-
tems’ low capacity, to the high requirements in manpower, and to hygienic prob-
lems, this traditional system has been replaced by higher-capacity extraction 
systems where the machines work in flow (Fig. 1) (Kalogianni et al. 2019).

The first step in olive oil extraction consists in removal of leaves and olive wash-
ing. Once the leaves and other debris have been removed by passing the olives over 
a vibrating screen with a blower, the olives are washed. Washing aims to remove dirt 
and other impurities; during this step, the olives are shaken in metal nets to remove 
excess water.

After washing, the next step is olive crushing. In modern facilities, the traditional 
stone mill has been replaced by a hammer mill or disk crusher that works in continu-
ous flow. During crushing, the olive fruit tissues are broken, thereby facilitating the 
release of the oil droplets from the vacuoles of the olive pulp cells. Recently, in 
some processing lines, a system called destoning or depitting has been introduced: 

Fig. 1 Scheme of the olive oil processing line
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it removes the olive fruit stones and ensures that the olive paste consists only of the 
fleshy part (Luaces et  al. 2007). This prevents the transfer of oxidative enzymes 
such as phenoloxidase and lipoxygenase from the seeds (Servili et al. 2007).

The only softening operation in current olive oil extraction lines is malaxation, 
the step after crushing. During malaxation, the paste is slowly stirred (20–30 rpm) 
in a semi-cylindrical tank equipped with a heating jacket for temperature regulation. 
Malaxation is conducted at moderate temperatures (20–35 °C) for a period ranging 
from 30 to 90 min (Clodoveo 2012). This process encourages the coalescence of the 
oil droplets released from the olive pulp after crushing, thus preparing for separation 
of the oil from the olive paste. Some coadjuvants added during malaxation, such as 
talc, calcium carbonate, or sodium chloride, help to break down the oil/water emul-
sion, thereby facilitating coalescence of oil droplets and subsequent separation of 
the oil (Kalogianni et al. 2019). The only coadjutant currently authorized for this 
purpose is talc (European Comission Regulation, 1991).

The malaxation step has an important impact on oil extraction yield, but also 
chemical and enzymatic reactions such as oxidation and hydrolysis, which take 
place during this step, may affect the phenol content of olive oil and, as a conse-
quence, modify its nutritional and sensorial properties. Malaxation time and tem-
perature, along with the composition of the atmosphere in the malaxer, are the 
parameters that have the greatest impact on extraction yield as well as on final olive 
oil quality (Clodoveo 2012).

Traditional techniques used for olive oil separation such as presses or percolation 
systems have been replaced by horizontal continuous centrifugal separation systems 
called decanters. The degree of separation of the oil in the decanter depends on the 
differences in density among the constituents of the olive paste (insoluble solids, 
water, and oil) (Uceda et al. 2006). Current available continuous separation systems 
used in olive oil extraction can be classified as two-phase or three-phase, depending 
on the product obtained at the end of the process. A three-phase decanter requires 
the addition of water, and the outcome consists of oil, water, and solids (olive pom-
ace). On the other hand, separation of oil in a two-phase decanter occurs without 
addition of water, or only a small amount thereof, and the outcome consists of oils 
and olive pomace that contain the vegetative water of the olives. As the extraction 
yield obtained with two-phase decanters is similar, yet with lower water consump-
tion and less generation of wastewater, this system is increasingly replacing three- 
phase decanters (Di Giovachino et al. 2001).

In order to remove oil turbidity caused by the presence of solids in suspension 
and the dispersion of microscopic water droplets, the oil extracted from the decanter 
is clarified in an automated discharge vertical centrifuge. Before bottling, the oil is 
kept in tanks to promote the sedimentation of water droplets and solids that might 
still be present in the oil after vertical centrifugation.

In summary, olive oil extraction involves several steps that aim to obtain the 
highest yield from olive fruits and the best resulting oil quality. This objective 
requires an optimization of processing parameters, because conditions that encour-
age the greatest degree of oil recovery generally tend to have a detrimental effect on 
olive oil quality.
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 The Application of PEF to Improve the Olive Oil 
Extraction Process

The oil is located in the cells of the pulp, which is the mesocarp of the olive fruit 
(Ranalli et  al. 2001). Within the cells, the oil is partly located in the vacuoles 
(approximately 76%), where it is free, and the other portion is in the cytoplasm 
(approximately 24%), where it is dispersed in the form of minute droplets bound to 
colloids. In view of these locations, and considering that PEF technology improves 
mass transfer processes through cell envelopes by causing electroporation of the 
cytoplasmic membranes, a series of studies have been conducted to evaluate whether 
PEF can exert positive effects on olive oil extraction yield (Table 1). These studies 
have been conducted not only at laboratory scale but also on an industrial scale.

Different location alternatives for the installation of a PEF treatment chamber are 
shown in Fig. 2, according to the type of processing line. In order to evaluate the 
benefits of PEF technology for olive oil extraction and for enhancement of oil qual-
ity, the effects of a PEF treatment have been evaluated at three locations: upstream 
of the crushing stage; downstream of the crushing stage and upstream of malaxa-
tion; and, finally, downstream of malaxation and upstream of the decanter.

Table 1 Benefits of the application of PEF at different moments of the olive oil extraction process

Olive 
cultivar

Location of 
the PEF 
treatment

PEF 
treatment 
conditions

Malaxation 
variables

Decanter 
type

Improvement 
in olive oil 
extraction References

Tsounati, 
Amfissis 
Manaki

Before 
crushing

Batch 
1.8 kV/cm
1.6–
70.0 kJ/kg

30 °C for 
20 min

Laboratory 
centrifuge

1–18% EY 
increment

Andreou 
et al. (2017)

Arbequina Before 
malaxation

Batch 1 
and 2 kV/
cm
1.4 and 
5.2 kJ/kg

15 and 
26 °C for 
30 min

Laboratory 
centrifuge(2- 
phase)

Reduction of 
malaxation 
temperature

Abenoza 
et al. (2013)

Noceralla 
del Belice

Before 
malaxation

2300 kg/h
2 kV/cm
7.8 kJ/kg

27 °C for 
30 min

3-phase 
decanter

6% OE 
increment

Tamborrino 
et al. (2020)

Arroniz After 
malaxation

520 kg/h
2 kV/cm
11.25 kJ/
kg

24 °C for 
60 min

2-phase 
decanter

13.3% EY 
increment

Puértolas 
and 
Martínez de 
Marañón 
(2015)

Carolea, 
Ottobratica 
and 
Coratina

After 
malaxation

200 kg/h
1.7 kV/cm
17 kJ/kg

25 °C 2-phase 
decanter

2.3–6% EY 
increment

Veneziani 
et al. (2019)

EY extraction yield
OE Oil extractability (ratio between % of oil extracted from the olives with respect to the % of oil 
content in olives)
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 Effects of the Application of PEF Upstream 
of the Crushing Stage

The benefit on oil yield from applying a PEF treatment to olive oil before crushing 
has been investigated at laboratory scale (Andreou et al. 2017). Olive fruits from 
three different varieties (Tsounati, Amfissis, and Manaki) were treated in a parallel 
plate batch treatment chamber of 400 mL volume at an electric field strength of 
1.8 kV/cm and a total specific energy ranging from 1.6 to 70.0 kJ/kg. After PEF 
treatments, olives were crushed and malaxation was conducted at 30 °C for 20 min.

The effect of PEF depended on processing conditions, as well as on the olive 
varieties investigated. The highest benefit was obtained for the Manaki variety, for 
which the extraction yield increased by 18%, thereby representing an increment of 
2.4 kg/100 kg of processed olives in the amount of oil extracted compared to control 
samples. In the case of the Tsounati variety, the extraction yield increment was 3%, 
whereas for the Amfissis variety, the increase ranged from 1 to 9% according to 
treatment conditions. In view of the results obtained at different specific energies, 
the authors concluded that the most efficient treatment in terms of energy costs and 
yield benefits was 1.8 kV/cm at a specific energy of 20 kJ/kg.

Although the oils obtained from olives treated by PEF displayed an increment in 
free acidity, the physicochemical parameters of all oils remained below the EU leg-
islation maximum limit for EVOO (<0.80% oleic acid). Both more prolonged shelf 
life based on the determination of peroxide values and greater oxidative stability 
observed in the oil obtained from PEF pre-treated olives were attributed to the fact 
that the PEF treatment also increases phenolic extraction (although the phenolic 
compositions of the oils were not determined).

It is technologically feasible to apply a PEF treatment to olive fruits before 
crushing by using belt PEF systems similar to those used to process whole pieces 
such as potatoes. However, the installation of the required PEF treatment chamber 
at that location would require considerable modifications in the processing line of 
olive processing plants. As a consequence, in industrial tests conducted to evaluate 
the benefits of PEF technology, the treatment has been applied to olive paste after 
crushing, as well as before or after malaxation.

Fig. 2 Scheme of the olive oil processing line with the possible locations of the PEF treat-
ment chamber
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 PEF Effects Downstream of the Crushing Stage and Upstream 
of Malaxation

A study aiming to evaluate the effect of a PEF treatment on oil extraction yield 
applying different malaxation times (0, 15, and 30 min) and temperatures (15 and 
26 °C) was conducted by Abenoza et al. (2013) with olive fruits of the Arbequina 
variety. Laboratory-scale equipment (Abencor System, MC2 Ingenieria y Sistemas, 
Seville, Spain) was used for olive oil extraction. PEF treatments at two different 
intensities (1 kV/cm–1.5 kJ/kg and 2 kV/cm–5.2 kJ/Kg) were applied to the olive 
paste before malaxation using a collinear treatment chamber at a flow of 120 kg/h 
and with a mean residence time in the treatment zone of 0.42 s.

The greatest improvement in extraction yield when the PEF treatment was 
applied to olive paste was obtained when the oil was separated from the olive paste 
by centrifugation without malaxation. Under these conditions, extraction yield 
improved by 23 and 54% when the olive paste was treated with PEF at 1 and 2 kV/
cm, respectively. However, the amount of oil obtained when the olive paste was not 
malaxated was half of that obtained after a malaxation of 30 min. Therefore, despite 
the application of PEF, the malaxation step could not be eliminated in order to 
improve the oil quality and the efficiency of extraction process lines in industrial 
olive mills.

When the olive paste was malaxated at 26 °C, PEF treatment did not increase the 
extraction yield. However, the application of a PEF treatment to the olive paste per-
mitted a reduction in malaxation temperature from 15 to 26 °C without impairing 
the extraction yield.

Physico-chemical, nutritional, and sensorial properties of control oil (malaxated 
at 26 °C for 30 min) were compared with the oil obtained from olive paste treated 
by PEF (2 kV/cm) and malaxated at 15 °C for 30 min. Values of analytical param-
eters established by the Regulation (European Comission Regulation, 1991 did not 
exceed the established limits for EVOO in the oil obtained from olive paste treated 
by PEF. Although the concentration of α-tocopherol was slightly higher in the oil 
obtained with paste treated by PEF, higher concentrations of pigments (chlorophylls 
and carotenoids) and phenolic compounds were detected in the control oil. Although 
it is well known that PEF promotes the extraction of compounds located inside the 
cells (Puertolas et  al. 2012), the lower concentration of these compounds was 
explained by the lower temperature of malaxation used for the olive paste treated by 
PEF. The PEF treatment did not affect the fatty acid content including oleic acid, 
and a similar oxidative stability was estimated for both oils.

According to sensory analysis, the lower malaxation temperature for the oil 
obtained with olive paste treated by PEF resulted in a more fruity, less bitter, and 
less pungent oil than the control oil.

Therefore, results obtained in that study indicate that a PEF treatment applied to 
olive paste after crushing could help reduce malaxation temperature: this, in turn, 
would improve sensory quality of olive oil and lead to beneficial energy savings for 
the olive oil industry.
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A study aiming to evaluate if the application of a PEF treatment to olive paste 
before malaxation could improve extractability and enhance oil quality in a com-
mercial olive mill was conducted by Tamborrino et al. (2020). A PEF treatment of 
2 kV/cm and 7.8 kJ/kg was applied to the olive paste of Nocerella del Belice cultivar 
at a flow of 2300 kg/h. After the treatment, the olive paste was malaxated for 30 min 
at 27 °C, and then the oil was separated using a three-phase decanter.

Oil extractability, representing the ratio between the percentage of oil extracted 
from olives and the percentage of oil content in the olives, increased from 79.5% to 
85.5% when the olive paste was PEF-treated before malaxation. This increment in 
extractability resulted in a significant reduction in oil loss in the pomace of about 
40%. As previously observed, PEF treatment did not affect the analytical parame-
ters established by Regulation EC/2568/91. In this case, in which malaxation was 
extended to 30 min as in the control samples, the total phenolic content of the olive 
oil obtained from paste treated by PEF was similar to that of control oil.

Although sensory analysis was not performed in this study, the volatile mole-
cules of the oil obtained from olive paste treated by PEF were evaluated. The most 
notable effect of the PEF treatment was a reduction of 25% in the concentration of 
total alcohols that are responsible for fruity and ripe fruit aromas.

 Effects of PEF Treatment Downstream of the Malaxation Stage 
and Upstream of the Separation Stage

The effect of the application of PEF on olive paste after malaxation in terms of 
extraction yield, as well as in terms of chemical and sensorial quality, was investi-
gated for the first time by Puértolas and Martínez-Marañon (2015). The study was 
conducted in an industrial oil mill equipped with a two-phase decanter at a flow of 
520  kg/h with olive fruits of the Arroniz variety. After malaxation at 24  °C for 
60 min, the olive paste was PEF-treated at 2 kV/cm and 11.3 kJ/kg.

The applied PEF treatment yielded an additional 2.7  kg of olive oil for each 
100 kg of processed olives. The effect of PEF in improving the oil extraction could 
not have been attributed to electroporation of the cell membranes of olive mesocarp 
cells, because after malaxation the loss of the integrity of the cytoplasmic mem-
brane of all cells is assumed. Since part of the oil that is lost with the pomace at the 
decanter exit corresponds to oil droplets surrounded by a lipoprotein membrane 
emulsified in the vegetable water, the authors hypothesized that the PEF treatment 
could have disrupted the lipoprotein membranes, thereby facilitating the release of oil.

Similarly to results obtained when the PEF treatment was applied before crush-
ing or malaxation, the values of the analytical parameters established by European 
Comission Regulation, 1991 for the oil obtained when the PEF treatment was 
applied after malaxation did not exceed the established limits for EVOO. On the 
other hand, the PEF treatment increased total phenolic content by 11.5%, total phy-
tosterol content by 9.9%, and total tocopherol content by 15.0%, whereby the incre-
ment in α-tocopherol corresponded to 25%.
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Regarding sensory attributes, panellists did not detect any specific off-flavour or 
taste associated with PEF treatment, thereby showing that oil obtained from paste 
treated by PEF has a sensory profile that fits within the requirements of the EVOO 
category.

The influence of the type of olive cultivar (Carolea, Ottobratica, or Coratina) on 
olive oil extraction yield and olive oil quality obtained from olive paste treated by 
PEF after malaxation was investigated by Veneziani et al. (2019). The three Italian 
olive cultivars had different geographical origins and morphological characteristics, 
and they resulted from divergent agronomical practices. Oil extraction was con-
ducted in a mill with a working capacity of 200 kg of olives per hour. Olive oil was 
separated from the olive paste using a two-phase decanter, and a vertical centrifuge 
was used to separate the olive oil from the residual water phase. Similarly to the 
previous study conducted by Puértolas and Martínez Marañón (2015), a PEF treat-
ment at an electric field strength of 1.7 kV/cm and a specific energy of 17 kJ/kg was 
applied after the malaxation phase.

PEF treatment of olive paste prior to oil separation in the decanter increased oil 
yield for the three investigated cultivars with degrees of improvement ranging from 
2.3 to 6.0%. These enhancement values represented an increment of 0.9, 0.4, and 
0.8 kg of oil extracted per 100 kg of processed olive for Carolea, Ottobratica, and 
Coratina cultivars, respectively. As previously observed in other studies, the PEF 
treatment did not negatively affect the analytical parameters established by European 
Comission Regulation, 1991 for EVOO. Results obtained in this study confirmed 
the previous conclusions obtained by Puertolas and Martínez Marañón (2015), 
namely, that the application of a PEF treatment after malaxation increased the 
amount of phenolic compounds in the resulting olive oils. A significant increment 
of total phenols of 14.3, 7.05, and 3.2% for Carolea, Ottobratica, and Coratina 
cultivars was observed, respectively. A more elevated concentration of phenolic 
compounds in the oil obtained with olive paste treated by PEF correlated with 
higher oxidative stability as analysed by the Rancimat test. However, the PEF treat-
ment did not affect α-tocoferol concentration, nor that of main aldehydes, alcohols, 
and esters involved in flavour.

 Cost Analysis

Studies conducted at laboratory scale, but also tests performed in industrial olive 
mills, have demonstrated that the application of PEF treatment to olives before 
crushing or to olive paste before or after malaxation leads to an increase in oil 
extraction yield without negatively impairing sensorial attributes and maintaining 
the legal EU standards for the highest-quality olive oil (EVOO). Other additional 
advantages observed after the application of a PEF treatment are the possibility of 
decreasing malaxation temperature without affecting extraction yield and an incre-
ment in the concentration of bioactive compounds such as phenols, phytosterols, 
and tocopherols.

A. C. Sánchez-Gimeno et al.



365

Thanks to the low energy consumption of the PEF treatments used in the studies 
reviewed above (≤ 20 kJ/kg), as well as to the easy integration of the treatment 
chambers into existing processing lines, PEF should soon establish itself as a viable 
technology to help olive oil factories improve their profit margins.

The implementation of PEF technology in an olive mill requires an investment 
for equipment purchase, along with the operational cost mainly represented by elec-
tricity consumption. Table 2 shows a draft estimation of total cost of introduction of 
the PEF technology in an industrial olive oil plant for production capacities of 1500 
and 3000 tons/year. Processing conditions and power requirements of a PEF unit 
have been estimated from results published in the literature.

The seasonality of the olive crop may represent an obstacle for the introduction 
of PEF technology in olive oil processing plants, because the PEF unit would only 
be used during a short period of the year. According to the results obtained in a 
series of studies conducted by different authors with different olive varieties, PEF 
treatment could help recover up to 50% of the oil that currently remains in the olive 
pomace. This increment corresponds to a yield improvement in the range of 2–13%. 

Table 2 Estimation of total cost of the introduction of a PEF modulator in an olive oil processing 
plant for a production capacity of 1500 and 3000 tons/year

Small Medium
1500 tons/year 3000 tons/year
Chamber Ø4 X 2.5 G Chamber Ø4 X 2.5 G

Input voltage 10 kV 10 kV
Production capacity 2000 kg/h 4000 kg/h
Investment 60.000 € 60.000 €
Depreciation range 10 years 10 years
Installation 5.500 € 6.500 €
Residual value – –
Replacement value 72.000 € 72.000 €
Interest 6% 6%
Depreciation range 7.200 €/annum 7.200 €/annum
Interest 3.600 €/annum 3.600 €/annum
Maintenance 500 €/annum 1.000 €/annum
Fixed costs 11.300 €/annum 11.800 €/annum
Total specific energy 10 kJ/kg 10 kJ/kg
Specific energy input 5,3 kWh 10,7 kWh

0,0027 kWh/ton 0,0027 kWh/ton
Power price 0,13 €/kWh 0,13 €/kWh

0,68 €/h 1,38 €/h
0,00034 €/ton 0,00035 €/ton

Variable costs 513 €/annum 1.035 €/annum
Total costs 11.813 €/annum 12.835 €/annum
Total costs x kg 0,008 €/kg 0,004 €/kg
Total costs x liter (oil) 0,039 €/L 0,021 €/L
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The benefit derived from the significant increment in the oil obtained each day in an 
industrial oil mill could represent a relatively high return on investment. On the 
other hand, olive crop seasonality could be transformed into an opportunity to create 
companies that rent out PEF modulators. Such companies could propose the rental 
of PEF modulators to different sectors whose activity depends on the seasonality of 
crops in different periods of the year.

 Conclusions

After the introduction of continuous-type extraction systems in most olive oil plants, 
the process of olive oil extraction has changed very little over the last 25  years 
(Clodoveo and Hachicha Hbaieb 2013). In recent years, certain advances have been 
made in the potential application of emerging technologies such as ultrasound and 
microwaves in addition to PEF (Tamborrino et al. 2014, Leone et al. 2015, Clodoveo 
et al. 2017). In studies conducted in processing plants, ultrasound and microwaves 
have been applied to olive paste after crushing with the objective of reducing the 
time required for the olive paste to achieve malaxation temperature, thereby reduc-
ing malaxation time. These treatments improve process efficiency and increase the 
oil’s polyphenol content; however, an increment in extraction yield is not observed. 
As compared with these technologies, the integration of PEF into the olive oil 
mechanical extraction process has been shown to lead to significant increments in 
oil yield while exerting a positive impact on olive oil quality by enhancing bioactive 
compounds known to be beneficial to human health.

Although reported studies on the application of PEF in the olive oil industry 
have been conducted on a semi-industrial and on an industrial scale, an improved 
understanding of the mechanism involved in the observed benefits could encour-
age the successful transfer of this technology to industrial olive mills. Further 
investigations are necessary to assess the influence of olive maturity indexes on 
the effect of PEF, the effect of varying process parameters in the extraction plant 
machines, and the effect of the application of PEF before or after malaxation on 
the olive paste’s rheological characteristics. Cell lysis by PEF results in the release 
of intracellular components that may lead to modification of those rheological 
characteristics. This information is essential in order to optimize processing 
parameters of the most critical points in the mechanical extraction process (malax-
ation and separation) when the paste is treated by PEF, since the olive paste’s 
viscosity exerts a considerable influence on the performance of the malaxer and 
the decanter.
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PEF Pulsed electric field
HPH High-pressure homogenization
HSH High shear homogenization
DW Dry weight
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SUS Suspension

 Introduction

“One of the greatest global challenges of the 21st century is to provide a growing 
world population with sustainable food, raw materials and energy in times of cli-
mate change.” This is not only the strategy of a national German research programs 
according to Bioeconomy 2030, BMBF (2010), but also part of the next EU research 
and innovation investment program Horizon Europe.

Microalgae can help to tackle this important challenge as these autotrophic 
growing microorganisms are able to bind CO2 and thereby to reduce greenhouse gas 
emission and, in addition, to produce valuable components such as proteins, carbo-
hydrates, and lipids. Some algae species can produce up to 60% of their body weight 
in the form of triacylglycerols (Metzger and Largeau (2005)), which are lipids con-
sisting of three long chains of fatty acids attached to a glycerol backbone. These 
lipids are similar to triacylglycerols found in large quantities in natural oil from 
oilseed crops that are suitable as biodiesel. An important feature of microalgae pro-
duction is that they do not have to compete with other biomass alternatives but have 
the capacity to use water and land resources that are not considered for crop 
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production. As a result, over the past three decades, algae have been widely dis-
cussed as an alternative source of biofuel that does not compete with the existing 
oilseed market.

Nowadays, an energy neutral production of microalgae biomass and their subse-
quent utilization for production of biofuel are unfeasible. This is paid, on one hand, 
to the high costs for microalgae cultivation (e.g., circulation and mixing) and, on the 
other hand, to the intensive downstream processing, which requires harvesting, dry-
ing, cell disruption, and finally purification of the product. These costs can be attrib-
uted up to 60% of the total production costs (Coons et  al. (2014), Delrue et  al. 
(2012), Molina Grima et al. (2003)). One solution to increase the efficiency is to use 
the residual biomass after obtaining high- and middle-value products (e.g., pig-
ments, polysaccharides, or proteins) for biofuel production. This idea of splitting an 
educt into several products of different chemical composition and value is called 
biorefinery (Posten & Walter (2012)). The International Energy Agency (IEA) 
(2009) defines biorefiney as “the sustainable processing of biomass into a spectrum 
of marketable products and energy.” Following this concept, a cascade processing of 
the microalgae has to be used in order to enable multiple component recovery, 
which improves the economics (Ruiz et  al. (2016), Vanthoor-Koopmans et  al. 
(2013), Wijffels et al. (2010)).

Valuable algal components are generally stored intracellularly either in organ-
elles such as oil droplets or bound to membranes, which are enclosed by robust 
polysaccharide cell walls. Therefore, effective pre-treatment methods are required 
to break the cell envelopes, especially the cell wall, while the quality of the target 
components is not impaired. Conventional cell disruption technologies for compo-
nent release, e.g., bead milling or high-pressure homogenization (HPH), can break 
this barrier but are energy-intensive and provide poor product quality since compo-
nent fractions are either mixed or emulsified. Cell disruption methods must ensure 
that the products are not impaired in terms of quality and functionality by avoiding 
exposure to caustic agents and undesirable heating effects due to shear forces and 
high pressures. For this application, PEF treatment can be used as a mild and effec-
tive method of cell disruption, facilitating recovery of unaltered constituents at low 
energy costs (Vanthoor-Koopmans et al. (2013), Grimi et al. (2014)). PEF technol-
ogy allows cascade processing for multiple component recovery, since it does not 
destroy cell shape and maintains gravimetrical biomass separability after single 
extraction step (Eing et al. (2013), Goettel et al. (2013), Kotnik et al. (2015), Silve 
(2018a, b), Jaeschke et al. (2019), Scherer et al. (2019), Akaberi et al. (2019, 2020)). 
In our approach, water-soluble proteins and carbohydrates are recovered first, fol-
lowed by a solvent extraction of lipids, and all this in a wet process without the 
necessity to dry the biomass. This would contribute to significant energy savings in 
industrial-scale processes and also to a full valorization of the algae biomass.

In the last years, the focus of research is shifting toward using microalgal extracts 
as nutritional supplements, as fertilizer, or as raw material for cosmetic and pharma-
ceutical products (IGV Planttech (2019), Biorizon biotech (2020)). Therefore, this 
chapter focuses on the first stage of the biorefinery cascade: the PEF-assisted recov-
ery of proteins and pigments of C. vulgaris and A. platensis as representatives for 
green algae and cyanobacteria, respectively. Improving the treatment procedure and 
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subsequent downstream processing of the biomass are other aspects that are dis-
cussed in this chapter. Using the examples of these two microorganisms, the require-
ments for upscaling this process to high biomass throughputs and the mechanisms 
of protein release are also discussed.

 Cell Disintegration Methods

Conventional cell disruption technologies for component release, e.g., bead milling, 
HPH, high shear homogenization (HSH), ultra-sonication, and thermal and chemi-
cal treatment, can break the cell envelope (consisting of cell membrane and cell 
wall) and are therefore very efficient in recovering individual components. A draw-
back of these methods is that the processing of the residual biomass for further valo-
rization becomes difficult due to various factors, such as chemical and thermal 
alteration of the target product or emulsification of all component fractions. Some 
of these disruption methods cannot be scaled up properly to process large amounts 
of microalgae because they create cell debris that is hard to separate in industrial 
settings and they can also generate a fair amount of heat that might be detrimental 
to the compound of interest Carullo et al. (2018), Kapoore et al. (2018). Among the 
abovementioned methods, HPH and HSH are well-established techniques for algae 
biomass processing, which have been proven for processing of yeast and bacteria 
suspensions. Nevertheless, a comparison of the energy consumption by different 
disruption techniques is a difficult task since each application has specific and indi-
vidual evaluations.

The specific energetic consumption for pre-treatment of microalgae biomass is 
crucial for the final process economics and sustainability. In the case of bead mill-
ing, the specific energy consumption for disruption of C. vulgaris with a cell disin-
tegration degree higher than 80% is in the range of 7.5–10.0 kWh·kgDW

−1 (DW, dry 
weight), as reported by Doucha and Livansky (2008). Postma (2017) reported that a 
selective protein extraction can reduce energy consumption while maintaining the 
protein yield over 30% (related to dry biomass). In this case, only water-soluble 
proteins were obtained. In this case, the specific energy consumption was higher 
than 0.8 kWh·kgDW

−1. It is also difficult to estimate the energy consumption of HPH, 
because it depends on various factors such as algal species, the type of the equip-
ment, required degree of disintegration, biomass concentration, etc. According to 
Samarasinghe et  al. (2012), the energy requirement for processing 1 m3 of algal 
slurry (100 gDW·kgsus

−1) in a single pass at low pressure (690 bar) is 69 MJ, which 
corresponds to specific energy consumption of 0.2 kWh·kgDW

−1. This treatment 
resulted in a degree of disintegration lower than 12%, for Nannochloris oculata. In 
order to achieve a higher degree of disintegration (>90%), at least three passes and 
higher pressures (>2000 bar) are required, which results in a specific energy con-
sumption of 1.7 kWh·kgDW

−1. In our lab, we used the Avestin EmulsiFlex-C3 HPH 
with a pressure of 2  kbar as a benchmark procedure for cell disintegration. The 
specific energy consumption of this HPH can be calculated by taking into account 
the electric power (0.75 kW) at 2 kbar pressure. Accordingly, the specific energy 
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demand for a single pass at a flow rate of 0.83 ml·s−1 and a biomass concentration 
of 100 gDW·kgSUS

−1 is 2.5 kWh·kgDW
−1. On industrial scale at higher throughput 

(1000 l·h−1), the energy requirement drops significantly when compared with labo-
ratory equipment, such as in the case of the HPH equipment from GEA Westfalia 
(see Table 1), with a specific energy consumption in the range of 1.1–2.2 kWh·kgDW

−1.
In contrast to the disintegration methods mentioned before, the PEF treatment is 

not breaking the cell envelope, and therefore it is considered as a mild cell disrup-
tion method. Nevertheless, recent publications have shown the strong potential of 
PEF as a pre-treatment method to extract intracellular components, such as lipids, 
proteins, and pigments from microalgae (Goettel et al. (2013), Eing et al. (2013), 
Luengo et al. (2014), Pataro et al. (2017), Silve (2018a, b), Jaeschke et al. (2019), 
Scherer et al. (2019), Akaberi et al. (2020)). In these studies, the algae suspension 
was treated with a specific energy in the range of 50–150 kJ·kgSUS

−1. As a result, for 
a biomass concentration of the algae slurry between 10–100 gDW·kgSUS

−1, the spe-
cific energy consumption for PEF treatment is in the range of 0.14–4.2 kWh·kgDW

−1. 
Table 1 gives an overview of the specific energy consumption for pre-treatment of 
microalgae, especially C. vulgaris, using various HPH equipment, bead milling, and 
PEF treatment. In view of these findings, the specific energy consumption does not 
seem to be decisive reason for the choice of the disintegration method. Furthermore, 

Table 1 Specific energy demand of various cell disintegration methods using different equipment 
for microalgae biomass

Method/
biomass 
concentration 
in gDW·kgSUS

−1 Equipment Algae species

Degree of cell 
disintegration 
in %

Specific 
energy 
consumption 
in 
kWh·kgDW

−1 References

HPH
100

NanoDeBEE
0.69 kbar, 3 
passes

N. oculata > 90 0.6–1.7 Samarasinghe 
et al. (2012)

Avestin 
EmulsiFlex –C3
2 kbar, 5 passes

C. vulgaris – 12.5 –

GEA Ariete 
NS3015H
0.4–1.0 kbar,  
3 passes

C. vulgaris – 0.3–0.4 SABANA 
e-bulletin No. 
4, 2019

Bead milling
dry biomass

Dyno-Mill C. vulgaris >80
–

7.5–10.0
0.8

Postma (2017)

PEF
5

Transmission 
line pulse 
generator: 
40 kV·cm−1, 
1 μs, square 
pulses

A. 
protothecoides

– 0.3–0.8 Goettel et al. 
(2013)

C. A. Gusbeth and W. Frey



373

it gives priority to select the method, which optimizes the utilization of the entire 
algal biomass by integration in a biorefinery concept.

 Biorefinery Concept Based on PEF Technology

PEF technology opens the possibility for a cascade biorefinery in which all fractions 
can be successfully recovered, as reported in several studies (Wijffels et al. (2010), 
Kotnik et al. (2015), Goettel et al. (2013), Eing et al. (2013)). According to the bio-
refinery concept, the key feature of an alternative pre-treatment method should be 
the ability to extract high valuable intracellular components from a wet biomass 
prior to the recovery of lipids by organic solvents. Thus, the degradation of intracel-
lular components is avoided, and the extremely costly drying step is removed from 
the production line (Xu et  al. (2011), Lardon et  al. (2009)). Figure  1 shows the 
microalgae valorization concept based on PEF technology, in which the cell per-
meabilization is followed by two stages of biorefinery. During the first stage, high- 
value water-soluble compounds, such as proteins, polysaccharides, and pigments, 
are recovered, while in the second stage, the lipids are extracted via a green organic 
solvent (e.g., ethanol). Finally, the residual biomass can be used in energetic pro-
cesses (e.g., thermochemical conversion (Guo et al. (2019))) or further valorized 
(e.g., anaerobic digestion).

Although the use of PEF technology for lipid extraction has been demonstrated 
in various studies (Eing et al. (2013), Goettel et al. (2013), Silve (2018a, b)), an 
efficient extraction of proteins from microalgae using PEF treatment has not been 
shown. In fact, some studies have claimed that protein extraction yield is usually too 
low for PEF treatment to be a feasible option for industrial-scale applications 
(Postma (2016), Safi (2017), Zocher (2016)). Therefore, in the last years, many 
efforts have been done to identify the most economical pathway – e.g., suitable PFE 
treatment and extraction methods for protein recovery.

Fig. 1 Biorefinery concept based on PEF technology in which all biomass fractions are used 
efficiently
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 Impact of Various Processing Conditions on Recovery 
of Proteins and Pigments

The main advantage of PEF-assisted extraction is the possibility to get higher degree 
of extraction selectivity toward certain valuable fractions such as proteins and lip-
ids. In general, PEF treatment of pre-concentrated biomass has to be performed 
with pulses of a duration of less than 10 μs. Longer pulses cause biomass deposition 
at the electrodes and may result in clogging of treatment chambers (Sträßner et al. 
(2016)). In the case of lipid extraction for biofuel production, PEF treatment has 
shown promising results for reducing the environmental and economic costs of the 
process (Silve et al. (2018a)). For example, up to 92% of the total lipid content was 
recovered after PEF treatment and ethanol/hexane extraction of mixotrophically 
grown Auxenochlorella protothecoides. Moreover, it was shown that the lipid yield 
obtained after PEF treatment with low treatment energy of 0.07 kWh·kgDW

−1 and 
20 h of incubation period was the same as the lipid yield as right after the treatment 
with high specific energy of 0.42 kWh·kgDW

−1 without any incubation time (Silve 
et al. (2018b)). Even though PEF treatment did not cause a spontaneous release of 
lipids, the efficiency of lipid recovery is much higher than that of proteins, probably 
due to the combination of the extraction with organic solvents that can penetrate the 
cells and dissolve the lipids. In contrast to lipids, which are stored intracellularly 
mainly in oil droplets, proteins are located either in cytoplasm or linked to mem-
branes. Therefore, some authors (Coustets et al. (2014)) proposed that PEF treat-
ment only leads to the release of water-soluble cytosolic proteins without affecting 
vacuole membrane integrity. They also found that an incubation step in a salty buf-
fer is necessary for an effective recovery of proteins, but they have not identified the 
parameters, which might influence the protein release. Therefore, the following sec-
tion pays particular attention to the impact of various treatment parameters on the 
efficiency of protein recovery from C. vulgaris and A. platensis, as examples.

Both microorganisms are certified for food and feed application as they are gen-
erally regarded as safe (GRAS status) and are being marketed as food additives 
since many years. The idea to use microalgae as dietary supplement is not new 
(Morimura and Tamiya (1953)) and is owing to the high protein content of 
42–58%BDW in C. vulgaris and up to 70%BDW in A. platensis (Morris et al. (2008), 
Seyfabadi et al. (2011), Servaites et al. (2012), Safi et al. (2013)). Among various 
proteins, phycobiliproteins like C-phycocyanins are supplementary light-absorbing 
complexes (pigments) that are present in high concentration in A. platensis (up to 
20%BDW) (Safaei et al. (2019)). In addition, the amino acid profile of these proteins 
has been shown to be similar to that found for egg proteins (Safi et  al. (2014)). 
Dietary supplementation with C. vulgaris and A. platensis is considered to have 
positive benefits for human health (Soheili and Khosravi-Darani (2012), Panahi 
et al. (2015)). For instance, C. vulgaris can help in lowering serum cholesterol (Ryu 
et  al. (2014)) and thus is considered to have preventive effects in cardiovascular 
diseases. Some authors supposed that consumption of C. vulgaris has a preventive 
effect on diabetes as it lowers blood sugar level and mitigates insulin resistance 
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(Cherng and Shih (2005), Lee and Kim (2009)). Phycocyanins from A. platensis are 
mostly used as color supplements in food and cosmetics (Fernández-Rojas et al. 
(2014)) and have shown to exhibit antioxidant activity, being associated to the 
decrease of the risk of degenerative, neuro-, and renal diseases (Li et al. (2015), 
Memije-Lazaro et al. (2018), Park et al. (2015), Raja et al. (2015)). In the following, 
the impact of incubation time after PEF treatment, temperature, pH value, and bio-
mass concentration on phenomena that underlie the process of protein release is 
discussed.

 Impact of Incubation Time and Temperature

PEF treatment enables protein release via diffusion, which is strongly time and 
temperature dependent. Up to 50% of the protein content from C. vulgaris can be 
recovered after PEF treatment with specific energy of 150 kJ·kgSUS

−1 (40 kVcm−1, 
1 μs square pulses, 5–10 gDW·kgSUS

−1) and 24 h incubation period as reported by 
Scherer et al. (2019). The incubation temperature had an unexpected impact on the 
release kinetics of proteins from C. vulgaris (Fig. 2). According to this study, the 
optimal temperature for protein release was in the physiological temperature range 
between 20 °C and 40 °C. The incubation at higher temperatures, above 40 °C, does 
not lead to faster release, as would be expected for a diffusion-driven process. At 
50 °C, the release again was limited, and the yield over the 24 h incubation period 
was only half of what was obtained under physiological conditions. The authors of 

Fig. 2 Time course of protein recovery efficiency after PEF treatment of C. vulgaris in depen-
dence of incubation temperature. The microalgae suspension (5 gDW·kgSUS

−1) was treated with a 
specific treatment energy of 150 kJ·kgSUS

−1 and then incubated at different temperatures (Figure: 
Scherer et al. (2019))
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this study considered that besides diffusion, the protein release is enzyme-mediated. 
In this model enzyme-driven protein release, PEF treatment induces irreversible 
membrane electroporation in C. vulgaris and consequently cell death, followed by 
self-digestion (autolysis), which results in protein liberations. Similar mechanisms, 
in which the release of proteins and pigments is facilitated through an autolytic 
process associated with programed cell death, have been proposed and described for 
yeast (Simonis et al. (2017), Martinez et al. (2018a)) and red algae Rhodotorula 
glutinis (Martinez et  al. (2018b)). The overall results suggest that proteins are 
released by a proteolytic activity after triggering cell death via PEF treatment. These 
outcomes are supported by the observed DNA laddering, which is one of the indica-
tions for programmed cell death. In C. vulgaris, DNA laddering begins within 1 h 
after PEF treatment and progresses over time, with the genomic DNA completely 
fragmenting within 24 h, as reported by Scherer et al. (2019). This is in line with 
protein release, which also begins within 1  h after PEF treatment. In addition, 
Western blot analysis of water-soluble protein fractions obtained after PEF treat-
ment reveals that proteins from all the organelles are released in the supernatant 
following treatment. A signal for RuBisCo, histone H3, and actin can be detected 
within 1 h after PEF treatment (Scherer et al. (2019)), while the signal for COXII, a 
protein present in mitochondrion, appears after an extended period of 6 h post-PEF 
treatment. These results show that all intracellular compartments are digested and 
proteins and pigments can be released from the entire cell.

For A. platensis the kinetics of released proteins and C-phycocyanin into the 
external medium was also strongly influenced by incubation temperature after PEF 
treatment with 56–114 kJ·kgSUS

−1 (40 kV·cm−1, 1 μs square pulses, 2.6 gDW·kgSUS
−1), 

as reported by Akaberi et al. (2020). In contrast to C. vulgaris, the release of intra-
cellular components from A. platensis is dominated by diffusion. In the first hour 
after treatment, over 70% of the total protein content was recovered. After 4 h of 
incubation at either 23 or 40 °C, the maximum protein yield (~97%) was reached. 
For these temperatures, at least 2 h of incubation were required to obtain the com-
parable amount of proteins as obtained via HPH treatment (60%BDW). The biomass 
incubated at 4 °C showed a drastically lower protein release, which cannot be com-
pensated even after a longer incubation period of 24 h. This might be an indication 
of inhibited autolysis in A. platensis after cell death.

C-phycocyanin release after PEF treatment was also strongly time and tempera-
ture dependent. The amount of C-phycocyanin released after 1 h of incubation at 23 
and 40 °C (5.5%BDW and 4.9%BDW, respectively) was comparable. After 4 h of incu-
bation, C-phycocyanin concentration reached the same level as those obtained after 
HPH treatment (up to 10%BDW). A drawback of a long incubation time is that at high 
temperatures (> 40  °C) and unfavorable pH changes in the incubation medium, 
molecular degradation of C-phycocyanin can happen.

In short, post-PEF incubation temperature strongly influences the protein release 
from C. vulgaris as well as A. platensis. A recommended incubation temperature for 
both microorganisms is in the physiological range between 23 and 30 °C, which can 
be applied to other microorganisms in a first approach. Significant protein recovery 
can be achieved for both microorganisms by an incubation period of at least 5 h for 

C. A. Gusbeth and W. Frey



377

C. vulgaris (50% of total proteins) and 2 h for A. platensis (98% of total proteins) 
after PEF treatment.

 Impact of Post-PEF Incubation pH

The protein conformation changes between different thermodynamic states when 
the incubation conditions (temperature, pH) are altered. By changing the pH of the 
medium, the hydrogen bonds and the salt bridges dissolve, which change the fold-
ing and the solubility of proteins. Accordingly, the pH of the incubation medium 
and the stability of pH over time are important factors, which can affect the release 
and conformation of proteins during the incubation period.

Protein recovery efficiency from C. vulgaris at various pH values shows that the 
extraction yield in incubation medium is low at pH 7, but it has an extraction opti-
mum at pH 8–9 and it decreases slightly with further increasing of the pH (Fig. 3). 
The initial pH of the medium changes during longer incubation, due to the perma-
nent release of cytosolic components and to the ongoing autolytic process. Therefore, 
for longer incubation times, the pH of the medium must be stabilized using a buffer 
system, such as Tris.

The efficiency of protein recovery from A. platensis suspension (3.6 gDW·kgSUS
−1) 

after PEF treatment (40 kV·cm−1, 1 μs square pulses, 56–114 kJ·kgSUS
−1) was also 

pH dependent, as reported by Akaberi et al. (2020). Incubation in pH 6 and pH 8 

Fig. 3 Protein recovery efficiency from C. vulgaris at various pH values. The algae suspension (5 
gDW·kgSUS

−1) was PEF treated (40  kV·cm−1, 1  μs, spec. energy of 150  kJ·kgSUS
−1 means 

8.4 kWh·kgDW
−1) and afterward incubated for 24 h at room temperature under the influence of dif-

ferent pH values in water or leftover medium conditioned to defined pH values
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buffer showed a gradual increase of released proteins within 24 h, with 40.5%BDW 
and 47.6%BDW, respectively. In comparison, the total protein content, obtained by 
HPH treatment of A. platensis suspension, was 56.7%BDW. When using initial buffer 
as an incubation medium, the kinetics of protein release was fast at the beginning 
and decreased gradually after a certain time. At low biomass concentration (3.6 
gDW·kgSUS

−1), a drastic shift in pH from 10.5 to 7.0 within 24 h was observed during 
incubation in initial medium. This was due to the low buffering capacity of the ini-
tial buffer and the tremendous release of intracellular compounds into the medium. 
Regarding C-phycocyanin recovery, incubation in a buffered medium with a pH of 
6 or 8 prevents the molecular degradation of protein complex. At pH 8, more than 
97% C-phycocyanin (10.5%BDW) was recovered within 3  h after PEF treatment 
(Akaberi et al. (2020)). The blue color of C-phycocyanin fades drastically when the 
A. platensis suspension was incubated in initial buffer without buffering capacity.

In summary, the monitoring and adjustment of the pH are required in the down-
stream processes, especially when an incubation step is carried out, in order to 
maintain the quality of the extracted component and to ensure efficiency of extrac-
tion. For C. vulgaris suspensions, the protein release is effective at alkaline pH of 
around 8.5–9 in a buffered environment, whereas a constant pH of 8 is required for 
A. platensis, when high biomass concentrations are used.

 Impact of Biomass Concentration

Similarly to HPH, concentrating the biomass before the treatment enables to reduce 
considerably the energy input per kg of dry biomass. However, the biomass concen-
tration of the microalgae slurry can affect both the PEF treatment and the diffusion 
during post-PEF incubation period. Due to the high biomass concentration before 
PEF treatment, cells can aggregate into cluster, which leads to electrical shielding 
of the cells inside the cluster and thus to a lower membrane electroporation. In addi-
tion, the high amounts of externalized components lead to molecular degradation 
due to redox reactions or enzymatic digestion, which can affect the targeted product.

Experiments with C. vulgaris suspensions of different biomass concentrations 
(36–167 gDW·kgSUS

−1) revealed that the suspension’s biomass content had no nega-
tive influence on the efficiency of the PEF treatment as reported by Goettel et al. 
(2013). It seems that at these biomass concentrations and an electric field intensity 
of 40 kV·cm−1, the so-called percolation threshold is not exceeded (El Zakhem et al. 
(2006)), and therefore mutual electric shielding is negligible. However, this is not 
the case when dense A. platensis suspension is PEF treated. The kinetics of 
protein/C-phycocyanin release is considerably influenced by the homogeneity of 
the suspension (Akaberi et al. (2020)). The long filamentous structure of A. platen-
sis is prone to clump together and form large aggregates of cells. Homogeneous 
suspensions have a faster release kinetics when compared with heterogeneous sus-
pensions. The slow release of proteins and C-phycocyanin in the case of a heteroge-
neous suspension (containing clusters of cells) is attributed to the mutual electric 
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shielding of cells, which causes a decrease in the amplitude of induced transmem-
brane voltage (Guittet et al. (2017)). Consequently, higher specific treatment ener-
gies are required for these suspensions, in order to maintain the extraction efficiency. 
For these reasons, a gentle homogenization of cell suspension prior to the PEF 
application is recommended in order to avoid cluster formation.

Besides the mutual shielding effect at high biomass concentrations, the release of 
components and the quality of the extract are also affected. For instance, with 
increasing the biomass concentration of C. vulgaris suspension from 2.5 to 12.5 
gDW·kgSUS

−1, the protein yield after an incubation step of 24 h decreased significantly 
(from 50% to 30%) (Fig. 4). This can be explained by the fact that biomass concen-
tration influences the diffusion gradient of the intracellular proteins into the medium. 
With regard to total protein release and C-phycocyanin release from A. platensis at 
higher biomass concentrations (~ 10 gDW·kgSUS

−1), the following can be stated: In 
both cases at high biomass concentration, the release kinetics is slower, and the 
degradation of C-phycocyanin in the medium no longer occurs. Another observation 
is that the maximum protein and C-phycocyanin yield can only be obtained after an 
incubation time of 5 h in minimum. In contrast, comparable yields can be achieved 
after 2 h of incubation when low biomass concentrations were processed. This pro-
longed incubation time at higher biomass concentrations can be explained by a 
lower contribution of diffusion to component externalization at higher cell density.

The impairment of the component release and quality with increased cell density 
represent a new challenge for upscaling in industrial applications and must be clari-
fied in order to maintain the extraction efficiency.

Fig. 4 Protein recovery efficiency from C. vulgaris in dependence of biomass concentration. 
C. vulgaris suspensions were PEF treated (40 kV·cm−1, 1 μs square pulses, 150 kJ ·kgSUS

−1) and 
incubated for 24 h at room temperature (Figure: Scherer et al. (2019))
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 Specific Treatment Energy

The specific treatment energy is a decisive factor for the successful implementation 
of PEF technology in the large-scale processing of microalgae. The energy required 
for efficient PEF treatment of microalgae is directly related to the volume of suspen-
sion and its properties such as conductivity and biomass concentration but also to 
the microalgae species and the target product.

As discussed in the previous section, the reduction in energy requirements can be 
achieved by an additional incubation step, which fosters the release of valuable 
components after PEF treatment. In this approach, PEF treatment induces cell death, 
which triggers an autolytic process. Accordingly, the lowest energy demand required 
for inducing autolytic processes in C. vulgaris equals to the specific lethal energy 
dose. Under this conditions the required PEF treatment energy could be insignifi-
cantly low, since the lethal dose for C. vulgaris is in the range of 1.4 kJ·kg−1 (for 
1 μs square pulses of 40 kV·cm−1) (Gusbeth et al. (2013)), which corresponds to an 
energy consumption of only 0.004 kWh·kgDW

−1, for an algae suspension of 100 
gDW·kgSUS

−1.
Since in the case of A. platensis, the autolytic process after PEF treatment can be 

neglected and diffusion predominates, the lowest treatment energy required for an 
efficient protein release does not depend on the lethal dose. The kinetic of the 
protein/C-phycocyanin release is not only time and temperature dependent but also 
dose dependent. With a high specific treatment energy 114 kJ·kgsus

−1 (corresponds 
to 3.2 kWh·kgDW

−1, for 10 gDW·kgSUS
−1), the maximum protein yield is reached 

within 3–5 h, while with 56 kJ·kgsus
−1 it takes more than 20 h.

In summary, these two examples clearly show that the energy demand of efficient 
PEF pre-treatment to obtain valuable intracellular components at high quality and in 
large quantities must be identified for each microorganism and individual purposes.

 Conclusion

This approach uses an incubation step after PEF treatment to increase the efficiency 
of extracting valuable intracellular components. As example, the time-dependent 
release of proteins and pigments is affected by process factors such as biomass con-
centration, post-PEF incubation temperature, and pH. Using A. platensis, the most 
important benefit that PEF treatment offered by subsequent incubation in pH 8 buf-
fer is the enhancement of the purity ratio of C-phycocyanin. For some algae species, 
such as C. vulgaris, the induced cell death is sufficient to trigger an autolytic pro-
cess, which boosts the protein release. By incubating the microalgae suspension 
after PEF treatment under appropriate conditions (temperature between 20 °C and 
40 °C and pH in the range from 8.5 to 9.5), up to 50% of the total protein content 
can be obtained. This allows a significant reduction of energy consumption and 
hence reduction of operation costs. From a bioprocess engineering point of view, 
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this approach opens the opportunity to use PEF treatment in a biorefinery concept, 
where water-soluble ingredients are extracted before solvent extraction of lipids.

References

Akaberi S, Gusbeth C, Silve A, Senthil Senthilnathan D, Navarro-López E, Molina-Grima E, Müller 
G, Frey W (2019) Effect of pulsed electric field treatment on enzymatic hydrolysis of proteins 
of Scenedesmus almeriensis. Algal Res 43. https://doi.org/10.1016/j.algal.2019.101656

Akaberi S, Krust D, Müller G, Frey W, Gusbeth C (2020) Impact of incubation conditions on pro-
tein and C-Phycocyanin recovery from Arthrospira platensis post- pulsed electric field treat-
ment. Bioresour Technol 306. https://doi.org/10.1016/j.biortech.2020.123099

Biorizon biotech, Catalogo Biorizon (2020), https://www.biorizon.es
Bundesministerium für Bildung und Forschung (BMBF) (2010) Nationale Forschungsstrategie 

BioÖkonomie 2030 Unser Weg zu einer bio-basierten Wirtschaft. DruckVogt, Berlin. http://
www.bmbf.de

Carullo D et al (2018) Effect of pulsed electric fields and high pressure homogenization on the 
aqueous extraction of intracellular compounds from the microalgae Chlorella vulgaris. Algal 
Res Elsevier:60–69. https://doi.org/10.1016/j.algal.2018.01.017

Cherng J-Y, Shih M-F (2005) Potential hypoglycemic effects of Chlorella in streptozotocin- 
induced diabetic mice. Life Sci 77(9):980–990. https://doi.org/10.1016/j.lfs.2004.12.036

Coons J E, Kalb D M, Dale T, Marrone B (L 2014) Getting to low-cost algal biofuels: a monograph 
on conventional and cutting-edge harvesting and extraction technologies. Algal Res 6:250–270

Coustets M, Joubert-Durigneux V, Hérault J, Schoefs B, Blanckaert V, Garnier J-P, Teissié 
J (2014) Optimization of proteins electroextraction from microalgae by a flow process. 
Bioelectrochemistry 103:74–81. https://doi.org/10.1016/j.bioelechem.2014.08.022

Delrue F, Setier P-A, Sahut C, Cournac L, Roubaud A, Peltier G, Froment A-K (2012) An eco-
nomic, sustainability, and energetic model of biodiesel production from microalgae. Bioresour 
Technol 111:191–200

Doucha J, Lívanský K (2008) Influence of processing parameters on disintegration of Chlorella 
cells in various types of homogenizers. Appl Microbiol Biotechnol 81:431–440. https://doi.
org/10.1007/s00253- 008- 1660- 6

Eing C, Goettel M, Straeßner R, Gusbeth C, Frey W (2013) Pulsed electric field treatment of 
microalgae-benefits for microalgae biomass processing. IEEE Trans Plasma Sci 41:2901–2907

El Zakhem H et al (2006) Behavior of yeast cells in aqueous suspension affected by pulsed electric 
field. J Colloid Interface Sci 300:553–563

Fernández-Rojas B, Hernández-Juárez J, Pedraza-Chaverri J (2014) Nutraceutical properties of 
phycocyanin. J Funct Foods 11:375–392

Goettel M, Eing C, Gusbeth C, Straeßner R, Frey W (2013) Pulsed electric field assisted extraction 
of intracellular valuables from microalgae. Algal Res 2:401–408

Grimi N, Dubois A, Marchal L, Jubeau S, Lebovka NI, Vorobiev E (2014) Selective extraction 
from microalgae Nannochloropsis sp. using different methods of cell disruption. Bioresour 
Technol 153:254–259

Guittet A, Poignard C, Gibou F (2017) A Voronoi Interface approach to cell aggregate electroper-
meabilization. J Comput Phys 332:143–159

Guo B, Yang B, Silve A, Akaberi S, Scherer D, Papachristou I, Frey W, Hornung U, Dahmen N 
(2019) Hydrothermal liquefaction of residual microalgae biomass after pulsed electric field- 
assisted valuables extraction. Algal Res 43. https://doi.org/10.1016/j.algal.2019.101650

Gusbeth C, Eing C, Göttel M, Frey M (2013) Boost of algae growth by ultrashort pulsed electric 
field treatment. IEEE Int Conf Plasma Scienc (ICOPS) SF, CA, 1-1

Integration of Pulsed Electric Fields in the Biorefinery Concept…

https://doi.org/10.1016/j.algal.2019.101656
https://doi.org/10.1016/j.biortech.2020.123099
https://www.biorizon.es
http://www.bmbf.de
http://www.bmbf.de
https://doi.org/10.1016/j.algal.2018.01.017
https://doi.org/10.1016/j.lfs.2004.12.036
https://doi.org/10.1016/j.bioelechem.2014.08.022
https://doi.org/10.1007/s00253-008-1660-6
https://doi.org/10.1007/s00253-008-1660-6
https://doi.org/10.1016/j.algal.2019.101650


382

IGV PLANTTECH Product Range and Services, Extraction and Cultivation, 2. Edition (2019) 
Issued August, https://www.igv- gmbh.com

International Energy Agency (IEA) (2009) Bioenergy Task 42 Biorefinery, https://www.iea- 
bioenergy.task42- biorefineries.com

Jaeschke DP, Mercali GD, Marczak LDF, Müller G, Frey W, Gusbeth C (2019) Extraction of valu-
able compounds from Arthrospira platensis using pulsed electric field treatment. Bioresour 
Technol 283:207–212

Kapoore R et al (2018) Microwave-assisted extraction for microalgae: from biofuels to biorefinery. 
Biology:7. https://doi.org/10.3390/biology7010018

Kotnik T, Frey W, Sack M, Haberl Meglicˇ S, Peterka M, Miklavcˇicˇ D (2015) Electroporation- 
based applications in biotechnology. Trends Biotechnol 33:480–488

Lardon L, Hélias A, Sialve B, Steyer J-P, Bernard O (2009) Life-cycle assessment of biodiesel 
production from microalgae. Environ Sci Technol 43:6475–6481

Lee HS, Kim MK (2009) Effect of Chlorella vulgaris on glucose metabolism in Wistar rats fed 
high fat diet. J Med Food 5:1029–1037. https://doi.org/10.4162/nrp.2008.2.4.204

Li B, Gao M-H, Chu X-M, Teng L, Lv C-Y, Yang P, Yin Q-F (2015) The synergistic antitumor 
effects of all-trans retinoic acid and C-phycocyanin on the lung cancer A549 cells in vitro and 
in vivo. Eur J Pharmacol 749:107–114

Luengo E, Condón-Abanto S, Álvarez I et  al (2014) Effect of pulsed electric field treatments 
on permeabilization and extraction of pigments from Chlorella vulgaris. J Membr Biol 
247:1269–1277. https://doi.org/10.1007/s00232- 014- 9688- 2

Martínez JM, Delso C, Aguilar D et al (2018a) Factors influencing autolysis of Saccharomyces 
cerevisiae cells induced by pulsed electric fields. Food Microbiol 73:67–72

Martínez JM, Delso C, Angulo J et al (2018b) Pulsed electric field-assisted extraction of carot-
enoids from fresh biomass of Rhodotorula glutinis. Innov Food Sci Emerg Technol 47:421–427

Memije-Lazaro IN, Blas-Valdivia V, Franco-Colín M, Cano-Europa E (2018) Arthrospira maxima 
(Spirulina) and C-phycocyanin prevent the progression of chronic kidney disease and its car-
diovascular complications. J Funct Foods 43:37–43

Metzger P, Largeau C (2005) Botryococcus braunii: a rich source for hydrocarbons and related ether 
lipids. Appl Microbiol Biotechnol 66:486–496. https://doi.org/10.1007/s00253- 004- 1779- z

Molina Grima E, Belarbi E-H, Acién Fernández FG, Robles Medina A, Chisti Y (2003) Recovery 
of microalgal biomass and metabolites: process options and economics. Biotechnol Adv 
20:491–515

Morimura Y, Tamiya N (1953) Preliminary experiments in the use of chlorella as human food. 
Food Technol 8:179–182

Morris HJ et al (2008) Utilisation of Chlorella vulgaris cell biomass for the production of enzy-
matic protein hydrolysates. Bioresour Technol 99:7723–7729. https://doi.org/10.1016/j.
biortech.2008.01.080

Panahi Y, Darvishi B, Jowzi N, Nejat S, Sahebkar A (2015) Chlorella vulgaris: a multifunctional 
dietary supplement with diverse medicinal properties. Curr Pharm Des. https://doi.org/10.217
4/1381612822666151112145226

Park K-H, Kim J-R, Choi I, Kim J-R, Cho K-H (2015) ω-6 (18:2) and ω-3 (18,3) fatty acids 
in reconstituted high-density lipoproteins show different functionality of anti-atherosclerotic 
properties and embryo toxicity. J Nutr Biochem 26:1613–1621

Pataro G, Goettel M, Straeßner R, Gusbeth C, Ferrari G, Frey W (2017) Effect of PEF Treatment on 
Extraction of Valuable Compounds from Microalgae C. Vulgaris. Chem Eng Transac 57:67–72

Posten C, Walter C (eds) (2012) Microalgal biotechnology: potential and production. De Gruyter, 
Berlin, Boston

Postma PR (2016) Selective extraction of intracellular components from the microalga Chlorella 
vulgaris by combined pulsed electric field-temperature treatment. Bioresour Technol 
203:80–88. https://doi.org/10.1016/j.biortech.2015.12.012

C. A. Gusbeth and W. Frey

https://www.igv-gmbh.com
https://www.iea-bioenergy.task42-biorefineries.com
https://www.iea-bioenergy.task42-biorefineries.com
https://doi.org/10.3390/biology7010018
https://doi.org/10.4162/nrp.2008.2.4.204
https://doi.org/10.1007/s00232-014-9688-2
https://doi.org/10.1007/s00253-004-1779-z
https://doi.org/10.1016/j.biortech.2008.01.080
https://doi.org/10.1016/j.biortech.2008.01.080
https://doi.org/10.2174/1381612822666151112145226
https://doi.org/10.2174/1381612822666151112145226
https://doi.org/10.1016/j.biortech.2015.12.012


383

Postma PR et al (2017) Energy efficient bead milling of microalgae: effect of bead size on disinte-
gration and release of proteins and carbohydrates. Bioresour Technol 224:670–679. https://doi.
org/10.1016/j.biortech.2016.11.071

Raja R, Hemaiswarya S, Ganesan V, Carvalho IS (2015) Recent developments in therapeutic appli-
cations of cyanobacteria. Crit Rev Microbiol 1:1–12

Ruiz J, Olivieri G, de Vree J, Bosma R, Willems P, Reith JH, Eppink MH, Kleinegris DM, Wijffels 
RH, Barbosa MJ (2016) Towards industrial products from microalgae. Energ Environ Sci 
9:3036–3043

Ryu NH et al (2014) Impact of daily Chlorella consumption on serum lipid and carotenoid pro-
files in mildly hypercholesterolemic adults: a double-blinded, randomized, placebo-controlled 
study. Nutr J 13:1–8

SABANA e-bulletine No.4, May (2019) Sustainable Algae Biorefinery for Agriculture and 
Aquaculture, SABANA project H2020-BG-2016-2017, https://www.eusabana.eu

Safaei M, Maleki H, Soleimanpour H, Norouzy A, Zahiri HS, Vali H, Noghabi KA (2019) 
Development of a novel method for the purification of C-phycocyanin pigment from a local 
cyanobacterial strain Limnothrix sp. NS01 and evaluation of its anticancer properties. Sci 
Rep 9:1–16

Safi C et al (2013) Influence of microalgae cell wall characteristics on protein extractability and 
determination of nitrogen-to-protein conversion factors. J Appl Phycol 25:523–529. https://doi.
org/10.1007/s10811- 012- 9886- 1

Safi C et  al (2014) Morphology, composition, production, processing and applications of 
Chlorella vulgaris: a review. Renew Sustain Energy Rev 35:265–278. https://doi.org/10.1016/j.
rser.2014.04.007

Safi C et al. (2017) Energy consumption and water-soluble protein release by cell wall disruption 
of Nannochloropsis gaditana, Bioresource Technology. Elsevier Ltd, 239, pp. 204–210. https://
doi.org/10.1016/j.biortech.2017.05.012

Samarasinghe N, Fernando S, Lacey R, Faulkner WB (2012) Algal cell rupture using high pressure 
homogenization as a prelude to oil extraction. Renew Energy 48:300–308

Scherer D, Krust D, Frey W, Mueller G, Nick P, Gusbeth C (2019) Pulsed electric field (PEF)-
assisted protein recovery from Chlorella vulgaris is mediated by an enzymatic process after 
cell death. Algal Res 41:101536

Servaites JC, Faeth JL, Sidhu SS (2012) A dye binding method for measurement of total protein in 
microalgae. Anal Biochem 421:75–80. https://doi.org/10.1016/j.ab.2011.10.047

Seyfabadi J, Ramezanpour Z, Khoeyi ZA (2011) Protein, fatty acid, and pigment content of 
Chlorella vulgaris under different light regimes. J Appl Phycol 23:721–726. https://doi.
org/10.1007/s10811- 010- 9569- 8

Silve A et  al (2018a) Extraction of lipids from wet microalga Auxenochlorella protothecoides 
using pulsed electric field treatment and ethanol-hexane blends. Algal Res 29:212–222. https://
doi.org/10.1016/j.algal.2017.11.016

Silve A et al (2018b) Incubation time after pulsed electric field treatment of microalgae enhances 
the efficiency of extraction processes and enables the reduction of specific treatment energy. 
Bioresour Technol 269:179–187. https://doi.org/10.1016/j.biortech.2018.08.060

Simonis P et al (2017) Caspase dependent apoptosis induced in yeast cells by nanosecond pulsed 
electric fields. Bioelectrochemistry 115:19–25

Soheili M, Khosravi-Darani K (2012) The potential health benefits of algae and micro algae 
in medicine: a review on Spirulina platensis. Curr Nutr Food Sci 7:279–285. https://doi.
org/10.2174/157340111804586457

Straeßner R, Silve A, Eing C, Rocke S, Wuestner R, Leber K, Mueller G, Frey W (2016) Microalgae 
precipitation in treatment chambers during pulsed electric field (PEF) processing. Innov Food 
Sci Emerg Technol 37:391–399

Vanthoor-Koopmans M, Wijffels RH, Barbosa MJ, Eppink MHM (2013) Biorefinery of microal-
gae for food and fuel. Bioresour Technol 135:142–149

Integration of Pulsed Electric Fields in the Biorefinery Concept…

https://doi.org/10.1016/j.biortech.2016.11.071
https://doi.org/10.1016/j.biortech.2016.11.071
https://www.eusabana.eu
https://doi.org/10.1007/s10811-012-9886-1
https://doi.org/10.1007/s10811-012-9886-1
https://doi.org/10.1016/j.rser.2014.04.007
https://doi.org/10.1016/j.rser.2014.04.007
https://doi.org/10.1016/j.biortech.2017.05.012
https://doi.org/10.1016/j.biortech.2017.05.012
https://doi.org/10.1016/j.ab.2011.10.047
https://doi.org/10.1007/s10811-010-9569-8
https://doi.org/10.1007/s10811-010-9569-8
https://doi.org/10.1016/j.algal.2017.11.016
https://doi.org/10.1016/j.algal.2017.11.016
https://doi.org/10.1016/j.biortech.2018.08.060
https://doi.org/10.2174/157340111804586457
https://doi.org/10.2174/157340111804586457


384

Wijffels RH, Barbosa MJ, Eppink MHM (2010) Microalgae for the production of bulk chemicals 
and biofuels. Biofuels Bioprod Biorefin 4:287–295

Xu L, Brilman DWF, Withag JAM, Brem G, Kersten S (2011) Assessment of a dry and a wet route 
for the production of biofuels from microalgae: energy balance analysis. Bioresour Technol 
102:5113–5122

Zocher K, Banaschik R, Schulze C, Schulz T, Kredl J, Miron C, Frey W, Kolb J (2016) 
Comparwison of extraction of valuable compounds from microalgae by atmospheric pres-
sure plasmas awnd pulsed electric fields. Plasma Med 4:273–302. https://doi.org/10.1615/
PlasmaMed.2017019104

C. A. Gusbeth and W. Frey

https://doi.org/10.1615/PlasmaMed.2017019104
https://doi.org/10.1615/PlasmaMed.2017019104


385© Springer Nature Switzerland AG 2022
J. Raso et al. (eds.), Pulsed Electric Fields Technology for the Food Industry, 
Food Engineering Series, https://doi.org/10.1007/978-3-030-70586-2_13

Drying Improving by Pulsed Electric Fields

Artur Wiktor, Oleksii Parniakov, and Dorota Witrowa-Rajchert

Abbreviations

CDI Cell disintegration index
L* Lightness in CIE L*a*b* colour measurement system
a* Share of red-green colour in CIE L*a*b* colour measurement system
b* Share of blue-yellow colour in CIE L*a*b* colour measurement system
MR Moisture ratio
OD Osmotic dehydration
PEF Pulsed electric field

 Introduction

Population growth is one of the most important factors that impacts on changes and 
dynamics of global food market. In 2019 the worldwide population reached 7.7 bil-
lion, and it is estimated that in 2050 it will reach 9.7 billion and in 2100 will peak to 
nearly 11 billion (United Nations 2020). However, growth population is not the only 
determinant of food production, as it appears that between 1961 and 2013, the food 
consumption growth outpaced the population growth (European Union 2015). Other 
factors that influence the global food market size and value are related to growth of 
income that shifts the consumption towards high-value products and changes of 
consumers’ habits and preferences. These changes, in turn, are linked to many dif-
ferent drivers as, for instance, climate change or health concerns (European Union 
2019). In the report entitled “50 trends influencing Europe’s food sector by 2035” 
(Fraunhofer Institute For Systems and Innovations Research ISI 2020), the sustain-
able production and value chains, food losses and waste and climate changes are 
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listed as one of the most important drivers for the development of food production 
sector. It means that food industry needs new solutions that can fulfil needs of con-
sumers that are more and more aware about social, environmental and health impact 
of food and its consumption. Pulsed electric field (PEF) is one of the most promis-
ing non-thermal technologies that has a potential either to replace some traditional 
techniques of food processing or to enhance the kinetics of many unit operations 
applied in food technology and improve the quality of food. The scientific literature 
shows that PEF can be applied to improve extraction (Liu et al. 2018a, b; Nowacka 
et al. 2019; Ricci and Parpinello 2018), juice pressing (Jaeger et al. 2012; Kantar 
et al. 2020), freezing (Parniakov et al. 2016; Wiktor et al. 2015a, b) or osmotic dehy-
dration (Tylewicz et al. 2017; Wiktor et al. 2014). There are also some examples 
justifying that PEF can be successfully applied to extend the shelf life of liquid food 
(Rivas et al. 2006; Timmermans et al. 2019). One of the most prominent examples 
of PEF utilization, already commercialized, is potato and snack industry (Fauster 
et al. 2018). Such a broad range of possible application of PEF is associated with its 
mechanism which is called electroporation and, in simplification, depends on elec-
trically induced perforation of the cell membrane. The detailed description of the 
electroporation, and all the processes and phenomena that are related to it, is pre-
sented in some of previous chapters of this book. However, the disintegration of the 
cellular structure, as it can be caused by PEF, may be also profitable when it comes 
to the intensification of drying or freeze-drying. This is because cellular structure is 
one of the main limiting factors of mass and heat transfer that occurs during water 
removal. This chapter presents the effects of PEF, applied as pre-treatment before 
drying and freeze-drying, on process kinetics and quality of food products.

 Drying Progress

The technological aim of food drying is linked mainly to the removal of water and 
reduction of product’s water activity below some critical value to limit the microor-
ganism growth and chemical or enzymatic reactions (Ratti 2001). Some other con-
sequences associated with drying are a reduction of mass and volume of the 
products, preservation of surplus or preparation for subsequent processing or appli-
cations (Wray et al. 2015). As one of the most popular unit operations in food pro-
cessing, drying is also one of the oldest and most energy consuming. According to 
some estimations, drying accounts for 12–25% of energy used by whole food indus-
try (Kumar et al. 2014; Pirasteh et al. 2014). Considering the fact that in the cases 
of energy-intensive processes, reduction of energy consumption by only 1% may 
lead to 10 times higher increment of the profits (Kumar et al. 2014). It means that 
all activities aimed towards intensification of drying process are of paramount 
importance. Although drying is used to preserve food or produce new type of food, 
the quality of such processed material is usually lower when it is compared to the 
raw material. This is because during conventional drying processes (e.g. convection 
drying), food is exposed to elevated temperature for a long time. This drawback can 
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be compensated by application of other drying methods that either last for shorter 
time (e.g. microwave assisted air drying) or are performed in lower temperature 
and/or under vacuum (e.g. vacuum drying and freeze-drying). It has been reported 
that carotene and vitamin C retention was higher for carrot slices dried by vacuum 
microwave and freeze-dried method than for air-dried material (Lin et al. 1998). It 
means that reduction of drying time not only contributes to better energy efficiency 
but also prospectively can improve the quality of final product.

Drying progress, in general, can be divided into two periods (Fig. 1). During 
initial period of drying, material is warmed up, and the surface and capillary water 
is being removed. During this phase water is removed with constant rate, and prod-
uct temperature does not change a lot. This is why this phase is called constant dry-
ing rate period. When water content of processed material reaches critical water 
content, which is specific for each raw material and each process, the second phase 
of the processes starts. This period is characterized be the falling drying rate since 
there is no water on the material’s surface anymore and water needs to diffuse from 
deeper regions. In this period, the internal mass transfer resistance is higher than 
convective mass transfer resistance. Moreover, from this point, the properties of 
material, and especially cellular structure of the product, which hinders diffusion of 
water, start to play more important role than processing parameters such as drying 
temperature, air flow or humidity, which are very significant during the first drying 
period. What more, as already mentioned, the elevation of temperature or increment 
of air flow may cause lowering of product quality by degradation of bioactive com-
pounds which are sensitive for high temperature and/or oxygen (Kaya et al. 2008; 
Frias et al. 2010).

Fig. 1 Drying process progress presented as changes of water content or product, temperature of 
the product and drying rate during progress of drying (own elaboration)
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The degradation of cellular structure and thus intensification of drying may be 
done by thermal, mechanical or chemical methods. However, application of these 
methods is associated with many drawbacks like high consumption of water and 
energy (e.g. blanching), changes of physical properties of material (e.g. cutting/
grinding) or consumers’ concerns (chemical treatment) (Doymaz and Ismail 2010; 
Witrowa-Rajchert et al. 2014). Since PEF application, due to electroporation phe-
nomenon, induces rupture of the cellular structure without significant increase of 
the temperature of the product, it exhibits high potential in enhancement of drying 
process and improvement of dried product quality (Barba et al. 2015).

 The Effect of PEF Pre-treatment on Drying

 Air Drying

The reduction of drying time by application of PEF as a pre-treatment before drying 
has been evidenced in many different scientific papers using different food matrices 
as examples. For instance, Alam et al. (2018) demonstrated that air drying of carrot 
supported by PEF pre-treatment can last 13–27% shorter in comparison to the refer-
ence process without any pre-treatment. Similar findings have been reported by 
Wiktor et al. (2016a, b) (reduction of drying time by ca. 8%) and by Gachovska, 
Simpson, Ngadi, and Raghavan (2009) (drying time reduced by 11–30%) depend-
ing on parameters of PEF treatment. The effect of PEF, expressed by the reduction 
of drying time, strongly depends on processing parameters which is why the results 
reported by different authors range from 8% to 30% for the same matrix. One of the 
most important factors that affects the drying course of PEF pre-treated material is 
cell disintegration index (CDI), which measures the effectiveness of electropora-
tion. In general, the higher the effectiveness of PEF treatment, the greater the benefit 
that can be achieved by PEF. Figure 2 represents the results of meta-analysis that 
has been performed based on existing publications that reported CDI and that were 
related to drying enhancement. Obtained results indicate that there is statistically 
significant positive correlation between CDI and drying time reduction. However, 
as it was reported by Ostermeier et al. (2018), higher effectiveness of electropora-
tion does not have to intensify drying process in all cases. Hence, it confirms that 
optimization studies need to be done each time before implementation of the tech-
nology. The effect of PEF on drying is also linked to the matrix itself. First, the 
effectiveness of PEF is related to many different properties of treated food such as 
electrical conductivity, chemical composition or porosity. Furthermore, also drying 
process depends on physical and chemical properties of food. Therefore, drying 
time reduction of air drying of apple tissue preceded by PEF treatment as presented 
in the literature ranges from 0% to 30% (Arevalo et al. 2004; Wiktor et al. 2013; 
Chauhan et al. 2018). The most of reported research focuses on the effect of PEF on 
the kinetics of air drying which is one of the most popular and easiest drying 
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methods alike. However, based on existing data, it can be stated that drying method 
is another factor that affects the effect of PEF measured by the means of drying time 
reduction. For instance, vacuum drying and air drying of basil leaves preceded by 
PEF treatment performed with 65 pulses with width of 150 μs and at electric field 
intensity of 0.65 kV/cm lasted by 57 and 33% shorter, respectively, in comparison 
to trials with untreated material (Telfser and Gómez Galindo 2019).

During drying the conditions are favourable for many of deteriorative reactions. 
High temperature usually accelerates degradation of thermolabile compounds and 
together with air flow can also prompt oxidation of many different compounds. 
Since PEF reduces drying time, it is anticipated that it positively impacts retention 
of bioactive, sensitive compounds. On contrary, during PEF treatment some reactive 
chemical species such as free radicals can be formed. Disintegrated by electropora-
tion cellular structure promotes leakage of polar molecules, which can also lead to 
decline of many of bioactive compounds. Therefore, the impact of PEF on quality 
of dried food is a resultant of all phenomena that occur during drying and PEF pre- 
treatment alike. Some of published articles demonstrate that it is possible to improve 
retention of anthocyanin in dried food as exemplified by blueberry but only when air 
drying was performed at 60–75 °C (Yu et al. 2017). However, at the same time, PEF 
pre-treated air-dried material exhibited lower antioxidant activity. Vacuum-dried 
material exhibited the same, from statistical point of view, free radical scavenging 
properties regardless it was untreated or PEF treated. In the case of hydrophobic 
bioactive compounds, it has been demonstrated that combination of PEF with ultra-
sound significantly improved the retention of carotenoids in carrot subjected to air 
drying (Wiktor et al. 2019a).

Moreover, chemical properties of food are not the only that are altered during 
drying. Evaporation of water changes the physical properties of food – mainly those 
that are linked to the cellular structure such as reconstitution properties or hygro-
scopicity. What more, degradation of bioactive compounds is accompanied very 

Fig. 2 The relationship between the efficiency of PEF treatment expressed as CDI (cell disintegra-
tion index) and the reduction of air drying time as reported in the literature for different matrices 
(Ade-Omowaye et al. 2000; Lebovka et al. 2007; Shynkaryk et al. 2008; Wiktor et al. 2013; Alam 
et al. 2018; Chauhan et al. 2018; Dermesonlouoglou et al. 2018; Ostermeier et al. 2018)
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often by colour change, which further influences consumers’ behaviour. Published 
data shows that the effect of PEF on colour of dried food strongly depends on 
matrix, which is related to the chemical composition of food, drying method and 
PEF parameters. For instance, no changes of lightness (L*), lower a* and higher b* 
were stated for PEF pre-treated air-dried basil leaves (Kwao et al. 2016). In turn, 
Alam et al. (2018) found out that carrot dried by convective method preceded by 
PEF treatment exhibited lower L* but no changes of a* or b*. Research performed 
by Wiktor et al. (2016b) evidenced that air-dried carrot pre-treated by PEF had the 
same (from statistical point of view) lightness but different a* and b* values. No 
changes of colour were found for the PEF-treated blueberries regardless of the dry-
ing method that has been used (Yu et al. 2017). However, as aforementioned the 
type of matrix and the bioactive compounds or pigments that it contains play very 
important role when it comes to the response of tissue and colour change on PEF 
pre-treatment. For instance, tomatoes and mangoes dried by the convection method 
were brighter in colour when drying was performed without PEF pre-treatment 
(Figs. 3, 4). At the same time, the colour of PEF pre-treated material was more satu-
rated and vivid. Such situation may be either related to better retention of pigments 
(carotenoids) in the tissue subjected to PEF pre-treatment prior to drying or to modi-
fication of enzymatic activity of the tissue, which implied some colour changes. 
Indeed, it has been reported that PEF application can modify enzyme activity  – 
either it can inhibit their activity or it can enhance it by making the substrates more 
available (Ohshima et al. 2007; Wiktor et al. 2015b; Mannozzi et al. 2019). However, 
as mentioned before there is no universal pre-treatment protocol for all raw materi-
als. Parameters that can lead to beneficial results in the case of one material can 
cause completely different and unexpected results when applied to another tissue. 
For instance, Fig. 5 shows the appearance and colour of untreated and PEF-treated 
air-dried spring onion. Samples subjected to PEF pre-treatment after drying were 
darker, browner and more shrunken when compared to untreated spring onion.

It is worth emphasizing that by PEF treatment rehydration properties of some 
food matrices can be also modified. Once again, in this case, the literature is not 
consistent. Some of researchers observed improved rehydration properties of PEF- 
pre- treated dried material (Adedeji et al. 2008; Telfser and Gómez Galindo 2019), 
whereas some others reported that reconstitution lasted longer (Amami et al. 2007; 
Shynkaryk et  al. 2008). In turn, the combination of sonication (US) and PEF as 

Fig. 3 The images of (a) 
untreated and (b) PEF 
(1 kV/cm; 1 kJ/kg)-pre- 
treated tomato slices air 
dried at 70 °C (own 
elaboration, unpublished 
data)

A. Wiktor et al.
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pre- treatment did not change significantly rehydration properties of microwave-
assisted air-dried carrots. However, what is worth emphasizing is that the hygro-
scopicity of samples pre-treated by combination of PEF and ultrasounds was higher 
(Wiktor and Witrowa-Rajchert 2020). What is interesting is the same matrix pre-
treated using exactly the same parameters of PEF but air dried exhibited lower 
hygroscopic properties (Wiktor et al. 2019a).

Textural properties, next to the rehydration and hygroscopicity, belong to the 
most important properties of dried material, especially the one that should serve as 
a snack. When it comes to texture of dried material, two important components 
seem to play an important role: mechanical and acoustic properties (Gondek et al. 
2006; Costa et al. 2011). Although the effect of PEF on mechanical and acoustic 
properties has been demonstrated by different researchers (Lebovka et  al. 2004; 
Wiktor et al. 2016a), the amount of data about impact of PEF on texture of dried 
material is limited. The vast majority of research in this field was carried out using 
rehydrated material. However, most of articles suggest that application of PEF 
before drying either does not change mechanical properties of reconstituted mate-
rial or makes the structure firmer (Shynkaryk et al. 2008; Gachovska et al. 2009; 
Alam et  al. 2018; Liu et  al. 2018a, b). Nevertheless, the course of the changes 
depended strongly also on the drying parameters, for instance, temperature.

Fig. 4 The images of (a) 
untreated and (b) PEF 
(1 kV/cm; 1 kJ/kg)-pre- 
treated mango sticks air 
dried at 70 °C (own 
elaboration, unpublished 
data)

Fig. 5 The images of (a) 
untreated and (b) PEF 
(1 kV/cm; 1 kJ/kg)-pre- 
treated spring onion air 
dried at 70 °C (own 
elaboration, unpublished 
data)
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 Freeze-Drying

Some articles report the possibility of utilization of PEF pre-treatment to improve 
freeze-drying process. For instance, research conducted by Lammerskitten et  al. 
(2019a) showed that it is possible to obtain high-quality freeze-dried apples by per-
forming freezing inside the drying chamber. What more, it was found that using 
such approach drying time (up to MR = 0.004) was reduced from 840 to 368 min-
utes. At the same time, water uptake during rehydration of PEF-pre-treated apples 
was improved without any significant losses of soluble solids or significant changes 
of hygroscopicity. PEF-pre-treated freeze-dried apples exhibited also better crunch-
iness and lower shrinkage in comparison to control samples produced using the 
same technology but without any pre-treatment (Lammerskitten et  al. 2019b). 
Research related to PEF-assisted freeze-drying using strawberry as raw material 
showed that it is possible to modify some physical properties of dried product, for 
instance, its shape and porosity (Fig.  6), which, as aforementioned, has serious 
impact on its textural properties. Lower shrinkage and volume loss of PEF-pre- 
treated freeze-dried strawberries and bell pepper were also reported by Fauster 
et al. (2020).

The utilization of PEF prior to freezing in freeze-drying process may also lead to 
better preservation of colour, as it has been reported for apples (Lammerskitten 
et al. 2019b) or can be seen in Fig. 7 for spring onion. The reason that stays behind 
such behaviour is most probably related to faster processing time and modification 
of enzymatic activity.

 Osmotic Dehydration

Existing literature demonstrates that PEF can be also utilized to modify the course 
of osmotic dehydration (OD). OD is an operation that aims to remove some of the 
water from the product by placing it in a concentrated solution of the osmo-active 
substance. Although osmotic dehydration is not an independent process, but rather 
a pre-treatment before drying, a lot of research is done because of the impact of this 
process on nutritional value of the products. In the case of OD, two counter-current 
flows are observed: water removal from the processed material into the solution and 

Fig. 6 The cross section 
of freeze-dried 
strawberries: (a) untreated 
and (b) PEF (1 kV/cm; 
1 kJ/kg) pre-treated (own 
elaboration, unpublished 
data)

A. Wiktor et al.
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solid uptake from osmotic medium into material. Solid gain, when OD is performed 
in sugar solutions, can be considered as both positive and negative phenomena 
depending on the final application of osmotic dehydrated product. Some of pub-
lished articles demonstrate that PEF can intensify OD in a way that enhances water 
loss but does not influence the solid uptake when compared to the control, untreated 
fruits and vegetables (Ade-Omowaye et al. 2003; Wiktor et al. 2014). Such results 
can be interesting for production of sweet dried snacks that fit to current nutritional 
trends aimed towards reduction of simple sugar consumption. The possibility of 
utilization of PEF in combination with blanching and ultrasound applied prior to 
drying and OD performed in ternary osmotic solution composed of sugar and ste-
viol glycosides was demonstrated using cranberries. Drying of PEF-pre-treated 
cranberries lasted shorter than drying of cut material. What more, such processed 
material was characterized by lower sucrose content than fruits processed by tradi-
tional method (Wiktor et al. 2019b). These results prove that PEF enables the pro-
duction of food with reduced water content and at the same time lower content of 
sucrose, which is often used as an osmotic factor. Products of this type, subjected to 
further processing, e.g., drying, could be dedicated to people who because of health 
reasons should limit the consumption of sugars but would not want to give up eating 
certain dried fruits.

 Conclusion

Pulsed electric field (PEF) technology is a useful strategy to assist dehydration of 
plant material. Overall, enhanced drying kinetics and improved final product quality 
after the application of PEF were described by the numerous researchers, thus 
showing the high added value of PEF for the food industry. Additionally, the appli-
cation of PEF-assisted drying was interesting to preserve antioxidant thermolabile 
compounds such as anthocyanins, vitamin C, etc. However, each raw material 
shows different response to the PEF pre-treatment. Therefore, the investigation and 
optimization of treatment protocols are required. Moreover, the adaptation of suit-
able drying conditions for the PEF-treated material is necessary in order to achieve 
all the benefits of this technology.

Fig. 7 The images of (a) 
untreated and (b) PEF 
(1 kV/cm; 1 kJ/kg)-pre- 
treated freeze-dried spring 
onion (own elaboration, 
unpublished data)
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LL Longissimus lumborum (beef loin) muscle
LPEF Low-intensity PEF
LT Longissimus thoracis (rib-eye) muscle
MDA Malondialdehyde
NMR  Nuclear magnetic resonance spectroscopy
P Phosphorus
PEF Pulsed electric fields
PF Pulse frequency
PN Pulse number
PUFA Polyunsaturated fatty acids
PW Pulse width
SE Specific energy
SEM Standard error of mean
SFA Saturated fatty acids
SM Semimembranosus (inside round) muscle
TBARS Thiobarbituric acid reactive substances
TDS Temporal dominance of sensations
TEM Transmission electron microscopy
WHC Water holding capacity
Zn Zinc

 Introduction

PEF processing applies high-voltage electric energy to meat for a quick time (μs to 
ms) in pulses to increase the permeability of cell membrane or to form permanent 
pores (Bhat et al. 2019b; Gomez et al. 2019; Ostermeier et al. 2018). The effective-
ness of PEF treatment depends on processing variables including the design of the 
treatment chamber and the intrinsic properties of the meat. PEF technology pro-
vides many benefits to meat processing including facilitating enzyme reaction, 
enhancing mass and heat transfer, and improving the operation efficiency of subse-
quent unit operations such as sous vide, ageing, curing, and drying with minimal 
energy consumption (Alahakoon et al. 2018, 2019a, b; Arroyo et al. 2015b; Bekhit 
et al. 2016; Bhat et al. 2019b, c; Blahovec et al. 2017; Faridnia et al. 2014; McDonnell 
et al. 2014; Puértolas et al. 2016; Roldan et al. 2013; Suwandy et al. 2015d; Toepfl 
and Heinz 2007, 2008).

In this book chapter, both the beneficial and adverse effects of PEF processing on 
meat quality will be outlined, and the potential of PEF pretreatment for various meat 
processing application will be discussed.
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 Effect of PEF on Meat Quality

The most important meat quality parameters are colour, flavour, juiciness, and ten-
derness (Listrat et  al. 2016). Consumers judge meat freshness based on colour, 
whereas tenderness influences their repurchasing decision (Bekhit et  al. 2016; 
Suwandy et al. 2015c). Therefore, a processing technology which can improve ten-
derness and flavour, while preserving colour and minimising lipid oxidation, will be 
of significant value (Kantono et al. 2019).

Several physical, chemical, and enzymatic methods have been used to tenderise 
meat (Bekhit et al. 2014a; Devine et al. 2002; Honikel et al. 1983; Koohmaraie and 
Geesink 2006; Liu et al. 2006; Nuss and Wolfe 1981); but many of these processes 
also produce adverse effects such as causing a mushy texture due to severe struc-
tural changes, the development of off-flavours, or increases in microbial numbers 
(Bekhit et al. 2016). PEF can induce structural changes, improve meat tenderness, 
enhance meat processing, and contribute to the development of novel meat products 
(Arroyo et al. 2015a; Bekhit et al. 2014b; Faridnia et al. 2015; Smetana et al. 2019). 
The subsequent increase in permeability due to PEF can accelerate proteolysis 
(Bekhit et al. 2014b; Suwandy et al. 2015b).

The tenderising effect of PEF on meat has been reported for beef semitendinosus 
(ST, outside round), semimembranosus (SM, inside round), longissimus thoracis 
(LT, rib-eye), longissimus lumborum (LL, beef loin), biceps femoris (BF, outside 
flat), and deep pectoralis (DP, brisket) meat cuts (Alahakoon et al. 2019a; Bekhit 
et al. 2014b, 2016; Faridnia et al. 2015, 2016; Suwandy et al. 2015b, c, d). Moderate- 
intensity PEF treatment (electric field strength of 0.27–1.4 kV/cm) has a minimal 
effect on cooking loss, lipid oxidation, colour, fatty acid profile, or the ratio of poly-
unsaturated/saturated fatty acids and omega 6/omega 3 fatty acids of different meat 
muscles.

The different and sometimes contradictory reported effects of PEF treatment on 
meat quality may be because of the different experimental conditions used, includ-
ing PEF processing parameters and intensity, treatment chamber, sample size, mus-
cle types, and the sample preparation prior to PEF treatment such as freezing and 
thawing (Faridnia et al. 2015). The heterogeneity of meat cuts; variation in quantity 
and composition of protein, fat, and collagen content; different electrical and topo-
logical properties; and muscle fibre orientation can also affect the distribution of 
electric field and the outcome of PEF treatment (Alahakoon et al. 2017a; Suwandy 
et al. 2015c).

 Effect of PEF on Meat Tenderness

The tenderness of meat and meat products has a dramatic impact on consumer’s 
repurchasing decisions (Bolumar et al. 2013). The tenderness of a meat cut depends 
on the amount of connective tissue presence, the extent of proteolysis of the 
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myofibrillar proteins, as well as animal (age, breed), environmental, and genetic 
factors (Anderson et al. 2012).

Depending on the intensity, PEF treatment causes the formation of pores in the 
muscle fibres that enhances meat tenderness through an increased release of Ca2+ 
and μ-calpain enzymes which stimulates the glycolytic processes required for early 
proteolysis (Bekhit et al. 2014b; Bhat et al. 2019b; Suwandy et al. 2015a); increases 
myofibrillar fragmentation and degradation of myosin heavy chains (Faridnia et al. 
2014); reduces the muscle size and increases the number of visible gaps between 
muscle cells (Gudmundsson and Hafsteinsson 2001); and increases the porosity and 
thermal solubility of connective tissue (Alahakoon et al. 2017a).

The effect of PEF on meat quality depends on various process parameters such 
as electric field strength (EFS), specific energy (SE), pulse width (PW), pulse fre-
quency (PF), and pulse number (PN). Moderate-intensity PEF treatments using a 
range of process parameters such as EFS, 0.27–1.4 kV/cm; PW, 20μs; PF, 20–90 Hz; 
and SE, 16.2–250 kJ/kg on different beef muscles have been reported to increase 
tenderness in various beef muscles without having a significant adverse affect on 
colour, water holding capacity, or lipid oxidation (Table 1) (Bekhit et  al. 2014b, 
2016; Faridnia et  al. 2015, 2016; Suwandy et  al. 2015b, c, d). Alahakoon et  al. 
(2017b) confirmed that PEF, even with moderate intensity (EFS: 1.0–1.5 kV/cm), 
increased the porosity and solubility of connective tissue isolated from beef DP 
muscle highlighting the ability of PEF to enhance tenderness and lower cooking 
time of even low-value tough meat cuts.

The increase in porosity in meat muscles has been confirmed by several micro-
scopic studies. Faridnia et al. (2014) observed that the meat structure becomes more 
porous as the EFS increases. Cryo-scanning electron microscopy (cryo-SEM) 
images of beef LT muscles showed that EFS of 0.3 kV/cm resulted in the myofibrils 
having a porous structure compared to the intact surface of the untreated muscle 
(Fig. 1).

Chian et al. (2019) observed that PEF-treated (EFS, 1.00–1.25 kV/cm; PN, 500 
and 2000; SE, 48 ± 5 kJ/kg and 178 ± 11 kJ/kg) beef ribeye (LT) muscles showed 
significantly longer sarcomere length than in control (p < 0.001) and extent of elon-
gation was higher at high treatment intensity. This showed that PEF caused the 
physical disruption of the muscle fibres and weakening of Z-disk and I-band junc-
tions resulting in the elongation of sarcomeres, which was positively correlated to 
increased tenderness.

Pretreatment such as freezing–thawing prior to PEF increases tenderness because 
of myofibrillar disintegration. Faridnia et al. (2015) demonstrated that a freezing–
thawing cycle prior to the PEF treatment led to additional physical damage of the 
muscle as seen in transmission electron micrographs (TEM) of beef ST muscles 
(Fig. 2). Frozen–thawed samples had clear district A-bands, I-bands, and Z-lines, 
and the ultrastructure of samples had intact myofibrils as shown in Fig. 2A, whereas 
myofibrils were ruptured along the Z-lines due to PEF treatment (Fig. 2B).

High-intensity PEF can have a negative impact on meat quality owing to the 
shrinkage and denaturation of myofibrillar proteins and enzymes (Table 1). PEF 
treatment (1.1–2.8 kV/cm and 12.7–226 kJ/kg) raised the temperature of post-rigour 
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Table 1 Effect of PEF on meat tenderness

Muscles type
PEF operating 
parameters Effect on meat tenderness References

Triceps brachii (TB) 
muscles

EFS, 3.5 kV/cm; PF, 
20 Hz; treatment time, 
5 s

Decreased instrumental 
maximum shear force by 21.5%

Lopp and 
Weber 
(2005)

Post-rigour beef 
semitendinosus (ST) 
muscle

Batch PEF treatment 
with EFS, 1.1–2.8 kV/
cm; SE, 12.7–226 kJ/
kg; PF, 5–200 Hz; PN, 
152–300

Increase in muscle temperature 
up to 30 °C which significantly 
increases the water loss from 
myofibrils; insignificant decrease 
in instrumental texture profile 
indicating minimal increase in 
tenderness

O’Dowd 
et al. 
(2013)

Beef loin M. 
longissimus 
lumborum (LL) and 
topside M. 
semimembranosus 
(SM) muscles

Batch PEF treatment 
with parallel fibre 
orientation to applied 
electric field; with EFS, 
0.27–0.56 kV/cm; PW, 
20μs; PF, 20, 50, and 
90 Hz; variable PN, 
607–2726 SE, 
3.1–73.2 kJ/kg

LL muscle becomes more tender 
(19.5% reduction in the shear 
force); degree of tenderness of 
SM increased with an increase in 
pulse frequency of treatment 
(4.1, 10.4, and 19.1% reduction 
in the shear force at 20, 50, and 
90 Hz, respectively)

Bekhit 
et al. 
(2014b)

Beef ST muscle Batch PEF treatment 
using square-wave 
bipolar pulses at EFS, 
1.4 kV/cm; PW, 20μs; 
PF, 50 Hz; and SE, 
250 kJ/kg

Cause significant microstructural 
changes, which in combination 
with freezing–thawing treatment 
increased meat tenderness as 
shown by reduced shear force 
values; no significant increase in 
cooking loss without affecting 
free fatty acid profile and the 
ratio of polyunsaturated/
saturated fatty acids and omega 
6/omega 3

Faridnia 
et al. 
(2015)

Turkey breast EFS, up to 3 kV/cm; 
PW, 20μs; PN, 100, 
200, and 300; PF, 10, 
55, and 110 Hz; SE, 
11–94 kJ/kg

Lipid oxidation in all PEF- 
treated samples not significantly 
different to the control. No 
difference in weight loss, cook 
loss, lipid oxidation, texture, and 
colour (raw and cooked) either 
on fresh or frozen samples: 
differences between the 
PEF-treated samples and the 
controls in terms of texture and 
odour during sensory evaluation

Arroyo 
et al. 
(2015a)

(continued)
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Table 1 (continued)

Muscles type
PEF operating 
parameters Effect on meat tenderness References

Beef LL and SM 
muscles

Batch PEF treatment of 
EFS, 0.28–0.56 kV/cm; 
PPP, 99.6–471 kW; 
PPC, 43.7–112.2 A; 
PW, 20μs; PF, 
20–90 Hz; SE, 
3.2–70.1 kJ/kg

Beef LL becomes tougher with 
increasing treatment frequency, 
whereas beef SM becomes 
tender (21.6% reduction in 
measured shear force). At 
low-intensity treatment (20 Hz) 
increased tenderness because of 
myofibrillar proteolysis shown 
by increased troponin and 
desmin degradation

Suwandy 
et al. 
(2015b)

Beef LL muscle Batch PEF treatment 
with EFS, 0.58–
0.73 kV/cm; PPP, 
486.3–507.8 kW; PPC, 
97–104.3 A; PW, 20μs; 
PF, 390 Hz; and SE, 
16.2–19.3 kJ/kg

Insignificant effect of muscle 
fibre orientation or initial pH on 
measured shear force, total water 
loss, meat colour, and lipid 
stability; increased proteolysis 
demonstrated by an increase in 
troponin T and desmin 
degradation. Decreased shear 
force value due to increased 
proteolysis at lower muscle pH 
(5.5–5.8) than at higher pH 
(>6.1) indicating tenderisation 
effect

Suwandy 
et al. 
(2015c)

Cold deboned beef 
SM and LL muscles

Batch PEF treatment 
with 0, 1, 2, and 3 times 
repeated application 
parallel to fibre 
orientation, EFS, 
0.50–0.58 kV/cm; PF, 
90 HZ; PW, 20μs; 
treatment time, 30 s

No tenderising effect on SS 
muscle but LL muscle becomes 
more tender with each repeat, 
with increased proteolysis shown 
by increased troponin and 
desmin degradation; no 
significant effect on purge loss; 
lipid oxidation by PEF

Suwandy 
et al. 
(2015d)

Hot deboned beef 
loin (LL) and topside 
(SM) muscles

Batch PEF treatment 
with 1, 2, and 3 repeats, 
EFS, 0.44–0.46 kV/cm, 
and SE, 633.2–70.8 kJ/
kg on LL muscle and 
0.32–0.35 kV/cm, and 
SE, 17.5–19 kJ/kg on 
SM muscle; PF, 90 Hz; 
and PW, 20μs

Three times repeated treatment 
on LL muscle reduced the 
tenderness whereas in MM 
muscle reduced shear force value 
at 3 days post-treatment is 
reported; lower cooking loss; 
increase in proteolysis in single 
PEF treatment and decrease in 
proteolysis in 3× PEF-treated 
samples due to protein 
denaturation as suggested by 
results from Western blotting

Bekhit 
et al. 
(2016)

(continued)
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beef ST muscle by 30 °C, which causes denaturation of myofibrillar protein, reduced 
the water holding capacity, and increased drip loss with no significant increase in 
meat tenderness (O’Dowd et  al. 2013). The adverse effect on meat quality will 
increase as the treatment intensity is increased. This is supported by Khan et al. 

Table 1 (continued)

Muscles type
PEF operating 
parameters Effect on meat tenderness References

Beef outside flat 
(biceps femoris, BF) 
muscle

Batch PEF treatment of 
EFS, 1.7–2.0 kV/cm, 
and SE, 185 kJ/kg

Increase in muscle tenderness 
indicated by significantly 
decreased shear force value; no 
effect on cooking loss but 
significant increase (P < 0.05) in 
purge loss; dramatic increase in 
Z-lines fracture in myofibrils 
compared to the untreated 
samples during ageing

Faridnia 
et al. 
(2016)

Isolated connective 
tissue obtained from 
beef deep pectoralis 
muscle (brisket)

Batch PEF treatment in 
treatment chamber of 
dimension (4 cm width, 
length 6 cm, and depth 
6 cm) and EFS, 1.0 and 
1.5 kV/cm, and SE, 
40–50 and 90–100 kJ/
kg, within an agar 
matrix at electrical 
conductivities from 1 to 
7 mS/cm

Significant decrease (p < 0.05) in 
denaturation temperature, 
increased ringer soluble collagen 
fraction, and porosity of 
connective tissue which indicates 
the PEF ability to improve 
tenderness and to decrease 
cooking time of tough meat cuts

Alahakoon 
et al. 
(2017b)

Cold deboned beef 
LL muscle

Low intensity PEF 
(LPEF, 0.5 kV/cm, 
200 Hz, 20μs, and 
12.4 kJ/kg) and 
high intensity PEF 
(HPEF, 2 kV/cm, 
200 Hz, 20μs, and 
149.8 kJ/kg) treatment

HPEF treatment reduces the 
quality of meat including 
tenderness

Khan et al. 
(2017)

Fresh and frozen beef 
BF and ST muscles

EFS, 0.8–1.1 kV/cm; 
PW, 20μs; PF, 50 Hz; 
SE, 150 kJ/kg

Improved meat tenderness and 
colour in both fresh and frozen 
samples but increased fat 
oxidation and saturated fatty 
acids in frozen samples

Kantono 
et al. 
(2019)

Beef topside (SM) 
muscle from culled 
dairy cows of 9 years 
of age

Two PEF treatments: 
EFS, 0.36 kV/cm; PW, 
20μs; PF, 90 Hz; SE, 
18.63 kJ/kg (T1), and 
EFS, 0.60 kV/cm; PF, 
20 Hz; PW, 20μs; SE, 
73.28 kJ/kg (T2)

The mean values for shear force 
for samples treated with PEF 
were lower than control but not 
significant (p > 0.05)

Bhat et al. 
(2019a)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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Fig. 1 Cryo-SEM micrographs of longissimus thoracis muscles (×1000 magnification): (A) 
untreated; (B) after a PEF treatment (0.3 kV/cm, 1 Hz, 20μs, and 0.16 ± 0.02 kJ/kg) (Images pro-
vided by Dr. Farnaz Faridnia)

Fig. 2 TEM of beef semitendinosus (ST) muscles showing rupture of myofibrils along with the 
Z-lines. (a) Control: magnification 17,500×. Frozen–thawed beef ST muscles before PEF process-
ing; intact myofibrils. (b) Pulsed electric fields (PEF) treated: magnification 17,500×. Frozen–
thawed beef ST muscles after PEF processing. Visible white areas in frozen–thawed PEF-treated 
samples are connective tissues around muscle cells indicating jagged edges and myofibril separa-
tion from Z-lines (Reproduced from Faridnia et al. 2015)
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(2017) who observed that high-intensity PEF treatment (2 kV/cm, 200 Hz, 20μs, 
and 149.8 kJ/kg) causes a decrease in tenderness of beef LL muscle. Some studies 
found that the ability of PEF to tenderise the meat from these animals is reduced 
when the animal gets older. Bhat et  al. (2019a) observed that PEF treatments 
(0.36 kV/cm and 18.63 kJ/kg or 0.60 kV/cm and 73.28 kJ/kg) did not improve ten-
derness in beef topsides (SM) obtained from 9-year-old dairy cows.

Therefore, the ability of PEF to enhance meat tenderness depends on several fac-
tors such as PEF processing parameters as well as the breed, age, and sex of an 
animal, and the composition and physicochemical characteristics of meat including 
pretreatment and post-treatment conditions of meat. It is noted that PEF treatment 
intensity should occur at a certain critical value that can disintegrate cell membranes 
(0.5 kV/cm for sarcolemma (Toepfl et al. 2006)) and accelerate biochemical reac-
tions within muscles, but not so high as to cause detrimental effects. As evident 
from several experiments, PEF efficiency to enhance meat tenderness depends upon 
electrical conductivity, fibre types, and composition and orientation of muscle fibre, 
which, in turn, affects the distribution of the electric field in the treatment chamber. 
Pretreatment and post-treatment chilling and freezing–thawing, post-mortem status, 
and post-slaughter hot or cold boning also provide tenderising effect besides PEF 
treatment.

 Effect of PEF on Water Holding Capacity of Meat

The water holding capacity (WHC) of meat affects its texture, tenderness, and fla-
vour (Arroyo et al. 2015a). As myofibril proteins hold the major proportion of water 
in meat, their denaturation, especially of myosin, reduces the meat’s water holding 
capacity (Wiklund et al. 2001). Moreover, myofibrillar shrinkage and contraction 
reduces the amount of water that can be contained in the muscle fibres (Micklander 
et al. 2005; Suwandy et al. 2015b). PEF causes a change in the myofibrillar struc-
ture, the fragmentation of the myofibrillar proteins to small particles, and the forma-
tion of pores, which may lead to a loss of water (O’Dowd et al. 2013; Suwandy 
et al. 2015b).

There are contradictory conclusions regarding the effect of PEF on water holding 
capacity of meat. Some studies found that the weight loss in various meat cuts after 
PEF treatment increases from 0.2 to 3.6% with elevating PEF treatment intensity 
(0.28–0.54 kV/cm) (Bekhit et al. 2014b; Suwandy et al. 2015b), while other authors 
have reported that PEF treatments of EFS 1.1–2.8 kV/cm and SE ranging from 12.7 
to 226 kJ/kg do not have an adverse effect on the WHC of beef ST muscle (O’Dowd 
et al. 2013).

It was also concluded that PEF did not cause significant loss of water held within 
muscle fibre, when measured by nuclear magnetic resonance (NMR) T2 relaxome-
try study. For example, there were no significant changes in the NMR T2-1 and T2-2 
relaxation times (42.59 and 202.69 ms, respectively) between control, PEF-treated, 
and water bath heated samples (Fig. 3) (O’Dowd et al. 2013). T2-1 relaxation time 
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represents the portion of water inside the myofibrils (96.78% of total water); this 
water is tightly bound but known to decrease with post-mortem time as the break-
down of the cell membrane increases. T2-2 relaxation time represents the more 
mobile or loosely bound water in the extracellular spaces (3.22% of the total water) 
of the muscle (Bertram et al. 2001; Tornberg et al. 2000). No significant changes in 
the T2-1 and T2-2 relaxation times indicate that there were only minor changes in the 
muscle cell membrane and observed loss in weight is because of expulsion of fluid 
held in an extracellular space of muscle fibre. More research needs to be carried to 
evaluate the effect of different PEF treatments on the WHC of meat in order to elu-
cidate under which conditions PEF can affect this parameter. This is a key point 
mainly when meat is being dried or subjected to a process where water mass trans-
fer occurs.

 Effect of PEF on Purge Loss of Meat

Purge loss is the amount (%) of water lost from meat during post-rigour storage in 
trays or modified atmospheric packaging on retail display or during ageing of meat 
under atmospheric or vacuum conditions. PEF treatments can increase purge loss 
with higher amount occurring in thawed samples and with post-PEF ageing 
(Table 2). Thawing before PEF disrupts the myofibril structure which reduces their 
ability to hold moisture (Faridnia et al. 2015; Huff-Lonergan and Lonergan 2005; 
Pearce et al. 2011). Purge loss was significantly affected by PEF processing param-
eters such as frequency and voltage (Bekhit et al. 2014b). Microscopic examination 
of transverse sections of LL muscle by Khan et al. (2017) showed that, at 40× mag-
nification, the PEF-treated (0.5 kV/cm, 200 Hz, 20μs, and 12.4 kJ/kg) muscle fibre 

Fig. 3 NMR distribution of T2 relaxation times (ms) for control (⋯▲⋯), PEF-treated (-■-), and 
water bath-treated (⋯♦⋯) beef (coincided with each other) (Reproduced from O’Dowd et al. 2013)
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bundles were elongated and had higher purge loss (%) than control samples. 
However, Suwandy et al. (2015d) have found that purge loss for beef LL muscle 
was not significantly affected by repeated PEF treatments or by ageing. A similar 
observation was recorded by Bhat et al. (2019a) in SM muscle of 9-year-old dairy 
cow in which purge loss after post-PEF (EFS, 0.36–0.6  kV/cm, and SE, 
18.63–73.28 KJ/kg) ageing did not significantly increase. This result was specu-
lated to be due to the temperature increase in the meat during PEF not being of a 
sufficient magnitude to cause severe protein denaturation.

Table 2 Effect of PEF on purge loss of meat

Muscles 
studied PEF operating parameters Effect on meat tenderness References

Beef ST 
muscle

Batch PEF treatment using 
square-wave bipolar pulses 
at EFS, 1.4 kV/cm; PW, 
20μs; PF, 50 Hz; and SE, 
250 kJ/kg

Purge loss significantly (p < 0.001) 
increased after 7 days of vacuum 
ageing for both fresh and frozen–
thawed samples

Faridnia 
et al. (2015)

Beef LL and 
SM muscles

Batch PEF treatment of 
input EFS, 0.28–0.56 kV/
cm; PPP, 99.6–471 kW; 
PPC, 43.7–112.2 A; PW, 
20μs; PF, 20–90 Hz; SE, 
3.2–70.1 kJ/kg

Purge loss (%) of hot-boned beef 
LL muscles was affected by PEF 
treatments (p = 0.028) and ageing 
(p < 0.01) which increases with 
ageing period of 3, 7, and 14 days

Suwandy 
et al. 
(2015b)

Beef LL 
muscle

Batch PEF treatment with 
EFS, 0.58–0.73 kV/cm; 
PPP, 486.3–507.8 kW; 
PPC, 97–104.3 A; PW, 
20μs; PF, 390 Hz; and SE, 
16.2–19.3 kJ/kg

Purge loss (%) of cold-boned beef 
LL muscles increased with 
increased post-mortem ageing

Suwandy 
et al. 
(2015c)

Cold deboned 
beef SM and 
LL muscles

Batch PEF treatment with 
0, 1, 2, and 3 repeated 
application parallel to fibre 
orientation, EFS, 0.50–
0.58 kV/cm; PF, 90 Hz; 
PW, 20μs; treatment time, 
30s

Purge loss for beef LL muscle was 
not affected by the repeated PEF 
applications or by ageing, but 
increased by 0.13% for every extra 
day of ageing, which they 
concluded insignificant due to 
limited power of statistical test

Suwandy 
et al. 
(2015d)

Beef topside 
(SM) muscle 
from culled 
dairy cows of 
9 years of age

Two PEF treatments: EFS, 
0.36 kV/cm; PW, 20μs; PF, 
90 Hz; SE, 18.63 kJ/kg 
(T1), and EFS, 0.60 kV/cm; 
PF, 20 Hz; PW, 20μs; SE, 
73.28 kJ/kg (T2)

No effect (P > 0.05) on the purge 
loss during post-treatment ageing

Bhat et al. 
(2019a)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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 Effect of PEF on Cooking Loss of Meat

The major reason for water loss during cooking is the thermal denaturation of myo-
fibrillar proteins and the shrinkage and volume reduction of the myofibrils (Cheng 
and Sun 2008). Higher cooking loss is associated with a decrease in juiciness and 
succulence (Arroyo et al. 2015a). Several studies on different beef muscles or tur-
key breast have indicated that PEF treatments, even with prior freezing–thawing or 
in old animal, have a lower or insignificant increase in % cooking loss compared to 
control (Table  3) (Arroyo et  al. 2015a; Bekhit et  al. 2014b; Bhat et  al. 2019a; 
Faridnia et al. 2015; Khan et al. 2017). In contrast, it has been reported that PEF- 
treated hot-boned LL muscle (Suwandy et al. 2015b), hot-boned beef SM muscle 
post-PEF ageing for 7 days (Bekhit et al. 2016), and LL muscle after repeated PEF 
treatments (Suwandy et al. 2015d) had higher % cooking loss compared to untreated 
control samples or cold-boned meat. These differences were postulated to be due to 
different factors during PEF treatments such as treatment intensity, higher degree of 
protein denaturation after the treatment, as well as differences in the intrinsic mois-
ture and the type and amount of protein.

 Effect of PEF on Colour of Meat

Meat colour is a critical quality attribute as the visual appearance of raw meat influ-
ences the consumer’s decision to purchase and the acceptance of the cooked meat 
(Arroyo et al. 2015b). The colour of fresh meat depends on the content and physio-
chemical state of myoglobin, i.e. purple (reduced myoglobin), red (oxymyoglobin), 
and brown (metmyoglobin) (Abril et al. 2001). When the concentration of brown 
pigment “metmyoglobin” reaches at least 60% of the maximum possible, the meat 
is unacceptable to consumers, and they will not buy it (Bekhit et al. 2016).

Generally, the colour of meat is measured using an instrumental colorimetric 
method, which provides an output expressed as Commission Internationale 
d’Eclairage (CIE) L*, a*, and b* values, which represent lightness, redness, and 
yellowness, respectively. Several studies on different beef muscles have indicated 
that lightness values (L*) decrease after PEF treatment and post-treatment storage 
or display time (Table 4) (Kantono et al. 2019; O’Dowd et al. 2013; Suwandy et al. 
2015d). However, Khan et al. (2017) reported a significant (p < 0.001) increase in 
L* of beef LL muscles treated at high PEF intensity (HPEF, 2 kV/cm, 200 Hz, 20μs, 
and 149.8  kJ/kg) compared to untreated controls or samples treated at low PEF 
(LPEF 0.5 kV/cm, 200 Hz, 20μs, 12.4 kJ/kg) after 24 h of blooming. This may have 
been because of an increase in water on the surface of the meat (due to its lower 
water holding capacity) that resulted in more light being reflected from its surface 
(Bekhit et al. 2001). This theory is supported by the higher purge loss observed due 
to PEF at high intensity.
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Table 3 Effect of PEF on cooking loss of meat

Muscles studied PEF operating parameters Effect on meat tenderness References

Beef loin M. 
longissimus lumborum 
(LL) and topside M. 
semimembranosus (SM) 
muscles

Batch PEF treatment with 
parallel fibre orientation 
to applied electric field, 
with EFS, 0.27–0.56 kV/
cm; PW, 20μs; PF, 20, 50, 
and 90 Hz; variable pulse 
number, 607–2726 and 
SE, 3.1–73.2 kJ/kg

LL muscle had significantly 
lower (p < 0.001) % 
cooking loss than untreated 
LL muscle

Bekhit et al. 
(2014b)

Beef ST muscle Batch PEF treatment 
using square-wave bipolar 
pulses at EFS, 1.4 kV/cm; 
PW, 20μs; PF, 50 Hz; and 
SE, 250 kJ/kg

No significant increase in 
cooking loss; freezing and 
thawing prior to PEF did 
not significantly (p < 0.05) 
affect the % cooking loss

Faridnia 
et al. (2015)

Turkey breast EFS, up to 3 kV/cm; PW, 
20μs; PN, 100, 200, and 
300; PF, 10, 55, and 
110 Hz; SE, 11–94 kJ/kg

No significant difference 
(p > 0.05) for fresh 
(averaged cook 
loss = 11.9%) and frozen 
meat samples (averaged 
cook loss = 14.3%) after 
PEF treatment and control

Arroyo 
et al. 
(2015a)

Beef LL and SM 
muscles

Batch PEF treatment of 
input V, 5–10 kV; EFS, 
0.28–0.56 kV/cm; PPP, 
99.6–471 kW; PPC, 
43.7–112.2 A; PW, 20μs; 
PF, 20–90 Hz; SE, 
3.2–70.1 kJ/kg

Cooking loss (%) of 
PEF-treated hot-boned LL 
muscle was higher than 
non-treated samples

Suwandy 
et al. 
(2015b)

Cold deboned beef SM 
and LL muscles

Batch PEF treatment with 
0, 1, 2, and 3 repeated 
application parallel to 
fibre orientation, EFS, 
0.50–0.58 kV/cm; PF, 90 
HZ; PW, 20μs; treatment 
time, 30 s

Significant increase 
(p = 0.03) in % cooking loss 
of LL muscle regardless of 
the number of PEF 
treatment repeats, but in 
beef SM muscle not 
significantly affected by 
PEF treatment (p > 0.05)

Suwandy 
et al. 
(2015d)

Hot deboned beef loin 
(LL) and topside (SM) 
muscles

Batch PEF treatment with 
1, 2, and 3 repeats, EFS, 
0.44–0.46 kV/cm, and SE, 
633.2–70.8 kJ/kg on LL 
muscle and 0.32–0.35 kV/
cm, and SE, 17.5–19 kJ/
kg on SM muscle; PF, 
90 Hz; and PW, 20μs

The cooking loss (%) of 
hot-boned beef SM muscle 
was affected by ageing 
(p < 0.01) with samples 
aged for 7 days having the 
highest cooking loss 
compared to those aged for 
3, 14, and 21 days

Bekhit et al. 
(2016)

(continued)
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The redness of meat is highly dependent on the meat structure, the concentration, 
and the oxidation state of myoglobin present in the muscle (de Huidobro et  al. 
2005). The redness (a*) and yellowness (b*) values were lower in PEF-treated beef 
muscles than in controls, and these values were dependent on treatment intensity, 
muscle type, ageing, and display time (time the samples are kept under conditions 
similar to retail display). The decrease in a* values is due to an increase in the level 
of oxidation of myoglobin to metmyoglobin (Faridnia et al. 2016; Khan et al. 2017; 
O’Dowd et al. 2013; Suwandy et al. 2015d). It is, however, important to note that 
Kantono et al. (2019) found that PEF treatment caused an immediate increase in a* 
values, which shows that PEF may not directly be having a detrimental effect on 
redness of meat. Chian et  al. (2019) also did not observe significant difference 
(p > 0.05) in instrumental colour values between control and PEF-treated beef LT 
muscles.

Similarly, chroma (C a b= +∗ ∗2 2 ) values, browning indexes (630 nm/580 nm 
and 630–580  nm, which are a good indicator of metmyoglobin formation), and 
Hue angle (h

b

a
= −

∗

∗tan 1 ) values were affected by display time and repeated PEF 
treatments (p < 0.05) (Khan et al. 2017; Suwandy et al. 2015d). The h value gener-
ally increases during ageing, as a result of myoglobin and oxymyoglobin oxidation 
(Bekhit and Faustman 2005). The oxidation of myoglobin also depends on tempera-
ture, oxygen pressure, and lipid oxidation, with the rate of myoglobin oxidation 
increasing as the temperature is increased (Faustman et al. 2010). Therefore, the 
increased discolouration and modification of colour in cold-boned beef with 
repeated PEF treatments could be due in part to a variety of processes including 
PEF-induced electroporation, an increase in temperature, and lipid oxidation.

For white meat such as fresh turkey breast, PEF treatment does not appear to 
significantly impact on colour of the meat when raw or cooked (p ≥ 0.05) (Arroyo 
et al. 2015a).

Table 3 (continued)

Muscles studied PEF operating parameters Effect on meat tenderness References

Cold deboned beef LL 
muscle

Low PEF (LPEF, 0.5 kV/
cm, 200 Hz, 20μs, and 
12.4 kJ/kg) and high PEF 
(HPEF, 2 kV/cm, 200 Hz, 
20μs, and 149.8 kJ/kg) 
treatment

No significant difference in 
% cooking loss between 
treated and untreated meat

Khan et al. 
(2017)

Beef topside (SM) 
muscle from culled 
dairy cows of 9 years of 
age

Two PEF treatments: EFS, 
0.36 kV/cm; PW, 20μs; 
PF, 90 Hz; SE, 18.63 kJ/
kg (T1), and V, 10 kV; 
EFS, 0.60 kV/cm; PF, 
20 Hz; PW, 20μs; SE, 
73.28 kJ/kg (T2)

No effect (p > 0.05) on 
observed cooking loss (%)

Bhat et al. 
(2019a)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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Table 4 Effect of PEF on meat colour

Muscles studied
PEF operating 
parameters Effect on meat tenderness References

Post-rigour beef 
semitendinosus 
(ST) muscle

Batch PEF treatment 
with EFS, 1.1–2.8 kV/
cm; SE, 12.7–226 kJ/
kg; PF, 5–200 Hz; and 
PN, 152–300

Decrease in lightness (L*) value than 
samples held at 5 °C; the redness (a*) 
and yellowness (b*) values were lower 
in the treated samples than in the 
controls

O’Dowd 
et al. 
(2013)

Turkey breast EFS, up to 3 kV/cm; 
PW, 20μs; PN, 100, 
200, and 300; PF, 10, 
55, and 110 Hz; and 
SE, 11–94 kJ/kg

No significant (p > 0.05) effect on the 
colour after PEF but significant 
increase in L* and b* values and 
decrease in a* after cooking

Arroyo 
et al. 
(2015a)

Cold deboned 
beef SM and LL 
muscles

Batch PEF treatment 
with 0, 1, 2, and 3 
repeated application 
parallel to fibre 
orientation, EFS, 
0.50–0.58 kV/cm; PF, 
90 HZ; PW, 20μs; 
treatment time, 30 s

L* value was only affected by display 
time (p < 0.01) after PEF; a* 
decreased with number of PEF repeats 
(p = 0.04); b* was affected by display 
time (p < 0.05) and the interactions 
between display time, muscle type, 
and ageing (p < 0.05); chroma (C) 
values were affected by display time 
(p < 0.05) and the interactions between 
display time, muscle type, and ageing 
(p < 0.05). Browning indexes affected 
by display time (p < 0.05) and the 
interactions between display time, 
muscle type, and ageing (p < 0.05); 
Hue (h) values affected by muscle 
type, display time, and the interactions 
between the three factors (at all 
p < 0.05) and increased with number 
of PEF repeat

Suwandy 
et al. 
(2015d)

Beef outside flat 
(biceps femoris, 
BF) muscle

Batch PEF treatment 
of EFS, 1.7–2.0 kV/
cm, and SE, 185 kJ/kg

Display time has a significant effect on 
the meat colour values (P < 0.001) of 
PEF-treated meat, a* decreased for all 
treatments over the days of light 
exposure, but PEF treatment can be 
used without adverse effects on meat 
instrumental colour parameters

Faridnia 
et al. 
(2016)

(continued)
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 Effect of PEF on Sensory Properties of Meat

Sensory analysis can be used to ascertain the quality differences due to PEF pro-
cessing detected by instrumental analysis. Even though the physical characteristics 
of meat can be assessed instrumentally, the use of sensory evaluation has an advan-
tage over instrumental evaluation as it reflects the actual eating experience. The 
effect of PEF treatment on the sensory properties treated of meat has been assessed 
using affective and objective methods.

Arroyo et al. (2015a) used triangle tests and an acceptance test with 40 panellists 
to assess whether sensory differences existed between PEF-treated (EFS: up to 
3 kV/cm) and untreated turkey samples. Triangle tests determined that the odour 

Table 4 (continued)

Muscles studied
PEF operating 
parameters Effect on meat tenderness References

Cold deboned 
beef LL muscle

Low PEF (LPEF, 
0.5 kV/cm, 200 Hz, 
20μs, and 12.4 kJ/kg) 
and high PEF (HPEF, 
2 kV/cm, 200 Hz, 
20μs, and 149.8 kJ/kg) 
treatment

After 24 h of blooming, L* values of 
HPEF-treated meat were significantly 
(p < 0.001) higher than that of control 
and LPEF-treated samples. LPEF- 
treated and non-treated control 
samples have higher a* values 
compared to HPEF, b* values were 
affected by the different treatments and 
the display time, C value of the meat 
samples was significantly (p < 0.001) 
affected by display time and treatments 
which decreased with increasing 
display time, h value significantly 
(p < 0.01) increased as the display 
time increased and significantly 
(p < 0.001) in HPEF-treated samples. 
The results obtained for a* and h 
values were reflected in the browning 
index which was higher in HPEF- 
treated samples

Khan et al. 
(2017)

Fresh and frozen 
beef BF and ST 
muscles

EFS, 0.8–1.1 kV/cm; 
PW, 20μs; PF, 50 Hz; 
SE, 150 kJ/kg

Decreased L value of ST muscle 
immediately after PEF even without 
storage but increased after 7 days of 
storage; L value of BF increased 
immediately after PEF without storage 
and then decreased after 7 days of 
storage; a* increased immediately 
after PEF

Kantono 
et al. 
(2019)

Beef rib-eye 
(longissimus 
thoracis) muscle

EFS, 1.00–1.25 kV/
cm; PN, 500 and 
2000; SE, 48 ± 5 kJ/kg 
and 178 ± 11 kJ/kg

No significant difference (p > 0.05) in 
instrumental colour values between 
control and PEF treated

Chian et al. 
(2019)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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and texture were significantly different between the PEF-treated turkey and 
untreated control. The panellists significantly (p < 0.05) liked the odour of the con-
trol sample more than the PEF-treated sample, with average scores of 6.15 
(SEM = 0.20) and 5.58 (SEM = 0.19), respectively. There was no detailed informa-
tion about the method used for triangle test.

Kantono et al. (2019) examined the effect of freezing and PEF treatments (EFS, 
0.8–1.1 kV/cm; PW, 20μs; PF, 50 Hz; and SE, 130 kJ/kg) on the temporal sensory 
properties of beef BF and ST muscles. Temporal dominance of sensations (TDS) 
was used to assess the temporal changes in brothy, browned, juicy, livery, and oxi-
dised attributes during consumption of beef ST and BF muscles before and after 
PEF treatments, as well as after 7 days of storage. The dominant attributes across all 
samples were brothy, browned, and oxidised. The panel found that brothy was the 
most dominant attribute for the first 8 s of consumption followed by oxidised attri-
bute from 8 to 80 s. Browned attribute reached significance as brothy attribute domi-
nance rate was decreasing but before the oxidised attribute. The livery and juicy 
attributes did not reach significance and only occasionally reached above 
chance level.

 Effect of PEF on Thermal Properties and Solubility 
of Meat Proteins

Differential scanning calorimetry (DSC) has been used to study the changes in ther-
mal properties and denaturation behaviour of meat proteins. It has been reported 
that PEF does not result in the denaturation of myofibrillar proteins (Chian et al. 
2019). There was no significant difference (p > 0.05) in the first, second, and third 
peak temperatures (which correspond to the thermal denaturation temperature of 
myosin, collagen and sarcoplasmic proteins, and actin, respectively) during DSC 
studies between control and PEF-treated (EFS, 1.00–1.25  kV/cm; PN, 500 and 
2000; SE, 48 ± 5 kJ/kg and 178 ± 11 kJ/kg) beef rib-eye (LT) muscles. However, 
PEF can only induce electroporation and do not cause extensive myofibrillar frag-
mentation as evidenced by similar protein profile of PEF-treated and control beef 
LT muscle on SDS-PAGE (Faridnia et al. 2014).

Sionkowska (2005) reported that with DSC the observed denaturation tempera-
ture of proteins decreased as the polypeptide chain length decreased. A DSC study 
of PEF-treated dehydrated connective tissue isolated from beef brisket by Alahakoon 
et al. (2017b) showed that PEF causes degradation of the connective tissue structure 
into separate, heterogeneous fractions or sections of varying thermal stability. PEF 
treatment induced the broadening of endotherm and decreased the onset peak and 
endpoint denaturation temperatures (Fig. 4). Broadening of the endotherm was pos-
tulated to be due to the reduction in the number of hydrogen bonds in the collagen 
molecules, which reduces the energy needed for the activation of the denaturation 
process (Alahakoon et al. 2017b).
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The decrease in denaturation temperature because of PEF, as seen from the DSC 
data, was attributed to the cleavage of polypeptide chain and molecular destabilisa-
tion of collagen, which accelerates the conversion of collagen into gelatin during 
heating. The extent of connective tissue denaturation increased with a gradual 
increase in EFS and SE; the most significant reduction in the onset, peak, and end-
point temperatures of denaturation was at EFS of 1.5 kV/cm and SE of 90–100 kJ/
kg. The denaturation enthalpy values of PEF-treated connective tissue decreased 
slightly with increases in the EFS and SE. Overall, these changes in onset denatur-
ation and peak temperatures reflected the degradation of the connective tissue, an 
increase in the amount of soluble collagen, and the rate of collagen degradation 
during heating (Alahakoon et al. 2017b).

It has been observed that PEF weakens the structure of intramuscular connective 
tissue, decreases the cross-links of collagen molecules increasing their solubility, 
causes the breakage of hydrogen bonds, and encourages other interactions that 
destabilise the triple helix collagen leading to exposure of the hydroxyl groups to 
reaction and causing subsequent hydration of the proteins and ultimately an increase 
in meat tenderness (Alahakoon et al. 2017b; Zhao et al. 2012). Alahakoon et al. 
(2017b) observed that PEF-treated connective tissue isolated from beef brisket had 
a faster rate of solubilisation compared to the untreated sample at 60 and 70 °C. At 
60 °C, 50% of the collagen has solubilised within 36 h for PEF-treated connective 
tissue compared to 48 h for control. Thus, a disruption of the physical structure of 

Fig. 4 Representative thermogram of differential scanning calorimetry (DSC) of untreated and 
PEF-treated (treated under 3  mS/cm electrical conductivity) intramuscular connective tissue 
(Reproduced from Alahakoon et al. 2017b)
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collagen owing to electroporation was clearly visible in the images obtained using 
cryo-SEM (Fig. 5) suggesting an increase in its porosity, which decreases the ther-
mal stability of collagen while increasing collagen solubility.

 Effect of PEF on Lipid Oxidation in Meat

Fatty acids in muscle tissue are not only determinant of the nutritional value of meat 
but also affect the meat quality, including its tenderness, colour, lipid stability, 
odour, and flavour (Faridnia et al. 2015; Wood et al. 2004). The rate and extent of 
lipid oxidation depends on many factors: meat composition, fatty acid content, level 
of unsaturation, presence of antioxidants, post-mortem factors such as hot boning, 
post-mortem pH decrease, freezing–thawing, heat, post-mortem temperature, and 
other processing conditions and tenderising processes such as mechanical separa-
tion, grinding, electrical stimulation, and PEF (Arroyo et al. 2015a). As PEF causes 
electroporation in sarcolemma, it might also accelerate lipid oxidation due to leach-
ing of intracellular prooxidants. This may make lipids more prone to oxidation 
because of increased interaction between prooxidants (haem/non-haem iron) and 
unsaturated fatty acids generating free radicals and lipid hydroperoxides. 
Hydroperoxides break down into secondary products such as acids, alcohols, alde-
hydes, and ketones which are responsible for oxidised and rancid off-flavour known 
as warmed-over flavour. This may alter the fatty acid composition and volatile pro-
file of meat. In severe cases it may also lead to rancid flavour. Lipid oxidation not 
only leads to off-flavour but also causes loss of fresh meat colour and production of 
potentially harmful reactive compounds (e.g. peroxides) (Suwandy et al. 2015d).

Several studies on beef muscles and turkey breast, either fresh or frozen, con-
cluded that PEF treatment did not significantly increase lipid oxidation (Table 5) 

Fig. 5 Cryo-SEM micrographs (1000× magnification) of surface changes of untreated (a) and 
PEF-treated (b) isolated connective tissue (Reproduced from Alahakoon et al. 2017b)
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(Arroyo et al. 2015a; Khan et al. 2017; Suwandy et al. 2015c, d). However, Faridnia 
et  al. (2015) found that when PEF treatment was applied to frozen–thawed beef 
samples, TBARS values were significantly (p < 0.05) higher (0.96 mg malondialde-
hyde (MDA)/kg meat) than untreated samples (about 0.64  mg MDA/kg meat) 
18 days post-PEF storage at 4 °C. However, the degree of lipid oxidation, as deter-
mined by thiobarbituric acid reactive substances (TBARS), was lower than what 
can be typically perceived by sensory panellists. A TBARS value of >1.0 mg MDA/
kg meat has been reported as threshold MDA concentration to begin to perceive 
rancid flavours and odours (Zakrys et al. 2008). Similarly, Kantono et al. (2019) also 

Table 5 Effect of PEF on lipid oxidation of meat

Muscles 
studied PEF operating parameters Effect on meat tenderness References

Beef ST 
muscle

Batch PEF treatment using 
square-wave bipolar pulses at 
EFS, 1.4 kV/cm; PW, 20μs; PF, 
50 Hz; and SE, 250 kJ/kg

Extent of lipid oxidation at the 
end of storage period was lower 
than that can be detected by 
sensory evaluation

Faridnia 
et al. (2015)

Turkey 
breast

EFS, 1.25–3 kV/cm; PW, 20μs; 
PN, 100, 200, and 300; PF, 10, 
55, and 110 Hz; and SE, 
11–94 kJ/kg

Lipid oxidation in all PEF-treated 
samples not significantly different 
to the control

Arroyo 
et al. 
(2015a)

Beef LL 
muscle

Batch PEF treatment with EFS, 
0.58–0.73 kV/cm; pulse peak 
power (PPP), 486.3–507.8 kW; 
pulse peak current (PPC), 
97–104.3 A; PW, 20μs; PF, 
390 Hz; and SE, 16.2–19.3 kJ/
kg

No significant effect on the 
TBARS value

Suwandy 
et al. 
(2015c)

Cold 
deboned 
beef SM 
and LL 
muscles

Batch PEF treatment with 0, 1, 
2, and 3 repeated application 
parallel to fibre orientation, 
EFS, 0.50–0.58 kV/cm; PF, 90 
HZ; PW, 20μs; treatment time, 
30 s

No significant effect on lipid 
oxidation

Suwandy 
et al. 
(2015d)

Cold 
deboned 
beef LL 
muscle

Low PEF (LPEF, EFS, 0.5 kV/
cm; PF, 200 Hz; PW, 20μs; and 
SE, 12.4 kJ/kg) and high PEF 
(HPEF, EFS, 2 kV/cm; PF, 
200 Hz; PW, 20μs; and SE, 
149.8 kJ/kg) treatments

HPEF samples had higher lipid 
oxidation at the end of display 
time compared to LPEF; but both 
of these groups of samples were 
not different from the non-treated 
control samples

Khan et al. 
(2017)

Fresh and 
frozen beef 
BF and ST 
muscles

EFS, 0.8–1.1 kV/cm; PW, 20μs; 
PF, 50 Hz; SE, 150 kJ/kg

TBARS values significantly 
increased in all beef samples 
immediately after PEF. Lipid 
oxidation of BF muscles was 
significantly higher (p < 0.05) 
than ST muscles at 0 and 7 days 
of storage

Kantono 
et al. (2019)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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observed that TBARS values significantly increased in all beef samples immedi-
ately after PEF and after 7 days of storage (0.06–0.12 mg MDA/kg meat) but were 
still below the critical level.

 Effect of PEF on Fatty Acid Composition of Meat

The most abundant fatty acids in beef are palmitic acid (C16:0), stearic acid (C18:0), 
and oleic acid (C18:1 n−6). There are lower amounts of linoleic (C18:2 n−6) and 
linolenic (C18:3 n−6) acids. Nutritionally, the ratios of polyunsaturated fatty acids 
(PUFAs) and saturated fatty acids (SFA) and omega 6/omega 3 (n−6/n−3) are 
important (Faridnia et al. 2015). Nutritional guidelines recommend that the PUFA/
SFA ratio should be above 0.4–0.5 (Wood et al. 2008) and the n6/n3 ratio should be 
<4 (McArdle et al. 2010). PEF does not appear to have a detrimental effect on the 
nutritional value of fatty acids in beef meat. Faridnia et al. (2015) found that in PEF- 
treated meat, the PUFA/SFA ratios were in the range of 0.31–0.33 and the n6/n3 
ratios in all treated samples remained within the recommended levels.

Similarly, Kantono et al. (2019) observed that PEF did not cause a significant 
immediate reduction of PUFAs such as linoleic and arachidonic (C20:4 n−6) acids 
in beef BF muscle, except docosadienoic (C22:6 n−3) acid. However, most fatty 
acids significantly decreased in PEF-treated BF samples after 7 days of storage, 
which could result from fatty acid oxidation, as indicated by the significantly higher 
TBARS value compared to the non-PEF samples.

 Effect of PEF on Volatile Profile of Meat

Lipid oxidation is the major pathway leading to the formation of off-flavours (due 
to carbonyls, alcohols, and acids) as well as toxic compounds, such as MDA and 
cholesterol oxidation products (Utrera and Estévez 2013). Apart from lipid oxida-
tion, other biochemical reactions post-mortem such as enzymatic oxidation of 
unsaturated fatty acids and further interactions with proteins, peptides, and amino 
acids generate volatile compounds (Faridnia et al. 2015). Hexanal, which originates 
mainly from linoleic and arachidonic acids, can lead to a faintly rancid aroma, and 
it is considered to be a good indicator for oxidation (Martı́n et al. 2000). The con-
centration of hexanal levels is positively correlated to TBARS values and negatively 
correlated to acceptance of meat flavour (Calkins and Hodgen 2007). It is also the 
reason for development of fruity or fatty aromas (Kang et al. 2013). Other volatile 
aldehydes, such as heptanal, octanal, and nonanal, are the product of oleic acid oxi-
dation, with oleic acid being the principal MUFA in beef (Machiels et al. 2004).

Faridnia et al. (2015) concluded that PEF and freezing pretreatment affected the 
volatile profile of meat due to lipid and protein oxidation. The authors reported the 
amounts of pentanal, hexanal, heptanal, benzaldehyde, octanal, and nonanal were 
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significantly (p < 0.05) higher in PEF-treated beef ST muscles frozen prior to PEF 
than untreated samples. Also, 3-methylbutanal (compounds responsible for the 
roasted beef flavour (Machiels et al. 2004)) and 2-methylbutanal were significantly 
higher (p < 0.05) in all frozen PEF-treated samples than untreated samples, which 
indicates the formation of these aldehydes from Strecker degradation of leucine and 
isoleucine during cooking.

Dimethyl disulphide was also found at higher levels in frozen PEF-treated meat 
samples, which may have been derived from the degradation of sulphur-containing 
amino acid and a reaction between cysteine and ribose. In addition, the 
2,3- octanedione content of both fresh and frozen PEF-treated meat were signifi-
cantly higher (p < 0.05) than that of the control. Stetzer et al. (2008) have reported 
that 2,3-octanedione is derived from lipid oxidation and responsible for oxidised fat 
flavour and an influencer of overall flavour.

 Effect of PEF on Mineral Profile of Meat

Despite red meat being an excellent source of minerals such as iron (Fe), zinc (Zn), 
and phosphorus (P), the increased permeability of the myofibril cell membrane after 
PEF treatment may lead to the potential loss of these minerals during storage or 
cooking (Khan et  al. 2017). Low-intensity PEF treatment (EFS, 0.5  kV/cm; PF, 
200 Hz; PW, 20μs; and SE, 12.4 kJ/kg) did not result in a significant decrease in P, 
K, Fe, and Zn content in cold-boned beef loins than high-intensity PEF treatment 
(Khan et al. 2018). In fact it was observed that low-intensity PEF-treated (LPEF, 
0.5 kV/cm, 200 Hz, 20μs, and 12.4 kJ/kg) had a higher P content (6893.3 mg/kg dry 
basis) than high-intensity PEF-treated (HPEF, 2 kV/cm, 200 Hz, 20μs, and 149.8 kJ/
kg) samples (6551.9 mg/kg dry basis, respectively) (Khan et al. 2017). The lower P 
content in HPEF-treated meat is reasoned to be due to increased electroporation and 
more leaching of P from the meat than LPEF.

Similar trends were found with the concentrations of K; LPEF-treated beef had 
higher K concentrations (14.101.8  mg/kg dry weight) than HPEF beef samples 
(2.983.1 mg/kg dry weight) due to lower degree of electroporation and lesser leach-
ing out from meat samples (Khan et al. 2017). Similarly, the lower concentrations 
of K and P in cooked meat and HPEF suggest that the proportion of these minerals 
present in the sarcoplasmic fraction is lost during cooking and after PEF at high 
treatment intensity, which led to higher purge loss. The concentration of Fe was 
more significantly affected by HPEF (EFS, 2 kV/cm; PF, 200 Hz; PW, 20μs; and 
SE, 149.8  kJ/kg) treatment (p  =  0.011) (5.6  mg/kg dry basis) than LPEF (EFS, 
0.5 kV/cm; PF, 200 Hz; PW, 20μs; and SE, 12.4 kJ/kg) and control samples (95.0 
and 94.8 mg/kg dry basis, respectively). However, the concentration of Zn was not 
significantly affected by PEF treatments.
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 Effect of PEF on Microorganisms in Meat

There are only a few studies on the inactivation of microorganisms in meat using 
PEF (Table  6). Reported log10 reduction of microorganisms is in the range of 
1.44–2.77 only, which is inadequate for ensuring microbial safety. The electric field 
strengths applied were in the range of 0.25–15 kV/cm, which is far below the level 
required to inactivate microorganisms and ensure microbial safety found in other 
foods (i.e. 20–60 kV/cm). This electric field strength level, if applied, may cause a 
significant ohmic heating and an increase in temperature resulting in denaturation of 
meat proteins affecting meat quality. Therefore, PEF treatments applied in meat will 
not kill microorganisms but may help to limit the growth of the initial microbial 
population.

 Application of PEF as Pretreatment to Sous-Vide Processing

Low-temperature-long-time cooking like sous vide can make tough meat tender 
(Baldwin 2012). Sous-vide processing at temperature–time combinations of 
58–63 °C for 10–48 h is recommended for tender beef, pork, or lamb meat (Ruiz 
et al. 2013). Tough meat cuts with higher levels of connective tissue need longer 
sous-vide times compared to tender meat cuts. The recommended temperature–time 
for tough meat cuts like beef chuck, brisket, and pork shoulders is between 55 and 
60 °C for 24–48 h (Baldwin 2012).

The sensory characteristics of meat change during cooking as a function of tem-
perature and time as different physiochemical processes depend on the rate of 
change in temperature. The challenge is to reach a desired endpoint for optimal 
sensory characteristics without generating adverse effects on other meat quality 
attributes (Alahakoon et al. 2019a).

Sous-vide processing is relatively uneconomical because of high energy require-
ments and long processing time. The process may also have detrimental effects on 
other quality parameters such as meat colour, juiciness, and doneness (Alahakoon 
et al. 2018). Cooking causes the denaturation of myofibrillar protein, lowering their 
ability to contain free water within the myofibrils (Tornberg 2005). This changes the 
water distribution within myofibrillar structure, and free water is expelled out, 
reducing juiciness (Bertram et  al. 2006). The injection of exogenous proteolytic 
enzymes, prior to sous vide, is used to reduce sous-vide time and temperature. 
However, owing to the high inactivation temperature of these enzymes, they may 
not be inactivated during the initial phase of sous-vide processing causing over- 
tenderisation and loss of quality (Alahakoon et al. 2019a).

PEF is one of the novel technologies being explored as an alternative to the use 
of enzymes. It has been found that mild PEF treatment did not denature muscle 
proteins to the extent that it can have a negative effect on meat quality (Arroyo et al. 
2015b). Some studies on the use of PEF as pretreatment (EFS, 0.7–1.5 kV/cm; SE, 
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Table 6 Effect of PEF treatment on pathogenic and spoilage microorganisms in food

Food types
Treatment 
variables

Target 
microorganisms Effect References

Skinless 
chicken breast

EFS, 3.75 or 15 
or kV/cm; PW, 
10 m; PF, 5 Hz; 
treatment time, 
10, 15, 20, 25, 
and 30 s

Campylobacter 
jejuni
Campylobacter coli
Escherichia coli 
(ATCC 25922)
Salmonella 
enteritidis (ATCC 
13076)

PEF did not result in any 
significant reductions in 
total viable counts of all 
organisms

Haughton 
et al. 
(2012)

Beef 
semitendinosus 
muscles

Combined 
freezing and 
PEF treatment 
of EFS, 1.4 kV/
cm; square- 
wave bipolar 
pulses; pulse 
width, 20μs; 
frequency, 
50 Hz; specific 
energy, 250 kJ/
kg

Aerobic bacteria TVC immediately after 
treatment, 2.69–2.77 log 
CFU/g; no significant 
increase in TVC up to 
7 days; bacterial count 
increased rapidly after 
8 days of storage at 4 °C

Faridnia 
et al. 
(2015)

Porcine blood 
plasma

PEF application 
of EFS, 12 kV/
cm; pulse 
frequency, 
169 Hz; specific 
energy, 113 kJ/
kg; treatment 
time, 130μs; 
and at initial 
temperature of 
30 °C

Pseudomonas spp. 
and 
Enterobacteriaceae

1.44 log10 CFU/mL 
reduction in total aerobic 
plate count (TPC); count 
of Pseudomonas spp. and 
Enterobacteriaceae below 
the detection limit; 
resulted in extended shelf 
life (up to 14 days) at 
3 °C based on strictest 
criteria for 
microbiological 
acceptability 
(5 × 104 CFU/mL for 
TPC, 5 × 103 CFU/mL for 
Pseudomonas spp., 
5 × 102 CFU/mL for 
Enterobacteriaceae)

Boulaaba 
et al. 
(2018)

Beef briskets PEF treatment 
of EFS, 0.7 and 
1.5 kV/cm, 
specific energy 
(90–100 kJ/kg), 
and sous-vide 
processing 
(60 °C/12 or 
24 h)

Aerobic and lactic 
acid bacteria

Sous-vide processing (12 
or 24 h) after PEF 
treatment reduced both 
aerobic and lactic acid 
bacteria numbers to below 
the detection limit

Alahakoon 
et al. 
(2019b)

(continued)
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50–100 kJ/kg) prior to sous vide (60–70 °C/12–72 h) of tough beef brisket muscles 
have reported an increase in tenderness without affecting colour stability, lipid oxi-
dation, or cooking loss and a reduction in the biological variation in meat quality 
(Table 7) (Alahakoon et al. 2018, 2019a).

Alahakoon et al. (2019a) optimised a PEF and sous-vide treatment combination 
for beef brisket; PEF pretreatment at 0.7 kV/cm followed by sous vide at 60 °C for 
24 h was the best conditions to reduce both the shear force and hardness without it 
having a significant effect on lipid oxidation, colour stability, cooking loss, or 
in vitro protein digestibility. Furthermore, the PEF-sous vide processed brisket sam-
ples more closely resembled the steak than traditional sous vide processed tough 
meat cuts (Alahakoon et al. 2019a).

 Application of PEF as Pretreatment to Meat Ageing

Post-mortem ageing is a conventional commercial method used to increase meat 
tenderness (Sitz et al. 2006). The endpoint tenderness achieved and the rate of age-
ing depend on the size and location of muscle, muscle types (there is a faster rate in 
fast-twitch glycolytic type II muscles (e.g. longissimus dorsi) than slow-twitch oxi-
dative type I muscles (e.g. triceps brachii), and duration of ageing; but the method 
has a poor reproducibility (Faridnia et al. 2014). Moreover, the process is slow and 
costly as refrigerated storage is needed for a long (≥28  days) period (Herrera- 
Mendez et al. 2006). The process may be accelerated by using various interven-
tions: physical disruption techniques such as hanging, blade/needle tenderisation, 

Table 6 (continued)

Food types
Treatment 
variables

Target 
microorganisms Effect References

Raw chicken Batch system 
with 8 cm 
electrode gap 
and electrode 
surface area of 
2.76 cm2: 
rectangular 
bipolar pulse 
with EFS, 
0.25–1 kV/cm; 
PW, 20μs; PF, 
1 Hz; and PN, 
50 followed by 
resuspension in 
¼ MIC of 
oregano

Campylobacter 
jejuni strains. 
Campylobacter. 
jejuni (1146DF)

1.5 log10 reduction at 
1 kV/cm followed by 
resuspension

Clemente 
et al. 
(2020)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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Table 7 Effect of PEF as pretreatment to sous vide on meat quality

Meat types
Treatment 
parameters

Properties 
studied Effects References

Lamb loins Sous vide at 
60 °C for 24 h

Tenderness Lower shear force values due 
to solubilisation and partial 
denaturation of the connective 
tissue and sarcoplasmic 
protein

Roldan 
et al. 
(2013)

Beef brisket PEF of EFS, 
1.5 kV/cm; SE, 
90–100 kJ/kg 
cooked by sous 
vide at 60, 65, 
or 70 °C/24, 48, 
or 72 h

Tenderness The hardness was lowest for 
both non-PEF-treated and 
PEF-treated meat sous vide 
processed for 72 h at 60 or 
65 °C

Alahakoon 
et al. 
(2018)

Beef brisket PEF of EFS, 
0.7, 1.0, and 
1.5 kV/cm; SE, 
90–100 kJ/kg 
followed by 
sous vide at 
60 °C for 12, 
18, and 24 h

Tenderness PEF with EFS of 0.7 kV/cm 
and sous vide for all time, and 
all PEF treatments that are 
sous vide processed for 24 h 
had significantly lower shear 
force values compared to 
non-PEF-treated sous-vide 
processed beef brisket. The 
lowest values for hardness 
(<20.2 N), shear force 
(100.5 N/mms), and cooking 
loss (<17.4%) were observed 
in PEF with EFS 0.7 kV/cm 
and sous-vide processing for 
12–20.2 h or 1.5 kV/cm PEF 
and sous-vide processing for 
20.8–23.7 h

Alahakoon 
et al. 
(2019a)

Isolated 
connective 
tissue from 
beef deep 
pectoralis 
muscle 
(brisket) on 
agar matrix

PEF treatment 
EFS, 1.0 and 
1.5 kV/cm; SE, 
50 and 100 kJ/
kg

Denaturation; 
collagen 
solubilisation; 
and 
ultrastructure 
changes

Differential scanning 
calorimetry showed that PEF 
treatment significantly 
(p < 0.05) decreased the 
denaturation temperature 
compared to untreated 
samples: ringer soluble 
collagen fraction was 
augmented with increasing 
electric field strength and the 
specific energy. SEM images 
showed increased porosity

Alahakoon 
et al. 
(2017b)

(continued)
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Table 7 (continued)

Meat types
Treatment 
parameters

Properties 
studied Effects References

Beef brisket PEF of EFS, 
1.5 kV/cm; SE, 
90–100 kJ/kg 
cooked by sous 
vide at 60, 65, 
or 70 °C/24, 48, 
or 72 h

Collagen 
solubility and 
porosity

Collagen solubility of 
PEF-treated and sous-vide 
processed beef brisket at 
60 °C for 24 or 72 h or 65 °C 
for 48 h was higher than that 
of the non-PEF. The isolated 
connective tissue after PEF 
has a more porous surface 
than non-PEF-treated 
samples. PS-OCT images 
show that PEF caused a 
breakdown in the collagen

Alahakoon 
et al. 
(2018)

Beef brisket PEF of EFS, 
1.5 kV/cm; SE, 
90–100 kJ/kg 
cooked by sous 
vide at 60, 65, 
or 70 °C/24, 48, 
or 72 h

Water holding 
capacity

Significant negative 
regression coefficients of 
linear terms of sous-vide 
temperature and time of 
PEF-treated meat on cooking 
loss; in non-PEF-treated 
samples, similar effect was 
not observed which indicates 
the ability of PEF treatment 
to increase water holding 
capacity

Alahakoon 
et al. 
(2018)

Beef brisket PEF of EFS, 
0.7, 1.0, and 
1.5 kV/cm; SE, 
90–100 kJ/kg 
followed by 
sous vide at 60 
°C for 12, 18, 
and 24 h

Water holding 
capacity

Cooking loss of PEF of 0.7, 
1.0, and 1.5 kV/cm and 
sous-vide processed beef 
brisket was 0.79 ± 0.01, 
0.91 ± 0.01, and 
0.98 ± 0.01%, respectively 
(very low). PEF treatments of 
0.7 kV/cm and 1.0 kV/cm and 
sous vide at 60 °C for 12 h 
had a significantly lower 
cooking loss compared to 
non-PEF meat

Alahakoon 
et al. 
(2019a)

Beef brisket PEF of EFS, 
1.5 kV/cm; SE, 
90–100 kJ/kg 
cooked by sous 
vide at 60, 65, 
or 70 °C/24, 48, 
or 72 h

Instrumental 
colour (L*, a*, 
b* values)

The increase in sous-vide 
temperature and time 
significantly increases the 
lightness (L*) of PEF-treated 
meat: the instrumental 
redness (a*) and yellowness 
(b*) did not decrease 
significantly

Alahakoon 
et al. 
(2018)

(continued)
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electrical stimulation, and control of pH and chilling regimes (Bolumar et al. 2013), 
injection or infusion of calcium chloride for activation of calpain enzyme system 
(Koohmaraie and Geesink 2006), and injection of proteolytic enzymes of plant ori-
gin (papain and bromelain) or of animal origin (porcine) (Pietrasik et  al. 2010). 
However, these technologies were uneconomical and inconsistent, caused under- or 
over-tenderisation, or resulted in the development of off-flavours (Bekhit et al. 2016).

PEF is an economical, energy-saving, and fast meat tenderisation technology 
which is being explored for commercial applications (Arroyo et al. 2015b). Some 
studies on using PEF (voltage, 5–10 kV; EFS, 0.2–0.614 kV/cm; PW, 20–70.8μs; 
PF, 1–90 Hz; PN, 30–1528; SE, 3.1–64.7 kJ/kg; and treatment time, 600–30,560μs) 
as a pretreatment for ageing beef muscles (1–28 days at 4  °C) have reported an 
increase in tenderness without affecting other quality parameters (Table 8) (Arroyo 
et al. 2015b; Bekhit et al. 2014b, 2016; Bhat et al. 2019b; Suwandy et al. 2015d).

The increase in tenderness owing to a PEF pretreatment could be because of the 
electroporation of biomembranes and an increased permeability facilitating the 
movement and release of intracellular and extracellular components principally 
intracellular lysosomal cathepsins, multicatalytic proteinase complex, calpains, and 
calcium ions. Calcium ions induce the early activation of calpain enzyme system 
which increases tenderness and shortens ageing. The calpain enzyme system is the 
two calcium-dependent cysteine proteases, calpains 1 and 2 (Gomez et al. 2019; 
Ouali et al. 2013), which are associated with fragmentation of myofibrillar proteins. 
Calpain 1 has been reported to lose most of its activity within 3 h at 25 °C, whereas 

Table 7 (continued)

Meat types
Treatment 
parameters

Properties 
studied Effects References

Beef brisket PEF of EFS, 
0.7, 1.0, and 
1.5 kV/cm; SE, 
90–100 kJ/kg 
followed by 
sous vide at 60 
°C for 12, 18, 
and 24 h

Instrumental 
colour (L*, a*, 
b* values)

PEF did not show any 
significant effect on a* at all 
temperature–time 
combinations; b* increased 
with increasing sous-vide 
time at each temperature due 
to the formation of 
metmyoglobin

Alahakoon 
et al. 
(2019a)

PEF of EFS, 
0.7, 1.0, and 
1.5 kV/cm; SE, 
90–100 kJ/kg 
followed by 
sous vide at 
60 °C for 12, 
18, and 24 h

Lipid oxidation PEF and sous-vide processing 
did not have a significant 
effect on the TBARS values

Alahakoon 
et al. 
(2019a)

Peptic and 
pancreatic 
digestibility

PEF and sous vide do not 
have any negative impact on 
protein digestibility

Alahakoon 
et al. 
(2019a)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy
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Table 8 Effect of PEF pretreatment and ageing on meat quality

Meat types Treatment parameters Effects References

Beef 
longissimus 
thoracis (LT) 
muscles

PEF of EFS, 0.2–0.6 kV/cm; 
PW, 20μs; PF, 1–50 Hz; PN, 
30–1528; treatment time, 
600–30,560μs; SE, 0.05–
34.33 kJ/kg; and ageing time, 1 
and 3 days at 4 °C; 95% 
relative humidity; air speed, 
2–3 m/s. under vacuum 
packaging

PEF treatment had no additional 
significant impact on the mean 
shear force values (p > 0.05), 
while ageing resulted in a 
decrease (p < 0.001) in shear 
force values regardless of 
treatments; PEF treatment 
increased the purge loss but did 
not cause significant (p > 0.05) 
cooking loss

Faridnia 
et al. 
(2014)

Beef LL and 
SM muscles

PEF of EFS, 0.31–0.56 kV/cm; 
PW, 20 μS; PF, 20, 50, and 
90 Hz; SE, 3.1–64.7 kJ/kg 
followed by ageing for 3, 7, 14, 
and 21 days at 4 °C after 
vacuum packaging

Shear force values for 1-day 
post-mortem in LL muscle 
decreased with PEF regardless 
of the post-treatment ageing, and 
WBSF values for 1- or 3-day 
post-mortem SM muscle 
decreased as ageing storage time 
increased; sensory analysis has 
concluded that 60% panellist 
scored PEF treated as tender; 
only 27.5% did for untreated 
samples

Bekhit 
et al. 
(2014b)

Beef 
longissimus 
thoracis et 
lumborum 
(LTL) muscles

PEF of EFS, 1.4 kV/cm; PW, 
20μs; PF, 10 Hz; PN, 300 and 
600 using square waveform 
pulses; SE, 25 kJ/kg for 300 
PN and 50 kJ/kg for 600 PN 
followed by 2, 10, 18, and 
28 days of ageing at 4 °C or 
ageing for that times followed 
by PEF treatments

PEF treatment has no direct 
relationship between ageing 
time and weight loss which 
increases with higher treatment 
intensity (greater at specific 
energy of 50 kJ/kg than at 25 kJ/
kg); colorimetric redness (a*) 
and yellowness (b*) values of 
control sample decrease with 
increasing ageing period; 
lightness was not affected by 
ageing. PEF-treated sample a* 
and b* values significantly 
increased with time. PEF after 2, 
10, 18, and 26 days showed no 
significant differences in % 
water loss; L*, a*, and b* 
values; and cooking loss 
between untreated and PEF 
treated; gradual decrease in 
WBSF for PEF-treated samples 
with ageing

Arroyo 
et al. 
(2015b)

(continued)
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Table 8 (continued)

Meat types Treatment parameters Effects References

Beef LL and 
SM muscles

PEF of EFS, 0.50–0.58 kV/cm; 
PF, 90 Hz; PW, 20μs; treatment 
time, 30 s followed by ageing 
for 3, 7, 14, and 21 days at 
4 °C

Shear force of PEF-treated LL 
muscles was lower than control 
samples at all ageing times; 
decreased by 2.5 N for each 
additional application of PEF 
over the four PEF repeats used 
(0×, 1×, 2×, and 3×). The final 
temperatures were 31.3 ± 3.4 °C, 
33.3 ± 1.3 °C, and 
38.3 ± 5.23 °C for 1×, 2×, and 
3× treated samples, respectively

Suwandy 
et al. 
(2015d)

Hot deboned 
beef loins (LL) 
and topsides 
(SM)

1×, 2×, and 3× repeated PEF 
EFS, 0.33–0.48 kV/cm; PW, 
20μs; PF, 90 Hz; SE, 17.5–
70.8 kJ/kg followed by ageing 
for 3, 7, 14, and 21 days at 
4 °C

Increase in conductivity, ranged 
from 1.3 to 5.0 mS/cm for LL 
muscles and 1.5 to 3.0 mS/cm 
for SM muscles; increase in 
purge loss LL with increasing 
number of PEF repeats 
(p ≤ 0.001); significant increase 
(p ≤ 0.001) in the purge loss 
with increase in ageing period; 
toughness of LL muscles was 
highest in 3× repeated PEF 
treatment, no differences among 
samples from control, 1× and 2× 
repeated PEF treatment repeats

Bekhit 
et al. 
(2016)

Beef biceps 
femoris 
muscles

PEF treatments of EFS, 
0.38 ± 0.01 kV /cm; PPP, 
144.8 ± 1.10 kW; PPC, 
46.8 ± 1.38; PW, 20μs; PN, 
2725; SE, 21.17 ± 0.72; 
temperature, 4.39 ± 0.85 °C 
(T1), and EFS, 0.61 ± 0.01 kV/
cm; PPP, 553.8 ± 9.68 kW; 
PPC, 111.3 ± 1.68; PW, 20μs; 
PN, 2723; SE, 74.24 ± 2.97; 
temperature, 4.78 ± 1.20 °C 
(T2); vacuum packed at ages 1, 
7, and 14 days at 4 °C

The average rise in the 
temperature in T1, 8.18 °C, and 
T2, 11.08 °C; Western blotting, 
casein zymography, and 
myofibrillar protein profile 
depict increase calpain activity 
and proteolysis during ageing in 
PET-treated muscles; higher rate 
of tenderisation of PEF-treated 
sample during first week of 
ageing

(Bhat et al. 
2019b)

(continued)
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calpain 2 has been observed to be more stable (Ertbjerg et al. 2012). Western blot-
ting, casein zymography, and analysis of myofibrillar protein indicated an increased 
calpain activity and proteolysis during ageing of PEF-treated beef BF muscles (Bhat 
et al. 2019b).

In contrast, Faridnia et  al. (2014) reported that PEF treatment did not have a 
significant impact on the mean shear force values in beef LT muscles, while ageing 
resulted in a decrease in shear force values even without PEF treatment. Bekhit 
et al. (2016) also observed the toughness of hot-boned LL muscles was at the high-
est in repeated (three times) PEF treatment, and a study conducted by Bhat et al. 
(2019c) on cold-boned longissimus dorsi (LD) muscle of red deer (Cervus elaphus) 
also reported that PEF did not significantly change the instrumental shear force, 
Myofibrillar Fragmentation Index (MFI), casein zymography, Western blotting, and 
myofibrillar protein profile of venison LD muscles during ageing.

 Application of PEF in Meat Salting, Brining, and Drying

PEF treatment induces cell membrane electroporation and increases the cell perme-
ability, myofibrillar fragmentation, and the size of muscle cell gaps, all changes 
which enhance the mass transport within meat and therefore the efficiency of diffu-
sion of solutes and water in meat processing unit operations (Gudmundsson and 
Hafsteinsson 2001; Smetana et al. 2019; Toepfl and Heinz 2007). Furthermore, PEF 
treatment is rapid (within seconds) and cost-effective (energy requirement: 10 kJ/
kg) method for improvement of mass transfer operations and preservation in dry 
cured meat products (Toepfl and Heinz 2007). Klonowski et al. (2006) also men-
tioned unpublished results regarding the PEF treatment of ham (done by the Berlin 
University of Technology) that resulted in porous, swamp-like tissue structure with 
increased weight after brine injection, higher water holding capacity, and less loss 

Table 8 (continued)

Meat types Treatment parameters Effects References

Cold-boned 
longissimus 
dorsi obtained 
from red deer 
(Cervus 
elaphus)

2 PEF treatments: EFS, 
0.2 kV/cm; PF, 50 Hz; PW, 
20μs; SE, 1.93 kJ/kg, and EFS, 
0.5 kV/cm; PF, 90 Hz; PW, 
20μs; SE, 70.2 kJ/kg followed 
by ageing for 21 days at 
4 ± 1 °C

No significant impact of PEF 
was observed on the shear force 
and Myofibrillar Fragmentation 
Index (MFI); slight increase in 
the calpain activity and 
proteolysis of troponin T; casein 
zymography, Western blotting, 
and myofibrillar protein profile 
suggest that PEF did not 
produce any significant impact 
on the tenderisation process of 
venison

Bhat et al. 
(2019c)

EFS Electric field strength, PPP pulse peak power, PPC pulse peak current, PW pulse width, PF 
pulse frequency, PN pulse number, SE specific energy

Pulsed Electric Fields Application in Meat Processing



430

during cooking, and the PEF-treated ham was significantly softer and tender than 
untreated ham.

Several studies have concluded that PEF treatment of chicken, pork, and beef 
muscles resulted in an increase in the electrical conductivity, diffusion of curing 
salt, and release of intracellular enzymes resulting in faster maturation and ripening 
of cured meat, a faster drying rate, and an increase in proteolytic activity, enhanced 
fermentation, and a decrease in the time required for pH drop, all without affecting 
sensory properties or appearance of cured sausage meat (Table 9) (Astrain-Redin 
et  al. 2019; Levkov et  al. 2019; McDonnell et  al. 2014; Toepfl and Heinz 2007, 
2008). The increase in the effective diffusivity of water and enhanced mass trans-
port by PEF can also be utilised to design PEF-assisted industrial-scale deep-fried 
meat products. However, at higher treatment intensity (4 kV/cm, 20 kJ/kg) and sub-
sequent hand salting, the surface of meat was denatured, which inhibited the move-
ment of moisture from interior to the surface (Toepfl and Heinz 2007).

PEF can also provide a novel method to produce healthier reduced-sodium pro-
cessed meat products. Due to better diffusivity of salt after PEF treatment, the salt 
concentration can be lowered in cured meat. Bhat et al. (2020) investigated the use 
of PEF for sodium reduction in beef jerky made from beef topside muscles. PEF- 
treated samples had a significantly lower sodium content than the control, without 
affecting sensory scores, instrumental shear force (N), and toughness (N/mms) but 
with better scores during chewing, and did not affect colour, yield (%), and oxida-
tive and microbial stability of the products.

 Conclusions

PEF processing has been shown to offer potential benefits in the processing of meat. 
PEF treatments are energy efficient and are of very short duration. The efficiency of 
PEF treatments for meat application depends on PEF process parameters such as 
EFS, treatment time, and specific energy as well as the intrinsic meat properties. 
Furthermore, PEF pretreatment before ageing improves tenderness and shortens 
ageing times which otherwise are very slow and costly with poor reproducibility. 
PEF can also enhance mass transfer of water and solutes in or out of the meat which 
results in more cost-effective meat curing, maturation, fermentation, and subse-
quent drying and can decrease the use of sodium producing healthier cured meat 
products.

The positive effects of PEF on meat structure modifications, tenderisation, short-
ening ageing time, and enhanced mass transfer are of great commercial value. The 
latest application of PEF pretreatment prior to sous-vide processing also shows 
promising results that the tenderness of low-value tough meat cuts increases without 
adverse effects on colour stability, lipid oxidation, or cooking loss. Since, in multi-
cellular tissues like meat, the occurrence of PEF-induced changes is complex 
because of the presence of components with various electrical and morphological 
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Table 9 Application of PEF in meat curing, smoking, and drying

Meat types Treatment parameters Effects References

Dry and wet 
cured pork 
shoulder

Pilot scale and batch treatment; 
treatment chamber size, 
50 cm × 30 cm × 15 cm; stainless steel 
electrode with gap of 8–15 cm; EFS, 
3–4 kV/cm; PF, 1–20 Hz; SE, 5–20 kJ/
kg; followed by dry curing by 8% nitrite 
salt on the product surface or by 
injection of 10% of saturated brine and 
subsequent drying by air at 8 °C and 
95% relative humidity (RH)

Increase in tissue 
conductivity; enhanced 
drying rate depending 
on treatment intensity 
and salting methods; the 
shortest drying time at 
3 kV/cm, 5 kJ/kg 
followed by brine 
injection; treatment at 
4 kV/cm and 20 kJ/kg 
followed by hand 
salting formed the dry, 
denatured meat surface 
inhibiting mass transfer 
from the centre to the 
surface

Toepfl and 
Heinz 
(2007)

Whole pork 
haunches

PEF treatment at 3 kV/cm and 5 kJ/kg 
followed by dry curing with 8% nitrite 
salt

Enhanced diffusion of 
salt and nitrite into to 
the product core after 
storage time of a few 
weeks

Toepfl and 
Heinz 
(2007)

Minced 
sausage meat

Continuous treatment chamber with a 
diameter of 6 cm with central high- 
voltage electrode and grounded 
counterparts, separated by polyethylene 
insulators; electrode gap, 6 cm; peak 
voltage, 24 kV; EFS, 2 kV/cm; PF, 
20 Hz; SE, 2–10 kJ/kg; flow rate, 2 t/h; 
and a specific energy input of 2 kJ/kg 
followed by fermentation

Decrease in time 
required to drop pH to a 
value of 5 by 30%; no 
detrimental effect on 
sensorial properties and 
appearance

Toepfl and 
Heinz 
(2007)

Cured pork 
shoulder

Lab-scale PEF treatment, EFS, 3 kV/cm, 
followed by curing and drying at 8 °C 
and 95% RH

Accelerated rate of 
water release during 
drying at 8 °C and 95% 
RH and increased 
release of intracellular 
enzymes that fastened 
the ripening

Toepfl and 
Heinz 
(2008)

Pork
M. 
longissimus 
thoracis et 
lumborum 
(LTL) muscle

PEF treatment of EFS, 1.2 or 2.3 kV/cm; 
PF, 100 or 200 Hz; PN, 150 or 300; SE, 
20–185 kJ/kg

Significant increase in 
NaCl content in 
PEF-treated sample 
than control; treatment 
at 1.2 kV/cm and 
67.6 kJ/kg, 100 Hz, and 
PN 300 gave the best 
NaCl uptake (13% 
above the control); no 
effect on cook loss and 
water binding capacity

McDonnell 
et al. (2014)

(continued)
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Table 9 (continued)

Meat types Treatment parameters Effects References

Chicken 
breast

PEF generator, based on insulated-gate 
monopolar transistor switching capable 
of peak voltage, 1 kV, current up to 160 
A; PW, 5–100μs; PF, 1–16 Hz with 
energy conversion efficiency of 88%. 
PEF treatment with EFS of 0.5 kV/cm; 
PW, 50μs; PF, 1 Hz; and PN, 120

Increased the effective 
diffusivity of water by 
13–24% and reduced 
convective air drying 
time by 6.4–15.3%

Levkov 
et al. (2019)

Pork loin Cylindrical-parallel-plate-electrode 
treatment chamber with a diameter of 
4 cm and a gap of 5 cm; EFS, 0.1–
5.0 kV/cm; PW, 10–200μs; PN, 0–200; 
SE, 0–56 kJ/kg

PEF treatment of 1 kV/
cm, 200μs, and 28 kJ/kg 
was optimal that was 
the most suitable with 
water content reduction 
of 60.4% in treated 
meat samples dried at 
4 °C; higher drying 
rates in minced pork 
meat with a particle size 
of 4.0 mm; the 
application of PEF with 
above-mentioned 
intensity to Spanish 
cured sausages 
“longaniza” reduced the 
drying time from 17 to 
9–10 days (a reduction 
of 41–47%)

Astrain- 
Redin et al. 
(2019)

Beef topsides PEF assembly with treatment chamber 
of 13 × 8 × 5 cm dimension with two 
parallel stainless steel electrodes held 
8 cm apart; EFS, 0.52 kV/cm; PW, 20μs; 
PF, 20 Hz; SE, 13.79 ± 0.36 kJ/kg 
followed by curing with 1.2% NaCl in 
curing solution and 2% NaCl in control

PEF-treated samples 
had significantly 
(p < 0.05) lower sodium 
content than the control; 
however, the sensory 
scores were comparable 
(p > 0.05) with control, 
and > 84% of the 
panellists preferred 
PEF-treated samples 
over control for 
saltiness; no significant 
(p > 0.05) effect on 
sensory scores, 
instrumental shear force 
(N) and toughness (N/
mm s), colour, yield 
(%), and oxidative and 
microbial stability of 
the products

Bhat et al. 
(2020)

EFS Electric field strength, PW pulse width, PF pulse frequency, PN pulse number, SE spe-
cific energy
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properties, further research is needed for optimisation and commercial PEF applica-
tion in meat processing.

Research to date suggests that PEF is not a feasible approach to attain commer-
cial sterility (or even the pasteurisation of meat products) because of higher treat-
ment intensity needed to kill the microorganisms present and the resistance of 
bacterial spores to PEF. Therefore, other hurdles or preservation techniques such as 
cooking, refrigeration, freezing, the lowering of pH, or atmospheric modification 
should be used in combination with PEF to ensure food safety and the prevention of 
meat spoilage.

 Future Directions

Despite the potential uses for PEF in meat processing, there are still challenges to 
develop a successful commercial PEF application. Published studies on the effect of 
PEF on meat quality can be conflicting due to various factors such as the use of dif-
ferent animal species, breed, age, sex, muscle types, genetic and environment fac-
tors, and differences in PEF operating variables. The use of high PEF intensity 
treatments may enhance tenderness but may have detrimental effects on other qual-
ity parameters such as water holding capacity, meat colour, juiciness, and doneness. 
At high-intensity treatments, the process may be uneconomical because of high 
energy requirements. Considering the heterogeneity in meat composition even in 
the same muscle, there is a need for further investigations studying the relationship 
between quality parameters during and after PEF treatment and the optimisation of 
process variables and processing conditions for specific meat and muscle types 
prior to commercial application. Furthermore, as research in PEF application for 
meat processing is still at a laboratory or pilot scale, the development of reliable, 
economical, and user-friendly industrial-scale equipment is necessary.
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 Introduction

The feasibility of pulsed electric fields (PEF) for a wide pool of different applica-
tions in the food industry has been demonstrated in many diverse studies. Regardless 
of some well-known uses in different sectors such as fruit juices, potato processing, 
wineries, olive oil extraction, drying, or meat processing, other PEF emerging appli-
cations are recently taking importance showing promising benefits and results. PEF 
technology is a valuable tool that can improve extractability and recovery of func-
tional and high valuable compounds (Fig. 1) or modify the food structure with a 
diverse variety of practical applications. The use of PEF has been expanded in dif-
ferent areas within food science, food engineering, and food biotechnology. The 
growing demand for products derived from natural sources has encouraged in the 
last years the study of different applications of PEF where biotechnological applica-
tions are increasingly relevant. Other important approaches such as the reduction of 
energy expenditure and the development of more efficient processes have been 
other areas of opportunity for PEF. The benefits of this technology are reflected not 
only in the quality of the products obtained but also in energy savings and the lower 
environmental impact that this represents.

Fig. 1 PEF-assisted 
extraction of intracellular 
compounds from plant and 
microbial cells

D. Aguilar-Machado et al.
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 Extraction of Pigments by PEF

Pigments are compounds that change the color of reflected or transmitted light as 
the result of wavelength-selective absorption. Carotenoids, anthocyanins, betanin, 
and chlorophylls, among others, are the main pigments that provide the color to 
food. These coloring agents have drawn renewed interest because these not only 
make food attractive but also have potential health benefits (Rodríguez-Amaya 
2016; Saini and Keum 2018). While some plants and microorganisms can synthe-
size pigments, other organisms such as animals must obtain these molecules through 
the diet. In the last years, the market for food pigments has rapidly increased and it 
is expected to continue growing (Institute of Food Technologist 2016). Pigments are 
nowadays mostly chemically produced; however, the growing awareness of the 
environmental hazards and the negative assessment of synthetic food dyes from 
modern consumers have given a strong interest in natural coloring alternatives 
(Carocho et al. 2014). Suiting this trend, major food and beverage companies have 
committed to removing artificial colorants from their products substituting those by 
natural ones (Cortez et al. 2017). Besides, the consumption of natural pigments has 
been associated with a reduction of the risk of suffering diseases such as cancer, 
diabetes, and obesity in comparison to synthetic ones (Li et al. 2016; Cooperstone 
and Schwartz 2016; Fakhri et al. 2018). Therefore, it makes sense to seek feasible 
sources of natural pigments from microorganisms or plants.

To incorporate natural pigments in food with sufficient concentration and with 
increased bioavailability, the pigments have to be extracted and isolated from the 
natural source and subsequently added to the food or beverage. In the case of unicel-
lular organisms, some of the pigments are released spontaneously to the extracel-
lular medium, but in most of the cases, pigments remain inside the microbial cells. 
The structure of the cells and the location of the pigments are specific for each type 
of cell in which pigments are contained. Therefore, the design of effective strategies 
for their extraction and subsequent purification requires exhaustive research of these 
features. Both in vegetal or microbial cells, intracellular compounds have to cross 
the cell envelopes to be recovered. The presence of an intact cytoplasmic membrane 
which acts as a semipermeable barrier, or also membranes of organelles and other 
envelopes such as thick cellular walls, makes the release of valuable compounds 
difficult. The recovery of these compounds, which are intracellularly locked, should 
occur through a sustainable process in which a crucial role is played by the cell 
disintegration technique used to improve the efficiency of the extraction step. 
Figure 2 shows a process flow diagram of pigment production from vegetable matri-
ces or microorganisms. The process begins with the cultivation of strains of micro-
organisms or vegetable species that produce the pigment of interest and its 
harvesting. After the concentration of the microbial suspension or the size reduction 
of vegetable matrices, the extraction process has been traditionally carried out after 
dehydrating the biomass. This approach allows the extraction of hydrophobic pig-
ments using organic solvents and the storage of the biomass, thereby providing the 
option of delaying the extraction of the target compound. Nevertheless, dehydrating 
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the biomass previously to the extraction stage consumes a considerable amount of 
energy and may provoke the degradation of high-value compounds due to oxida-
tion. Thus, it should be preferable to use moist biomass, where fewer unit operations 
are required. Either following the dry or wet route, cell disruption pre-treatments 
must be applied to pierce the cell envelopes and facilitate the subsequent extraction. 
The selected technique should allow a mild cell disruption of biomass to selectively 
improve the extraction efficiency, reducing processing time, temperature, and 
amount of organic solvents but maintaining the integrity of the extracted molecules 
with no losses of functionality. The cell disruption pre-treatments traditionally 
applied are based on chemicals, enzymes, or physical methods. Chemical treat-
ments are effective, but for food applications, the contamination of the suspensions 
by the active chemical, which often is a nonfood grade solvent, results in the com-
plication of downstream purification (Lam and Lee 2015). Enzymes require long 
incubation times, are expensive, and are limited to the use under optimal conditions 
(Lam and Lee 2015; Middelberg 1995). Concerning the application of mechanical 
treatments, they usually produce an increment of temperature, and biomass must be 
then cooled down to avoid undesirable heating effects. Besides, these techniques 
generally prevent the extraction of thermolabile compounds and produce excessive 
denaturalization of cell envelopes that lead to the release of cell debris, and subse-
quent expensive purification processes are required (McMillan et  al. 2013; 
Skorupskaite et al. 2017; Walther et al. 2017). Other nonconventional technologies 
including ultrasound (US), microwave (MW), mixing, supercritical fluid extraction 
(SFE), pressurized liquid extraction (PLE), or heating methods have also been 
tested to improve the yields from direct solvent diffusion (Macías-Sanchez et al. 
2009; Jaime et al. 2010; Pasquet et al. 2011; Plaza et al. 2012; Chemat et al. 2017).

Regardless of the method of the cell disruption used, biomass can be either dried 
(dry route), or the process follows up using the moist biomass (wet route). The 
extraction is usually carried out by dissolving the pigments in a liquid solvent to 
later recover them from the mixture. The solvent (organic or aqueous, depending on 
the polarity of the pigment to be extracted) is blended with the solid, and contact is 
kept throughout the required time interval. The release of the compound that is 
located inside a cell requires the solvent penetration and then the dissolution of the 
compound, followed by the diffusion to the surface of the cell and, finally, to the 
extracellular solvent. After the extraction stage, the extract contained in the solvent 
is purified to different degrees depending on the final application of the extracted 
pigment. For example, the production of phycobiliproteins as biomarkers for immu-
nology assays requires highly purified molecules, while the extracts used as pig-
ments for foods or beverages usually contain a mixture of molecules (Martínez 
et al. 2020b).

Pulsed electric field (PEF) is a nonthermal technology able to enhance the migra-
tion of intracellular compounds located in the cytoplasm of cells through the cyto-
plasmic membrane. The loss of the selective permeability of the membrane improves 
the mass transfer and enhances the release of intracellular compounds to the sur-
rounding media. This permeabilization caused by PEF has been mainly evaluated 
through cell disintegration index and percentage of irreversible cells electroporated 
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for vegetables-based matrices and microbial cells, respectively. The efficacy of elec-
troporation required for extraction depends on PEF treatment intensity and the type 
of sample studied, as well as other parameters such as temperature, conductivity 
pH, sample size, and form (Puértolas and Barba 2016).

This section provides insights into the potential of electroporation by PEF as a 
pre-treatment to improve the subsequent extraction of pigments as well as other 
bioactive compounds from plants and microbial cells.

 Extraction of Pigments from Plant-Based Matrices

Plant tissues are rich sources of pigments that can be used as natural food colorants 
but also provide a supportive role in disease prevention, therapy, and health promo-
tion. In general, anthocyanins are associated with the prevention of vision disorders, 
cancer, and cardiovascular and neurological diseases, while carotenoids are thought 
to prevent cancer and photooxidative damage and improve immune system, and 
betalains and chlorophylls are associated as well with anticancer activity (Leong 
et al. 2018). Also, within the same group of pigments, there are numerous specific 
compounds; each one can also bear particular bioactive potential.

Commonly, the procedures of pigment extraction from vegetables are based on 
using high temperatures and/or polluting solvents, with the drawbacks mentioned in 
the previous section. It must be highlighted that plant pigments are highly suscep-
tible to degradation or lose their color attributes. For example, the chlorophyll of 
green vegetables exposed to mild heat treatment and light can be quickly degraded 
into its derivatives like pheophytin turning into dark yellowish. Anthocyanin color 
varies with the pH of the medium and is very unstable depending on environmental 
conditions (heat, acid, peroxides, enzymes, oxygen, and light). Carotenoids can 
readily be oxidized by the presence of oxygen depending on temperature and the 
light itself also provokes degradation. With the total disruption of cells by unspecific 
treatments, various substances retained in different cellular compartments come 
into contact with each other (enzymes, oxygen, pigments), and the risk of degrada-
tion rises. Different organelles inside the plant cells may contain the specific types 
of pigments but usually are inside vacuoles. Permeabilization of cytoplasmic mem-
brane by PEF can lead to destabilization of vacuoles due to osmotic imbalance 
contributing to the selective release of pigments (Luengo et al. 2014a). Therefore, 
PEF treatment can enhance the selective diffusivity of components using the appro-
priate solvents at ambient temperatures, preventing thermal degradation of vegetal 
cell walls and the release of debris.

Several detailed studies of pigment extraction from different plant materials after 
PEF have been conducted. Typically, before PEF treatment, the tissue is processed 
to reduce the size into pieces or to produce a pomace (Fig. 2). The sample can be 
subjected directly to the PEF treatment or embedded in a solution. Most of the stud-
ies reported in literature deal with the extractability of betanin, anthocyanin, and 
carotenoids following the PEF treatment of red beetroot, cabbage, grape, tomato, 
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carrot, or paprika (Brianceau et al. 2015; Grimi et al. 2009; Luengo et al. 2016). In 
these studies, the treatment parameters (electric field strength, treatment time, pulse 
width, temperature of application, pH, and specific energy applied) have been opti-
mized to maximize the extraction yields by producing irreversible electroporation. 
Generally, due to the larger size of vegetal cells, the electric field strengths required 
to electroporate the cells are lower than in the case of microbial cells. Total extrac-
tion has been achieved using moderate electric field strengths (0.5–5.0 kV/cm) both 
in the range of microseconds or milliseconds, with low energy consumption. 
Generally, longer pulses in the order of milliseconds result in larger pores (Saulis 
2010; Saulis and Saule 2012), and the same occurs with the extension of treatment 
time or the number of pulses (Silve et al. 2014). Likewise, temperature, pH, and 
electrical conductivity of the medium have been described as important parameters 
also affecting extraction yields. The application of PEF to a highly conductive solu-
tion results in a higher current across the electrodes and a more ohmic heating 
effect, thus increasing temperature in comparison to a lower conductivity solution. 
Also, the variables involved during extraction such as temperature and type of sol-
vent affect the extraction yields and thus modulate the effect achieved after PEF 
pre-treatment.

Ade-Omowaye et al. (2001) investigated the impact of PEF treatment (1.7 kV/
cm; 0.5 kJ/kg) before high-pressure extraction on yield and some quality parameters 
of juice from paprika and compared the results with those of juice obtained from 
enzymatically treated or untreated paprika mash. In addition to pH, soluble solids 
(°Brix), total dry matter and color, total carotenoids, and β-carotene were deter-
mined in the resultant juice samples. PEF treatments resulted in about 10% increase 
in juice yield, better redness color, and 60% more β-carotene extraction being the 
remaining juice quality parameters similar to those obtained from untreated and 
enzymatically treated paprika.

Regarding the extraction of betanin from red beetroot, López et  al. (2009) 
reported the use of PEF for the treatment of thin disks at different intensities (num-
ber of pulses and field strengths) for the release of this pigment into media of differ-
ent pH and temperature. The use of extracting media having pH 3.5 and a temperature 
of 30 °C resulted in the highest yields. When samples were subjected to 5 pulses of 
2μs at 7 kV/cm, a release about 90% of total betanin in 300 min was observed; this 
extraction time was five times faster than the non-PEF-treated samples. Pressing the 
samples during the extraction process also accelerated the extraction. Loginova 
et al. (2011a) studied the effect of temperature (30–80 °C) on the degradation of 
colorants and kinetics of their extraction from the red beet by using PEF. The tem-
perature increased the extraction yields, but degradation became important above 
60 °C. PEF treatment removed the membrane barriers, being extraction ruled by 
unrestricted diffusion from PEF-treated samples. More recently, Luengo et  al. 
(2016) compared the efficiency of PEF treatments in the range of milliseconds (0.4 
to 0.6 kV/cm; 10 to 60 ms) and microseconds (4 to 6 kV/cm; 30 to 150μs) during 
the extraction of betanin from red beet. The most intense treatment conditions 
applied in the milliseconds range (0.6 kV/cm; 40 ms) and the microseconds range 
(6 kV/cm; 150μs) increased the yields 6.7 and 7.2 times, respectively, compared 
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with untreated samples. However, lower specific energy was consumed in the PEF 
treatments applied in the range of μs (28.8 kJ/kg) than in the PEF treatments applied 
in the ms range (43.2 kJ/kg).

Improvement of anthocyanin extraction from different plant materials after PEF 
treatment has also been investigated. Gachovska et al. (2010) evaluated the effect of 
PEF on anthocyanin extraction from red cabbage mash using water as a solvent. 
PEF treatments (2.5 kV/cm; 750μs) enhanced total anthocyanin extraction by 2.15 
times in comparison to the untreated one. Comparing heat and light stability of 
PEF-treated and untreated samples, not significantly different was observed 
(P > 0.05). Puértolas et al. (2013) studied the influence of PEF parameters on the 
anthocyanin extraction yield (AEY) from purple-fleshed potato at different extrac-
tion times (60–480 min) and temperatures (10–40 °C) using water and ethanol (48% 
and 96%) as solvents. A PEF treatment of 3.4 kV/cm and 105μs (35 pulses of 3μs) 
resulted in the highest cell disintegration index (Zp = 1) at the lowest specific energy 
requirements (8.92  kJ/kg). After 480  min at 40  °C, the AEY obtained for the 
untreated sample using 96% ethanol as the solvent (63.9 mg/100 g fw) was similar 
to that obtained in the PEF-treated sample using water (65.8  mg/100  g fw). 
Therefore, PEF could allow substituting the use of an organic solvent such as etha-
nol by water without impairing extraction yield. Liu et  al. (2018) reported PEF- 
assisted aqueous extraction as a selective and eco-friendly method to recover 
water-soluble polyphenols (PC) and pigments flavonoids (FC) from fresh red onion. 
Optimal PEF conditions (2.5 kV/cm, 90 pulses, and 45 °C extraction temperature) 
resulted in an enhancement of the extraction yield of PC and FC up to 102.86 mg 
GAE 100/g fw and 37.58 mg QE 100/g fw, respectively. These yields suppose an 
increment by 2.2 and 2.7 times for PC and FC regarding non-PEF-treated samples.

Roohinejad et al. (2014) studied the effect of electric field strength (0.1–1.0 kV/
cm) and frequency (5–75 Hz) of PEF processing on the extractability of carotenoids 
from carrot pomace using different vegetable oils. PEF improved the yields in all 
cases in comparison to untreated samples, but the effect of solvent depended on the 
PEF treatment conditions. Sunflower had the highest carotenoid extractability with 
45.50 and 39.42μg/g for β- and α-carotene, respectively. The influence of the appli-
cation of PEF (3–7 kV/cm and 0–300μs) on the extraction of lycopene from tomato 
waste was investigated by Luengo et al. (2014a). A PEF treatment at 5 kV/cm for 
90μs improved the carotenoid extraction from tomato peel by 39% as compared 
with the control in a mixture of hexane/ethanol/acetone (50:25:25). On the other 
hand, this PEF treatment allowed reducing the hexane content in the solvent combi-
nation from 45% to 30% without affecting the carotenoid extraction yield. The anti-
oxidant capacity of the extracts obtained from tomato peel was correlated with the 
carotenoid concentration, and it was not affected by the PEF treatment. Pataro et al. 
(2018) demonstrated that the combination of steam blanching (SB) (1  min at 
50–70 °C), with PEF treatments (0.25–0.75 kV/cm, 1 kJ/kg) of whole tomatoes, in 
addition to reducing the energy required for tomato peeling, can significantly con-
tribute to the recovery of carotenoids from the peels in acetone. PEF and SB caused 
the increase of the yield in total carotenoids (up to 188% for PEF and 189% for SB) 
and antioxidant power (up to 372% for PEF and 305% for SB) concerning the peels 
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from untreated tomatoes. Furthermore, the application of a combined treatment 
(PEF  +  SB) showed a synergistic effect in extraction, being lycopene, the main 
carotenoid extracted, and neither PEF nor SB caused any degradation. These results 
demonstrated that the integration of PEF in the processing line of tomato fruits 
before SB contributes to the valorization of tomato processing by-products.

 Extraction of Valuable Pigments from Microbial Cells

Aside from plants, microorganisms have been considered potential sources of natu-
ral pigments because they are able of producing high yields while growing in low- 
cost substrates such as agro-industrial wastes (Buzzini and Martini 2000). Some of 
the natural isomers of the pigments that microorganisms produce have proven supe-
rior in terms of nutritional and therapeutic value and thus are advantageous despite 
being more expensive than synthetic forms (Becker 2004). For example, the carot-
enoid astaxanthin provides the orange-red color to crustaceans and salmonids which 
plays an important role in consumer appeal, but animals cannot synthesize the pig-
ment and need to incorporate it in the diet. Xanthophyllomyces dendrorhous yeast 
and Haematococcus pluvialis microalgae naturally accumulate this pigment, and a 
lot of scientific papers and patents are devoted to microbial astaxanthin production 
(Johnson 2003; Schmidt et al. 2011). Besides, the modification of strains to obtain 
overproducing mutants enables significant improvement of pigment yields (Jacobson 
et al. 2003). On the other hand, the yeast of the genus Rhodotorula produces the 
carotenoids torulene and torularhodin, apart from a small quantity of β-carotene. 
Torularhodin is a singular red carotenoid with potential applications ranging from 
food technology to therapeutics thanks to its strong antioxidant activity, being a 
vitamin A precursor, and anticancer potential (Moliné et al. 2012; Zoz et al. 2015; 
Du et al. 2016).

The permeabilization of the cytoplasmic membrane after PEF treatment is gener-
ally described as the cause of the improved release of the compounds of interest. 
The PEF improvements in the recovery of pigments from microorganisms such as 
yeast and microalgae are summarized in Table 1. It has been recently reported that 
PEF treatments also activate yeast autolysis, thereby leading to the self-degradation 
of the constituents of yeast cells by their own hydrolytic enzymes (Martínez et al. 
2016). In this sense, the potential of PEF for inducing autolysis has been studied in 
the red yeast Rhodotorula glutinis to improve carotenoid extraction. Martínez et al. 
(2018) designed an efficient and eco-friendly process of carotenoid extraction from 
fresh biomass. While an extended contact of R. glutinis biomass in ethanol after 
PEF treatment resulted in negligible extraction, 24 h of incubation of the treated 
cells in aqueous medium allowed achieving subsequent carotenoid extraction in 
ethanol. This fact was associated with the trigger effect of PEF on enzymatic reac-
tions of autolysis, and it was confirmed with flow cytometer which evidenced mor-
phological changes in PEF-treated R. glutinis cells during aqueous incubation. This 
improvement in the release of carotenoids was explained by the lysis of the bonds 
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of carotenoids with other components of the cytoplasm by enzymes released 
from the organelles, as a result of the distressing osmotic conditions of the cyto-
plasm after electroporation (Martínez et al. 2018). Likewise, the potential of PEF to 
improve carotenoid extraction from dry biomass of R. glutinis was also demon-
strated (Martínez et al. 2020a). The extraction from untreated or PEF- treated cells 
that were immediately freeze-dried after the pre-treatment using acetone, hexane, 
and ethanol as solvent was not very effective (extraction yield <20% total content). 

Table 1 Recovery of pigments from microorganisms by pulsed electric fields (PEF) technology

Microorganisms Pigment Improvement

Electric 
field 
strength
(kV cm−1)

Total 
specific 
energy
(kJ/kg) References

Yeast
R. glutinis Carotenoidsa 3 times greater 

extraction than from 
untreated (375μg/g dw)

15 kV/cm 68 kJ/kg Martínez 
et al. (2018)

R. glutinis Carotenoidsb 80% of total carotenoid 
(267μg/g dw)

15 kV/cm 84 kJ/kg Martínez 
et al. 
(2020a)

X. dendrorhous Astaxanthina 70% of total carotenoid 
(2.4 mg/g dw)
Up to 84% 
corresponded to 
trans-astaxanthin

20 kV/cm 54 kJ/kg Aguilar- 
Machado 
et al. (2020)

Microalgae
C. vulgaris Lutein 3.5–4.2-fold in 

comparison to 
untreated

25 kV/cm 61 kJ/kg Luengo 
et al. 
(2015a, b)

A. platensis C-Phycocyanin Total content 
extraction after 6 h

25 kV/cm 93 kJ/kg Martínez 
et al. (2017)

Nannochloropsis Proteins, 
pigments

Efficient extraction of 
proteins in water at 
the first step and 
improved extraction 
in DMSO/ethanol of 
pigments (second 
step)

20 kV/cm 96 kJ/kg Parniakov 
et al. (2015)

P. cruentum β-Phycoerythrin Total content 
extraction after 24 h

8 kV/cm 15 kJ/kg Martínez 
et al. 
(2019a, b)

H. pluvialis Astaxanthin 96% of the total 
carotenoid content 
(18.3 mg/g dw)

1 kV/cm 50 kJ/kg Martínez 
et al. 
(2019a, b)

Data regarding total specific energy depends on the conductivity of the media in which treatments 
were applied, a crucial parameter
aFresh biomass
bDried biomass
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Conversely, PEF treatment and subsequent intermediate incubation in an aqueous 
buffer for 24 h, followed by freeze-drying and extraction, led to a large improve-
ment in the extraction yield with the three solvents assayed. Ethanol was the most 
efficient, reaching an extraction yield of 80% of total carotenoid, which represents 
a recovery of 267μg/g dw being torularhodin esters the main carotenoid found in the 
extracts. On the other hand, Aguilar-Machado et al. (2020) recently demonstrated 
that the application of PEF treatment and subsequent aqueous incubation of fresh 
biomass of mutant X. dendrorhous ATCC 74219 allowed the ethanolic extraction of 
70% of the total carotenoids. From total carotenoid extracted, around 84% corre-
sponded to all-trans-astaxanthin. The effective extraction was attributed to the irre-
versible electroporation caused by PEF and the hydrolytic activity of the enzyme 
esterase triggered by PEF during the incubation time. The application of PEF treat-
ments to the fresh biomass with an immediate suspension in ethanol was ineffective 
for the extraction of carotenoids. However, after 12 h of aqueous incubation and 
subsequent resuspension in ethanol, it resulted in an effective astaxanthin extrac-
tion. The esterase activity triggered by PEF seems to play an important role by the 
effective extraction achieved in certain species. These esterases could hydrolyze the 
triacylglycerols of lipid droplets that contain the astaxanthin resulting in the loss of 
their structure and the subsequent carotenoids release by diffusion into the extrac-
tion media.

Despite the potential of PEF-assisted extraction of pigments from yeasts, the 
most extensive group of microorganisms exploited for pigment production is micro-
algae. These photosynthetic organisms contain basically three types of pigments: 
carotenoids, chlorophylls, and phycobiliproteins. Among carotenoids, apart from 
α- and ß-carotenes, microalgae such as Chlorella sp. contain lutein, which is 
approved as a food colorant by the European Union (E-161 b) and has also a poten-
tial role in preventing diseases due to its antioxidant capabilities (Carpentier et al. 
2009). Like carotenoids, chlorophylls are lipid-soluble compounds with low polar-
ity, and they are used commercially as important natural green pigments (Henriques 
et al. 2007). Chlorophyll has also been associated with health benefits as a nutraceu-
tical agent with antioxidant, anti-inflammatory, antimutagenic, and antimicrobial 
properties (da Silva Ferreira and Sant’Anna 2017). Another type of photosynthetic 
pigment is the phycobiliprotein, a water-soluble protein assembled in the thylakoid 
membranes of chloroplasts. The cyanobacterium Arthrospira and the rhodophyte 
Porphyridium are already commercially used for its production (Viskari and Colyer 
2003; Román et al. 2002). The main potential of these molecules is to serve as natu-
ral dyes. However, their health-promoting properties have been also proven along 
with a broad range of pharmaceutical applications and as fluorescent biomarkers in 
immunology (Qiu et al. 2004).

The potential of PEF technology as a pre-treatment to improve the extraction of 
microalgae pigments has been widely reported (Martínez et al. 2020b). In general, 
PEF pre-treatment improved the subsequent release of water-soluble as well as non-
polar pigments utilizing an appropriate solvent. Electric field strength, treatment 
time, and specific energy influence the effectiveness of PEF treatment on microal-
gae. The effective permeabilization after PEF treatment of enough intensity has 
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been evidenced by a strong increase in the electrical conductivity of the suspension 
media and the uptake of propidium iodide (Kempkes 2016). Beyond the critical 
electric field strength, permeabilization commonly increases along with more 
intense electric field strength and longer treatment durations. However, the short-
ness of treatment duration from milliseconds to microseconds, combined with a 
small increase of electric field strength, allows maintaining or even increasing the 
extraction yield while reducing the energy consumption (Luengo et  al. 2015a). 
Another crucial factor influencing the electroporation of microalgae is the tempera-
ture during PEF treatment. The rise of temperature within levels that do not cause 
degradation of the pigments by heat (below 40 °C) allows a reduction of the required 
electric field strength and treatment time to achieve a certain extraction yield and, as 
a result, a reduction in the total specific energy supplied by the treatment (Luengo 
et al. 2015b; Martínez et al. 2017).

Luengo et al. (2014b; 2015a, b) studied and optimized the extraction of chloro-
phylls and carotenoids (lutein) from the microalgae Chlorella vulgaris, regarding 
the influence of electrical parameters and temperature. A PEF treatment of 20 kV/
cm for 75μs increased extraction yields for carotenoids and chlorophylls a and b by 
1.2, 1.6, and 2.1 times, respectively (Luengo et al. 2014b). A high correlation was 
observed between irreversible electroporation and the percentage of yield increase 
when the extraction was conducted 1 h after the application of PEF treatment, but 
not when the extraction was conducted just after PEF treatment. The authors com-
pared the influence of microsecond against millisecond pulses in conjunction with 
electric field strength (Luengo et  al. 2015a). To achieve a maximum extraction 
yield, the energy of treatments required in the milliseconds range was 150 kJ/L, 
while for treatments in the microsecond order, only 30 kJ/L was required. Regarding 
the influence of treatment medium temperature, a treatment of 25 kV/cm–100μs at 
25 to 30 °C increased the lutein extraction yield 3.5- to 4.2-fold in comparison with 
control, resulting in the most suitable treatment conditions for maximizing lutein 
extraction from Chlorella vulgaris at the lowest energy cost (Luengo et al. 2015b).

Martínez et al. (2017) applied PEF to fresh biomass of Artrosphira platensis to 
enhance the selective extraction of the water-soluble protein phycocyanin in aque-
ous media. Electric field strength (15 to 25 kV/cm), treatment time (60 to 150μs), 
and temperature of application (10 to 40  °C) were found to influence extraction 
yields, but a delay of 150 min at the onset of extraction was observed for all condi-
tions. This delay was attributed to the fact that low molecular weight molecules can 
pass through the cytoplasmic membrane directly after electroporation, while the 
leakage of components of larger molecular weight might need that the pores gener-
ated by PEF treatment enlarge over the progression of time. Likewise, Jaeschke 
et al. (2019) achieved high extraction yields of phycocyanin from A. platensis after 
PEF treatments of 40 kV/cm using 1 μs wide pulses (112 kJ/kg), being observed 
that the yields increased by increasing incubation time after PEF treatment.

More recently, Martínez et al. (2019a) studied the extraction of another water- 
soluble phycobiliprotein, β-phycoerythrin (BPE), into aqueous media by the appli-
cation of PEF to fresh Porphyridium cruentum. While the release of this water-soluble 
protein was undetectable in the untreated cells even after long incubation times, the 
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entire content was released from PEF-treated cells after 24 hr of extraction. The 
protein was not released immediately, nevertheless; a delay time of over 6 h was 
needed till the pigment could be detected in the extraction buffer. This kinetics 
pointed out that BPE release requires not only the diffusion of the pigment through 
the cell membrane but also the disassembling of the molecule from the cell organi-
zation. In this respect, it was postulated that PEF could trigger the release of hydro-
lytic enzymes from the P. cruentum organelles that would lyse the bonds between 
the pigment and other compounds of the cell; thus, the water-BPE complex could 
diffuse through the membrane, carried by a concentration gradient.

In this sense, the approach of triggering the autolysis of microalgae using PEF 
was afterward evaluated for the extraction of carotenoid astaxanthin from the Nordic 
strain Haematococcus pluvialis (Martínez et al. 2019b). The efficiency of PEF pre- 
treatment of fresh biomass of H. pluvialis followed by incubation in the growth 
medium was compared to classical disruption methods (bead-beating, freezing- 
thawing, thermal treatment or ultrasound) for the subsequent extraction of astaxan-
thin in ethanol. H. pluvialis nitrogen-starved cells treated with PEF followed by 
aqueous incubation for 6 h resulted in an extraction of 96% (18.3 mg car/g dw) of the 
total carotenoid content compared to 80% (15.3mg car/g dw) using the other methods. 
The higher proportion of free astaxanthin than astaxanthin forming esters in the 
extracts from PEF-treated samples was associated with the triggering esterase activ-
ity by PEF. This PEF autolysis induction during aqueous incubation permitted to 
substitute the injurious organic chemicals such as acetone or hexane by ethanol, a 
safer and eco-friendly solvent. The mediation by an enzymatic process after cell 
death of the extraction assisted by PEF of other compounds, like proteins, has been 
confirmed as well by other authors (Scherer et al. 2019). However, it is required to 
go deeper into the understanding of this mechanism and identify the enzymes 
involved in microalgae autolysis triggered by PEF in other species and pigments of 
interest. This would allow the application of this approach for industrial 
implementation.

Generally, PEF is a very promising technique useful for microbial cell piercing 
on a large scale. The efficiency of PEF treatments is high enough to achieve signifi-
cant pigment extraction yields. The treatment improves extraction selectively, and 
thus the extracts obtained by PEF-assisted method are purer than those obtained 
using other methodologies that consist of total cell destruction such as bead- beating, 
crushing, ultrasound, or high-pressure homogenization producing the release of 
impurities; thus the addition of more unit operations in downstream processing is 
needed. Furthermore, PEF treatment consumes much lower energy than these con-
ventional techniques (Carullo et  al. 2018; de Boer et  al. 2012) and presents the 
opportunity of performing the extraction with fresh biomass instead of dried bio-
mass, leading to the replacement of detrimental chemicals with greener solvents 
(Martínez et  al. 2020b). PEF can be implemented in a continuous flow for the 
extraction of pigments from microorganisms, allowing for a feasible scale-up to 
processing capacities in the magnitudes of thousands of liters per hour. The simplic-
ity, speed, and viability of adaptation of PEF to industrial equipment harbor the 
possibility of combining it with other methods. However, an important aspect is that 
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PEF parameters should be tailored to each microbial species, considering their 
structure, size, and other factors affecting efficiency. On the other hand, the recent 
discovery of the triggering effect of enzymatic activity of cells after electroporation 
and incubation opens up the possibility of new applications of PEF for the facilita-
tion of extraction of pigments that are bounded or assembled in structures. PEF 
parameters, along with suspension storage conditions, must be optimized to reach 
the desired effect. However, this technology also has some drawbacks and limita-
tions for this application. The power required to apply the treatments is highly 
dependent on the conductivity of the treatment medium. Therefore, when microbial 
cells are cultivated in media highly conductive, it is not possible to directly treat the 
microbial biomass, thereby requiring decreasing the value of conductivity by dilut-
ing or resuspending microbial cells in another medium.

In addition to the extraction of these pigments already proven, PEF could result 
useful for other yeasts and bacteria that accumulate pigments of interest with prom-
ising therapeutic and colorant properties. Bacterial species of genera Flavobacterium 
and Paracoccus accumulate carotenoid zeaxanthin (Manikandan et al. 2016), which 
is also found in genetically modified E. coli (Zhang et al. 2018). Other bacteria, 
such as the photosynthetic bacterium Bradyrhizobium or Halobacterium, synthesize 
canthaxanthin, and the widely used carotenoid astaxanthin is also produced by 
Agrobacterium aurantiacum (Dufossé 2006). The hydrosoluble vitamin riboflavin 
(vitamin B2) that has a variety of applications as a yellow food colorant is accumu-
lated by yeast such as Candida guilliermondii or Debaryomyces subglobosus 
(Dufossé 2006). Anthocyanins are currently obtained from plants, although its 
microbial production using genetically engineered bacteria is a promising strategy 
for future therapeutic use (Smeriglio et al. 2016; Zha and Koffas 2017).

 Enhancing Expression of Juices by PEF

Extraction by pressure is a common procedure to obtain fruit and vegetable juices. 
Different equipment for mechanical extraction (screw, belt, hydraulic presses, and 
filter presses) are conventionally employed at the industrial level. In these processes, 
the extraction yields are increased by applying a physical (heating, milling), chemi-
cal (alkalis), or enzymatic (maceration) pre-treatment that facilitates the leaching of 
the intracellular components during the pressing step. Nevertheless, an intense pre- 
treatment may affect the sensorial and nutritional properties of juices, and cause a 
further release of undesirable components, demanding multistage juice clarification 
(Vorobiev and Lebovka 2017).

Pulsed electric fields (PEF) have been considered as a valuable alternative to 
reduce the intensity or even replace conventional pre-treatments for juice extraction. 
PEF can improve the extraction efficiency by increasing yield, decreasing process-
ing time, and reducing energy requirements in comparison to other pre-treatments, 
besides to decrease the intensity of subsequent processing steps (Barba et al. 2015).
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Since early 2000, PEF-assisted pressing for juice extraction from different tis-
sues including carrots, apples, white grapes, blueberries, and potatoes has been 
reported (Bazhal and Vorobiev 2000; Lebovka et al. 2004; Praporscic et al. 2007a; 
Grimi et al. 2011; Jaeger et al. 2012; Lamanauskas et al. 2015). These studies have 
demonstrated the positive effect of PEF in both quality and yield of juices. PEF 
application allowed to express a high quality must from three varieties of white 
grape (Sauvignon, Muscadelle, and Semillon), with an increase in extraction yield 
from 49–54% to 76–78% after 45 min of constant pressing (5 bars). Optimal energy 
applied of 20 kJ/kg at electric field strength E = 750 V/cm accelerated selective 
damage of cell membrane without major damage in the cell wall (Praporscic et al. 
2007a). This effect was also verified in other plant tissues: an enhancing of juice 
expression after PEF application noticeably decreased the absorbance (color) and 
increased the °Brix value of apple and carrot juice. PEF treatment enhanced the 
juice yields and regulates the qualitative characteristics of the juice (Praporscic 
et al. 2007b).

Generally, fruits and vegetables are previously cut into small pieces to increase 
the pressing efficacy. Grimi et al. (2011) conducted an interesting study about the 
impact of apple processing modes on extracted juice quality. They reported that PEF 
as a pre-treatment accelerates the kinetics of apple juice extraction from both whole 
or sliced apples during pressing. Nevertheless, better intensification of juice yield 
after PEF treatment of slices compared to the treatment of whole samples was 
observed. Conversely, whole apples presented improved juice characteristics, less 
turbidity, and higher antioxidant capacity. While sliced samples resulted in better 
yield, whole samples resulted in higher-quality juice. According to Jaeger et  al. 
(2012), the increase of juice yield after PEF treatment is strongly dependent on the 
mash structure and de-juicing system. They reported an increase of juice yield after 
PEF treatment which ranged from 0% to 11% for carrot and 8% to 31% for apple 
mash. PEF allowed achieving a higher level of disintegration during tissue pressing 
with yield improvements dependent on the type of press used. Carbonell-Capella 
et al. (2016) studied the effect of PEF on apple juice quality obtained by pressing at 
subzero temperatures. The combination of PEF  +  pressing (5  bars) at a subzero 
temperature increases the nutritional content of apple juice with high levels of car-
bohydrates, antioxidants, and bioactive compounds compared with non-PEF-treated 
samples. Another benefit of PEF was the reduction of both freezing and thawing 
time during extraction.

Data available to date demonstrated the benefits of applying PEF in the juice 
extraction from fruit and vegetables. On the other hand, the low energy consump-
tion (typically 1–15 kJ/kg) of PEF as a pre-treatment for plant tissues is substan-
tially low compared with other methods (Vorobiev and Lebovka 2010) such as 
mechanical (W  =  20–40  kJ/kg), enzymatic (W  =  60–100  kJ/kg), and heating or 
freezing/thawing (W > 100 kJ/kg) (Töepfl 2006).
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 Improvement of Sugar Beet Processing by PEF

According to the worldwide production of sugar from sugar beet in 2016–2017 
reached 39.7 million tons, representing 22.5% of global sugar production. The man-
ufacturing process of sugar beet consists of a multistage complex process (slicing, 
extraction, purification, evaporation, crystallization, and drying) and represents one 
of the most energy-intensive processes in the food industry (Asadi 2006; Rajaeifar 
et al. 2019). The extraction is a key unit operation influencing all the subsequent 
transformation process. Conventionally, beets are firstly sliced (cossettes) and pre-
heated for 10 min at high temperatures (85–95 °C) to disintegrate the cell mem-
branes. Then, the cossettes are heated for up to 90 min between 70 and 75 °C in a 
countercurrent process where sucrose is extracted by diffusion. This process results 
in significant thermal degradation of the cell wall and the release of non-desired 
components such as pectins and proteins. These impurities decrease the quality of 
extracts and force a complex multistage purification process. Such high extraction 
temperature also accelerates chemical reactions such as the Maillard reaction that 
lead to the undesired color changes (Van der Poel 1998; Asadi 2006; Loginova et al. 
2011a). The reduction of extraction temperatures to avoid these problems would 
represent prolonged times to achieve the required yield and would lead to the growth 
of thermophile microorganisms that consume sugar. During the last decades, 
research has focused on the development of process improvements to reduce the 
high energy consumption in order to obtain high-quality extracted juice 
(Almohammed et  al. 2016). In this context, researchers have explored different 
schemes to improve the beet sugar processing using pulsed electric fields (PEF) 
such as (i) conventional extraction from PEF- treated tissues at low or moderate 
temperatures (cold diffusion), (ii) PEF-assisted pressing of tissues without heating 
(cold pressure), and (iii) combination of pressure and aqueous diffusion.

The efficacy of PEF to electroporate the beet cells and enhance the solid-liquid 
extraction has been widely demonstrated. PEF treatment allows similar cell disinte-
gration index with low energy consumption (8 kJ/kg) compared to thermal treat-
ment at 80  °C for 10  min (195  kJ/kg). The application of 1  kV/cm for 25  ms 
remarkably facilitated the release of sugar from sugar beet cells at cold temperatures 
(El Belghiti and Vorobiev 2004; Lebovka et  al. 2007; Maskooki and Eshtiaghi 
2012). Conversely to the conventional method, sugar extraction of PEF-treated cos-
settes can be carried out by aqueous diffusion at moderate (40–50 °C) or even lower 
temperatures (20–30  °C) with high extraction yields (El-Belghiti et  al. 2005; 
Lebovka et al. 2007; Loginova et al. 2011a). The low extraction temperature reduces 
the energy input and the release of undesirable components, opening new possibili-
ties for the use of ultrafiltration as a purification methodology. Furthermore, the 
extracts obtained from cold diffusion of PEF-treated sugar beets have lower quanti-
ties of protein, pectin, and color, as well as higher purity than extracts obtained after 
thermal diffusion (70 °C) (Loginova et al. 2011b).

López et  al. (2009) demonstrated the possibility of decreasing the extraction 
temperature from 70 to 40 °C applying 7 kV/cm for 40μs (3.9 kJ/kg), showing that 
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80% of sucrose was extracted in 60 min, reducing the thermal energy consumption 
by more than 50%. The combination of mild heating and PEF shortened the diffu-
sion time by increasing the coefficient of diffusion and enhancing the kinetics of 
extraction (El-Belghiti et  al. 2005; Lebovka et  al. 2007). Pilot-scale studies in a 
countercurrent extractor confirmed the results previously obtained at laboratory 
scale. PEF treatment of 0.26 kV/cm for 50 ms followed by aqueous extraction at 
30 °C reduces the draft (ratio of the mass of diffusion juice and mass of cossettes) 
from 120% to 100%; therefore the water consumption and energy required for evap-
oration also decreased. The sugar beet pulp pre-treated by PEF can also be well 
extracted by low or mild thermal extraction. PEF-assisted cold extraction represents 
a promising alternative for preparing high-quality sugar beet juices with low con-
centration in impurities (Loginova et al. 2011a; Loginova et al. 2011b).

PEF-assisted pressing is another approach proposed to reduce the energy demand 
and improve the quality of the raw juice extracted (Bouzrara and Vorobiev 2000, 
2001; Eshtiaghi and Knorr 2002). This methodology eliminates the aqueous sugar 
diffusion step and replaces it with PEF-assisted pressing. Jemai and Vorobiev (2006) 
evaluated the use of PEF as an intermediate treatment for cold juice extraction at 
pilot scale. The cossettes were firstly compressed twice with an intermediated PEF 
treatment followed by washing and finally compressing. The purity of PEF-treated 
samples reached 98% and was higher in comparison to untreated ones. On the other 
hand, the preheating of cossettes at 50 °C after PEF treatment (0.6 kV/cm, 10 ms at 
20 °C) produced an additional softening of sugar beet, increasing the juice yield 
between 5% and 10%; however the purity was reduced to 92.9% (Mhemdi 
et al. 2012).

Almohammed et al. (2015) proposed a new strategy combining PEF, pressing, 
and liming to enhance the cold pressing process. The cossettes were firstly electro-
porated and then subjected to a double pressing with intermediate limed juice soak-
ing (0.6 g CaO/100 g sugar beet). The liming accelerated the extraction kinetics and 
improved the raw juice quality. This methodology was then optimized to minimize 
the sucrose losses during the final pressed pulp. The implementation of a double 
pressing (5–15 bars) of cossettes with intermediate lime milk soaking and a double 
pressing of limed pulp with intermediate water soakings resulted in a final yield of 
solutes of 99.53%. The expressed juice resulted in being more concentrated, with 
higher purity and lower coloration in comparison with the juice obtained by conven-
tional hot water extraction (Almohammed et al. 2016).

Finally, a combination of these innovative methods described above was pro-
posed by Mhemdi, Bals, and Vorobiev (2016). The electroporated cossettes are 
firstly pressed at 5 bars for 4 min to obtain a juice yield of 50% and then introduced 
in a countercurrent heat diffuser at 30 or 70 °C for extraction of remaining sucrose 
in the pressed cake. This methodology allows a draft reduction from 120% to 80% 
leading to substantial water and energy saving. The pressing-diffusion juice was 
more concentrated in sucrose (16.2 °Bx vs. 14.6 °Bx), less colored (7000 vs. 
10,000), and purer (92.8% vs. 91.8%) than conventional diffusion juice.

All methodologies proposed represent an alternative with considerable advan-
tages, such as energy saving and quality improvement of sugar beet juice extraction. 
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These benefits have very positive repercussions in the subsequent stages of beet 
sugar manufacture. The implementation of any alternative to improve sugar beet 
processing will depend on the installed capacity of the factory and the available 
equipment.

 Improving Tomato Peeling by PEF

Tomato peeling is the first unit operation performed during manufacturing most of 
the derived tomato products (Das and Barringer 2006). Traditionally, tomato peel-
ing involves some biochemical, thermal, and physic mechanisms that allow loosen-
ing the skin and facilitating its removal (Smith et  al. 1997). Nowadays, the lye 
peeling is the most applied method for tomato peeling, performed by the immersion 
in a highly concentrated sodium hydroxide solution (up to 25 g/L) at high tempera-
tures (60–100 °C). However, this method generates high quantities of waste streams 
extremely alkaline and polluted (Floros and Chinnan 1990; Rock et al. 2012). As an 
alternative, the tomato industry has implemented the pressurized steam peeling pro-
cess. This consists of heating the tomatoes for a few seconds with pressurized steam 
and then vacuum cooling to prevent overcooking (Rock et al. 2012). This method 
reduces environmental pollution; however, it results in a loss in product firmness, 
low yields, and greater water and energy consumption compared to traditional lye 
peeling (Smith et al. 1997).

PEF has been recently evaluated by several authors as a technological alternative 
to improving tomato peeling. Arnal et al. (2018) assessed the potential of PEF at the 
industrial scale (35 t/h) to facilitate the steam peeling process. PEF treatment before 
the steam peeling with an electric field strength of 0.45 kV/cm and energy inputs of 
0.40 kJ/kg allowed a reduction of the hot steam required for the thermophysical 
peeling stage. The application of PEF also allowed an easier detachment and 
removal of tomato skin during the steam peeling process. Compared with the con-
ventional steam process, energy consumption and peeling time were reduced by 
20%. Pataro et al. (2018) have also addressed the pulsed electric fields as a pre- 
treatment on whole tomatoes combined with steam blanching to improve the tomato 
peeling process with less energy consumption.

The improvement in tomato peeling and the reduction of energy consumption 
were related to the electroporation phenomenon increasing the membrane permea-
bility and also modifying the tissues. The exposure to a moderate electric field 
(0.2–0.5 kV/cm) promotes the mass transfer of water inside the tomato, thus enhanc-
ing the amount of water available under the tomato skin compared with the untreated 
sample. As more water was vaporized when heating the PEF-treated tomatoes dur-
ing the steam peeling process, a greater pressure difference across the tomato skin 
occurs facilitating the formation of more cracks in the tomato peels, which are then 
easily removed by the pinch roller system (Pataro et al. (2018); Arnal et al. 2018).

The applicability of PEF in the tomato peeling process without the combination 
with any other techniques has been also investigated. Recently, Andreou et  al. 
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(2020) reported an improvement in the peeling of whole tomatoes applying low 
electric field strength with a large treatment duration. The application of PEF treat-
ment (1.5 kV/cm and 2000 pulses of 15μs) led to up to 92% decrease in the effort 
for tomato peel detachment with a decrease of firmness of 21.6% compared with the 
untreated tomato. The relationship between the cell disintegration index (Zp) and 
the peel tomato detachment seems to indicate that a major cell disintegration index 
facilitating the tomato peeling. Both the shape and texture of the final tomato peeled 
treated by PEF were better preserved in comparison with blanched and steam peeled 
samples since both temperature and treatment duration are substantially lower.

PEF technology can be incorporated easily into an established process line or be 
taken into account in the design of new process plants. This methodology improves 
the quality and functionality of tomato compared to the traditional tomato peeling 
techniques leading to a decrease in energy consumption.

 Application of PEF for By-products Revalorization

Food wastes and by-products are produced by a variety of sources through the food 
chain supply. The disposal of large amounts of food waste or by-products results in 
significant social, economic, and environmental problems (Baiano 2014; Xu et al. 
2018). During the last decades, the scientific community has been interested in 
revalorizing these materials for their commercialization or incorporation in food 
and cosmetics products. Most studies have been focused on the extraction of high- 
valuable compounds, mainly polyphenols present in by-products/waste cellular tis-
sues. Polyphenols are secondary plant metabolites present in a majority of fruits, 
herbs, and vegetables. These compounds can be classified as flavonoids, phenolic 
acids, stilbenes, lignans, and tannins (Brglez Mojzer et al. 2016). Many scientific 
reports point out the vital role of polyphenols in the regulation of metabolism, cell 
proliferation, weight, and chronic diseases. The studies carried out support its abil-
ity to prevent or serve as a treatment against certain cancer types, neurodegenerative 
diseases, cardiovascular disease, and diabetes type 2 among others. The conven-
tional methods for these bioactive compounds extraction are based on solid-liquid 
and liquid-liquid solvent extraction. The methods mostly implemented are macera-
tion, Soxhlet extraction, and distillation. However, the main disadvantages of the 
abovementioned extraction technologies are the prolonged extraction time, low 
selectivity, decomposition of thermolabile compounds, and high risk of environ-
mental contamination due to the extensive use of non- environmentally friendly sol-
vents (Brglez Mojzer et al. 2016). Despite conventional extraction methods usually 
reaching high yields, considerable quantities of organic solvents, extended extrac-
tion times, and high energy input are needed. These high costs associated are gener-
ally not acceptable for waste revalorizing. Based on that alternative methods 
including PEF are being developed and evaluated for by- products revalorization 
(Baiano 2014; Poojary et al. 2016).
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Some examples of PEF-assisted extraction to recover high-added value com-
pounds from different areas in the food industry are summarized in Table 2. PEF has 
been applied as a pre-treatment before the extraction processes such as cold press-
ing, solvent or aqueous extraction at low or moderate temperatures. The permeabi-
lization of the tissues substantially increases the mass transfer processes and the 
release of the intracellular components from cells. In this sense, the extraction of 
bioactive compounds from fruit and vegetable peels and seeds from apple, orange, 
mango, tomato, and olive, among others, has been studied.

Luengo et al. (2013) investigated the influence of PEF treatment on the extrac-
tion by pressing of total polyphenols and flavonoids (naringin and hesperidin) from 
orange peel by-product. They reported that after 30 min of pressurization at 5 bars, 
the total polyphenol extraction yield (TPEY) increased by 20%, 129%, 153%, and 

Table 2 Reports on the application of pulsed electric fields for wastes/by-products revalorization 
of different areas of the food industry

Food 
group

Food waste/
by-product 
source

High-added 
value 
compound Improvements

Treatment 
conditions References

Fruits Apple peels Polyphenols 3.15 mg 
GAE/100 g dw

1.2 kV/cm; 0.75 s Wang et al. 
(2020)

Blueberry 
waste

Anthocyanins 223.13 mg/L 18.71 kV/cm; 
60μs

Zhou et al. 
(2015)

Orange peel Polyphenols 34.80 mg 
GAE/100 g fw

7 kV/cm; 
60μs + pressing

Luengo et al. 
(2013)

Mango peel Polyphenols 2169 mg/kg dw Initial 13.3 kV/
cm, 20 ms + 3 h 
SAE

Parniakov 
et al. (2016)

Papaya peel Proteins 20 mg/L 13.3 kV/cm; 
20 ms + 3 h SAE

Parniakov 
et al. (2014)

Vegetables Tomato peel Lycopene 14.31 mg/100 g 
dw

1.0 kV/cm; 
7.5 ms

Andreou 
et al. (2020)

Potato peel Steroidal 
alkaloids

1856.2μg/g dw 0.75 kV/cm; 
600μs

Hossain 
et al. (2015)

Olive seed Polyphenols 146 mg GAE/L Initial 13.3 kV/
cm, 3 ms

Roselló-Soto 
et al. (2015)

Lemon peel Hesperidin
Eriocitrin

84 mg/100 g fw
176 mg100 g fw

7 kV/cm; 90μs Peiró et al. 
(2019)

Winery Fermented 
grape 
pomace

Selective
anthocyanins

1.2 g/100 g r.m. 1.2 kV/cm; 
100 ms

Brianceau 
et al. (2015)

Poultry Chicken 
breast 
muscle

Proteins 78 mg mL−1 First step 1 kV; 
1.25 ms
Second step 
0.5 kV; 750 ms

Ghosh et al. 
(2019)

Fish Fish gills, 
bones, and 
heads

Antioxidant 
extract

Biological active 
peptides

1.40 kV/cm; 2 ms Franco et al. 
(2020)

SEA, Supplementary aqueous extraction

D. Aguilar-Machado et al.



459

159% for orange peel PEF treated at 1, 3, 5, and 7 kV/cm, respectively, for 60μs. 
Likewise, the antioxidant activity of the extract increased 51%, 94%, 148%, and 
192% respectively after these treatments, having the main advantage that this pro-
cedure reduces extraction time and dispenses with using organic solvents. In the 
same way, PEF treatment of 7 kV/cm for 900μs increased by 300% the extraction 
yield from lemon peels (Peiró et al. 2019). PEF treatment also facilitated the aque-
ous extraction of polyphenols and proteins at moderated temperatures (50 °C) from 
mango and papaya peels. PEF treatment followed by supplementary aqueous extrac-
tion (SAE) increases in 400% the total phenolic compounds from mango peels, 
while a significant increase of proteins and antioxidant capacities from papaya peels 
was also reported (Parniakov et al. 2014; Parniakov et al. 2016). The rigid cell struc-
ture of lignocellulosic waste and the low moisture content of some vegetal waste, 
such as seeds, leaf, shoot, and branches, hinder the extraction of compounds; how-
ever, PEF-assisted extraction has been successfully evaluated to recover bio- 
compounds from these matrices using higher electric field strengths and pulse 
duration (above 10 kV/cm) (Roselló-Soto et al. 2015; Yu et al. 2016).

Different studies have also demonstrated that pre-treatment with PEF allows the 
aqueous extraction of polyphenols from many leaves avoiding the extensive use of 
organic solvent. Improvements in the aqueous extraction of polyphenols and anti-
oxidants from borage leaves applying PEF as a pre-treatment were carried out by 
Segovia et al. (2015). The electroporation of borage leaves with 5 kV/cm for 60μs 
and extraction temperature of 10 °C increased the polyphenol extraction yield by 
6.6 times compared to control, while the antioxidant activity was increased by 13.7 
times in comparison with non-PEF-treated samples. Bozinou et al. (2019) compared 
the efficiency of PEF with other technologies (microwave, ultrasound, and boiling- 
assisted extraction) to extract polyphenols from freeze-dried Moringa oleifera 
leaves using water as solvent. The highest extraction yield of polyphenols (40.24 mg 
GAE/g of dw) was achieved by PEF with a treatment of 7 kV/cm using 1 pulse of 
20 ms every 100μs for 40 min. Unlike the other methodologies evaluated, the tem-
perature during the PEF-assisted extraction process never exceeded 30  °C.  PEF 
technology can also be used to remove the conventional thermal dehydration proce-
dure before polyphenol extraction from tea leaves. It was demonstrated that using 
PEF as a pre-treatment previous to solid-liquid solvent extraction (50% acetone/
water), polyphenols extracted rate was 3.6 times faster than untreated leaves, with 
lower energy input and without significantly altering the phenolic profile. PEF pre- 
treatment (1 kV/cm, 10 ms) with subsequent extraction enabled the extraction of 
398 mg/L of polyphenols in 2 h, which corresponded to 77% of total polyphenols 
approximately (Liu et al. 2019).

As described above, extraction studies have been carried out using different 
kinds of samples including fresh whole leaves (tea leaves), fresh ground leaves in 
small sizes (borage leaves, onion), lyophilized and milled samples (Moringa), and 
even fine powders (cinnamon) with promising results in all cases. PEF resulted 
effective for polyphenol extraction in ethanol solution (ethanol 1:10 w/v) from cin-
namon powder. As in most cases, extraction is influenced by the electric field inten-
sity and time of treatment (Pashazade et al. 2020). In any case, the different studies 

Other Applications of Pulsed Electric Fields Technology for the Food Industry



460

showed a partial or even total removal of organic solvents for polyphenol extraction 
by replacing them with water. The main advantage of using PEF is that similar 
yields of bioactive compounds are reached compared to traditional extraction; how-
ever there is a great significance of lower energy requirements, shorter extraction 
times, and lower processing temperatures to protect thermolabile compounds. 
Depending on the case study, all these advantages or at least one of them can be 
obtained during the PEF-assisted extraction of bioactive compounds from fruit and 
vegetable by-products.

Valorization of winery waste and by-products for recovery of antioxidants has 
also been studied (Barba et al. 2016). The combination of densification and PEF 
treatment at optimal conditions (1.2 kV/cm; 18 kJ/kg) increased by 12.9% the con-
tent of total polyphenols from fermented grape pomace compared to non-treated 
samples. Results also demonstrated the selective nature of PEF treatment in antho-
cyanin extraction with a reduced solvent amount and extraction time (Brianceau 
et al. 2015).

The meat industry produces significant amount of wastes with high economic 
and environmental costs in the food supply chain. The revalorization of the chicken 
breast muscle was studied by Ghosh et al. (2019). PEF treatment combined with 
mechanical pressing can be used for protein extraction with a chemical-free pro-
cess. A two-step-based protocol, which consists of PEF treatment at high voltage 
and short pulses followed by low voltage and long pulses before pressing, allowed 
a protein extraction of 78 mg/mL.

Pulsed electric fields have proven to be a real tool to help for adequate revaloriza-
tion of agro-industrial wastes. In any case, any improvement during the extraction 
process in yields will be depending on the matrix and the PEF processing condi-
tions tested.

 Conclusions

As has been demonstrated in the studies presented throughout this chapter, PEF is a 
versatile technology that can be implemented to improve the traditional processes, 
or it can even be considered for the design of new and innovative industrial pro-
cesses. The main advantages of PEF against traditional processes have been evi-
denced along the different studies presented. The electroporation phenomenon 
results in the improvement of mass transfer and, therefore, in the extraction yields 
of intracellular compounds. Other benefits such as the reduction of the extraction 
time and temperature, the reduction of the amount of organic solvents used in the 
extraction processes, and the smaller presence of cell debris in the extraction 
medium are also attributed to the use of PEF. On the other hand, the number of 
applications of this technology is increasing rapidly. It has been reported PEF allows 
the selective extraction of different intracellular compounds, reducing the subse-
quent purification steps. More recently, it has been demonstrated that beyond mass 
transfer improvement, the application of pulsed electric fields triggers and 
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accelerates some enzymatic reactions closely related to the extraction of intracel-
lular components of interest to the food and beverage industry from microorgan-
isms. In conclusion, PEF is a technology that can be relatively easily implemented, 
has a low energy consumption and minimal environmental impact, and thus has 
become a very attractive alternative for processes improvement into the food and 
biotechnological industries.
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 Introduction

Pulsed electric fields (PEF) applications in industrial scale are well established for 
the pre-treatment of potatoes in French fries and snack production as well as for 
fruit juice preservation. Further applications have been studied, and potential pro-
cessing concepts have been developed but not yet transferred into industrial applica-
tion. Certain requirements have to be met in order to successfully translate 
electroporation phenomena into improved product quality, process efficiency, or 
innovative processing concepts. In this regard, considerations regarding the viabil-
ity of existing and new technical system have to be made. This viability depends on 
three fundamental categories of attributes: functionality, performance, and effi-
ciency (Harvey 1986). Integrating a process performance analysis into these consid-
erations may assure an efficient system design and may allow a more accurate 
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description of the systems behavior (Oakland 2008). Process performance in the 
meaning used in the following section is understood as the capability of a process to 
meet previously set requirements or to fulfill defined process goals. The conceptual 
idea is used as a tool for the systematic process analysis in order to reveal discrepan-
cies between the process goal and the actual process outcome.

Taking into account the current applications of PEF in the food industry, the fol-
lowing key processing goals can be identified:

 – Nonthermal inactivation of microorganisms resulting in a higher level of product 
quality retention

 – Cell disintegration of plant tissue resulting in desired texture modification

From a process performance point of view, the following questions need to be 
answered in order to evaluate the capability of the PEF application to fulfill the 
abovementioned processing goals:

 – What is the level of thermal and nonthermal microbial inactivation and what are 
other shelf life-limiting factors?

 – Can the particularities resulting from PEF cell disintegration be converted into 
beneficial structural changes?

Answering these questions is challenging for the following reasons:

 – A suitable experimental setup needs to be chosen, and experimental guidelines 
need to be fulfilled in order to gain data at standardized and comparable 
conditions.

 – Suitable reference processes need to be selected in order to compare results to 
optimized processes established in the industry rather than comparing results to 
untreated control samples.

 – The relevance and impact of results need to be quantified using data from indus-
trial case studies.

In order to systematically evaluate the aforementioned aspects, a performance 
analysis should consider the multi-scale nature of a PEF process. Figuratively, phe-
nomena are allocated to dimensions defined as microscale, mesoscale, and mac-
roscale. For the aspects covered in the present chapter, Fig. 1 illustrates the different 
levels that are suggested for analysis. The phenomena can be further clustered into 
process (PRO) related, structure (S) related, or property (PRO) related as suggested 
by Windhab (2008) in the S-PRO2 scheme.

Table1 gives some examples for the different scale levels related to PEF process-
ing of plant-based materials. Phenomena taking place on a cellular level such as the 
inactivation of microorganisms or permeabilization of plant cells as well as protec-
tive effects or the modification of food compounds are considered as the microscale. 
The mechanism of electroporation can also be described in the microscale, where a 
process-induced accumulation of charges at the cell membrane takes place leading 
to a property change by increasing the transmembrane potential. The result is a 
structure modification, namely, the pore formation in the membrane called electro-
poration (Weaver and Chizmadzhev 1996).
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Phenomena related to the PEF treatment chamber and its performance such as 
electric field, flow velocity, or temperature distribution are considered as the meso-
scale. The mesoscale is also applied to mass transfer processes taking place in plant 
raw materials such as the juice recovery from a fruit mash, considering mash struc-
ture and particle size distribution still as mesoscale parameters. Structural changes 
in the microscale such as pore formation lead to property changes in the mesoscale, 
e.g., tissue softening. The relevance of this change in property is related to cutting 
processes, where the structure of the cutting surface will be affected depending on 
tissue properties.

The macroscale, as defined in the present context, involves design and integra-
tion aspects of the PEF process considering a whole processing concept as well as 
connected processing steps. Hence, the definition of property and structure is now 
more connected to the processing line rather than to the product itself. Structure 
may be related to the physical implementation of the PEF system in an existing 
processing line, whereas the property may describe the capability of the different 
processing steps to interact and to be synchronized.

In addition to the different scales related to the size, the concept also applies to 
the timescale, which is another important aspect in dynamic processes. Whereas 
electroporation takes place in the microsecond range and may be temporary or per-
manent, affected processes such as extraction or drying have much higher time 
requirements. Hence, categories such as ultrashort time, short time, and long time 
can be defined in analogy to the micro-, meso-, and macroscale.

Fig. 1 Matrix including 
the hierarchic structure 
scheme for the multi-scale 
nature of PEF processing. 
For examples of 
phenomena related to the 
process, the structure, and 
the property of vegetables 
see table 1

Table 1 Effect of PEF on purge loss of meat

xxx Property Process Structure

micro Transmembrane-potential Charge accumulation by 
external electric field

Membrane pore

meso Tissue softening Cutting Cutting surface
macro Interaction   →

capability
Process design and integration →    Physical 

integration
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Regardless of the position of a specific aspect within the matrix shown in Fig. 1, 
a general approach is required and was used in the presented studies in order to 
perform a stepwise analysis of the underlying interactions. The procedure is illus-
trated in Fig. 2.

An optimized process as a basis for the successful implementation of new appli-
cation concepts based on PEF into industrial scale needs to offer a maximum of 
process control with defined process standards as well as a set of measurements and 
key performance indicators in order to quantify relevant benefits.

 Role of Experimental Setup

In order to evaluate the process performance of a PEF application, to enable compa-
rability of results, and to conclude on benefits, it is necessary to use standardized 
protocols, treatment variables, and experimental setups. For this purpose, compre-
hensive guidelines should be considered (Raso et al. 2016). For the development of 
suitable application concepts and the optimization of existing PEF applications, it is 
essential to consider the generation of pulsed electric fields, their impact on biologi-
cal cells, and the resulting benefit for food industry applications:

 1. Particularities resulting from the different ways of the generation and technical 
application of PEF will determine the electric field characteristics including 
aspects such as the pulse shape or pulse duration as well as the distribution of the 
electric field in a treatment chamber. Exactly defined electric field conditions are 
a prerequisite for the subsequent evaluation of the electric field impact on the 
biological cell.

 2. Direct and indirect methods are available in order to analyze the electric field 
effects on a cellular and tissue level. The degree of cell permeabilization needs 
to be quantified but also evaluated from a qualitative point of view (e.g., revers-
ible or irreversible permeabilization).

Fig. 2 Systematic approach suggested for a PEF process analysis and optimization. The model 
can be applied to different scales and levels of complexity as shown by the examples presented in 
this chapter
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 3. As a third step, an analysis is required in order to evaluate the extent to which 
these basic effects can be converted into tangible process outcomes leading to 
beneficial applications. For example, a specific level of cell membrane permea-
bilization of fruit mashes determined in step two does not necessarily result in an 
increased juice yield since other impact factors such as mash structure or the 
solid-liquid separation method will affect the beneficial outcome of the cell dis-
integration. The same is true for the microbial inactivation by PEF. Pore  formation 
detected in step two does not guarantee sufficient inactivation or might be related 
to treatment intensities that still compromise product quality.

Hence, it is essential to take all three steps into account and to consider the 
underlying basic principles in order to develop a comprehensive understanding of 
complex process applications. Please refer to previous chapters in this book in order 
to get detailed insights into the generation of pulsed electric fields and their impact 
on biological cells as well as examples for application concepts.

A particular point to be mentioned in this context is the interdependencies of the 
pulse generation system, the treatment chamber design, and the treatment medium 
properties. These interdependencies have a major impact on the performance of a 
PEF treatment and affect various process parameters as shown in Fig. 3.

The displayed relations (Fig. 3) of the different parameters illustrate the complex 
interdependencies. Taking into account the need of establishing a standard experi-
mental procedure for the performance of PEF treatments in lab, pilot, and industrial 
scale, these parameters are essential in order to provide a detailed insight in PEF- 
related processing criteria. It is obvious that it is not possible to change one single 
parameter without affecting related treatment conditions. Hence, a systematic study 
of the impact of one single parameter by its variation while keeping all other param-
eters at a fixed level is impossible. Therefore, as a first step in the experimental 
design of the PEF treatment, it is necessary to choose the most suitable key param-
eter to describe the treatment intensity from parameters such as the electric field 
strength, the electric field exposure time, or the total specific energy input. As a 
second step, using the schematic shown in Fig. 3, it will be possible to evaluate the 
interdependencies of these with other parameters. These interdependencies need to 
be taken into account when interpreting obtained process results.

In addition, upscaling of experimental setups from lab to pilot or industrial scale 
is challenging. Even when using the same treatment chamber configuration, devia-
tions in the dimension will have a major impact on electrical resistance and electric 
field strength distribution as well as on the parameters indirectly linked to the design 
such as the residence and treatment time or the total specific energy input (Jin et al. 
2015). In this case, indirect measures are required in order to achieve comparable 
treatment intensities. A concept could entail the definition of a similar level of cell 
disintegration or microbial inactivation to be achieved by the different treatment 
systems. Based on such a comparable process result, the process parameters can be 
analyzed and compared in terms of the required treatment intensity or even in terms 
of the required energy consumption. A major research need can be defined regard-
ing this aspect, since up to now, no suitable concepts for the process evaluation 
including indicators for a process performance analysis are available.
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 Role of Thermal Effects and Complex Media 
in Microbial Inactivation

 Thermal Effects

Although electroporation is a nonthermal mechanism for microbial inactivation, high-
intensity PEF treatment as applied for shelf life extension purposes is linked to a sig-
nificant temperature increase due to Joule heating (Salengke et al. 2012). In addition 

Fig. 3 Schematic drawing of the various interdependencies of PEF processing parameters related 
to the pulse generation system, the treatment chamber, as well as the treatment medium. 
Exemplarily considered are a parallel plate and colinear treatment chamber as well as exponential 
decay and rectangular pulses
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to this temperature increase, elevated preheating temperatures are used in order to 
facilitate electroporation effects, to improve the microbial inactivation efficiency, and 
to reach final product temperatures that also lead to partial inactivation of enzymes. 
The application of PEF in combination with mild heat is a promising technique for a 
gentle, multi-hurdle preservation process. The synergetic effect of temperature during 
pulsed electric field inactivation of microorganisms can be used to improve the inacti-
vation results and/or to reduce the electrical energy costs and will contribute to an 
improvement of the process performance (Saldaña et al. 2014). Energy savings derive 
from the lower PEF treatment intensity (treatment time and total specific energy input) 
required for a certain level of microbial inactivation at increased temperature and from 
the possibility to recover the electrical energy dissipated during PEF treatment in form 
of thermal energy for preheating the incoming product (Heinz et al. 2003).

Apart from the overall liquid temperature measured at the outlet of the treatment 
chamber, treatment inhomogeneity and the occurrence of temperature peaks within 
the treatment chamber have to be considered as thermal impact factors. This is of 
particular importance when discussing PEF effects on functionality of heat- sensitive 
compounds, such as proteins, or when conducting kinetic inactivation studies 
(Jaeger et al. 2009a). Additional thermal effects may occur in case of application of 
high total energy inputs or insufficient temperature control or for unfavorable treat-
ment chamber designs.

When applying treatment concepts considering the synergetic effect of PEF and 
temperature, it is of high relevance to perform an adequate temperature control in 
order to limit negative thermal effects on heat-sensitive compounds. In addition, 
analytical approaches are required in order to quantify the contribution of the elec-
tric field and thermal effects on the overall inactivation results. As the application of 
an electric field to a conductive matrix is always accompanied by an increase in 
temperature, the separation of the individual effects of heat and electric field is chal-
lenging. The validity of results is highly dependent on the experimental design, as 
well as the exact evaluation of process parameters, especially temperature. Despite 
experimental efforts, computational fluid dynamics (CFD) simulation coupled with 
kinetic data is an efficient tool for this purpose, as it is capable to also take into 
account electric field and temperature distributions within a treatment chamber. 
Approaches for the differentiation of thermal and electric field effects have been 
presented by Jaeger et al. (2010) and Schottroff and Jaeger (2020).

If thermal effects have to be enhanced in order to meet certain processing goals, 
then also other treatment options such as ohmic heating or conventional high- 
temperature short-time processing concepts need to be taken into account as alter-
native technologies (Jaeger et al. 2016; Ramaswamy et al. 2016).

 Complex Media

The consideration of process-product interactions is crucial for the evaluation of the 
process performance of a specific PEF application. Each unit operation and almost 
each processing step within food production lead to desired or undesired changes of 
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the food material and product properties (process-product impact). These modifica-
tions may be required to establish or improve the processability of a food or a raw 
material matrix by applying different types of pre-treatments without changing the 
major characteristics of the food. However, modifications may also be intended to 
significantly alter the appearance and quality attributes of the raw material matrix in 
order to produce a certain type of final product. Also, the permeabilization of micro-
bial cells as part of the food product that is subjected to PEF preservation or the 
permeabilization of plant cells by PEF can be analyzed from the perspective of a 
process-product impact, and these phenomena are discussed in previous chapters.

In addition to the impact of food processing and particularly PEF processing on 
product properties, the product itself and its properties will affect the processing 
since material properties determine the performance of unit operations in food pro-
cessing (product-process impact). The following section will focus on this product- 
process impact by exemplifying the role of the matrix for the PEF processing of 
food and its performance.

The microbial inactivation rates differ considerably between inactivation in sim-
ple media and inactivation in a complex matrix. This was partly attributed to the 
protective effect of some food compounds such as xanthan (Ho et al. 1995), proteins 
(Jaeger et al. 2009b; Sampedro et al. 2006), or fat (Grahl and Märkl 1996). Other 
studies did not reveal differences in the microbial inactivation conducted in buffers 
or complex media (Dutreux et al. 2000), or did not detect the occurrence of suble-
thally injured cells after PEF treatment of complex food systems (Walkling-Ribeiro 
et al. 2008). However, inactivation kinetics obtained from PEF treatment in buffer 
systems have only limited comparability with real food products, and the process 
performance of a PEF preservation might be much lower when processing concepts 
are transferred from model to real food products. In addition, model microorgan-
isms used in most of the studies and the way of sample preparation differ signifi-
cantly from the native state of the microbial population present in the real food 
system. The diverse and heterogeneous microbial flora present in real foods is 
hardly comparable to inoculated microorganisms in most cases, due to strong vari-
ability of microbial species and their physiological state. The consideration of 
microbial growth state, adaptation to the treatment media, and the existence of inho-
mogeneous microbial populations with less sensitive subpopulations seem to be the 
most challenging aspects when transferring inactivation results from lab scale to 
real products and industrial implementation (Morales-de la Peña et al. 2011).

Current industrial applications of PEF preservation are mostly dedicated to pas-
teurization of fruit juices (Timmermans et  al. 2019), representing a matrix with 
comparably low complexity containing small amounts of protein and fat and mainly 
soluble compounds such as sugars and acids. In addition, fruit juices have a low pH 
that facilitates the microbial inactivation. On the other hand, most enzymes are not 
vigorously affected by electric fields, and consequently a certain process tempera-
ture is necessary, to obtain stability of the physiochemical properties of the juice 
through enzyme inactivation (Siemer et al. 2018).

Media complexity and the protective effect of food constituents become a limit-
ing factor in microbial inactivation and for the transfer of PEF preservation concepts 
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to products rich in protein or high in pH. Although the decontamination of liquids 
containing heat-sensitive bioactive compounds such as proteins or enzymes might 
be an emerging field for PEF processing, suitable process windows showing a suf-
ficient process performance are narrow. As shown for the pasteurization of whey 
protein formulations (Schottroff et al. 2019; Schottroff et al. 2020a), the pH of the 
formulation as well as the protein content distinctly influenced the outcome of the 
inactivation, with a low pH, as an additional antimicrobial hurdle, enhancing the 
microbial log reduction, whereas higher protein contents reduced the efficacy of the 
treatment. However, the applicability of PEF treatment also shows limitations. 
Especially at neutral pH and reduced process temperatures, the effect of the electric 
field alone may not be sufficient to achieve the desired reduction of microbial counts 
as evaluated for the PEF decontamination of high solids (10–25%) whey protein 
formulations. For these matrices, an antimicrobial effect is only present when the 
process temperature is distinctly increased and the occurring effects are then mainly 
based on thermal mechanisms.

In addition to the media complexity that affects the microbial inactivation, media 
composition and media properties, such as electrical conductivity, thermal conduc-
tivity, viscosity, presence of suspended particles in liquids, as well as presence of air 
inclusions, determine the processability of a food by PEF and need to be taken into 
account for evaluating the process performance (Wölken et al. 2017).

The electric behavior of foods is not only depending on the chemical composi-
tion, such as water content, fat, protein, carbohydrates, and minerals, but also on the 
effects of dissolved and suspended solids or air. Foods containing different phases 
(i.e., solid particles, air bubbles, or large fat globules) with greatly different proper-
ties from those of the continuous phase will be considered as heterogeneous. It 
needs to be taken into account that electric behavior of one phase is essentially dif-
ferent from another phase, resulting in different electric field strength distribution, 
Joule heating rates, as well as dielectric strength. Information on the rheological 
properties of the food products to be PEF treated is required for the proper design of 
the treatment chamber geometry. Modifications of the treatment chamber geometry 
(Jaeger et al. 2009a; Schottroff et al. 2020b) can be used to affect the flow behavior 
and to induce mixing effects that may influence the treatment efficacy for heat- 
sensitive compounds and therefore improve the process performance toward a more 
gentle preservation process.

 PEF Treatment of Plant Materials and Requirements 
for Process Integration

 Role of Plant Tissue Structure for PEF Performance

PEF treatment of liquid or semisolid products for nonthermal pasteurization appli-
cation aims at the permeabilization of microbial cells. Although variations regard-
ing the sensitivity against PEF may occur within one single microbial population, 
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the microbial cells in the population show an almost homogeneous distribution 
regarding structural characteristics. This is different in the case of PEF treatment of 
plant raw materials, since cells with distinctly different sizes and structural proper-
ties occur in the same raw material, forming different tissue segments as exempli-
fied in Fig. 4. Hence, before applying PEF technology to plant raw materials, it is 
essential to analyze the specific particularities of the relevant tissue. Effective treat-
ment conditions can only be determined by the consideration of raw material 
properties.

Cell size and cell size distribution within the tissue have a significant impact on 
the cell disintegration either by mechanical means or by PEF treatment. Grinding of 
tissues with small cells in comparison to large cells will result in a lower degree of 
cell disintegration since the resulting particles of a given size greater than the cell 
size contain a higher number of intact cells. An increase in cell disintegration can be 
achieved by increasing the grinding intensity leading to a further reduction in par-
ticle size. For larger cells, the same particle size distribution after grinding will 
result in a higher degree of mechanical disintegration already since a higher number 
of larger cells were destroyed. Differences in cell size of the raw material have to be 
taken into account for PEF processing as well. PEF applications such as the disinte-
gration of fruit and vegetable mashes are mainly applied after mechanical disinte-
gration (Abenoza et al. 2013; Mannozzi et al. 2018). Depending on the cell size, a 
different degree of mechanical cell disruption will occur and will affect the PEF 
performance, since a varying fraction of intact cells remains available for cell disin-
tegration by PEF.  Hence, the consideration of the cell disintegration index after 
grinding and mechanical disintegration is essential in order to evaluate the potential 
of an additional PEF application (Vorobiev and Lebovka 2020).

The cell size affects the electroporation since the transmembrane potential is 
proportional to the cell radius. Lower-intensity electric fields will be required to 
achieve electroporation in larger cells (Zimmermann et  al. 1974). Hence, when 
dealing with a large variation in cell size, it would be required to optimize the mag-
nitude of the applied electric field for each cell type. This is not possible for struc-
tured, complex raw materials. As a consequence, a selective electroporation of large 
cells will occur in heterogeneous samples, and the smallest cells need to be consid-
ered in order to develop processing concepts aiming a high level of cell 
disintegration.

PEF is affecting the cell membranes and thus can be expected to influence the 
texture of products in which the structure is largely dependent on the integrity of 
cells. The pre-treatment of potato tissue prior to French fries or snack production 
represents the example for the transfer of this phenomenon into industrial scale. PEF-
induced changes occurring on a cellular level have an impact on the microstructures 
of the raw material or the food which is generated during further processing of the 
PEF-treated raw material. In case of the processing of PEF pre-treated potato, such 
changes in resulting microstructures during subsequent processing steps are the sur-
face roughness and feathering after cutting or the crust formation and crust properties 
during frying (Fauster et al. 2018). Fundamental research on the modification of tex-
tural and structural properties of plant raw materials represents the basis for tailoring 
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the applications with respect to the formation of targeted microstructures relevant for 
subsequent processing steps or specific product characteristics.

Destruction of the cell membranes and reduction of the cellular turgor are defined 
as the main impact factors for the modification of texture and viscoelastic properties 
of plant tissue after PEF treatment (Lebovka et al. 2004a, b; Pereira et al. 2009). 
However, application of PEF treatment will have limited effects on softening of the 
cell walls and reduction of their integrity. Hence, structural elements need to be 
identified and characterized in order to predict PEF effects and to assure a sufficient 

Fig. 4 Microscopic images of (a) apple tissue, (b) carrot tissue and (c and d) blueberry tissue. 
Substructures are shown such as chromoplasts (ch), the skin (sk), the flesh (f), and the seeds (s)
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impact of PEF on structure-related properties of the raw material. The targeted PEF 
effect on the cell membrane is an advantage on the one hand but might be a limita-
tion on the other hand, if additional effects of cell disintegration treatments such as 
heating or enzymatic maceration are required. These additional effects may include 
changes of the chemical structure of the cell wall, their breakdown or swelling, 
starch gelatinization, protein insolubilization, or the expulsion of trapped air.

The aspect of creating tailor-made structural characteristics by applying PEF to 
plant raw materials is also relevant for the treatment of fruit and vegetable mashes 
prior to juice recovery (Jaeger et al. 2012). Using mechanical grinding as well as 
PEF treatment, a process-specific induction of a structure modification is occurring. 
Whereas mechanical disintegration simultaneously modifies the particle size distri-
bution, PEF disintegration occurs independent from particle size modifications. The 
impact of the different cell disintegration technologies and of the different resulting 
structural modifications on the juice release properties of the mash has to be consid-
ered for the subsequent juice recovery process since particularities of different 
solid-liquid separation technologies exist with regard to required optimal mash 
properties. In this case, the process performance can be defined as the translation of 
PEF cell disintegration into increased juice yield.

 Role of Process Integration for Evaluation of PEF Performance

The use of PEF treatment aims at partially replacing or complementing existing 
food processing operations. When PEF is applied for the cell disintegration of raw 
materials from plant or animal origin, it is not the cell disintegration as such which 
is in the focus of the process, but it is the impact of the cell disintegration on subse-
quent processing steps such as cutting, drying, or extraction of target compounds. 
On the other hand, unit operations such as grinding of the raw material are applied 
prior to the PEF processing and will have an impact on PEF treatment performance 
as well as on resulting material properties. Hence, due to the various interactions of 
the different processing steps, it is essential to analyze not only the PEF process as 
such but also its integration into complex food processing systems.

 Consideration of Connected Processing Steps

For the application of PEF for microbial inactivation, the process can be applied as 
a stand-alone system, and interactions with pre- as well as post-PEF processing 
operations are less pronounced. However, since the resistance of various types of 
microorganisms and enzymes covers an enormous range, a combination of several 
preservation methods based on different inactivation mechanisms will provide addi-
tional or synergetic inactivation results according to the hurdle concept (Leistner 
and Gorris 1995). Hence, the PEF process integration becomes an important aspect 
in the field of microbial inactivation as well since complex systems with different 
interacting steps will arise. The combination of PEF with other stress factors like 
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mild heat, antimicrobial compounds, pH, or organic acids as well as the combina-
tion with other thermal or nonthermal decontamination techniques will determine 
further development.

The need for process integration is even more pronounced for PEF applications 
related to cell disintegration of plant raw materials. PEF-assisted juice recovery 
from fruit and vegetable mashes is used in order to exemplify the importance of 
considering pre- and post-PEF processing unit operations such as mechanical disin-
tegration and solid-liquid separation in order to successfully transfer the cell disin-
tegration provided by PEF into improved process results such as higher juice yields.

Figure 5 illustrates the different key steps in the juice production process, includ-
ing milling, PEF treatment, and de-juicing as well as the related process results, 
such as particle size reduction and mechanical disintegration, cell disintegration by 
electroporation, and the solid-liquid separation.

Each of the processing steps can be performed using different pieces of equip-
ment as well as variation of the processing parameters. The implementation of the 
PEF treatment in an existing juice processing line will be simple from a technical 
point of view, concerning the installation of the treatment chamber as well as the 
availability of industrial-scale pulse modulators.

Whereas mash characteristics related to particle size or cell disintegration can be 
mainly controlled by operational parameters, such as milling or PEF treatment 
intensities, the de-juicing process depends very much on the system that is used for 
the solid-liquid separation. In addition to the operational parameters that can be 
adjusted for each of the de-juicing systems, the completely different design and 
working principle require a certain mash structure and pressing behavior on the one 
hand but offer also the selection of appropriate conditions for a given mash 
characteristic.

Fig. 5 Left: Concept for the improvement of the process performance of a PEF-assisted juice 
recovery by consideration of connected processing steps. Right: Juice recovery process from 
apples and carrots: processing steps and related process analysis. CDI refers to “cell disintegration 
index” as determined by impedance measurement
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De-juicing systems are based on different separation principles as well as on 
design variations regarding the realization of the particular solid-liquid separation 
(Barrett et al. 2004). As discussed before, due to the process-product interactions, 
there will be an impact of the material structure on the separation process, i.e., juice 
release performance, as well as an impact of the process on the material, i.e., com-
paction of the mash. Phenomena are involved within each scale level as well as 
related to the process, the structure, and the property of the respective raw material. 
In order to evaluate juice yield results related to different mash structures and PEF 
treatment intensities, the operating principle of the solid-liquid separation system 
needs to be taken into account (Jaeger et al. 2012).

The consideration and combination of the various parameters related to material 
properties, disintegration technologies, as well as the performance properties of dif-
ferent de-juicing equipment leads to a complex multi-scale and multiparameter sys-
tem. The analysis of the occurring interdependencies is the key factor in order to 
control the beneficial effect of a PEF treatment of the mash on juice yield (Jaeger 
et al. 2012). Favorable and unfavorable conditions can be identified regarding the 
mash structure as well as the de-juicing characteristics in order to improve the juice 
yield increase by PEF. The developed concept can be applied to different multistep 
processes that may include a potential PEF application. A process analysis and opti-
mization provides the basis for the evaluation of the process performance, which in 
turn is a prerequisite for the decision regarding the use of the PEF treatment for a 
specific application or the redesign and adaptation of existing processing steps.

This is of particular importance when increasing the complexity and the scale of 
the PEF trials that require an appropriate experimental practice in order to allow the 
evaluation of the impact of the PEF treatment on the overall process performance. 
Integrating PEF into a multistage food processing line needs to focus less on the 
PEF treatment as such, rather than on the interdependencies of the different compo-
nents in the system and on the evaluation of performance criteria of the traditional 
food processing equipment. Both aspects are of high relevance for the setup of an 
appropriate experimental design to study the PEF performance in the system and for 
the interpretation of obtained results. The consideration of connected processing 
steps is required from a technical point of view, since each component has a specific 
range of operating conditions that need to be adjusted. On the other hand, it is cru-
cial to be aware of the properties of the raw material which is passing through the 
whole processing line and which is modified by each processing step (process- 
product impact). Depending on this modification, the performance of the subse-
quent processing step will be affected, since a product-process impact occurs. A 
successful integration of the PEF technology in a complex industrial processing 
environment as well as the evaluation of new application concepts of PEF in food 
processing will require such a multi-scale approach considering the process- 
structure- property interactions occurring in each single processing step and affect-
ing connected processing steps.
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 Challenges for Industrial Implementation

In general, the implementation of new processes or methods into industrial scale is 
related to a number of challenges. To describe the impact of adaptations of pro-
cesses or new technologies, a detailed validation of the whole processing line is 
needed. Further, the transfer of results from investigations in laboratory or pilot 
scale to industrial scale faces challenges for both sides, researchers and companies. 
Such challenges, among others, are also responsible for the limited implementation 
of PEF applications in the food industry. Although a few selected process parame-
ters such as electric field strength, total specific energy input, or treatment time 
enable to characterize the PEF process from a treatment intensity perspective, the 
transfer of settings and findings from the laboratory to the industrial scale still 
reveals different issues regarding throughput, subsequent processing steps, and data 
acquisition possibilities in industrial scale. For trials in lab scale, raw materials can 
be accurately selected regarding their size, shape, and ripening stage. In contrast, 
the industrial production has to deal with different and continuously changing raw 
material properties. Moreover, due to the high throughput of industrial production 
lines, variation of processing conditions in industrial scale and the downscaling of 
industrial processes to the laboratory environment are challenging.

It is of major importance for the detection of PEF-related effects that are relevant 
for the industry to compare them with similar processes commonly used in the 
industry. In some cases, specific benefits resulting from PEF treatment might only 
occur due to comparison with reference processes that lack practical relevance or 
the use of non-optimized conventional processing conditions. As discussed above 
for the case study related to the integration of PEF into fruit and vegetable juice 
production, the mash pre-treatment by PEF may lead to a higher juice yield com-
pared to untreated mash. However, the modern juice industry commonly applies 
thermal or enzymatic pre-treatments to facilitate and enhance the juice yield that 
need to be taken into account when comparing process efficiency and yield but also 
other parameters such as product quality and production costs. Hence, a process 
performance analysis needs to include suitable reference processes that are selected 
from an industry perspective and that are validated by reference data derived from 
optimized industrial practice.

Scientific investigations rarely describe the resulting economic benefits for spe-
cific PEF applications. However, main driver for the successful implementation of 
the technology in industrial-scale potato processing is the economic benefit result-
ing from the replacement of the thermal preheating step. Hence, process perfor-
mance can not only be evaluated from technological perspective but needs to include 
economic profitability of a PEF application considering different scenarios already 
at an early stage.

Considering the implementation of industrial-scale PEF preservation, various 
limitations are present as well. Due to the fact that PEF is a relatively new technol-
ogy, compared to heat treatment, an extensive database on the inactivation behavior 
of different foodborne pathogens of interest is missing. This is especially due to the 
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fact that data from older publications are very difficult to compare and the fact that 
batch PEF treatment is often used for lab-scale studies with pathogens and the 
transferability of results to continuous systems is limited. Moreover, PEF treatment 
depends on distinctly more influence factors than just temperature and time, as it is 
the case for conventional thermal preservation processes. Therefore, the compila-
tion of industrially realizable data and the selection of key processing variables is 
further complicated. Hence, this hampers the validation of PEF preservation 
processes.

In this context, there are also a variety of open research questions related to the 
determination of suitable microbial surrogate strains and indicator organisms, mim-
icking the behavior of pathogenic microorganisms in the presence of an electric 
field. Moreover, the limited scalability and occurrence of electric field and tempera-
ture inhomogeneities make the application of PEF preservation on an industrial 
scale more challenging. Lastly, an aseptic filling process may have to be imple-
mented subsequent to PEF pasteurization, especially if it is supposed to replace a 
hot filling process. This would imply further investments as well as the implementa-
tion of more complex process technology, which not all companies will be willing 
to realize.

In summary, the major benefits for the food industry regarding the effects of PEF 
are improved food quality, increased profit by energy reduction or better raw mate-
rial to product ratio, and the possibility to introduce new food products into the 
market. The outreach of PEF can be increased in different ways. In the case of the 
application of PEF for fruit juice preservation, only a single benefit – the quality 
improvement – is addressed. In the case of PEF application in potato processing, it 
is mainly economic benefits resulting from the replacement of thermal preheating 
and reduction of product losses. In addition, the modification of product texture 
allows the manufacturing of new products that satisfy consumer expectations. For 
these cases, a successful transfer of lab and pilot scale results to industrial scale, and 
the validation of the process performance criteria as well as expected benefits was 
possible in industrial scale.

 Conclusion

PEF performance characteristics need to be studied based on a systematic process 
analysis approach including aspects related to different levels of scale as well as 
complexity. This approach represents a valuable tool in order to reveal potential 
aspects for a process improvement and a targeted process design. Process-product 
interactions need to be identified, and a bidirectional analysis needs to be per-
formed considering PEF effects on food compounds and the raw material matrix 
as well as considering effects of the product to be treated on the PEF performance. 
The integration of the PEF treatment into complex processing concepts requires 
the consideration of connected processing steps. This is of particular relevance for 
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the application of PEF for the disintegration of plant raw materials, since the PEF 
treatment serves as a pre-treatment for subsequent processing steps such as cut-
ting, drying, extraction, or juice recovery. The adjustment and optimization of 
related processing steps will be essential in order to control and maximize benefi-
cial PEF effects and to explore further application areas. The consideration of the 
technological process performance, economic benefits, as well as ecological crite-
ria will determine the future implementation of the technology on an indus-
trial scale.
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 Introduction

The commercial viability of food processors is dependent on the use of optimum 
processes and process equipment throughout the production chain. Process perfor-
mance criteria such as energy efficiency and robustness as well as equipment design 
considerations such as ease of use, reliability, operator as well as food safety play an 
important role in successful commercial exploitation of novel processes as 
PEF. Since first reports in the 1950s and 1960s (Amiali et al. 2007; Barbosa-Cánovas 
et al. 1998; Clark 2006; Doevenspeck 1961, 1984; Evrendilek et al. 2000; Heinz 
et al. 2003; Lebovka et al. 2005; Sitzmann and Münch 1988; Toepfl et al. 2006a; 
Zhang et al. 1995), substantial technical advancement in power electronics has been 
achieved, which facilitates the development of pulse generators with sufficient peak 
voltage, current and power level for large-scale food processing, but besides the 
pulsed power supply the treatment chamber or applicator design is of particular 
importance in the food industry and related applications. This chapter discusses 
important equipment design prerequisites and their impact on the selection of suit-
able equipment with regard to applicability, maintenance and process control.
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 Prerequisites of PEF Equipment Design

PEF systems basically are a setup of a pulsed power supply and a treatment chamber 
(Bluhm 2006; Gaudreau et al. 2010; Loeffler 2006). Up to the 1990s, mostly spark 
gaps and vacuum tubes have been applied for power switching, showing poor reli-
ability and short lifetime (Sitzmann 2006; Sitzmann et al. 2016). Driven by medical, 
defence and energy conversion applications in particular for renewable energies, 
high-power semiconductor industry has made significant progress. Whereas high- 
performance thyristors or transistors are generally available today, the design of 
pulse generator concepts for food industry applications still can pose some chal-
lenges. A food processing factory is often characterized by fluctuating environmen-
tal conditions and temperature or relative humidity changes, a high load of dust and 
dirt as well lack of trained personnel with pulsed power background for service and 
maintenance. In comparison to other pulsed power applications, typically the design 
focus is less put on energy delivery accuracy than on reliability and service friendli-
ness of the overall setup (Toepfl et al. 2006a). The use of custom-designed, single- 
stage pulsed power switches may result in equipment downtime and idle times until 
replacement. Recent developments, therefore, have focussed on modular designs to 
allow the use of standard components and to reduce maintenance efforts (Toepfl 
2011b). To allow use in the food industry, the equipment has to be designed accord-
ing to hygienic design guidelines, but also operator and machine safety are of 
importance.

 Pulsed Power Supply

To design or select a suitable pulsed power supply, as a first step typically, the peak 
voltage and current and the average power needs are to be defined as follows:

• Peak voltage: The voltage requirement is dependent on the type of application, 
as cell disintegration requires much lower (average) electric field strength (~ 
1 kV/cm) in comparison to microbial inactivation (~10–20 kV/cm). In addition, 
the desired throughput, as well as the product shape, will have an impact as they 
will define the electrode gap required.

• Peak current: The current is a result of voltage applied and dependent on product 
conductivity but also treatment chamber geometry due to electrode area and gap 
impact on the load resistance of the chamber.

• Average power: The average power  is dependent on the desired processing 
capacity and specific energy input applied. The energy input level is dependent 
on the level of cell disintegration or microbial inactivation, ranging from less 
than 1 kJ/kg for plant tissue softening to 100 kJ/kg for microbial inactivation and 
exceeding 100 kJ/kg, e.g. for bacterial spore inactivation or biopolymer modifi-
cation applications.
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• Pulse waveform: Either exponential decay or rectangular pulses are applied; this 
is dependent on power switching circuit availability and cost framework. In 
recent years a shift to rectangular waveforms is observed due to higher energy 
efficiency. The use of monopolar as well as bipolar pulses has been reported. 
Monopolar pulses are more common as they allow a simpler design. For bipolar 
pulse generators, a positive and a negative stage will be required, so benefits 
regarding energy efficiency or electrode erosion are often overweighed by 
increasing investment costs.

• Pulse width: For most exponential decay pulse generators, the pulse width is not 
variable, but a result of the charging voltage and the capacity of the energy stor-
age and the discharge circuit properties. Rectangular pulse shape generators 
often provide the option to vary pulse width in a range of some microseconds. 
Together with peak voltage and current, the pulse width defines the energy deliv-
ery per pulse; its variation, therefore, allows to control energy input.

• Pulse repetition rate: Pulse frequency has two major effects; on the one hand, it 
needs to be high enough to make sure every volume element passing the treat-
ment zone is exposed to a sufficient number of pulses. As long a sufficient pulse 
number per volume element is applied pulse repetition in combination with 
energy delivered per pulse and product mass flow rate is used for specific energy 
input control.

To allow the use of standard switching devices, setups making use of pulse trans-
formers or semiconductor-based Marx generators have been developed (Kern 2005; 
Kuthi et al. 2003; Toepfl et al. 2006a). In the first case, a low-voltage high-current 
thyristor or transistor is applied for power switching with a subsequent transforma-
tion to the desired voltage level. Pulse transformers allow compact equipment 
design with a low number of components but due to required matching of generator 
and load impedance have a more limited range of optimum operating conditions. 
Marx generators are based on using several stages of energy storage charged in 
parallel and discharged in series. Early designs have been based on untriggered or 
triggered spark gaps for switching; nowadays semiconductors are used which allow 
higher pulse repetition rates and low maintenance design.

As indicated above, the selection of a suitable pulse generator is based on a num-
ber of technical design criteria. Modern systems are based on semiconductor switch-
ing making use of standardized switching modules. Though from an application 
point of view the average power level defines the maximum treatment capacity, in 
most cases the peak power has shown to be the major challenge and cost driver. 
Lower average power systems are often done on the basis of pulse transformer set-
ups, whereas larger-scale systems with high peak and average power requirement 
are mostly designed on Marx generator basis. The typical average power of today’s 
PEF units is in a range of 30–400 kW (Frey and Sack 2021; Kempkes 2011; Loeffler 
2006; Schultheiss et al. 2004; Witt et al. 2021). The peak power can range up to 
several hundred megawatts, in particular when using treatment chambers with large 
cross-section as applied for solid products or products with high electrical 
conductivity.
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 Treatment Chamber Design Considerations

In the treatment chamber, the electric energy is applied to the food product. Electrode 
configuration, area, gap and the flow pattern impact on treatment homogeneity, as 
well as electrical and hygienic properties. In addition, the type of materials used is 
of importance due to their food contact. Whereas most electrode materials are com-
mon in food contact areas, insulators used and sealings or gaskets with sufficient 
electric field resistance may be more challenging. For industrial processing in gen-
eral, continuously operating equipment is desirable. Treatment chamber design is 
dependent on the type of application due to the field strength requirements but also 
product type (solid, semi-solid or liquid) as well as mode of transport. For liquid 
and semi-solid, pumpable products, tubular electrodes can be applied. Applications 
include cell disintegration of pumpable mashes or product water mixes; the typical 
configurations include co-linear, coaxial or concentric rift chambers (Huang and 
Wang 2009; Odriozola-Serrano et al. 2006). Treatment homogeneity is of particular 
importance for microbial inactivation applications (Witt et al. 2021). Whereas over- 
processed volume elements may be subject to quality deterioration and overheating, 
under-processed product may lead to insufficient microbial inactivation and product 
safety. Making use of fluid dynamics as well as electric field modelling, a number 
of optimized chamber designs are available (Fiala et al. 2001; Meneses et al. 2009), 
but in general co-linear chambers with a pinched insulator have shown sufficient 
treatment homogeneity and cleanability. Such chambers for extending shelf life of 
juices or dairy products are available with a diameter of 2 mm for lab-scale applica-
tions up to 50 mm for industrial-scale processing (Siemer et al. 2018; Toepfl 2011b) 
(see Fig. 1).

Fig. 1 Industrial-scale system for fruit juice preservation, up to 5.000 l/h
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Dependent on product viscosity and the presence of particles, removable static or 
dynamic mixing elements can be applied to enhance processing homogeneity and 
allow a versatile chamber use. Electrode erosion has been a concern, but in a num-
ber of papers, it has been shown that electrochemical reactions and metal release to 
the product do not exceed acceptable limits of tap water directives when using stain-
less steel electrodes at optimized processing conditions (Arshad et al. 2020; IFT 
Nonthermal Processing Division 2011; Morren et al. 2003; Pataro and Ferrari 2020; 
Roodenburg et  al. 2005a, b; Roodenburg 2011; Saulis et  al. 2005; Toepfl et  al. 
2006b). As alternative titanium electrodes can be used for applications with high 
current density. The lower field strength requirements for cell disintegration use 
allow the design of larger electrode gap chambers. For example, for fruit, wine or 
olive mashes, treatment systems with nominal diameters of up to 150 mm are used 
with processing capacities between 1 and 100 t/h. To allow treatment of solid prod-
ucts, different chamber designs are required. For texture modification of fruits or 
tubers and to enhance cutting properties, belt or rotating wheel systems have been 
developed. Water is required as an energy-transferring media, and products are sub-
merged and conveyed through an electrode setup by a belt or another mode of trans-
port. As the product may sink or float, the raw material to be processed will impact 
on the design of in- and outfeed sections. In case of belt systems, the use of double 
belts has shown useful for treatment of floating products. The design of such sys-
tems has to incorporate PEF-related prerequisites such as allowing sufficient elec-
tric field strength as well as residence time and energy input, product-related 
parameters such as cross-section required as well as current food and operator safety 
directives. Operator safety could be best maintained by completely closed systems, 
but cleaning as well as service needs will require access to moving parts as well as 
treatment electrodes. Current designs make use of either removable covers or doors 
or a more open design using safety fencing. The choice between different concepts 
often is based on the availability of space in the respective environment as well as 
cleaning protocols and intervals applied. Continuous processing systems for solid 
products range from 1 t/h up to 80 t/h on single lines (see Fig. 2).

 Current and Upcoming Industrial Applications 
and Systems Used

Though many potential applications have been identified (Barsotti et  al. 1999; 
Huang and Wang 2009; Jeyamkondan et al. 1999; Knorr et al. 1994; Rastogi 2003), 
at present commercial applications are mostly found in fruit juice preservation, dry-
ing acceleration and vegetable and tuber processing (Arshad et al. 2020; Fauster 
et  al. 2021; Jowitt 1997; Lammerskitten et  al. 2019; Liu et  al. 2020; Witt et  al. 
2021). In the area of juice processing, systems with a treatment capacity of up to 
8.000 l/h have been installed, whereas for potato processing the capacity ranges up 
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to 80 t/h. In the following section, commercial experience from existing as well as 
potential future applications will be discussed.

 R&D and Smaller-Scale Systems

PEF can be applied in batch as well as continuous mode. Batch operation usually is 
applied for proof of principle testing as well as process optimization, e.g. in raw 
material testing associated to large-scale processing. For solid products such as 
roots, tubers or fruits, process scalability is typically given due to low energy input 
requirements and limited process-induced temperature increase. For higher energy 

Fig. 2 Two PEF treatment systems for processing of solid material in industrial scale
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input applications such as microbial inactivation, the applicability of PEF systems 
is often limited in comparison to continuous systems, due to poor scalability. In 
batch systems, the temperature increase induced by electric energy input is often 
less pronounced due to energy dissipation via the metal electrodes. Also, as usually 
no mixing is applied, treatment chamber geometry-related inhomogeneities play an 
important role. In continuous processing, steady-state conditions are achieved after 
some minutes of start-up, allowing more constant, reproducible processing. Product 
movement– even if flow pattern may differ from small to large scale – typically also 
benefits process homogeneity.

For early-stage testing, a number of different equipment concepts are available. 
While many research centres have created own experimental setups, such units due 
to lack of commercial availability and compliance to safety or food regulations 
often have limited use for pilot-scale testing or small-scale processing. Most of the 
available batch systems for processing solid materials are based on spark gap-driven 
discharge circuits, allowing flexible and versatile use but limited pulse repetition 
rates. With treatment chamber volumes of several litres, product amounts of some 
kg can be treated at time requirements of seconds to minutes. Such systems are 
available at a number of research centres in Europe, the United States as well as 
Asia. For microbial inactivation testing typically, semiconductor-based systems are 
used, as higher pulse repetition rates of a few hundred hertz are required. Such sys-
tems are available from Diversified Technologies (United States), ScandiNova 
(Sweden), Pulsemaster (the Netherlands) or Elea (Germany), exemplarily. Recently 
first multiple-use systems have been launched, allowing batch processing with treat-
ment volumes up to 10 l as well as continuous operation for microbial inactivation 
as well as processing of mashed products (see Fig. 3).

Fig. 3 Multiple-use PEF 
system for batch and 
continuous operation
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 Fruit Juice and Smoothie Preservation

In recent years the European fruit juice market has shifted from ambient shelf-stable 
products towards fresh, often non-pasteurized products distributed in a chilled dis-
tribution chain (AIJN 2012). The consumer demand for fresh and natural taste has 
significantly changed the supply chain, as products are not produced from concen-
trate but manufactured from fresh fruits or frozen semi-fabricates close to the point 
of sale. Dependent on raw material quality as well as the production processes used, 
the shelf life of such fruit juices or smoothies is in a range of 7–10 days. To supply 
a high number of product types and allow sufficient time on the market shelf, sig-
nificant distribution efforts as well as a high number of product changes result.

By PEF application, the microbial load can be reduced and the shelf life extended 
(Cserhalmi et  al. 2006; Elez-Martínez and Martín-Belloso 2007; Schilling et  al. 
2008). A treatment with an initial temperature of 40 °C, a field strength of 20 kV/cm 
and an energy input of 120 kJ/kg results in a 4–5 log reduction of the total count of 
orange juice, exemplarily (Toepfl 2011b; Witt et al. 2021). In addition to inactiva-
tion of natural microbial flora, also the inactivation of inoculated E. coli 35218 has 
been shown. A 5 log inactivation of that target strain will be a key requirement for 
an FDA approval. As temperature has a synergetic effect on PEF efficacy, often 
combined approaches are used to reduce the amount of electrical energy required 
(Amiali et al. 2007; Evrendilek and Zhang 2003; Heinz et al. 2003). Making use of 
a setup of (often existing) preheaters, a high processing capacity can be achieved, 
while in comparison to a standard thermal processing, the product heat load is sig-
nificantly reduced. When operating at maximum temperatures in a range of 
45–50 °C, the product shelf life is extended up to 21 days while maintaining fresh- 
like taste and product quality. At present, such products are on market shelves in the 
Netherlands and the United Kingdom, where PEF processing equipment with a 
capacity of 1,500–2,000  l/h and 5,000–8,000  l/h is used (Irving 2012). The total 
processing costs including investment and operation are in a range of 0.01 Euro/l of 
product, justified by an extended distribution time and market range as well as sig-
nificantly lower product return. With regard to the European Novel Food legislation, 
the impact on product quality parameters as well as the level of undesired sub-
stances has been evaluated (Aganovic; Cserhalmi et al. 2006; Schilling et al. 2008; 
Timmermans et al. 2011; Vervoort et al. 2011). After a PEF treatment, no significant 
process-induced changes have been observed; therefore products have not been 
considered as novel.

PEF equipment design for fruit juice processing requires systems with integrated 
process monitoring. Operation protocols will also have to cover start-up and shut-
down as well as product change, where instead of product, water will have to be 
processed, which has a lower electrical conductivity and therefore energy input. To 
prevent (re)contamination of processing line parts after the treatment, area diversion 
valves are applied, discharging or collecting undertreated product in buffer tanks for 
reprocessing. To identify shift over from start-up liquid to product, a number of sen-
sors are applied including conductivity, pH as well as turbidity measurement. 
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Modern PEF systems come with an integrated data logging or HACCP module for 
process monitoring and recording processing parameters. The units are imple-
mented into standard CIP and SIP circuits, which require resistance against com-
mon detergents and disinfectants or the pressure and temperature ranges of a steam 
sterilization.

Besides fruit juices, the possibility to extend the shelf life of vegetable juices and 
protein-based products such as emulsions and dressings, dairy products or blood 
has been evaluated (Bendicho et al. 2002; Boulaaba et al. 2014; Buckow et al. 2014; 
Deeth and Datta 2018; Li et  al. 2005; Reina et  al. 1998; Sepulveda et  al. 2005; 
Wiezorek et al. 2009). For fresh carrot juice, a 3–4 log inactivation was observed 
after a treatment at 30  °C and an energy input of 100  kJ/kg. The shelf life was 
extended from 2 to 6 days, though the close to neutral pH value. Vegetable juices are 
of high importance in Asia but also Eastern Europe. Due to their high content of 
nutrients and health-related substances, that product type can be of high interest for 
a further exploitation of the technique. Whereas for consumption milk, a thermal 
pasteurization is well feasible and accepted; other dairy-based products such as 
whey or milk protein concentrates or milk to manufacture raw milk cheese or for-
mulations may be more relevant for PEF preservation. Past and ongoing research 
work has shown the general possibility to achieve a microbial inactivation in dairy 
products (Calderón-Miranda et al. 1999; Deeth and Datta 2018; Sepulveda et al. 
2005; Shamsi et al. 2008; Sobrino-Lopez et al. 2009). Reduced protein denaturation 
and fouling and increased equipment operation time provide additional benefits of a 
reduced heat load in comparison to pasteurization.

A number of system manufacturers have started offering PEF systems for pres-
ervation applications with a focus on EU as well as US market. Equipment suppliers 
include Diversified Technologies (United States), Arc Aroma (Sweden), CoolWave 
Processing (the Netherlands), Pulsemaster (the Netherlands), Energy Pulse Systems 
(Portugal) as well as Elea (Germany).

 Processing of Agricultural Products

Processing of vegetables and tubers results in a quick, energy-efficient cell disinte-
gration (Angersbach et  al. 2000; Fauster et  al. 2021; Fincan and Dejmek 2003; 
Fincan et al. 2004; Lebovka et al. 2003, 2007). Processing of fruit and vegetable 
mashes such as apple or carrot causes a release of intracellular liquid and may be 
utilized to enhance juice yield. At present industrial systems to enhance the yield of 
clear or cloudy apple juice are operated in the European fruit juice industry in scales 
of 5–20 t/h. As the treatment significantly changes mash texture, a careful adapta-
tion of the fruit mill, as well as the subsequent liquid-solid separation, is required to 
achieve a consistent yield increase (Schulz et al. 2011). Textural changes that occur 
after a treatment are caused by a loss of turgor pressure (Angersbach and Knorr 
1997; Janositz and Knorr 2010; Lebovka et al. 2004; Rastogi et al. 1999). Such a 
tissue softening has been observed for potato, sugar beet and carrot, exemplarily. As 
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a result, subsequent handling, pumping or cutting processes may be facilitated 
(Lindgren 2006). After treatment of potatoes with an energy input of 1–1.5 kJ/kg, an 
improved cutting was observed, causing less fracture and a smoother cut surface 
after industrial hydro-jet cutting. Due to tissue softening, less product breakage 
occurs in the following production stages. The process can be used to replace con-
ventional preheating of potatoes (60 °C, 30 min) in French fries production in an 
industrial scale (Fauster et  al. 2021; Siemer et  al. 2018; Toepfl et  al. 2006a). A 
higher cut quality and product length have been reported as major benefits. In potato 
as well as vegetable chips industry, improved slicing results in a yield increase due 
to reduced starch loss, a reduced oil uptake as well as the potential to reduce frying 
time and temperature. Processing scales in that industry sector usually are smaller 
than in French fries processing; single lines range from 0.5 to 3 t/h finished product 
corresponding to 2–12  t/h throughput at the stage of PEF applications. For that 
industry sector, as PEF is added as a new, additional treatment step, a compact 
equipment design is a key requirement, leading to the development of all in one, 
closed PEF systems (see Fig. 4).

These systems can also be applied for other applications such as fresh or frozen 
vegetable processing or drying acceleration, where current R&D work on basis of 
existing equipment availability is believed to lead to a fast commercial exploitation.

As PEF is applied as a pre-treatment step process, monitoring has a lower impor-
tance in such applications than for microbial inactivation use. The equipment design 
focus is usually put into equipment reliability, as processing lines operate 24/7 
throughout most of the year with short shutdown and maintenance periods in 
between harvest seasons.

In the sugar industry, a pilot-scale equipment has been installed in 2002 (Kraus 
2003, 2004). An enhanced sugar yield and purity and the possibility to reduce 
extraction temperature have been reported. In addition, softening of the cossettes 
has been observed, facilitating product transport through the extraction setup. 
Though processing capacities are higher than present equipment capacities for a 
bulk product like sugar, a scale-up is feasible based on existing concepts.

Fig. 4 PEF processing 
system for solid products 
with a capacity of 1 to 6 t/h
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Also, the possibility to enhance peeling of some fruits or extraction of valuable 
plant oils has been shown (Toepfl 2011a). After an energy input of 1–7 kJ/kg, tomato 
or prune peel can be easily removed, similar than after a steam treatment.

An energy requirement of 1 kJ/kg is translated into 0.3 kWh energy requirement 
per metric ton of product or an installed power of 0.3 kW per 1 t/h treatment capac-
ity. It needs to be kept in mind that in many applications not only the product is 
passing through the treatment chamber, but dependent on product geometry, water 
may be used as an energy-transferring medium. For example, when processing 
potatoes on belt systems, up to 3 parts of water per 1 part of the product is applied. 
The additional volume to be processed requires large cross-sections, often belts 
with a cross-section of 300–1000 mm, and electrode gaps in a range of 200 mm are 
applied, which results in peak current requirements of up to 5 kA. Other concepts 
are based on rotating wheel designs with the benefit of a narrower treatment cham-
ber and smaller cross-section which results in lower peak power requirement 
(Schultheiss 2001). While the average power requirement will be at the same level, 
that approach may cause a higher probability of mechanical clogging of the treat-
ment chamber. The total processing costs for a treatment of plant-based products are 
in a range of 0.5–3 Euro/t, dependent throughput, product type and desired level of 
tissue disintegration.

For solid products PEF systems are available from different equipment manufac-
turers as well; suppliers include ScandiNova (Sweden), Heat and Control (Australia), 
Pulsemaster (the Netherlands), Kea-Tec (Germany) as well as Elea (Germany).

 Process Control Options

Whenever applied in food industry, the use of new processes also requires suitable 
process control options and the setup of a HACCP concept. Whereas PEF use for 
cell disintegration typically occurs at a noncritical process stage, any preservation 
application has to be considered as a critical control point. The consistent delivery 
of sufficient treatment intensity has to be maintained and recorded at all times 
(Nöhle 1994).

To monitor cell disintegration applications, an impedance measurement can be 
used to characterize the level of cell disintegration (Angersbach et al. 2000; Zhang 
and Willison 1991). Based on the frequency-dependent conductivity of untreated 
and treated tissue, the treatment impact can be detected.

For microbial inactivation, a similar concept than that used for thermal process-
ing has been developed. Whereas for conventional thermal processing temperature 
and time are considered to sufficiently describe an inactivation process, for PEF a 
number of processing as well as product parameters have been used. The specific 
energy input and treatment temperature are generally considered as important pro-
cess conditions. When describing treatment temperature, one needs to keep in mind 
that product temperature will change during PEF processing dependent on energy 
input. For most PEF setups, the energy input will not be a set value, but dependent 
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value and result of other processing conditions set by the user, e.g. generator volt-
age, pulse frequency and product flow as well as product-related parameters such as 
electrical conductivity and specific heat capacity (see Fig. 5).

Process validation is based on a two-step approach. In a first step, the required 
energy delivery at the desired treatment temperature is elaborated in lab-scale chal-
lenge tests for each product group. During industrial-scale processes, the energy 
delivery is continuously monitored by the detection of pulse voltage and current. To 
validate power delivery to the product, the expected product temperature rise is 
calculated and compared to measured values pre- and post-treatment (see Fig. 6). 
Implementation of suitable processing protocols is key for successful commercial 
use. Making use of process monitoring system algorithms can be used to identify 
start-up and shutdown period and steady operation. In case of unforeseen situations, 
product can be diverted or disposed according to the manufacturer’s operation pro-
tocols and a re-clean or sterilization protocol be triggered.

Fig. 5 Schematic view of the interaction of PEF processing and product parameters during micro-
bial inactivation

Fig. 6 Process monitoring options of PEF system

V. Heinz and S. Toepfl



501

 Conclusions and Outlook

PEF application allows achieving a cell disintegration and microbial decontamina-
tion of food products. The recent development of pulsed power systems suitable for 
food industry applications has allowed a successful transfer from lab scale to indus-
trial applications. At present approx. 150 units are in commercial use worldwide, 
mainly in fruit juice and vegetable processing industry. Low energy requirements 
and processing costs, continuous operability and easy implementation are major 
benefits of the technique. Current equipment development work is focussing on 
system upscaling for products such as sugar beet as well as the design of dedicated 
application chambers for special products, e.g. for meat products or leafy material.
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 Introduction

Pulsed electric field (PEF) technology is a mild food processing technology, suit-
able for various food applications. The technology can be used for the treatment of 
solid food material, such as potatoes or other vegetables, and liquids as well as 
semiliquid food. The purpose of the treatment is varied. Liquid food products, such 
as juices and purees, can be exposed to short electric pulses to achieve microbial 
inactivation for food safety and shelf life extension while preserving the food’s fresh 
character. Short PEF pulses disrupt the osmotic balance of microorganisms, which 
results in permeation of the cell membranes. As a result of this, microorganisms can 
be inactivated by this method, and the microbial safety of the product is established. 
The application of electric pulses also affects plant cell behavior. The natural barrier 
separates the inner compounds of the cell from the environment. PEF induces an 
electroporation of this natural barrier resulting in an improved extraction of inner 
compounds, such as colorants or fatty acids. Moreover, the food product gets softer 
enabling easier processing. In the case of potato, the cutting requires much less 
force and the cut is more precise. This results in various advantages for the snack 
chip and French fry potato industries.

As PEF technology is and will be used in a growing number of food applications, 
specific PEF system requirements will be quite diverse. The criticality for example 
of delivering a “5-log kill” for food safety in a liquid food requires PEF apparatus, 
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which reduces residence time variability through turbulent flow and guarantees uni-
form and high-intensity electric field strength to ensure a minimum dose to deliver 
every food particle. For the treatment of potatoes for cutting improvement or olives 
for higher oil extraction, the importance of residence time, field strength, and pulse 
number is different and largely dependent on the operational needs of a producer or 
a specific downstream unit performance, not food safety. In every case, the PEF 
energy dose and variability for the specific application must be known and vali-
dated. Well-documented validation studies will lead to higher confidence in PEF 
and encourage a faster adoption. Equipment design differences for each application 
type will require different approaches to ensure sanitation and regulatory require-
ments. This chapter focuses on the implementation of PEF treatment in industrial 
processes with respect to the validation of the PEF process as well as the 
hygienic design.

 Hygienic Design

The first reports of PEF use in foods were published in the 1950s in Ukraine, 
Moldova, and Germany (Sitzmann et al. 2016a). However, it took several decades 
to transfer the technology into industrial practice. From the 1990s on, more than 20 
research groups have been identifying underlying mechanisms of action, influenc-
ing parameters and potential applications. For the first studies on PEF, lab-scale 
systems were used where hygienic design was of minor importance.

In general, PEF equipment requires a pulse modulator to supply high-voltage 
pulses and a treatment chamber, where the product is exposed to the electric field. 
At the beginning of PEF equipment design in 1990s, spark gaps and vacuum tubes 
with poor durability were applied for power switching (Sitzmann et  al. 2016b). 
Considering the positive results of PEF technology for product quality increase and 
its impact on process efficiency, there was commercial demand for systems that 
offered improved durability and higher capacity. A solution was found in the devel-
opment of high-power semiconductors. The current industrial-scale units are based 
on transformers, wherein a low-voltage switch is applied in combination with a 
pulse transformer, or Marx generator. Although industrial-scale PEF units are in 
operation, neither specific hygienic design guidelines nor specific processing stan-
dards exist. The industry currently relies on general hygienic design good manufac-
turing practices. As PEF is working with low temperatures for inactivation compared 
to standard thermal inactivation, good hygienic design is even more important. All 
aspects influencing the effectiveness of cleaning and the removal of product resi-
dues must be considered.

For the construction of PEF systems, cleanability and protection of the product 
from contamination with foreign bodies are the main criteria. In this respect, materi-
als used should have a smooth, impermeable surfaces without cracks or crevices, 
process sensors must be cleanable, and there can be no allowance for uncleanable 
dead ends. As there are no specific hygienic guidelines for PEF systems, it is advised 
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to use the standards 3-A Sanitary Standard (A Primer for 3-A Sanitary Standards 
and 3-A Accepted Practices; n.d.) and EHEDG Guidelines (EHEDG 2018).

As previously mentioned, the PEF system consists of two main parts, the pulse 
generator and the treatment chamber. For the construction of the power generator, 
safeguards to prevent food and moisture leakage into the generator should be in 
place; flashovers and power overloads can destroy equipment. As many food manu-
facturing sites are very humid, the generator needs to be isolated such that no water 
can condense in the cabinets and on system components, which would lead to elec-
trical short circuits and equipment damage.

Treatment chamber hygiene and cleanability are most critical. The treatment 
chamber consists of two electrodes separated by insulating material. The flow pat-
tern, treatment homogeneity, and electrical properties are influenced by the design 
of the treatment chamber. Material choice is complicated and critical due to 
extremely high voltage and the requirement of an insulator between the electrodes. 
As electrical energy is transformed into heat, crevices at the electrode insulator 
interface may arise due to differences in thermal expansion of the different materi-
als. Good design will minimize this occurrence. Crevices promote accumulation of 
food deposits, which leads to chamber fouling and the possibility of inadequate 
cleaning leading to an inevitably system contamination.

As a PEF unit is part of a complete processing system and often added to existing 
lines, hygienic design for the whole system must be carefully reviewed and vali-
dated. It is recommended that Sanitation Standard Operating Procedures (SSOPs) 
including both cleaning in place (CIP) and manual cleaning be developed and vali-
dated for the entire installation prior to validation. SSOPs are typically developed 
by a team including machine vendors, sanitation experts, and plant quality assur-
ance and operation management. Validation of SSOPs involves ensuring that the 
most difficult-to-clean system parts soiled with the most difficult-to-clean products 
are free from residues. SSOPs should be validated in triplicate and monitored as part 
of a company’s quality system and life cycle management. Validation of a PEF sys-
tem SSOPs should be done as a part of the overall PEF system validation. PEF 
system validation is explained in more detail in the next section.

 Validation of PEF Process

Process validation is crucial for the industrial application of novel technologies. It 
is essential to validate the homogeneity of the process and to measure the actual 
process conditions at different positions in the process to make sure that each part 
of the product is subjected at least to the minimum PEF conditions. Validation is 
necessary in the R&D phase of the system development and also necessary upon 
installation and start-up of a new system. A validated system requires verification 
through (1) process measurements and record-keeping in daily operation and (2) 
ongoing maintenance and change control protocol including device recalibration.
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The use of PEF for solid material focuses on the improvement of product quality 
and process efficiency. The validation of such processes aims at controlling a par-
ticular product attribute, like cutting or drying performance, after the PEF treat-
ment. A certain PEF intensity causes disruption of cell membranes to achieve 
different effects, such as cutting improvement, extraction of valuable components, 
or process acceleration. For each application, the best and most efficient PEF set-
tings for each product are defined and tested through trials, which vary in specific 
energy and electric field strength levels. Optimal operating levels depend on the 
product and the process aim. For the potato industry, the cutting force is measured 
as validation of the treatment. The potato is softened by PEF and this is studied by 
measuring the cutting force. The optimal treatment condition range is then used for 
industrial applications. In the case of potato processing, the PMD80 cut control 
device (Elea Vertriebs- und Vermarktungsgesellschaft mbH) can be used as a con-
stant verification tool during processing (Fig. 1). Firmness of potatoes, as defined by 
its cellular structure, changes over time. A newly harvested potato is usually much 
firmer and harder to cut than a similar potato that had been stored for long period of 
time. As the purpose of PEF here is to soften the structure of the potato for consis-
tent cutting performance, the PEF intensity required to achieve the cell structure for 
consistent processing decreases over time and with increased storage. The cut con-
trol provides an objective and repeatable measurement allowing an operator to 
adjust the PEF setting appropriately. If the force required to cut the potato is not in 
the desired range, the PEF settings can be adjusted by choosing a more or less 
intense PEF treatment. As it can be seen in Fig. 2, the force required to cut the potato 
is decreasing with increasing energy input.

For other purposes, such as the production of wine or olive oil, where a mash is 
treated, an electrical conductivity measurement can be used as a validation tool of 
the PEF process. When exposing biological cells to a PEF treatment, electrical con-
ductivity changes. Angersbach et al. (1999) detected this change in electrical con-
ductivity after PEF and introduced the concept of the Cell Disintegration Index 
(CDI). This index compares the conductivity of a PEF-treated product with an 
untreated product. A CDI value of 1 indicates maximum cell disruption; once the 

Fig. 1 Cut control to 
measure the cutting force 
of different solid food 
products, such as potato, 
before and after a PEF 
treatment
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CDI of 1 is reached, any additional energy applied by the PEF system will not 
change the CDI value. A CDI value of 0 represents the original tissue electrical 
conductivity, i.e., the conductivity value with no PEF treatment. The CDI measure-
ment is an excellent measurement tool for a broad range of PEF applications. As 
PEF commercial know-how develops, the CDI will become an indispensable feed-
back tool for nearly all solid treatment applications (Angersbach et al. 1999).

For premium-quality liquid food products, like fruit juices and smoothies, PEF 
systems are still in the early stages of industrial application. Unique advantages 
have been demonstrated both for producers and retailers, especially due to the 
extended shelf life, high product quality, and much lower operational costs. Despite 
these advantages, the applications are limited to a group of innovative but relatively 
small producers. In contrast to this, conventional producers in the juice and soft 
drink industry are awaiting further technological development, as standardized pro-
cess validation and control options are not yet concrete and available. In a survey of 
food professionals conducted by a collaboration between the Food Safety Working 
Group of CIGR (International Commission of Agricultural and Biosystems 
Engineering), Guelph Food Research Centre of Agriculture and Agri-Food Canada, 
and Campden BRI published in 2015, respondents indicated that while PEF is con-
sidered to be among the top three technologies of commercial significance now, as 
well as in the next 5–10 years in Europe, this was not the case in the USA (Jermann 
et al. 2015). In the same study, PEF was ranked fourth in the USA behind high pres-
sure processing (HPP), microwave heating, and UV light. However, the survey 
authors noted that commercialized use of PEF may be more widely publicized in 
Europe compared to the USA, which may have impacted this result. Regardless, 
PEF was widely noted as having strong applicability for use in the drinks and bever-
ages sector. Discussion with early adopters of the technology as well as those who 
are open to future adoption indicates a need for generally accepted process 
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Fig. 2 Cutting force measurement of potato (Verdi) at an electric field strength of 1 kV/cm
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guidelines to ensure compliance with relevant food legislation. Such guidelines 
should speed up technology utilization.

Using PEF as the final pathogen control step for a ready to eat liquid production 
requires an identification of all relevant and likely food safety risks and their respec-
tive preventive control measures. Within a hazard analysis and critical control point 
(HACCP) system, food safety can be assured through process control and monitor-
ing of critical factors during production, thereby lowering the need for end-product 
testing. The HACCP concept requires the study and identification of critical and 
hazardous conditions for a specific processing system and food that are important 
for the safety of the operator and the consumer. The HACCP concept was developed 
by the Pillsbury Company for the manufacture of safe food products for the US 
National Aeronautics and Space Administration (NASA). The aim was to have 
products with very low food safety risk in order to assure safe food for the astro-
nauts in space (Barbosa-Cánovas et  al. 1999a). The general background of the 
HACCP concept is the control of the processing line and product input reducing the 
need for sample testing of the finished product. Microbial, chemical, and physical 
hazards will be eliminated by anticipation rather than inspection. According to the 
National Advisory Committee on Microbiological Criteria for Foods (NACMCF), 
the HACCP system is based on seven principles (NACMCF, 1998):

 1. Conduct a hazard analysis identifying all chemical, physical, and microbiologi-
cal hazards.

 2. Determine the critical control points (CCPs).
 3. Establish critical limits.
 4. Establish monitoring procedures.
 5. Establish corrective actions.
 6. Establish verification procedures.
 7. Establish record-keeping and documentation procedures.

In order to establish a HACCP concept for a PEF process, the hazards have to be 
identified and assessed. More precisely, the critical control points (CCPs), process 
conditions, and monitoring tools must be evaluated and determined. A CCP is 
described as a “step at which control can be applied and is essential to prevent or 
eliminate a food safety hazard or reduce it to an acceptable level” (National Advisory 
Committee on Microbiological Criteria for Foods 1998). As PEF is a technology 
with multiple process and operation parameters (electric field strength, pulse wave-
form, energy input, and temperature), there is no general concept available so far to 
describe and monitor the treatment intensity and its distribution. Present users of the 
technology have identified their own, application specific concepts for process mon-
itoring, which requires a high level of technical and scientific background as well as 
case by case discussions with food authorities. The development of a standardized, 
in-line process monitoring concept based on the specific energy delivered and the 
determination of treatment intensity distribution is crucial.

The development of a HACCP concept within a production line containing a 
PEF process as the last step for the preservation of the product is a preliminary step 
for getting the approval (or non-objection) by regulatory agencies, such as US Food 

C. Siemer et al.



511

and Drug Administration (FDA). The FDA requires processors of juice products to 
include in their HACCP plans control measures that will consistently produce at a 
minimum, a 5-log reduction, for a period at least as long as the shelf life of the 
product, when stored under normal and moderate abuse conditions, in the “pertinent 
microorganism” (Code of Federal Regulations CFR 21 n.d.). In this regulation, the 
“pertinent microorganism” is defined as “the most resistant microorganism of pub-
lic health significance that is likely to occur in the juice,” in which the term resis-
tance relates to the resistance toward the preservation technology applied to a 
particular food matrix in order to achieve the required 5-log reduction. These 
requirements apply to all thermal and nonthermal methods for juice pasteurization. 
As the first step, a 5-log reduction of the most resistant pathogen must be demon-
strated and documented through good scientific principles and practices. As a sec-
ond step, the HACCP plan needs to be established containing the required CCPs 
identified in step one of the process. US processors and importers must have valid 
HACCP plans in place, which are subject to review by the US FDA. Not having a 
valid HACCP plan and supporting 5-log reduction data will likely lead to a product 
recall or other regulatory actions.

 Validation of Microbial 5-Log Reduction

As with thermal processing, the purpose of using PEF as a last step in liquid food 
production is the inactivation of any pathogenic and spoilage microorganisms in the 
product. The microbial reduction depends on the specific PEF dose delivered, which 
is a product of electric field strength, accumulated PEF energy delivered in each 
pulse, pulse number, pulse type characteristics, and temperature management. 
Furthermore, the efficiency of microbial inactivation by PEF application also 
depends on the type of juice and microorganism, herein described as product factors 
and microbial factors, respectively. All these parameters must be considered for the 
validation of the PEF process. The FDA has summarized these critical factors, 
which should be considered when evaluating the effectiveness of a given PEF treat-
ment to kill microorganisms in a food product (Table 1).

The process and product parameters selected for validation studies should con-
sider the “worst-case scenario” conditions with respect to actual in-process param-
eters and microbiological survival. Monitoring approaches of in-process parameters 
should consider the inherent fluctuation in the parameter, such as temperature, elec-
tric field intensity, product conductivity, pH, or flow rate. Treatment time minimum, 
which is a factor of pulse width and pulse number, is determined by the fastest mov-
ing particle within the treatment cell. This is depending on whether the flow profile 
is laminar, transitional, or turbulent. Parameters selected for the study should reflect 
the “worst-case scenario” of the fluctuation observed, with consideration for what 
may promote the greatest survival of microorganisms. For example, if product pH 
ranges between 3.4 and 3.7 in each product, one should select a product with a pH 
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of 3.7 or higher for the study, as this will be the least inhibitory to the survival of 
organisms.

Based on this the following measurements are required:

• PEF treatment parameters:

• Electric field strength, length of the pulses, the number of pulses, specific 
energy: These parameters determine in combination with the product conduc-
tivity the intensity of the process. In addition to this, the field strength influ-
ences the rate of microbial inactivation.

• Product conductivity: The energy input into the product depends on the field 
strength, length of each pulse, and the number of pulses combined with the con-
ductivity of the product. The corresponding temperature rise is based on a prod-
uct’s specific heat. As electrical conductivity increases at higher product 
temperature, the energy input will also vary with the product temperature. This 
is especially important when multiple treatment chambers are used in series.

• Flow conditions: Flow conditions determine the number of electrical pulses 
every product particle receives. Flow control is therefore necessary (product 
flow, distribution of flow, Reynolds number). Especially when more than one 
treatment chamber is used in parallel, it is necessary to control the flow in all 
treatment chambers. If one chamber is blocked, the higher flow rate in the other 
treatment chamber could result in under-processing.

• Temperature: The temperature of the product determines the efficiency of the 
PEF process. Moreover, the temperature also influences the electrical conductiv-
ity of the product.

Table 1 Summary of critical factors and the related effect on microorganisms (adapted from FDA)

Category Critical factor Effect on microorganisms

Process 
factors

Electric field intensity Increase results in higher inactivation
Treatment time (pulse 
number × pulse width)

Increase results in higher inactivation

Pulse shape Order of increase resistance to PEF:
Oscillatory < exponential decay < square wave

Treatment temperature Increase results in higher inactivation
Product 
critical 
factors

Conductivity Decrease results in higher inactivation (strongly 
depends on the electrical characteristics of the PEF 
system)

pH Decrease results in higher inactivation
Ionic strength Decrease results in higher inactivation

Microbial 
factors

Type of microorganism Order of increase resistance to PEF:
Yeast < Gram-negative bacteria < Gram-positive 
bacteria

Growth phase of the 
microorganism

Order of increase resistance to PEF:
Logarithmic < stationary
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 Product Factors

Just as with any microbiological control process, food characteristics are important 
factors influencing the effectiveness of PEF application for the inactivation of 
microbial contaminants in fruit juices (Saldaña et al. 2009). The validation, done 
prior to commercial operation, should be done in a conservative way that takes 
product factors into account.

The chemical and physical composition of treated product represents a hurdle for 
microbial survival or growth in the product. Factors like conductivity, resistivity, 
dielectric properties, ionic strength, water activity, and pH can influence the treat-
ment intensity required for a successful inactivation by PEF.

Particulate and pulp in the product may be an important factor to consider. Per 
studies by Mak et al. (2001), filterable pulp of apple cider increases the thermotoler-
ance of E. coli O157:H7 compared to apple cider without pulp, while heat transfer 
was not affected (Mak et al. 2001). Similarly, orange pulp increases PEF tolerance 
of Salmonella typhimurium in orange juice compared to juice without pulp (Liang 
et al. 2002). Validation activities should be conducted on the real and final form of 
the product.

It is important that validation studies for juices reflect the worst-case conditions 
that likely to occur in industrial operation. Therefore, for validation studies pH and 
low organic acid content should be high and low, respectively, either by batch selec-
tion or chemical manipulation. If water activity is considered to be a significant 
factor for the product, higher Brix lots should be used for process and surrogate 
validation.

 Microbial Factors

Considering the substantial differences in PEF sensitivity among different microor-
ganisms, it is essential for a process validation to define the most pertinent microor-
ganism for a particular fruit juice.

The likelihood of a pathogen to survive in a particular juice matrix depends on 
both, the type of microorganism and the ecological conditions prevailing during 
treatment and storage. The latter does not only comprise the characteristics of the 
juice (endogenous factors like pH) but also the conditions given by its treatments 
(exogenous factors, such as pasteurization and refrigerated storage conditions) 
(FDA 2004). With regard to varying product factors that might affect the efficacy of 
a treatment process to achieve a 5-log pathogen reduction, it is recommended to 
validate the process for each specific product. The concept of a safe harbor process 
does not yet exist in PEF processing; however, a change is expected, perhaps within 
a specific product category, i.e., citrus juice, with increased use and number of 
industrial validations.

Not all microorganisms are equally susceptible to PEF treatment at specific set-
tings. This has also been considered during the search for a suitable surrogate. As 
each producer has to get approval on its own and with his own product, validation 
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studies have to take place at the factory. Due to the fact that no factory wants to 
bring in pathogenic bacteria, so-called surrogates have to be identified which are 
nonpathogenic but show the same resistance toward the PEF treatment as the patho-
genic bacteria. Within the search for these surrogates, intrinsic characteristics, like 
size, shape, species, or growth state, which play a major role in determining the 
level of susceptibility of a microbial strain to PEF treatment, have to be considered 
and evaluated. Generally, the larger the microbial cell, the more sensitive it is to PEF 
treatment. Yeasts, which are typically larger than bacteria, are generally more sensi-
tive than bacteria (Heinz et al. 2001). Also, the higher sensitivity of microorganisms 
is noticed in the logarithmic phase than in the stationary phase (Álvarez et al. 2002).

Furthermore, the composition of the membrane plays an important role. Gram- 
negative bacteria, e.g., E. coli, are enclosed by a cell wall, which consists of only 
one murein layer. In contrast, the membrane of Gram-positive bacteria, e.g., lacto-
bacillus strains, consists of several murein layers, which makes the membrane 
thicker and more resistant against the PEF treatment (Barbosa-Cánovas et al. 1999b).

Further to these intrinsic factors, also the cultivation of microorganisms has to be 
considered for the validation. It is important that standard microbiological analysis 
is used and that the bacteria are adapted to the product, which mostly means the 
bacteria need to be adapted to the acid environment. Different publications are 
available indicating the procedure of acid adaption for certain bacteria types and 
products (Leyer et al. 1995; Caggia et al. 2009; Gahan et al. 1996; Evrendilek and 
Zhang 2003).

These parameters should be considered when determining the relevant pathogen 
for the validation study. Also, of consideration are prior illness outbreaks associated 
with the type of juice product. Factors, which impact the ability of the organism to 
survive or grow in the product must also be considered, including the pH and stor-
age condition of the final product. For defining the pertinent microorganisms (bac-
teria) of public health concern, which could be associated with different types of 
juice products, a general list of representative fruit and vegetable products, which 
may be used to manufacture cold-pressed juices currently in the marketplace, should 
be compiled, and a search of the scientific literature regarding outbreak information 
for each of the individual ingredients should be completed. The results of the inves-
tigation should be collected and evaluated. Based on information available, the veg-
etative organisms Escherichia coli O157:H7, Salmonella, and Listeria 
monocytogenes, as well as the spore-forming organism Clostridium botulinum, usu-
ally represent the pathogens of public health concern. They are known food safety 
risks and are reasonably likely to occur in juice products. It has to be taken into 
account that vegetative microorganisms are able to change the chemical composi-
tion of the product, which could induce spore germination. The pH and storage 
condition of the finished products must also be considered.

For refrigerated high-acid juice products, with pH of 4.6 or less, the enteric bac-
terial pathogens including E. coli, Salmonella, and L. monocytogenes, which are 
ubiquitous in the environment, are the microorganisms of public health concern. 
Even though these organisms may not always grow in high-acid juice products, they 
can survive for extended periods of time in the product, particularly at refrigeration 
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(or frozen) temperatures (Miller and Kaspar 1994). As the infectious dose for these 
organisms is low (i.e., one to ten cells for Salmonella (D’Aous et al. 2001) and less 
than one cell per gram for E. coli O157:H7 (Meng et al. 2001)), the application of a 
process, which achieves a 5-log reduction of these organisms in accordance with 21 
CFR 120 (Albala and Mentxaka 2015), is important to ensure safety. Although 
C. botulinum may be present in these products, it is not considered as a food safety 
risk as its growth and toxin production is required to cause illness, and this is pre-
vented by the low pH of the product (pH < 4.6). Correspondingly, product factors or 
spoilage organisms, which might lead to an increase in product pH, may need to be 
considered in a HACCP risk analysis.

For low-acid, refrigerated juice with pH above 4.6, C. botulinum is considered to 
be a pertinent microorganism of public health concern. If these products are not 
processed to achieve commercial sterility, the product formulation and storage con-
ditions must be adequate to prevent the growth of this organism. Even though these 
products are refrigerated, certain non-proteolytic strains of C. botulinum are capable 
of growth at refrigerated temperatures depending on the formulation and redox 
potential. Therefore, studies should be done on inactivation of non-proteolytic 
C. botulinum. It should be noted that toxin produced by C. botulinum was previ-
ously implicated in foodborne illness associated with the consumption of a refriger-
ated carrot juice product, which is a low-acid juice product with a natural pH of 6.8 
(Sheth et al. 2008). Epidemiological results from the outbreak investigation indi-
cated that as refrigeration was the only barrier to growth and toxin production by 
this organism in the carrot juice product, and as the implicated organism was C. bot-
ulinum type A, storage of the implicated product at elevated temperatures permitted 
the growth of this organism and its subsequent toxin production. The US FDA has 
demonstrated heightened concern over some nonthermally processed low-acid 
refrigerated juices ensuring their compliance with 21 CFR 120, specifically regard-
ing the control of the C. botulinum food safety risk associated with these products. 
It requires consideration of the likelihood of temperature abuse (e.g., storage at 
10 °C or higher for an extended period of time) and consideration of psychrotrophic 
C. botulinum in HACCP analyses. Thus, it is suggested that thorough scientific 
justification be provided to support the efficacy of these processes, products, and 
storage conditions to control the microbiological food safety risks associated with 
these types of juices.

 PEF System Validation: Process Parameters

Beside the validation to demonstrate the accuracy and reliability of the process, the 
FDA is reviewing the equipment design, product specification, process design, and 
process validation (Larkin 1999). Table 2 gives a short overview about the required 
information.

In order to understand the critical process factors, one first need is to gain an 
understanding of the mechanisms by which PEF treatment inactivates microorgan-
isms. Jeyamkondan et al. (1999) present two different theories regarding the impact 

Process Validation and Hygienic Design for Pulsed Electric Field Processing



516

of an electrical field on the membrane of a microorganism. In the first theory, the 
authors state that there is a specific transmembrane potential, which a bacterial cell 
can tolerate. The transmembrane potential is influenced by the size of the bacterial 
cell and the applied electrical field strength. When the transmembrane potential is 
exceeded, pores are formed in the cell membrane, which disrupts the membrane’s 
function resulting in cell death. In the second “electroporation theory,” a combina-
tion of both thermal and electrical forces leads to disruption of the permeability of 
the cell membrane and denaturation of the transmembrane proteins, which results in 
cell death.

Regardless of the theory, it appears that the target of PEF within the bacterial 
cell, which results in its killing factor, is the cell membrane, and the effectiveness of 
the PEF treatment to kill the microorganisms is primarily the electrical field strength 
and accumulated pulse energy. PEF treatment is then characterized by initial tem-
perature, PEF energy delivery, electrical field strength, and temperature rise after 
treatment.

The manufacturer of any given PEF system is obliged to ensure that the design 
provides effective and reliable treatment across the range of expected applications. 
To ensure good design, analysis of the design itself with respect to the spatial treat-
ment difference itself is recommended. Depending on the configuration of the treat-
ment chamber and the product viscosity, a three-dimensional spatial treatment 
intensity matrix can be compiled, both through numerical modelling and by careful 
measurement. While the overall energy delivery is detected by pulse monitoring 
indicating the voltage and current of each pulse, the spatial distribution of that 
energy can only be ensured by good design. Numerical methods are customarily 
used to estimate field spatial distribution; confirmation of this through physical tem-
perature measurement should be done. The way of measuring the temperature of the 
product after PEF needs to be carefully evaluated. It is important to record the 

Table 2 Overview of required information for process validation (Larkin 1999)

Equipment 
design

Description of a system control mechanisms used and fail-safe procedures

Product 
specifications

Description of the product including information about physical and 
chemical characteristics as well as critical factors influencing the process

Process design A complete description of the critical processing conditions
Used in manufacturing the product including:
  Process records
  Pulse shape and pulse width
  Frequency
  Electric field strength
  Treatment time
Records must be easy to access so that the FDA can verify if the required 
electric field and time are delivered according to operating procedures

Validation A physical demonstration of the accuracy, reliability, and safety of the 
process assuring reproducibility
Evidence of microorganism injury recovery studies as well as the resistance 
of certain pathogens concerning a given product must also be included
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temperature as precisely as possible, e.g., by using fiber-optic sensors. Confirmation 
of the adequate cell design is done by measuring the temperature at suitable posi-
tions to confirm field strength calculations. While these measurements would not be 
used as direct supporting data for product HACCP, it is considered as an important 
prerequisite in machine design.

The main step in the PEF process is the application of pulses of an electrical field 
to a liquid stream. The frequency, shape, and amplitude of the pulses result in the 
intensity of the treatment. Together with the configuration of the treatment chamber, 
the efficiency is determined. It is important to measure and monitor that the pulses 
set on the PEF system are applied to the product. This monitoring system should 
establish a consistent and uniform treatment and that missing pulses trigger alarms. 
During system validation, it is routine to use a high-voltage oscilloscope and amme-
ter to confirm system measurement and software. During set-up and calibration, an 
oscilloscope can confirm and record each pulse, current, and voltage, respectively. 
They can also be used to ensure that software controls are functioning. For example, 
missing pulses would trigger a system error. Measurements with an oscilloscope 
will also confirm a calibrated PEF system attesting expected pulse width and pulse 
shape. From this, the PEF intensity, mainly specific energy and electric field 
strength, can be calculated, which can be compared to the PEF intensity set on the 
PEF system.

Temperature before and after PEF should be monitored as well as the flow rate 
(Fig. 3). The temperature increase depends on the accumulated pulse energy and 
specific heat of the product. The comparison of temperature measured at the pipe 
and calculated based on energy calculated by current and voltage measured by 
oscilloscope should be confirmed in the system set-up. While PEF temperature 
development within the treatment cell is practically adiabatic, the way of tempera-
ture measuring should be carefully chosen. Fiber-optic sensing systems as an exam-
ple can provide a reliable signal that the energy absorption occurred. These 
measurements and correlations should be established during biological validation.

Initial liquid product Pre-heating Pre-heated product PEF treatment Processed product

Processed product Cooling Aceptic filling/
Packaging

Packed/
bottled product

kVT T

T
externalT

φ φ 

Fig. 3 Scheme for PEF processing of liquid food material for microbial decontamination
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Considering the process factors explained, a HACCP plan can be set up and dis-
cussed with the food authorities. Once the established HACCP plan is accepted, the 
factory can start the production using PEF.

 Conclusion

Pulsed electric field (PEF) technology first emerged in food processing in the early 
1960s and had emerged relatively slowly until the recent acceleration in the potato 
sector. There has been great interest in academia resulting in thousands of publica-
tions and many patents. The industrial interest in this technology is growing across 
a growing number of applications, and as a result, companies are developing sys-
tems for new application types, reliability, and higher throughput. The hygienic 
design is of major importance for this development with respect to both electrical 
and microbiological safety. Higher durability and lower maintenance needs are also 
of focus. The choice of material is important, especially for the treatment chambers, 
to avoid any cracks and allow adequate CIP. Given that these systems are necessar-
ily high voltage, construction must be electrically safe and suitable for wet factory 
environments.

To promote further industrial adoption, process validation standards should be 
adopted. The PEF treatment of solid material focusing on extraction or cutting 
improvement, improved PEF response measurement will enable the industry to bet-
ter control and monitor PEF intensity and delivery. This will improve application 
exactness and aid in energy efficiency. For the PEF treatment of liquid food prod-
ucts, the process validation is more complex and critical as it is often the final safety 
step within a production line. Three categories must be evaluated and integrated in 
a HACCP plan to allow the use of PEF. The first category focuses on product fac-
tors, such as pH or conductivity. The effect of the different product characteristics 
has to be identified and evaluated. Microbiological factors must also be thoroughly 
evaluated. The microorganism of concern for a certain product type should be iden-
tified based on literature and networking in expert circles; the highly resistant and 
likely to occur microorganism should be used. Validation of the appropriate process 
parameters is of special attention given the emerging state of this technology. It 
must be ensured that every element of a product is effectively treated by PEF mini-
mum dose, which is comprised of both field strength and accumulated pulse time. 
Each of these categories has to be carefully studied and implemented in a HACCP 
plan before using PEF.

In a recent survey of worldwide PEF installations and applications, systems at 
industrial scale have emerged, and hygienic design has improved over the past 
years. Process validation, especially for the treatment of solids, is well studied and 
tools for monitoring and controlling are available. In the case of applications, where 
PEF is the kill step, it is mandatory to establish a HACCP plan approved by food 
authorities.
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Environmental Impact Assessment 
of Pulsed Electric Fields Technology 
for Food Processing

Kemal Aganovic and Sergiy Smetana

 Introduction

Food processing entails a series of steps and operations that turn raw biomass into 
final products suitable for human consumption while delivering energy and certain 
function in the human organism, as well as pleasure and joy. Efficiency and sustain-
ability of the conversion can be directly influenced by the choice of a raw material 
and suitable processing technology. Besides raw material quality, selected technol-
ogy and intensity of processing strongly influence important food attributes such as 
texture, flavor, appearance, and nutritional composition, and finally consumer 
acceptance. Food production involves numerous steps, mostly classifiable in 
mechanical, thermal, or special processing steps, e.g., sorting, washing, crushing, 
milling, extraction, separation, heating, conversion, etc. Accordingly, different pro-
cessing steps have different demands in terms of intensity and energy required to 
achieve the desired goal (e.g., sorting or blanching vs. roasting, frying, or deep 
freezing). Often (in particular for energy intensive processes) methods and 
approaches are sought that can improve the efficiency and reduce the intensity, with 
the final goal of energy reduction and maintaining or improving product quality.

Owing to the perishable nature of fresh agricultural biomass, often a preserva-
tion step is required to extend shelf-life and provide safety. In many cases, preserva-
tion involves actions taken to maintain as much as possible fresh and natural 
attributes of the product while providing safety and extending shelf life. In general, 
preservation can be applied by (1) slowing down or inhibiting chemical deteriora-
tion and microbial growth (e.g., acidification, refrigerated storage, concentration, 
etc.), (2) directly inactivating spoilage microorganisms and enzymes, and (3) 
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avoiding recontamination before and after processing (e.g., packaging, hygienic 
processing and storage, etc.) (Rahman 2012). Along with thermal processing, as the 
most often used preservation approach, often nonthermal food processing technolo-
gies are applied and described as energy and environmentally friendly. Owing to 
their different and specific working principle compared to heat, and driven by other 
forces than thermal energy, these technologies open new applications beyond bacte-
rial inactivation and preservation. In case of PEF, first attempts focused on permea-
bilization of fruit and vegetable tissue (Flaumenbaum 1949), separation of phases 
(Doevenspeck 1960), or microbial inactivation (Sale and Hamilton 1967; Hamilton 
and Sale 1967). In the following years, the latter aspect was the most interesting and 
promising, resulting in a range of published papers and scientific reports for gentle 
preservation of liquid food products (Barbosa-Cánovas et  al. 1999; Knorr et  al. 
1994). Despite early expectations and research and development, focusing mostly 
on microbial inactivation and gentle preservation of liquids, PEF was sooner estab-
lished in targeted tissue softening and improving mass transfer, allowing for its 
scale-up and market maturity.

PEF is a technology relying on electrical energy accumulated in capacitors and 
delivered in form of high-intensity short-time pulses to a biomass contained in a 
treatment chamber with electrodes (Heinz et al. 2001). In this targeted energy deliv-
ery, minimal losses occur, compared to conventional thermal heating and unavoid-
able energy dissipation toward the environment (air, water). It should be noted that 
PEF is applicable to the foods with a certain degree on electrical conductivity and 
moisture, allowing for ion movement and treatment effects (Rodriguez-Gonzalez 
et al. 2015). PEF at the same time has a range of applications for improving mass 
transfer, microbial inactivation, or structure modification (Grahl and Märkl 1996; 
Ade-Omowaye et al. 2003; Lebovka et al. 2004). Despite a long history of research 
on PEF alone, in combination or in comparison with thermal and other preservation 
technologies, there are very few studies available, which would reveal the environ-
mental benefits and drawbacks of PEF on a “fair” comparison basis, either preserva-
tion or mass transfer improvement level. In the following chapter, a brief review on 
environmental aspects of PEF in comparison with other conventional and emerging 
technologies is provided. The chapter will rely on life cycle thinking approach and 
relevant comparison basis to define the proper function of compared systems.

 Environmental Assessment of a Food Processing Technology

Sustainability of products or technologies is currently assessed via a few standard-
ized methods based on life cycle thinking. Life cycle thinking (Fava 1993) is a 
broad underlying concept, aimed at considering direct and indirect environmental 
impacts of complex systems, integrated into several related methods such as eco- 
efficiency, eco-design, and life cycle assessment (LCA). Special attention to futur-
istic estimates is devoted in anticipatory (Guinée et  al. 2018), scenario-based 
(Fukushima and Hirao 2002), consequential (Zamagni et al. 2012), prospective, or 
ex ante LCA (Spielmann et  al. 2005; Walser et  al. 2011; Cucurachi et  al. 2018; 
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Buyle et al. 2019). All of the mentioned methods have a certain application aim and 
level of accuracy.

Life cycle assessment (LCA), aiming at an environmental impact assessment, 
consists of a few main components, concepts, and guiding factors. ISO standards 
define four main stages of LCA: (1) goal and scope definition; (2) life cycle inven-
tory (LCI); (3) life cycle impact assessment (LCIA); and (4) interpretation (ISO 
14040 2006; ISO 14044 2006). Any LCA should include information on functional 
unit (FU), system boundaries, impact assessment methods, and timeframe (Guinée 
and Lindeijer 2002). Moreover, two main approaches in completing LCA should be 
outlined: attributional (information on the environmental burden associated with the 
specific product life cycle) and consequential (information on environmental burden 
appearing because of decision-making with consequences of the market changes) 
(UNEP/SETAC 2011). Such conceptualization allows for certain consistency 
between different studies and standardization and comparability of results.

When performing LCA for emerging food processing technologies, a practitio-
ner should consider the comparability of a large-scale existing technology to the one 
being developed and assessed. In many cases, it is not possible to extrapolate the 
environmental impact on a small or a lab scale to a larger industrial setup. However, 
with the support of defined energy laws and modelling approaches, certain degree 
of transferability is possible (Caduff et al. 2011, 2012, 2014). Alternatively, down-
scaling the conventional technology to the lower scale for the fair comparability 
could be a viable strategy (Aganovic et al. 2017; Ites et al. 2020; Smetana et al. 2020).

Another essential point for any comparative LCA is the selection of a proper 
functional unit (FU), which should reflect not only physical nature of a product but 
also the functional properties of foods: nutrition, palatability, shelf life, etc. In the 
last decades, numerous LCA studies pointed to the need to include functional prop-
erties of food for the “fair” comparability of food production technologies. They 
included protein amount and digestibility, nutritional composition, and textural 
properties (Smetana et  al. 2015; Weidema and Stylianou 2019; McAuliffe et  al. 
2020; Ulmer et al. 2020). In terms of PEF, recent digestibility studies indicated no 
significant differences and even improvements of PEF-treated products (Barba et al. 
2017; Stübler et al. 2020; Chian et al. 2019). These functional aspects in LCA stud-
ies and comparisons are often not considered and currently represent a challenge. 
Furthermore, comparability of emerging processing technologies to conventional 
ones is complicated due to the different effects by different means on the biomass 
caused, e.g., by thermal treatment, electrical discharges, pressure changes, waves 
applied, etc. Such processes often result in new structure types forming a new prod-
uct with distinguished properties.

Further, the intensities of the treatment have to be selected on a comparable basis 
or an effect. The aim of the treatment and the result thereof must be comparable at 
some level. Besides comparing different technologies at a comparable microbial 
inactivation, as usually used in many studies, comparison of these technologies can 
be performed also aiming on other parameters, e.g., comparable enzyme inactiva-
tion, energy and costs requirements, or retention level of a certain compound, 
among other parameters. Next, it is recommendable that comparisons are performed 
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for the same or at least comparable technology readiness levels (TRL). More impor-
tantly, the comparison should be done at the same or at least comparable production 
scale (Aganovic et al. 2017). It is not viable and not fair to compare LCA based on 
data from prototypes, patent records, and theoretical calculations to analyses 
obtained from industrial systems (Gavankar et al. 2015). Therefore, the comparison 
of emerging technologies should be based on the data obtained from pilot or indus-
trial technological scale (Aganovic et al. 2017), or ex ante approaches should be 
applied for upscaling modelling (Cucurachi et al. 2018). It is also necessary to indi-
cate that in the food processing industry, such aspects as comparison of technolo-
gies in ideal conditions (e.g., specific energy consumed, comparison without 
loading-unloading timing) are quite common (Atuonwu et al. 2018, 2020; Atuonwu 
and Tassou 2018; Silva and Sanjuán 2019). While such approaches are viable for the 
first approximation of technological viability, they might not necessarily result into 
practically useful results.

Comparison of batch nature of processing versus continuous processing lines 
sets certain level of bias in favor of latter approaches. Therefore, such approaches 
should be avoided where possible. Moreover, different traditional and emerging 
processing technologies can be applied for a variety of objectives from microbial or 
enzyme inactivation, structure modification, or extraction (Perez and Pilosof 2004; 
Xiang et al. 2011; Zhao et al. 2007; Corrales et al. 2008); thus the fair comparison 
should include only relevant background of the comparing technologies.

Performances of empirical studies are quite specific, and it is sometimes difficult 
to draw conclusions based on assumptions and comparisons made in some studies 
or precisely export results to other studies. In this way, a sensitivity analysis with 
changes of the most impactful elements of the life cycle chains can be performed 
(Silva and Sanjuán 2019), to identify different scenario with more environmentally 
sustainable options. In the case where the use of energy is related to the highest 
environmental impacts, it is meaningful to conduct a scenario analysis by changing 
the energy mix for other types of fuels and sources. Use of natural gas compared to 
the energy sources that include gasoline or coal is recognized to be lower in general 
(Burnham et al. 2012). Similarly, the changes of transportation distances or trans-
portation means, where the highest environmental impacts are related to transporta-
tion, might change the overall results in certain applications.

 Sustainability Conditions for Different PEF Applications

As described in previous chapters of this book, PEF technology is based on applica-
tion of high-intensity electric field pulses of short duration on the product contained 
between electrodes. This results in structural rearrangements, changes in conductiv-
ity, and increased cell membrane permeability to ions and macromolecules. As such 
increase in permeability is, presumably, related to the formation of nanoscale 
defects or pores on the cell membrane, the phenomenon is often called “electropora-
tion” or “electropermeabilization” (Ivorra and Rubinsky 2010; Kotnik et al. 2012). 
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The electroporation effect can be utilized in different ways and for a range of appli-
cations in food, biotechnology, medicine or pharmacy, and similar areas. Depending 
on the desired effect to be achieved by the PEF treatment, different treatment inten-
sities and treatment configurations can be applied. For many of these applications, 
energy requirements are related to electrical energy, directly used by a pulse genera-
tor and delivered to the product, and accompanying processes and auxiliary equip-
ment. Unlike thermal or high hydrostatic pressure (HHP) treatment where process 
can be described by few parameters such as temperature, pressure, and time, the 
PEF treatment is characterized by several process parameters, such as peak voltage, 
electric field strength, treatment time, pulse form, pulse width, number of pulses, 
pulse specific energy, and pulse repetition rate. However, mainly electric field 
strength and specific energy input are considered as major treatment parameters, 
whereas the specific energy input can be considered as a dose parameter.

In the food processing, PEF can be applied for solid, liquid, and semiliquid 
goods (Siemer et al. 2014a). In PEF applications for solid foods, structural changes 
of biological material are desired, and specific energy levels are typically lower, 
compared, for example, to the energy needed for electroporation of bacterial cells. 
Typically, specific PEF energy of around 1–3 kJ/kg is required for softening roots 
and tubers, e.g., in applications for softening potatoes for easier processing, such as 
cutting and frying (Fauster et al. 2018), compared to conventional methods, such as 
mechanical processing (20–40 kJ/kg), enzymes (70–100 kJ/kg), or heat treatment 
(>150 kJ/kg) (Toepfl et al. 2006). For cell permeabilization aiming on extraction 
from plant-based materials, specific energy of around 3–10 kJ/kg is required (Yan 
et al. 2017). Significantly lower specific energy levels are required for applications, 
for example, in biotechnology, where nanosecond electrical pulses are used and 
recommended for inducing stress response in microorganisms and algae (Buchmann 
et al. 2019). For treatment of heat-sensitive liquid products with the aim of inactiva-
tion of vegetative bacteria and shelf life extension, applied energy levels are usually 
between 80 and 120 kJ/kg, depending on the product characteristics, process setup, 
and bacterial characteristics (Toepfl 2011). Aiming on inactivation of spores, the 
specific energy can reach up to 350  kJ/kg in combination with thermal energy 
(Siemer et al. 2014b). Conclusively, depending on the application of the PEF pro-
cess and the desired outcome, specific energy requirements per unit of volume/
weight can vary significantly. The abovementioned examples indicate a wide range 
of specific energy intensities applied to food biomass for a range of applications 
from plant cell permeabilization to spores inactivation. Therefore, the impact of 
PEF cannot be simply estimated without the background information. Moreover, 
the comparison of PEF to conventional treatment technologies should be performed 
only on the basis of the targeted effect. From the LCA perspective, not only the 
direct energy savings (or losses) should be considered but also the effects on the 
other chains of the production lines. For example, substitution of water preheating 
in French fries’ production with PEF except for the direct energy savings effects has 
positive impacts on oil uptake, frying, water loss, etc. Moreover, the impacts could 
lead to even further extended consequences associated with the higher/lower 
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acceptance of the new product and relevant effects on the market. Such indirect 
rebound effects should be considered in the LCA.

 Life Cycle Impact Assessment and Comparison of Technologies

In comparison studies, very often a certain reference and benchmark is needed. In 
most of the comparison studies, PEF technology was compared to already existing 
and established treatments or other alternative processes, in terms of quality, pro-
cess efficiency, or environmental impact. Environmental impact assessment of PEF 
processing should be performed at the scale similar to the one of the conventional 
processing. The assessment accounts for the electric energy directly delivered to the 
volume or weight unit of a product, but also for additional aspects and resources, 
depending on the application and type of processing, typically required for a com-
plete operation. Thus, the energy needed for the production of material, its transpor-
tation, washing, sorting, crushing, heating up, cooling down, drying, cleaning, 
maintenance, possibility for energy recovery, and all other relevant processes in 
relation to the defined functional unit, should be taken into account.

Moreover, LCA practitioner would account for the potential differences in infra-
structure (resources needed to build a processing line), water use and cleaning pro-
cedure (detergent and water), variations in input and output material flows, etc. The 
limits of consideration on the inclusion in the LCA are usually set through the sys-
tem boundaries, which in most cases would include options from “cradle-to-gate,” 
“gate-to-gate,” or “cradle-to-grave.” Such frame outlines the rough setup for the 
analysis, and indicating if raw material production is from upstream processes 
(“cradle”), processing of biomass into food (“gate-to-gate”), and end of life of the 
product through the consumption and waste treatment (“grave”) are included in the 
scope of the study.

 PEF for Preservation of Liquids

Depending on product characteristics (pH value, viscosity, electrical conductivity, 
etc.) and cell characteristics (size, shape, orientation in the electric field), processing 
conditions may vary, but usually, the electric field strength of at least 10 kV/cm is 
required to achieve microbial electroporation (Castro et al. 1993). There are numer-
ous studies available describing inactivation of microorganisms by PEF, usually 
reporting electric field strength up to 60  kV/cm (Mosqueda-Melgar et  al. 2008; 
Castro et  al. 1993; Wouters et  al. 2001), whereas in the large-scale applications, 
usually electric field strength of 10–25 kV/cm is used (Toepfl 2011). Required treat-
ment intensity and related energy required depend on the different specific energy 
inputs needed to achieve the desired level of microbial inactivation in different 
products (e.g., conductivity, specific heat capacity, pH, etc.), different preheating 
temperatures, and possible different microbial population occurring in the product 
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(Aganovic et al. 2017). For preservation of liquid products (e.g., juices, smoothies, 
milk, etc.), synergistic effects between thermal and PEF treatment for achieving 
microbial inactivation have been reported (Heinz et al. 2003). PEF effect occurs due 
to the product’s electrical conductivity and ability of electrical current to flow 
through it due to charged molecules. However, depending on the product conductiv-
ity and strength of an electric field (defined by the electrode geometry and electrical 
potential), a certain amount of electrical energy is dissipated as heat, based on the 
principle of Joule heating (Heinz et al. 2001). As illustrated in Fig. 1, in PEF appli-
cations, the liquid product is usually heated up to a certain temperature, typically 
between 20 and 40 °C. This heating is required at the starting phase, whereas on the 
course of the processing, up to 95% of heat recovery can be achieved depending on 
the processing setup and type of heat exchangers used, by preheating the cold prod-
uct with warm product already treated by PEF. Based on yearlong experience and 
optimization, conventional thermal technologies in industrial conditions rely on 
almost 95% of thermal energy recovery rate making it hard to compete in terms of 
energy efficiency for PEF preservation (e.g., pasteurization) (Toepfl et  al. 2006). 
Nevertheless, for heat-sensitive products or products where the application of plate 
heat exchangers for optimal energy recovery is not suitable, these emerging tech-
nologies may be economically and environmentally viable solution.

Consequently, depending on the amount of thermal energy that can be recovered, 
for example by using heat exchangers (Fig.  1), heat recovery will have a large 
impact on the total energy balance, regardless if for thermal or for PEF treatment 

Fig. 1 An example flowchart of PEF treatment juice line, from product storage tank to filling tank, 
including system for preheating, PEF system, cooling, and heat recovery (Reproduced and adapted 
from Aganovic et al. 2017)
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(Jouhara et al. 2018; Aganovic et al. 2017). In terms of energy balance, by increas-
ing the inlet temperature of a product before PEF treatment, theoretically more 
energy could be recovered in the heat exchangers, and less energy would be required 
for cooling the final product. For example, preheating the product to moderate tem-
peratures (e.g., 40–60 °C) and applying less energy from PEF (e.g., 60–80 kJ/kg), a 
more efficient process could probably be set up. Nevertheless, it is worth mention-
ing that this thermal-assisted setup with potentially improved efficient energy 
recovery would be suitable for less heat-sensitive products and products where rela-
tively high specific PEF energy inputs are required to achieve the desired level of 
bacterial inactivation. From the quality perspective, it is an optimal or maximum 
temperature that the product may undergo while maintaining and reaching the 
desired quality characteristics that can serve as the upper processing limit.

In case of application of PEF and comparison to other technologies for preserva-
tion of juices, there are only two LCA studies published (Davis et al. 2010; Aganovic 
et al. 2017), including few more on other foods or other processes (Pardo and Zufía 
2012; Cacace et al. 2020; Villamonte et al. 2014). Obviously, the comparison with 
available literature data has a very “shallow” character as multiple processing 
aspects were different in the studies, including the processing parameters, the scale 
of processing, options for heat recovery, etc., as well as a very limited number of 
studies, not only for PEF processing but for conventional and alternative processing 
of food in general. Even though different authors used different raw materials for 
the processing trials, the impact results were in close approximation to the ranges of 
the main midpoint results (Table 1). However, to make a comparison with literature 
data, it is necessary to account for the variations in systems and LCA 
methodologies.

A LCA performed on tomato juice and selected preservation technologies (ther-
mal, PEF, and HHP) revealed an expected differentiation between the technologies, 
based on the differences in energy input required to achieve a comparable level of 

Table 1 Main midpoint impact categories results for the complete assessment (from “farm to 
gate,” FU 1 kg of preserved juice, bottled and ready for sale)

Impact category Unit Thermal PEF HPP

Land occupation m2 arable TM: 0.14–0.50a

WM: 0.19–0.27a

TM: 0.14–0.50a

WM: 0.19–0.27a

TM: 0.14–0.50a

WM: 0.19–0.27a

Global warming kg CO2 
eq.

TM: 1.83–1.84a

WM: 1.03–1.11a

CJ: 0.75b

TM: 1.87–1.89a

WM: 1.08–1.16a

CJ: 0.75b

TM: 1.93–1.95a

WM: 1.14–1.22a

CJ: 0.75b

Nonrenewable energy 
use

MJ TM: 22.56–25.89a

WM: 
16.49–19.58a

CJ: 14.8b

TM: 
23.14–26.76a

WM: 
17.07–20.46a

CJ: 14.5b

TM: 
23.78–27.71a

WM: 
17.71–21.41a

CJ: 14.7b

Sources: aAganovic et al. (2017); bDavis et al. (2010)
Note: Ranges of results are based on the use of IMPACT 2002+ and ReCiPe methodologies and 
are expressed as arithmetic mean values of two methodologies ± half deviation ranges; TM tomato 
juice, WM watermelon juice, CJ carrot juice
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microbial inactivation, analyzed in the scope of “processing stage LCA” (Aganovic 
et al. 2017). This outcome was expected considering that in “gate-to-gate” approach, 
the largest impact is usually associated with direct energy consumption (Fig. 2). 
Other inputs and outputs, like water consumed, bottle type, cleaning procedures, 
and similar, were intentionally levelled to obtain a “fair comparison” ground. Even 
the energy comparison was the highest for the HHP, around 85% of the environmen-
tal impact was associated with the production of the 250 mL PET bottles. In a sce-
nario analysis, it is possible to identify alternative packaging options that potentially 
can decrease the overall environmental impact. Thus, high- density polyethylene 
(HDPE) or polypropylene (PP) bottles of the same weight as their polyethylene 
terephthalate (PET) counterpart may improve the overall environmental impact.

Further LCA in “cradle-to-gate” approach revealed the impact and potential 
changes in supply chains triggered by alterations of the different preservation tech-
nology. The results indicated only minor differences coming from the energy used 
for processing of the tomato juice, while differences were more pronounced when 
compared to another juice product, namely, watermelon juice (Fig. 3). Thus, besides 
the impact of packaging, the processing stage aiming at preservation will most 
likely play a minor role in the “cradle-to-gate” approach, regardless of the preserva-
tion technology. The highest impacts of a juice production from “farm to gate” will 
likely be associated with the energy and resources required for production, transpor-
tation, and storage of the raw materials. In another study where PEF was compared 
to HHP technology for preservation of carrot juice (Davis et al. 2010), an energy 
consumption of 14–15 MJ (3.89–4.17 kWh), ~0.75 kg CO2 eq. for climate change, 

Fig. 2 Processing stage LCA technologies comparison (FU 1 kg of preserved tomato juice, bot-
tled and ready for sale, raw material production excluded, scope – from “gate to gate”; zero values 
of aquatic acidification and eutrophication excluded; 1 kPt  =  impact of 1 European per year) 
(Reproduced from Aganovic et al. 2017)
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~0.85  g PO4  eq. for eutrophication, and  ~  2.2  g SO4  eq. for acidification were 
reported. Similarly, the conclusion was that selection of packaging should be care-
fully considered for a sustainable PEF process, described as a possible tool to design 
product with potential environmental advantage (Davis et  al. 2010). Even when 
some results of these two studies are comparable, in general, due to different pro-
cessing parameters, as well as due to variations in systems and LCA methodologies, 
deeper discussions and comparisons are very difficult.

Taking into account the different raw materials, treatment conditions, and other 
factors considered in other similar studies, it is difficult to compare obtained results 
with those already available in the literature. In some cases, the comparison of pro-
cessing stage LCA would be possible if the full range of conditions (e.g., production 
capacity, holding time, temperature profile, energy recovery) are specified in litera-
ture sources. The production capacity of equipment is of special importance as it 
affects the product flow volume and efficiency of resource use. The lack of these 
parameters creates difficulties for the reproduction and comparison of the studies.

 PEF in Potato Processing

By applying PEF on solid foods and agricultural goods, a loss of turgor pressure, 
followed by tissue softening and improved mass transfer, can be achieved. One of 
the most widespread applications of PEF so far based on these effects is found in 
processing of potatoes, in particular French fries and chips. By applying specific 
energy input of around 1–2  kJ/kg, numerous benefits in potato processing are 
achieved, such as smoother cut, less fracture, reduced starch and increased sugar 

Fig. 3 Results of LCA comparison for different technologies (FU 1 kg of preserved juice, bottled 
and ready for sale, scope – from “farm to gate”; zero values of aquatic acidification and eutrophica-
tion excluded; 1 kPt = impact of 1 European per year) (Reproduced from Aganovic et al. 2017)
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release, less oil uptake during frying, less acrylamide formation, and several others 
(Janositz et al. 2011; Fauster et al. 2018; Ignat et al. 2015; Genovese et al. 2019). In 
addition, these systems replace typical conventional thermal systems for preheating 
the potatoes before cutting and frying (typical time-temperature combinations 
30 min at around 60 °C), thus resulting in significant energy, time, and water sav-
ings (McHugh and Toepfl 2016). The first potato industrial application was installed 
in 2009, and although the range of benefits are multiple in terms of product quality 
and process efficiency, still, there is no single peer review study addressing LCA of 
this application. Most of the studies in this case report on energy and resources sav-
ings induced by the process. The study of Fauster et al. (2018) revealed a reduction 
of water usage by 90% by replacing traditional preheater of potatoes by PEF, while 
improving characteristics of potatoes and reducing energy consumption for preheat-
ing by up to 85% can be achieved. Industrial users of the technology reported an 
annual reduction of freshwater use by 8% and energy use by 5% while improving 
frozen product recovery (PotatoPro 2017).

 PEF for Other Applications

Other applications of PEF process include pre-treatments and conditioning for dif-
ferent purposes, aiming mostly on improved mass transfer, obtaining a substance of 
interest, removing water from foods, or introducing a given substance into the food 
matrix (Puértolas et al. 2012; Donsì et al. 2010; Dymek et al. 2015; Gómez et al. 
2019). While processing benefits in these applications are multiple and are reflected 
in improvement of, e.g., extraction yield, shortening of processing time, and 
improvement of product quality, the specific PEF energy inputs are rather low, com-
pared to microbial inactivation using PEF (Barba et al. 2020). Due to small pores in 
the membranes caused by electroporation, different intracellular compounds of dif-
ferent molecular size and of fine purity can be extracted from different biomass 
(Yan et al. 2017). These include extraction of lipids, colorants (chlorophylls, carot-
enoids, betalains), sugars, polyphenols, proteins, polysaccharides, and many more, 
where often no use of solvents or chemicals is required (Chemat et  al. 2015; 
Käferböck et al. 2020). Improvement of extraction yield or reduction of malaxation 
time in olive oil processing (Abenoza et al. 2013); improvement of color, anthocy-
anin content, and total polyphenolic index (López et al. 2008); or energy-efficient 
wine production with reduced days required for maceration (Ferreira et al. 2019) 
were also reported. In the range of scientific studies, combined approach of PEF 
with other means has been beneficially described, such as improved wine quality in 
a PEF and enzyme-combined applications (Fauster et al. 2020), improved quality of 
grapefruit juice after combined PEF and sonication treatment (Aadil et al. 2015), 
improved quality of red peppers in combination with PEF and osmotic dehydration 
(Ade-Omowaye et al. 2003), or synergistic effects with antimicrobials for bacteri-
cidal effects (Pol et al. 2000).

Not only for direct extraction from fruits and vegetables, PEF has been also 
reported as a promising and economically viable technology for recovery of high 
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valuable compounds from side streams and waste of agricultural and food process-
ing either alone (Golberg et al. 2016; Andreou et al. 2020; Luengo et al. 2014) or in 
combination with other mechanical, biotechnological, and conventional approaches 
toward development of greener and sustainable biorefineries (Puértolas and Barba 
2016). In another PEF application for peeling, PEF was added as an addition to 
traditional steam peeling in the tomato processing, and a reduction of energy use by 
20% for the thermophysical peeling stage was reported. In addition, PEF applica-
tion also did not require air blowing during the washing stage. The resulting energy 
reductions improved environmental impact on several indicators, like climate 
change, ozone depletion, and terrestrial acidification among others (Arnal et  al. 
2018). Such applications allow for recovery and added value of usually underuti-
lized resources and thus have beneficial environmental impact.

Due to lack of environmental studies involving PEF technology, which can be 
stated also for other emerging technologies, a good starting approach is evaluation 
of an energy balance and additional beneficial impacts of the treatment. An energy 
assessment for a processing technology can be obtained by calculation of the 
changes of internal energy, energy directly applied to a product, or a total energy 
consumed at a power source (Heinz et al. 2001, 2003). Internal energy is a charac-
teristic of a system, in this case dependent on properties of food, such as specific 
heat capacity and thermal and electrical conductivity. These attributes will have 
direct impact on energy balance and effectiveness of a process. For the PEF treat-
ment, the major parameter, beside moisture level, is electrical conductivity and 
dielectric constant of a food. For many goods and foods, these parameters are usu-
ally homogeneously distributed within the biomass. However, in some cases content 
and distribution of one phase, does not necessarily have to be the same and homo-
geneously distributed, and can have significantly different physical properties. For 
example in meat, content and distribution of fat and connective tissue can vary sig-
nificantly, depending on many parameters (animal, feed, meat cut, etc.), but also in 
fiber orientation. Thus, these variables can have direct and significant impact on 
effectiveness of the treatment, as well as on the energy demand (Smetana et  al. 
2019). The applications of PEF for improving tenderness of meat and reduction of 
ageing time have been described as a result of increased permeabilization of cellular 
membranes due to PEF-caused electroporation (Warner et al. 2017; Faridnia et al. 
2014; Alahakoon et al. 2019). Applied without significant heating when compared 
to conventional thermal processes, it has a potential to reduce needs for additional 
cooling, as well as to reduce needs for water consumption. Certain heating and 
cooking processes are associated with release of particulate matter and gases, which 
has not been reported for the PEF technology. In this way, substantial advantages in 
terms of energy and environmental aspects can be achieved for PEF technology 
compared to conventional processes.
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 Techno-economic Conditions

It is necessary to point out that, except for the environmental impact, there are many 
other factors which should be considered when considering PEF application on an 
industrial scale. Some of these factors include improvement in process efficiency 
through consideration of operational requirements and technical constraints, 
improvement of product quality, market and marketing opportunities, or provided 
production flexibility. Consideration of financial criteria of PEF application includes 
product throughput and output, installation cost, fixed capital cost, operating cost, 
maintenance costs, labor cost, etc. The capital investment costs are usually driven 
by the electrical capacity, whereas the power and operating costs are mostly related 
to required production capacity and applied processing conditions. For different 
applications, different and robust machines can be developed to allow flexible appli-
cations while lowering the investment costs and still providing advantages. 
Considering PEF investment costs and seasonal character of some agricultural com-
modities with varying production capacities (e.g., wine or olive oil production), 
there is a need for a different kind of solution. Here, different business models seem 
to be applicable, like machine leasing, farm cooperatives owning (or leasing) the 
machine or shared machines by a private entity.

Moreover, implementation of PEF on industrial scale should rely on the three 
key conditions to be considered: (i) the required process protocol (e.g., field strength, 
treatment time), (ii) product characteristics (e.g., electrical conductivity), and (iii) 
the desired throughput (Heinz et al. 2003). Parameters of direct importance consid-
ering electrical applications of PEF systems are electric field strength, the system’s 
voltage, and size and configuration of treatment zone. These parameters play major 
role in reaching the desired electric field strength and depending on the design and 
size of the treatment zone, the distribution of the electric field, and the energy 
applied. In order to ensure correct estimation of costs and complexity of the PEF 
system, these processing parameters should be carefully assessed.

As in case of other emerging technologies, especially in their early application 
and life stage, PEF technology is considered to have high manufacturing and initial 
investment costs. Depending on the application and capacity of the machine, as well 
as level of collateral equipment (e.g., belt, heat exchanger), a PEF system purchase 
price is in the range from 250,000 Euros to more than 1 million Euros. However, an 
important measure for the commercial success of a technology is the return of 
investment, along with payback period, lifetime, and residual value. In the scenario 
of potato processing, return of investment for a 60 tons per hour PEF machine is 
considered to be around 2 years; the production costs are in the range of 0.5–0.7 
Euro per ton and range of other benefits are provided. The costs for recovery of 
valuable compounds by PEF from different matrices are estimated around 0.1–0.5 
EUR/ton, still much lower compared to costs of an enzymatic pre-treatment (7.5 
Euros/ton) (Picart-Palmade et al. 2019). Prices for juices are estimated in the range 
of 0.01–0.2 EUR/L, compared to thermal treatment (e.g., high temperature short 
time, HTST) where costs are usually around 0.005–0.01 EUR/kg, depending on the 
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throughput, annual operating hours, and energy recovery (Heinz and Buckow 2010). 
Similarly, for processing apple pulp, PEF costs were estimated around 2.69 EUR/
ton compared to 8.50 EUR/ton for enzymatic maceration (Toepfl and Heinz 2011). 
With further process optimization and new developments, technologies such as PEF 
are rapidly maturing and experiencing improvements in machine design and manu-
facturing, allowing systems to be smaller and less expensive while still providing 
process and product improvements.

 Conclusion

The current chapter summarizes a few major findings on environmental aspects of 
PEF processing based on information available in the literature. First of all, there is 
a lack of scientific information on the LCA of PEF technology, regardless of appli-
cation. Interestingly, the LCA studies are mostly performed on the PEF application 
for preservation of juices or tomatoes peeling, where actually lower environmental 
benefits are expected. In other applications, e.g., for potato processing, LCA studies 
are currently completely missing, but benefits of PEF application in this field are 
known, and its industrial penetration is driven by energy savings, costs reduction, 
and product quality improvement.

“Gate-to-gate” scope sets specific challenges in the assessment of processing 
technologies (alternative technologies are not an exception). Thus, the biggest 
impact at the processing stage might be associated not with the change of process-
ing parameters of application of alternative technology, but with the change of pack-
aging (e.g., different plastic for bottles). Available studies where analysis were 
performed at the same scale and for the similar product, indicate that there are no 
significant differences in environmental impacts of the preservation technologies 
with “gate-to-gate” system boundaries. However, the energy balance and the out-
come of environmental impact assessments of different processing technologies 
might change with increasing production capacity and consideration of large indus-
trial scale.

One of the most important outcomes of the analysis in this chapter is connected 
with one more defined shortage in the literature. However, evaluation of new tech-
nologies significantly depends also on how consumers perceive environmental sus-
tainability of a technology, or PEF process, and how it will impact their purchase 
decision. Some consumers are more open to innovation and believe that new tech-
nologies provide benefits and reduce risk (Bruhn 2007). Other aspects, such as 
price, health claims, and buying regional and local, will also have a significant role 
when deciding for product purchase. Emerging technologies, such as PEF, are 
needed to follow progress to more sustainable, more secure, and safe food (Siegrist 
and Hartmann 2020). Apart from the PEF, there are other food processing technolo-
gies like UV light, electron beam, gene technology, etc. that can provide several 
benefits in terms of processing and product quality, but are facing consumer and/or 
legal acceptance. The use of emerging food processing technologies, where suitable 
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and beneficial, not only provides social benefits, but can also improve sustainability 
and environmental protection.
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 Introduction

As we enter the third decade of the twenty-first century, our food system has never 
been so challenged and undermined to the extent we are currently experiencing. The 
world’s population continues to grow at pace, and it is estimated that by 2050 the 
population of the globe will have reached 9.7 billion from today’s figure of 7.5 bil-
lion (WRI 2016). This increase in population will result in an increased demand for 
more food and will have significant impacts on food production, leading to increased 
outputs, which in turn will accelerate the requirements for finite resources such as 
energy and water (Monforti-Ferrario et al. 2015). Allied to this is the ever increasing 
impact of the rise of chronic diseases associated with our diet, such as cardiovascu-
lar disease, cancer, diabetes and obesity (Eurostat 2014; Johnston et al. 2014), forc-
ing consumers to reconsider their own behaviours while looking for foods that are 
healthier, more natural (less processed), more ethically produced, safe, and, in the 
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long term, more sustainable (ETPs 2016). All these concerns with respect to our 
food system are even more acute as we embark on a period of increasing uncertainty 
post-Covid-19 and Brexit.

The application of emerging processing technologies can be used to address how 
we can make our food healthier, safer and more sustainable. PEF and MEF are two 
technologies with significant potential in this regard. These technologies differ from 
other forms of electro-processing (i.e. microwave or radio frequency waves) in that 
they both involve the direct application of electrical current to a foodstuff instead of 
the application of electromagnetic radiation at microwave or radio frequencies. PEF 
involves the application of higher field strengths (e.g. 1000–50,000 V/cm) in short 
pulses (e.g. 5–30 μs) at frequencies typically ranging from 1 to 1000 Hz with the 
primary function of inducing electroporation within the matrix. By contrast, Sastry 
(2008) defined MEF processing as the use of electric fields at levels ranging from 
about 1 to 1000 V/cm (i.e. lower than PEF) of arbitrary waveform and frequency 
(e.g. 50–25,000 Hz). Significant frictional heat generation (generally referred to as 
ohmic heating) can be induced in both PEF and MEF. Energy inputs encountered in 
PEF processing are generally too low for substantial heating to occur, and while 
MEF is more commonly used for heating applications, low-energy MEF, which 
avoids ohmic heating, is also encountered in terms of design. While PEF systems 
tend to be more complex and contain capacitors and pulse-forming networks, MEF 
systems tend to be simpler, in some cases just consisting of a main powered variable 
AC (alternating current) supply. Overall, the use and uptake of these technologies is 
not without some constraints, specifically in relation to their regulation, which can 
delay their commercial uptake and hinder them from achieving their full commer-
cial potential. It is critical that the food processing industry, which hopes to avail of 
these technologies, is cognisant of the legislation pertaining to these processes and 
their application.

The aim of this chapter is to introduce legislation relevant to the uptake of MEF 
and PEF new processing technologies in the European Union and US contexts.

For our food system to function and to retain its integrity, regulation is essential. 
In its absence we can no longer have confidence in what we eat or drink or in those 
who supply our food from the farmer to the grocer. Not only is regulation vital to 
protect consumers’ health, but it is also crucial to ensure that the foods and drink 
supply chain is robust and secure and that each element along the link remains via-
ble. We have numerous examples of how the lack of regulation has had a detrimen-
tal effect on the food supply chain and undermined consumer confidence:

• In Italy in 1997, an outbreak of gastroenteritis caused by consuming corn salad 
contaminated with Listeria monocytogenes was recorded. More than 1500 peo-
ple were affected, most of them children and staff at 2 primary schools whose 
cafeterias were served by the same caterer and where 292 had to be admitted to 
hospital (Twisselmann 2000).

• In 1998, the employees of a large company in Helsinki in Finland developed 
gastroenteritis after eating in their workplace cafeteria. It transpired that salad 
dressing made with frozen raspberries was contaminated with norovirus result-
ing in 509 people becoming ill (Tavoschi et al. 2015).
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• One of the most notorious cases related to an Escherichia coli O157:H7 outbreak 
is in Wishaw in Lanarkshire, Scotland, in November 1996 where cross- 
contamination of raw and cooked meat caused the death of 21 people. This out-
break was a watershed in terms of how countries up to this point had dealt with 
food pathogens and outbreaks of food poisoning. National food regulatory agen-
cies were established in the wake of this and similar outbreaks.

• Food poisoning outbreaks are not restricted to microbiological pathogens. In 
Belgium in January 1999, 500 tonnes of animal feed became contaminated with 
polychlorinated biphenyls (PCBs) and dioxins which lead to the Belgian dioxin 
crisis. Over 2500 poultry and pig farms were involved. The problem was identi-
fied by health inspectors in January, but the case was only revealed in May when 
it was reported by the media.

Collectively these and many other outbreaks, and the extensive associated pub-
licity, increased consumer concern and awareness of the issue of food safety. As a 
result, where once enabling trade was the primary focus, the balance changed with 
consumer protection increasingly viewed as a priority for the entire food industry.

 Regulation Within the European Union (EU)

 Background to Regulation in the EU

Nationally, food safety and supply chains are regulated by agencies that operate at 
a local level. Thus, in global terms there are numerous such organisations in opera-
tion. To enable trade and ensure a free flow of food supply across jurisdictions, 
multinational agencies including the World Trade Organization (WTO), the World 
Health Organization (WHO) and the Food and Agriculture Organization of the 
United Nations (FAO) have roles to play in directing, coordinating and advising in 
relation to such regulations (Lalor 2016).

This section will overview regulation within the EU and will focus specifically 
on the issue of food processing technologies in this regard.

There are seven key institutions which are central to decision-making within the 
EU. These decision-making bodies are:

• European Court of Auditors (ECA)
• European Central Bank (ECB)
• Court of Justice of the European Union (CJEU)
• European Commission (EC)
• Council of the European Union
• European Council
• European Parliament

In terms of the regulation of food supply, only the latter four of the above institu-
tions have a role to play. The European Parliament consists of 751 members (MEPs) 
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who are elected every 5 years with the number of MEPs elected per country being 
proportional to its population.

The European Council is made up of the heads of state or heads of government 
of the EU member states and also includes the presidents of the European 
Commission and the European Council. It is responsible for defining ‘the general 
political direction and priorities of the EU’.

The Council of the European Union comprises government ministers from EU 
member states with the ministerial portfolios of its members at a given time being 
relevant to the specific policy area being considered. This group is considered the 
‘voice of EU member governments, adopting EU laws and coordinating EU poli-
cies’. Presidency of the Council of the EU rotates among member states every 
6 months.

The European Parliament, European Council and Council of the European Union 
have important roles to play in European regulation and legislation. However, in 
Europe, the most influential organisation in terms of food regulation is the EC. The 
EC comprises 27 commissioners (1 per member state) and has its headquarters in 
Brussels (Belgium). The EC is effectively the executive (civil service), and its remit 
includes the submission of proposed new legislation to the Parliament and Council. 
The EC is also responsible for administering the budget, implementing policy and 
negotiating international agreements while also ensuring compliance with European 
law (‘guardian of the treaties’). The EC is structured into 53 departments and execu-
tive agencies each of which is responsible for a specific policy area. Prior to the 
bovine spongiform encephalopathy (BSE) crisis, the food safety fell under the remit 
of the DG Trade Commission Department but afterwards was moved to DG Santé. 
DG Santé has responsibility for EU policy on food safety and health and also is 
responsible for monitoring the implementation of related laws (EU 2019a, b). This 
department states that its main goal is ‘to make Europe a healthier, safer place, 
where citizens can be confident that their interests are protected’. In order to achieve 
this goal, DG Santé aims to (a) protect and improve public health; (b) ensure 
Europe’s food is safe and wholesome; (c) protect the health and welfare of farm 
animals; and (d) protect the health of crops and forests.

In the context of food processing and distribution, (a) and (b) above are the most 
relevant. In terms of food safety, the role of DG Santé is to monitor, listen and act, 
if necessary, so it can be considered as the risk manager for this area who takes on 
board scientific advice from other agencies as required (EC 2019a, b).

Within DG Santé, directorate E2 ‘Food processing technologies and novel foods’ 
is the group of most relevance in relation to the processing of foods as it has respon-
sibility for managing Novel Food Regulation.

A subsidiary organisation, which also has a vital role to play in this area, is the 
European Food Safety Authority (EFSA). EFSA is based in Parma (Italy) and was 
established following the publication of Regulation (EC) 178/2002 (EU 2002). 
EFSA’s mission is to ‘provide objective, science-based advice and clear and coher-
ent communication, grounded in the most up to date scientific knowledge and data 
while also cooperating with EU member states, international bodies and other stake-
holders’. While the EC can be viewed as occupying the role of risk manager, EFSA 
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can be considered the risk assessor providing advice and scientific opinions, which 
are considered during the formation of European policy and legislation. Members of 
EFSA’s scientific committees and panels are appointed for 3-year terms and consist 
of independent scientific experts in their fields. These committees and panels per-
form scientific assessments and also develop assessment methodologies (EFSA 
2019). There are ten scientific panels covering the following areas:

 (i) Animal health and welfare (AHAW)
 (ii) Biological hazards (BIOHAZ)
 (iii) Food contact materials, enzymes and processing aids (CEP)
 (iv) Contaminants in the food chain (CONTAM)
 (v) Food additives and flavourings (FAF)
 (vi) Additives and products or substances used in animal feed (FEEDAP)
 (vii) Genetically modified organisms (GMO)
 (viii) Nutrition, novel foods and food allergens (NDA)
 (ix) Plant health (PLH)
 (x) Plant protection products and their residues (PPR)

In terms of novel processing and novel foods, the ‘Nutrition, Novel Foods and 
Food Allergens’ (NDA) Panel is the most relevant. Regulation (EU) 2015/2283 (EU 
2015), which is the key legislation in this regard, defines a novel food as ‘any food 
that was not used for human consumption to a significant degree within the Union 
before 15th May 1997, irrespective of the dates of accession of Member States to the 
Union’. This falls into any of the categories listed in the Regulation. Within the list 
of categories listed, a ‘novel food’ can be an innovative or newly developed food, a 
food produced using new technologies, or a food produced using a new production 
process. Foods that have been traditionally eaten outside of the EU but were not 
consumed within the EU to a significant extent prior to 15 May 1997 are also con-
sidered as novel foods. In order for a novel food to be sold for consumption within 
the EU, it must be evaluated to ensure it is safe and not nutritionally disadvanta-
geous for consumers. If successful in this regard, it will be given a market authorisa-
tion, which generally also has a consumer labelling requirement (EU 2011, 2015). 
As an example, Dairy Crest (UK) was given novel food approval for UV-treated 
milk, and Article 2 of the implementing decision (2016/1189) specified that the 
designation for labelling shall be accompanied by ‘contains vitamin D produced by 
UV-treatment’ or ‘milk containing vitamin D resulting from UV-treatment’.

In situations where little scientific evidence exists or the existing evidence is 
inconclusive or incomplete and as a result a thorough safety assessment cannot be 
performed, the ‘precautionary principle’ may be applied. The ‘precautionary prin-
ciple’ is applied when there are reasonable grounds to suggest that an unacceptable 
level of risk to health exists and the available scientific evidence is not sufficient for 
an exhaustive and accurate risk assessment (Lalor 2016; EU 2012).
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 Novel Food Regulations 2283/2015 vs. 258/97

As previously mentioned, Regulation (EU) 2015/2283 (EU 2015), the ‘novel foods’ 
regulation, is the most relevant in terms of emerging processing technologies. The 
previous iteration of this regulation was Regulation (EC) 258/97/EC (EU 1997).

 What Do These Two Regulations Have in Common?

Firstly, 15 May 1997 was considered a cut-off date. From this date, any food that 
had not been used for human consumption to a significant degree within the EU 
(regardless of the date of accession of member states to the Union) would be con-
sidered as ‘novel food’.

Secondly, with slight differences, both Novel Food Regulations have several 
food categories to define what a novel food is. Probably the most relevant definition 
for emerging technologies is ‘Food resulting from a production process [...] which 
gives rise to significant changes in the composition or structure of a food, affecting 
its nutritional value, metabolism or level of undesirable substances’ (EU 2015). 
Then, if the emerging process does not give rise to significant changes in these 
areas, it does not have to be considered, i.e. just because a process technology is 
emerging, new or novel, it does not automatically mean it leads to the production of 
a novel food. If the application of any new process of a considered emerging tech-
nology (as PEF is) may impact on a food product, producing any of these changes, 
it is necessary to submit an application under the Novel Food Regulation. On 1 
January 2018, Regulation (EU) 2015/2283 repealed Regulation (EC) 258/97. 
Incomplete applications which were submitted under Regulation 285/97 were trans-
ferred to Regulation 2015/2283.

 What Are the Main Differences Between These Two Regulations?

Substantial equivalence was removed from Regulation 2283/2015 following the 
identification of an anomaly that was highlighted following a number of test cases. 
These cases demonstrated an unfair competitive advantage against companies who 
had invested in and developed new technologies, and/or innovations, and had 
applied for novel food approval under Regulation 258/97. Substantial equivalence 
allowed their competitors to apply for approval under this regulation but fast track 
their way through the process as subsequent toxicology and nutritional studies were 
not required. All Regulation 2283/2015 authorisations are now generic, which 
might appear to offer less protection. However, the new regulation actually provides 
better protection for applicants than the old Regulation 258/97 system. Under 
Regulation 2283/2015, companies can now choose to have proprietary data deemed 
confidential for a number of years during which time their competitors cannot use it 
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without permission, forcing them to create their own data and allowing a period of 
time for the companies to recoup their investment costs.

 Application Process

Regulation 258/97 also differs from Regulation 2283/2015 in terms of the applica-
tion process. However, this chapter focuses on the current application process from 
Regulation 2283/2015, which has been improved and streamlined with respect to 
the previous one, but in terms of the time associated with processing an application, 
it is very similar.

This application process is outlined in Fig. 1. Under Regulation 2283/2015 the 
applicant prepares a dossier and submits it directly to DG Santé. Unlike the previous 
Regulation, the applicant must firstly take the decision of whether the product falls 
under the Novel Food Regulation. This decision can be made in consultation with 
the local competent authority (EC 2018; EU 2018a). However, as stated in ‘Article 
4: Procedure for determination of novel food status’ (EU 2015), beyond the appli-
cant or its local authority participating in this decision-making, in points 3 and 4, it 
is mentioned that this authority ‘may consult’ during the decision process with other 
member states (MS) and the Commission. Therefore, due to the fact that the author-
ity is not obliged to consult with other MS, it may conclude that the product does 
not fall under the definition of a novel food, enabling MS to release a food product 
onto the market that they do not consider as novel. This could be a possible loophole 
in the wording of Regulation 2283/2015 which is something to consider.

Article 4: 
Procedure for Determination of Novel Food Status
 1. Food business operators shall verify whether or not the food which they 

intend to place on the market within the Union falls within the scope of this 
Regulation.

 2. Where they are unsure whether or not a food which they intend to place on 
the market within the Union falls within the scope of this Regulation, food 
business operators shall consult the Member State where they first intend 
to place the novel food. Food business operators shall provide the neces-
sary information to the Member State to enable it to determine whether or 
not a food falls within the scope of this Regulation.

 3. In order to determine whether or not a food falls within the scope of this 
Regulation, Member States may consult the other Member States and the 
Commission.

 4. The Commission shall, by means of implementing acts, specify the proce-
dural steps of the consultation process provided for in paragraphs 2 and 3 
of this Article, including deadlines and the means to make the status pub-
licly available. Those implementing acts shall be adopted in accordance 
with the examination procedure referred to in Article 30(3).
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Once the decision is taken, if it is considered that the product falls under the 
scope of Regulation 2283/2015, the dossier submitted to DG Santé is passed on to 
EFSA within 1 month, after which time EFSA has 9 months to carry out a safety 
assessment.

Following this assessment, EFSA then provides feedback to DG Santé, which 
must draft a decision to the member states (in less than 7 months). At this point, if 
there are no objections and the application receives a positive decision, it can be 
placed on ‘the Union list’ (Article 6: Union list of authorised novel foods), and the 
applicant is allowed to place the product on the market. However, if a qualified 
majority vote (QMV) is not obtained, the application can pass through an appeals 
committee. A QMV can be defined as at least 55% of the members of the European 
Council representing the participating MS, comprising at least 65% of the popula-
tion of these states. The appeals committee has 90 days to give feedback to DG 
Santé, which finally informs the applicant of the decision.

 Novel Technology Applications Within the EU

All completed applications on the use of novel processing technologies under 
Regulations (EC) 258/97 and (EU) 2015/2283 are presented in Table 1. Only 3% of 
the total novel food applications relate to new processing technologies with new 
food ingredients representing the majority. Under both Regulations 258/97 and 
2015/2283, only nine applications for new technologies have been made to date. 
These applications are based on the use of ultraviolet light (UV) or high-pressure 
processing (HPP) technologies only, which are still considered novel processing 
technologies, for specific food purposes. However, among the completed applica-
tions, none involving pulsed or moderate electric fields (PEF or MEF) has been 

Fig. 1 Novel food authorisation process under Regulation (EU) 2283/2015
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Table 1 Completed applications on the use of novel processing technologies under Regulations 
(EC) 258/97 and (EU) 2015/2283 of the European Parliament and the Council

Regulation Technology

Food or 
food 
ingredient Applicant

Application 
date (dd/
mm/yyyy)

Initial 
assessment Status

(EC) 
258/97

HPP Fruit 
preparations

Group 
Danone 
(France)

03/12/1998 (1) 
CSHPF, 
(2) CTA

Commission 
Decision 
(2001/424/
EC). 
23/05/2001 
(EU 2001)

(EC) 
258/97

UV Yeast Lallemand 
(France)

04/05/2012 FSA (UK) Commission 
Implementing 
Decision 
(2014/396/
EU). 
26/06/2014 
(EU 2014)

(EC) 
258/97

UV Bread Viasolde AB 
(Sweden)

26/09/2012 NFB (FIN) Commission 
Implementing 
Decision 
(2016/398/
EU). 
18/03/2016 
(EU 2016a)

(EC) 
258/97

UV Milk Dairy Crest 
Ltd. (United 
Kingdom)

26/09/2012 FSAI Commission 
Implementing 
Decision 
(2016/1189/
EU). 
21/07/2016 
(EU 2016b)

(continued)
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Table 1 (continued)

Regulation Technology

Food or 
food 
ingredient Applicant

Application 
date (dd/
mm/yyyy)

Initial 
assessment Status

(EC) 
258/97

UV Mushrooms Monaghan 
Mushrooms 
(Ireland)

04/02/2015 FSAI No 
objections. 
Letter of 
Ireland 
26/02/2016 
(FSAI 2016)

Ekoidé AB 
(Sweden)

29/11/2016 SNFA Commission 
Implementing 
Decision 
(EU) 
2017/2355. 
14/12/2017 
(EU 2017)

Walsh 
Mushrooms 
(United 
Kingdom)

21/12/2016 FSAI No 
objections. 
Letter of Food 
Safety 
Authority of 
Ireland 
28/08/2017 
(FSAI 2017)

(EU) 
2015/2283

UV Mushrooms 
(Agaricus 
bisporus)

Banken 
Champignons 
(Netherlands)

27/01/2016 NFU (NL) Commission 
Implementing 
Regulation 
(EU) 
2018/1011. 
17/07/2018 
(EU 2018b)

(EU) 
2015/2283

UV Baker’s 
yeast

Lallemand 
Bio- 
Ingredients 
Division 
(Canada)

30/03/2017 DVFA Commission 
Implementing 
Regulation 
(EU) 
2018/1018. 
18/07/2018 
(EU 2018c)

Sources: EC (2019a, b)
CSHPF Conseil supérieur d’hygiène publique de France, CTA Commission de technologie alimen-
taire, DVFA the Danish Veterinary and Food Administration, EC European Commission, EU 
European Union, FSA (UK) Food Standards Agency (United Kingdom), FSAI Food Safety 
Authority of Ireland, HPP high-pressure processing, NFB (FIN) Novel Food Board (Finland), 
NFU (NL) Novel Food Unit (Netherlands), SNFA Swedish National Food Agency, UV ultravio-
let light
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submitted for consideration to date. However, some novel processing technologies 
are already being applied to different foodstuffs for various processes, without hav-
ing passed through the formal application process for novel foods. There are cur-
rently several PEF applications being used in different foods within the EU. For 
example, PEF is used to extend the shelf life of fruit juices from 7 to 21 days or to 
soften potatoes prior to cutting for chip manufacture. However, those applications 
have not been considered under the Novel Food Regulations 258/97 and 2015/2283, 
basically because these processes do not result in the production of a ‘novel food’. 
As noted in Regulation 2015/2283, the process should lead to ‘significant changes 
in the composition or structure of a food affecting its nutritional value, metabolism 
or level of undesirable substances’ to be considered a ‘novel food’.

 Regulation Within the USA

 Background

The responsibility for food safety and the protection against intentional and unin-
tentional contamination and other emerging threats of the American food and agri-
culture supply chain is shared by state, local and territorial governments and the 
private sector. At least a dozen federal agencies implementing more than 35 statutes 
make up the federal part of the food safety system. Twenty-eight House and Senate 
committees provide oversight of these statutes.

In terms of the implementation of the regulations that govern food safety, there 
are four agencies that play major roles in carrying out these activities:

• Food and Drug Administration (FDA) of the Department of Health and Human 
Services

The FDA has jurisdiction over domestic and imported foods that are marketed in 
the USA except for meat and poultry products. FDA’s Center for Food Safety and 
Applied Nutrition (CFSAN) has a role to ensure that these foods are safe, nutritious, 
wholesome and honestly and adequately labelled. CFSAN has jurisdiction over 
food processing plants and responsibility for approval and surveillance of food- 
animal drugs, feed additives and all food additives that can become part of food.

• Food Safety and Inspection Service (FSIS) of the US Department of 
Agriculture (USDA)

FSIS has the responsibility to ensure that meat and poultry products for human 
consumption are safe, wholesome and correctly marketed, labelled and packaged.

• Environmental Protection Agency (EPA)

The EPA registers and evaluates all pesticides distributed in the USA and estab-
lishes tolerances for pesticide residues in food commodities and animal feed. This 
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becomes particularly important in terms of the role of the EPA in regulating for 
biotechnology in foods.

• National Marine Fisheries Service (NMFS)

NMFS conducts a voluntary seafood inspection and grading programme, which 
is primarily a food quality activity.

Each of these agencies’ role is defined and clear. However, the principal two 
agencies involved in food safety, and those most frequently referred to when dis-
cussing food safety control in the USA, are the FDA and the USDA.

An example of the type of guidance provided by the FDA is a rule aimed at 
increasing the safety of fruit and vegetable juices published in 2001 (FDA 2001). 
This states that a preservation method or processing technology must be capable of 
inducing a 5 log10 CFU/mL reduction of the most resistant pathogen likely to be 
present in the product (Topalcengiz 2019). This rule is frequently cited in publica-
tions relating to the use of MEF, PEF or other novel technologies in the context of 
the preservation of fruit and vegetables (Gouma et al. 2020; Kim et al. 2018).

The agencies and some of their general principles as outlined above do provide a 
picture for how food safety is regulated in the USA. It is important, however, to be 
familiar with certain other terms and processes, e.g. Code of Federal Regulations 
(CFR), the Food Safety Modernization Act (FSMA) and Generally Recognized as 
Safe (GRAS). These form an integral part of legislation in the USA, and no food 
safety discussion is complete without their inclusion. These important concepts are 
briefly explained below:

 (i) Code of Federal Regulations

The Code of Federal Regulations (CFR) is the official publication of all federal 
regulations. It is the ‘codification of the general and permanent rules published in 
the Federal Register by the departments and agencies of the federal government’. 
The CFR is updated every year and is divided into 50 titles, each one representing a 
general subject area. Title 21 (Food and Drugs) of the CFR is reserved for rules of 
the Food and Drug Administration only. For example, Title 21, Chapter 1, Subchapter 
B, Part 179 provides regulations for irradiation in the production, processing and 
handling of food (FDA 2019a).

 (ii) Food Safety Modernization Act

It would not be accurate to review any food safety system in the USA without 
referring to the Food Safety Modernization Act (FSMA). FSMA was signed in 
January 2011 by President Barak Obama and has changed the focus of how food 
safety is governed in the USA. The aim of this new Act in terms of food safety is to 
be proactive rather than reactive. Since its publication, the FDA has proposed and 
finalised critical regulations that established science and risk-based standards for 
the production and transportation of domestic and imported foods.

As the principal agency responsible for the enforcement of FSMA, the FDA 
identified seven major rules for its implementation (FDA 2017). These rules are:
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 1. Preventive control rules for human food
 2. Preventive control rules for animal food
 3. Produce safety rule
 4. Foreign Supplier Verification (FSVP) rule
 5. Accredited third party certification
 6. Sanitary transportation rule
 7. Intentional Adulteration Rule

Generally Recognized as Safe or GRAS is an acronym used, particularly in US 
regulatory context and that of the food industry, to refer to substances that, for their 
intended use, have been considered by the sponsor of the substance and appropriate 
experts to be safe. This concept of GRAS was added to the amendment of the 
Federal Food, Drug, and Cosmetic Act, of 1958, and substances that are considered 
GRAS, under the conditions of their proposed use, may be marketed for that use 
without FDA review or approval. The operation and administration of GRAS noti-
fications and the petition process have evolved and changed many times since 1958. 
A summary is provided in this document: Substances Generally Recognized as 
Safe, rule issued by the FDA in July 2016 (FDA 2016).

 Regulating ‘New Technologies’

The most important criteria for novel technologies from a regulatory and legal 
standpoint will be for a processor to clearly ascertain that the process used is effec-
tive for its intended purpose and that food prepared using such a processing method 
is not misrepresented in a way that could lead to a consumer to think the food has 
properties that it does not possess.

In June 2014, the FDA published its new Guidance in the Federal Register (Vol. 
79, No 124, Friday, June 27, 2014/Notices), ‘Guidance for Industry: Assessing the 
Effects of Significant Manufacturing Process Changes, Including Emerging 
Technologies, on the Safety and Regulatory Status of food ingredients and Food 
Contact Substances, including Food Ingredients that are color Additives’ (FDA 
2014). This guidance represents the FDA’s current thinking on the factors to be 
considered when determining whether changes in manufacturing processes result in 
changes in a food substance already in the market; impact the safety of the use of 
the food substance; change the regulatory status of the use of the food substance; or 
warrant a new regulatory submission to the (FDA 2014). While this document does 
pay specific heed to nanotechnology, it is a very useful reference for how the FDA 
is thinking in terms of other emerging technologies, and it is the most detailed infor-
mation in this field available from the FDA. Examples of other technologies that 
have also completed the ‘regulatory process’ and are now widely commercially 
available are irradiation and biotechnology. It is worth reviewing how these are both 
dealt with by the FDA, bearing in mind that the examples given were addressed 
prior to the FDA guidance mentioned above.
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Example A: Irradiation
Irradiation is a physical treatment where food is exposed to a defined dose of ionis-
ing radiation. It is designed to control insect infestation, reduce the number of 
pathogenic or spoilage microorganisms, and delay or eliminate natural biological 
processes such as ripening, germination or sprouting in fresh food (FSAI 2019).

In the USA, the Food Additives Amendment to the Federal Food, Drug, and 
Cosmetic Act (FD&C Act) of 1958 placed food irradiation under the food additive 
regulations, and so it is regulated as such, rather than as a food process. While the 
radiation itself is not an additive, the process of being irradiated is defined as one 
(Morehouse and Komolprasert 2004).

In general, a food additive regulation may be established or amended in one of 
two ways. The FDA proposes a regulation on its own initiative, where the public is 
given an opportunity to comment on the proposal and all substantive comments are 
considered. Alternatively, and more commonly, the food additive regulations are 
amended in response to petitions filed by proponents of an additive’s use. The FDA 
has found irradiation of food to be safe under several conditions, and authorising 
regulations have been issued both in response to petitions and at the FDA’s initiative 
(Morehouse 2002).

Heretofore, the FDA has approved food irradiation in the following foods:

 – Beef and pork
 – Crustaceans (e.g. lobster, shrimp and crab)
 – Fresh fruit and vegetables
 – Lettuce and spinach
 – Poultry
 – Seeds for sprouting
 – Shell eggs
 – Shellfish – molluscan
 – Spices and seasoning

For completeness, it is important to know that the Code of Federal Regulations 
(Title 21: Part 179) (FDA 2019a) provides for the use of ionising radiation for treat-
ment of foods. It also provides conditions for the use of other nonionising forms of 
electromagnetic radiation. All of these nonionising forms have lower energy, which 
is insufficient to knock electrons out of atoms (i.e. ionisation). These include radio 
frequencies, microwaves, ultraviolet light and pulsed light for the treatment of food. 
Also included are carbon dioxide lasers, which can be used for etching food sur-
faces allowing the replacement of physical labels on product surfaces with laser- 
etched ‘natural’ alternatives.

Example B: Biotechnology
The use of biotechnology in foods has enabled scientists to select and isolate spe-
cific genes with desirable traits from one plant and transfer these genes (and there-
fore this trait) to another plant. Examples include plants that confer pesticide 
resistance to certain pests or rice plants with enhanced nutritional properties.
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In the USA, the regulation of biotechnology in food products is not different 
from the regulation of conventional products. The three agencies involved are the 
FDA, the USDA and the EPA. The FDA provides voluntary premarket consultations 
with food companies, seed companies and plant developers to ensure that biotech 
foods meet the same regulatory standards for safety. The USDA Animal and Plant 
Health Inspection Service (APHIS) licenses field testing of crops prior to their com-
mercial release, and the EPA registers pesticides, including plants engineered to 
produce pesticides, and establishes levels at which pesticides in foods are permitted 
(Vogt and Parish 2001).

The Plant Biotechnology Consultation Program was established by the FDA to 
evaluate the safety of foods from new genetically modified organisms (GMO) 
before they enter the market. As part of this programme, the GMO plant developer 
meets with the FDA and submits a detailed food safety assessment to the FDA. The 
FDA evaluates the data and resolves any issues with the developer. Once satisfied 
that the new food is safe and the process is complete, the FDA makes this informa-
tion public (FDA 2020). Examples of products that have completed the process 
include herbicide-tolerant soybean and insect-resistant cotton. As at April 2020, 
there are 168 completed consultations with the FDA (FDA 2019b).

 Pulsed Electric Fields

The use of PEF technology as a preservation technique provides an alternative to 
thermal pasteurisation, and as a nonthermal technique, it can prevent thermal dis-
ruption of nutritional components in a food. It, therefore, has additional health ben-
efits for consumers unlike other processes that might use chemical preservatives.

One of the first industrial applications of PEF technology was the ESTERIL 
process in Germany in the late 1980s for the electrical sterilisation and pasteurisa-
tion of pumpable electrically conductive media (Sitzmann 1995). Krupp 
Maschinentechnik GmbH, in association with the University of Hamburg, reported 
successful inactivation when PEF was applied to fluid foods such as orange juice 
and milk (Vega-Mercado et al. 2007). However, the widespread use of PEF in the 
food industry has proved to be slower than anticipated, because of the initial cost of 
the outlay required for equipment and also due to the uncertain regulatory process 
involved. Despite this uncertainty, in 1995 PurePulse Technologies developed 
CoolPure. This was a pulsed electric field processing system for antimicrobial treat-
ment of liquids and pumpable foods. The same year, the FDA released a ‘letter of 
no objection’ for the use of pulsed electric fields, thus approving the industrial 
application of CoolPure. In 1996, PEF treatment of liquid eggs was also approved 
by the FDA with certain conditions.

In 2002, Gongora-Nieto et al. published a suggested procedural plan for how to 
get regulatory approval for the use of PEF. They identified that as well as complying 
with current regulations that might apply, PEF may also require premarket approval. 
This stems primarily from the use of different food contact materials throughout the 
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process, e.g. the conditions inside the PEF chamber where electrodes could migrate 
into the food. The most sensible approach to this would be to submit a petition to the 
FDA for evaluation. After the evaluation, a ruling would be made by the FDA and 
published in the Code of Federal Regulations (Góngora-Nieto et al. 2002).

A key component of the process is the opening of dialogue with the FDA, and in 
so doing, users of PEF are recommended to submit a scientific review with neces-
sary data to clearly characterise the product. When filing a new and emerging pro-
cess, the following steps should be taken (Fig. 2):

 1. Establish an active and continuous dialogue with the FDA during process 
development.

 2. Meet with the FDA to describe the process.
 3. Invite the FDA to a site visit.
 4. Draft and provide the FDA with an outline of the proposed filing.
 5. Identify the most resistant organism of public health concern, the most resistant 

organism for commercial viability and the least lethal treatment zone of the sys-
tem (Larkin and Spinak 1997).

In terms of further detail required by the FDA, John Larkin (then an Associate 
Director of Research at the FDA) presented additional recommendations at the 
Institute of Food Technologists Annual Meeting in 1999. He recommended a further 
description of the equipment used, full specifications of the product and validation 

Fig. 2 Steps to be taken when filing a new and emerging process in the United States of America 
(Adapted from: Larkin and Spinak 1997)
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(physical demonstration of the accuracy, reliability and safety of the process) 
(Larkin 1999).

In summary, the regulation for all ‘new and emerging technologies’ in the USA 
is not uniform. The procedures are not always clear for the industry. In some cases, 
a detailed petition submission appears to be required. In others, where the use of the 
technology is regulated as an ‘additive’, there may be scope to declare that its use 
results in foods which should be GRAS. In cases such as these, no further regulation 
is required. PEF technology has many potential benefits and commercial potential. 
A clear regulatory pathway would assist hugely and would give the industry a 
degree of certainty for future development.

 Conclusions

In summary, while enabling trade and protecting the consumer have always featured 
to a certain extent in the development of food regulations, a number of high-profile 
food safety incidents occurring as far back as the 1980s have really raised the profile 
of consumer protection, in the drive for appropriate and suitable food regulation.

In the EU, responsibility for food regulation is divided: the European Commission 
is the ultimate risk manager, while EFSA provides scientific advice in the area of 
risk assessment. In terms of emerging processing technologies, the most relevant 
pieces of legislation are the Novel Food Regulations, and the updated Regulation 
(2015/2283) provides a more streamlined application process than the older 
Regulation (258/97). An outstanding challenge with the novel foods legislation in 
terms of novel processes is that just because a food may be processed with an 
emerging food processing technology, this does not necessarily mean that it pro-
duces a novel food, particularly if the production process does not give rise to sig-
nificant changes in the composition or structure of the food to affect its nutritional 
value, metabolism or level of undesirable substances. While the procedure for appli-
cation under the Novel Food Regulation is now relatively streamlined, knowing 
whether or not an application is required at all is still a huge dilemma for the indus-
try. The guidance from the regulators is slow and the agencies do not always pro-
mote communication from industry.

In the USA, the procedure is considerably different. The two principal agencies 
involved in food safety are the FDA and the USDA. In these cases, both agencies 
conduct both risk assessment and risk management, and their portfolios are divided 
in terms of products rather than function. In terms of novel processes, the agency 
most involved is the FDA. The procedure for applying the use of a novel process in 
the USA involves extensive communication with the FDA. While this can prove 
daunting for the industry, it can also prove very beneficial and could considerably 
speed up the process, when the FDA is involved all along.

Given the potential role that emerging technologies may play in food processing 
in the future, having regulatory approval will play a large part in its development for 
commercial use. Whether the procedure adopted by the FDA or that of the European 
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Union is the most effective remains to be seen. Ultimately, the commercial uptake 
of emerging technologies will be driven by industry needs, but as food processing 
researchers, we should be mindful of the area of food regulation. As custodians of 
emerging technologies, we should behave responsibly and perform appropriate 
research to support the commercial uptake of these technologies to the betterment 
of society.
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