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Abstract Electroporation is an innovative method in food

processing to support the extraction of substances from

cells. By applying a pulsed electric field to the tissue, the

cell membranes are charged and pores are formed in the

membranes fostering the extraction. Although this princi-

ple is common to all electroporation devices, due to the

different properties of each material, the devices and pro-

cesses have to be designed for each application individu-

ally. The publication gives an overview on the advantages

of electroporation for the processing of crushed grapes,

sugar beets, and energy crop, and also on the design of

electroporation devices for these applications.

Keywords Electroporation � Wine grapes � Apples �
Sugar beets � Energy crop

Introduction

The extraction of substances from biological tissue is an

important processing step in the preparation of many kinds

of food. Sugar is extracted from sugar beets by means of an

extraction process at 69–73 �C after a thermal denaturation

at 70–78 �C. Unlike for the production of sugar from

sugarcane, the required energy for heating is not delivered

by the plants, instead oil or coal has to be burned for

heating. The juice from fruits is extracted by pressing. But

especially in the second pressing stage enzymes or thermal

treatment may be used to foster the extraction. For the

preparation of red wine the fermentation on skins is the

classic way to open the cell membranes and to extract

the pigments and valuable substances. But it requires

1–3 weeks for fermentation inclusive extraction. Another

way is the thermovinification. The mash is heated up to

approximately 80 �C and kept at this temperature for

2 min, before it is cooled back to less than 40 �C. This

faster method consumes much energy, because especially

in small heating devices the energy is not recuperated.

If an electric field is applied to a cell, the membrane is

charged resulting in a field enhancement across the mem-

brane, Fig. 1. At a voltage of *0.5–1 V across the mem-

brane, pores are formed. When applying a field-sensitive

dye (ANNINE-6) to the cell, staining the bi-lipid layer of

the cell membrane, the charging process of the cell mem-

brane can be observed as a change in wave length of the

fluorescent light from the dye which is transferred into a

change of intensity by filtering [5]. Figure 2 shows a

microscopic view of a protoplast before and during the

application of an electric field with the cell membrane

stained with ANNINE-6. In the experiment the pore for-

mation is visible as a saturation effect limiting the voltage

across the membrane. Due to the angular dependency of
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the field enhancement across the membrane and the natural

DC potential across the cell membrane of -100 to

-200 mV with rising voltage, the pore formation starts at

the negative pole of the cell. Small pores may close after

the pulse application. If sufficient energy is applied, the

pores grow and irreversible pores are formed. Through

these pores, substances may be extracted from the cell.

Figure 3 shows microscopic pictures of cells from the skin

tissue of Lemberger wine grapes before and after electro-

poration. The pigments are stored inside a vacuole. For an

extraction both membranes of the cell and the vacuole have

to be opened.

Applications of Electroporation

Processing of Sugar Beets, Wine Grapes, and Apples

Electroporation is considered to be an interesting alterna-

tive to open biological cells for an extraction process:

In first experiments on the electroporation of whole

sugar beets an energy-efficient denaturation of the material

with an applied specific energy of 2 kJ/kg could be

achieved [6]. When cutting the beets into two halves, the

juice started to drain out of the tissue forming drops. Due to

the decreasing internal pressure of the cells the tissue

became soft. Hence, in texture tests for slicing the elec-

troporated beets a force of only 8 N has been required,

which is only half on the force needed for cutting raw sugar

beets. Accordingly, a decrease of the energy for subsequent

slicing of the beets in a slicing machine and an extended

time interval for changing the blades of the slicing machine

has been expected. But the strong temperature dependence

of the electroporation energy turned out to be a disadvan-

tage. Example experiments made in November 2003

showed a significant decrease of the electroporation effi-

ciency for an electric field strength of Ê = 6 kV/cm below

a temperature of 7 �C. As it was not possible to warm up

the whole beets in the course of the processing fast enough,

cossettes have been used instead.

In combination with the method of alkaline extraction

[2, 4, 8] experiments on the electroporation of sugar beet

cossettes on-site in a sugar factory demonstrated a more

energy-efficient extraction of sugar from electroporated

cossettes [6]. For the alkaline extraction, lime milk is added

to the cossettes resulting in a strengthening of the cell walls

and a chemical modification of the pectin as a component

of beet tissue. As a consequence of combining the two

processing steps the juice can better drain out of the cells

after opening of the cell membranes. Due to the better

extraction, the extraction temperature can be decreased

from 72 to 60 �C without affecting the efficiency of

the sugar extraction. A minimum temperature of 60 �C

Fig. 1 Space charge configuration across the membrane of a ball-like

biological cell

Fig. 2 BY2-Protoplast (tobacco) before and during the application of

an electric field with the cell membrane stained with ANNINE-6

Fig. 3 Microscopic

photographs of peel tissue of

Lemberger wine grapes before

and after electroporation
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prevents the growth of mesophilic bacteria in the thin juice.

Moreover, the amount of water for the extraction can be

reduced resulting in a considerable reduction of evapora-

tion energy for the subsequent concentration process of the

extracted sugar solution. The strengthened cell walls and

the chemical modification of beet tissue result in a better

water extraction in the pressing stage for the extracted

cossettes. For electroporated material a dry matter content

of 40% could be achieved [6]. For thermally treated

material the typical dry matter content is in the order of

35%. Consequently, for drying the cossettes less evapora-

tion energy is necessary. Due to an improved purity of the

extracted juice, less lime milk for purging is required. This

results in additional savings for lime stone and coke for the

production of the lime milk. The estimated consumption of

electric energy for the electroporation is only 1–1.5 kWh

per ton of sugar beets, which is only 3% of the total electric

energy consumption of a sugar factory [6]. The results have

been obtained by using the electroporation device KEA for

whole sugar beets described later in paragraph ‘‘An elec-

troporation device for large throughput’’.

The electroporation of crushed grapes from red vine

varieties combines the advantages of a fast processing and

a gentle treatment at low temperature omitting an influence

on the taste due to heating [7]. The pigments are extracted

from the skin tissue within less than 24 h after electro-

poration by diffusion in an aquatic extraction process.

Table 1 shows the results of the chemical analysis of dif-

ferently treated variants of must and wines from Pinot Noir

and Riesling grapes. The data of the heated (thermovini-

fication) and electroporated variant from Pinot Noir grapes

are comparable.

In a laboratory-scale experiment, extraction curves of

crushed grapes from electroporated and heated mash have

been compared, Fig. 4, [12, 14]. One sample has been heated

up to 80 �C for 2 min, to the other sample pulses have been

applied. After this pre-treatment, both samples have been

cooled down and the extraction has been performed at room

temperature. The extraction curves of pigments and tannins

for both samples exhibit the same behaviour: For the heated

sample both curves start at larger initial values due to the

accelerated diffusion at increased temperature. But both

curves for the electroporated sample exhibit a steeper

increase and, finally, the extraction result is even slightly

better than for the heated sample. Measurements of the

frequency dependence of the specific conductivity showed

for the samples treated by a pulsed electric field (PEF) nearly

a pure ohmic behaviour, while for the heated samples still

some frequency-dependent components could be measured,

Fig. 5. This result correlates with the slightly better extrac-

tion results of valuable substances for the PEF-treated

sample. From the results it can be concluded that stable pores

have been formed in the cell membranes by PEF treatment

resulting in a better diffusion.

For Riesling grapes the electroporation has been com-

pared to mash only pumped through the device. As the

chemical analysis showed, the electroporation of mash

from white wine grapes enables the extraction of more

yeast digestible nitrogen which promises advantages to

avoid the ‘‘atypical ageing note’’ of the wine. Furthermore,

the content of total acid in the must and the wine is

reduced. In a sensorial analysis, three wines made from the

same mash have been evaluated by 50 experts. The only

difference was the way of mash pre-treatment: whole-

cluster pressing, use of enzymes, and electroporation. The

Table 1 Chemical analysis of must and wine [13, 18]

Method of

treatment

Specific

electroporation

energy [kJ/kg]

Must Wine

Must

sweetness

[�Oe]

Total

acid

[g/l]

Yeast

digestible

nitrogen

[mg/l]

Potassium

[g/l]

Colour

intensity

Alcohol

[g/l]

Total

dry

extract

[g/l]

Potassium

[g/l]

Colour

intensity

Pinot

Noir

2008

Thermovinification – 86.4 11.3 398 2.2 11.9 95.6 23.2 1.2 1.5

Electroporation 49.5 84.8 10.4 394 2.0 12.9 98.1 23.7 1.1 1.5

Riesling

2008

Pumped only 0.0 89.9 7.5 300 1.7 1.1 96.3 23.5 1.0 0.1

Electroporation 49.5 89.9 7.3 339 1.7 1.3 95.5 25.0 1.3 0.2

Fig. 4 Extraction curves for tannins and colour from Pinot noir mash

after electroporation (EP) and mash heating (MH)
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wine made from electroporated mash has been put into the

first rank.

Experiments showed that for a complete opening of the

cells of Pinot Noir mash, a specific energy in the order of

35 kJ/kg is required [13]. The applied electric field strength

was *35–40 kV/cm at an aperiodically damped pulse

shape of 1.5 ls pulse length. Figure 6 shows the measured

pulse shape.

In combination with a subsequent fermentation even less

energy for the processing is required. Puértolas et al.

described a more intense colour of red wine after a com-

bined process of PEF pre-treatment and subsequent fer-

mentation when applying a specific energy of 5 kJ/kg to

the mash at an electric field strength of 5 kV/cm only [9].

The alcohol produced during fermentation enables an

alcoholic extraction of valuable substances. The extraction

process after PEF treatment is much like the extraction

after mash heating an aquatic extraction. The aquatic

extraction results in a smaller content of polyphenolic

substances in the mash than the alcoholic extraction. After

blending the wines, anthocyanes–phenoles complexes are

formed which is described to be the reason for a deeper

colour [1]. Hence, the combination of both methods might

be established as a new processing chain.

The electroporation of mash from apples enables an

increased yield of high quality unfiltered juice in the first

pressing stage, Table 2. In 2006, an electroporation device

for apple mash with a throughput of 10 t/h has been

installed on-site at a producer of apple juice [7]. In total,

the increase by 6% of unfiltered juice results in an

increased profit compensating the costs for the electro-

poration device after only 1.5 years. As the total yield of

juice could be increased as well, there is a considerable

decrease in energy required for drying the pressed material

for producing animal food. Recently, Turk et al. reported

about comparable results. An increase in the yield of apple

juice by 5% has been obtained [20].

Electroporation-Assisted Drying of Green Biomass

For the production of biofuel in a BTL process, dry bio-

mass serves as source material. According to estimations,

in Germany about 10% of fuel consumption could be

covered by BTL-fuel from dry biomass. By the additional

use of green biomass this fraction can be doubled. Crucial

is an energy-efficient drying method for green biomass.

The electroporation of the green plant material enables the

extraction of a considerable amount of juice by pressing

Fig. 5 Frequency dependence of the specific conductivity of crushed

grapes: raw, after mash heating, and after electroporation

Fig. 6 Measured current shape during PEF treatment of Pinot Noir

grape mash

Table 2 Electroporation of apple mash [7]

Electroporation Specific

electroporation

energy [kJ/kg]

Apple juice

Mass of

raw

material

[kg]

Yield of juice in

1st pressing

stage [l]

Yield of juice in 1st

pressing stage [% of

raw mass]

Yield of juice in 2nd

pressing stage [% of

raw mass]

Total yield of

juice [% of raw

mass]

Experiment

#1

No 0 25,490 18,200 71.4 16.0 87.4

Yes 4 24,680 18,350 74.4 19.4 93.8

Experiment

#2

No 0 28,880 21,500 74.5 16.1 90.6

Yes 6 28,930 23,500 81.2 15.3 96.5
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omitting the evaporation energy [14]. Figure 7 shows the

amount of extracted juice from grass after electroporation

at Ê = 7 kV/cm with different numbers of applied pulses

and subsequent pressing at 48 daN/cm2 for 15 min. The

pulse shape of the applied electric field is shown on Fig. 8.

After electroporation with sufficient energy the yield of

juice could be doubled. Subsequently, the material has

been dried in an oven at 105 �C. As an example, drying

curves for young maize are shown. The electroporated

material dried much faster than the only pressed material.

As the different steepness of the curves for 20, 40, and

80 pulses demonstrates, this is not only because of smaller

initial water content but as well due to a better diffusion of

the vapour through the electroporated material. The electric

energy required for the electroporation is only small

compared to the evaporation energy, Fig. 9. With

electroporation, approximately half of the evaporation

energy for drying of non-electroporated material can be

saved.

Electroporation Devices

Batch-Processing of Energy Crop

When electroporating mash or whole sugar beets in a

continuous flow, the electric contact to the electrodes is

established by the juice or water, the plant material is

immersed in. To omit the use of additional water for a

drying process a portion of the juice from inside the plant

material can be extracted by pressing to establish the

electric contact to the electrodes [3]. To prevent air from

being suck between the electrodes the pressure has to be

maintained during the pulse application [15].

For field tests, the electroporation device KEA-MOBIL

(Mobile Karlsruher Elektroporationsanlage, mobile Karls-

ruhe electroporation device) has been equipped with an

electroporation reactor for batch-processing, Fig. 10. The

system consists of a hydraulic press made from insulating

material capable of applying a pressing force equivalent to

up to 11 tons to the piston. The piston and the bottom of

the test vessel both serve as electrodes. To enable a

throughput of 50 kg per hour, the device has been equipped

with an automated feeding system. One test vessel is

manually emptied and filled outside the device, while the

content of another test vessel is treated. The use of a

hydraulic press and the manual handling of the material

enables studying the influence of different parameters like

pressing force, number of applied pulses, applied electric

field and energy independent of each other for different

sorts of plants like grass, green rye, maize, and lucerne,

each having different properties for conveyance.

Fig. 7 Yield of juice after pressing (grass) and drying curves

depending on the applied number of pulses (young maize)

Fig. 8 Shape of the applied electric field for three subsequent pulses

during PEF treatment of green biomass. The curves are based on a

voltage measurement across the electrodes of the electroporation

chamber

Fig. 9 Energy required for electroporation and evaporation (young

maize, Ê = 7 kV/cm)
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An Electroporation Device for Mash from Wine Grapes

With a diameter in the order of 10 lm the cells of wine

grapes are approximately 5 times smaller than the cells of

sugar beets with a diameter of *50 lm. Moreover, the

anthocyanes staining the red wine are stored in the cells of

the skin tissue inside vacuoles with a diameter of approx-

imately 5 lm. Hence, a larger electric field strength in

combination with a faster rise is required to open the cell

membranes and vacuoles. The electroporation of wine

grapes requires an electric field strength in the order of 25–

35 kV/cm. So the field strength may be higher than the

breakdown strength of air under normal conditions (30 kV/

cm). Figure 11 shows a photograph of the electroporation

device for grape mash. Gas transported with the mash is

partly removed by an automated de-gasing valve at the

inlet of the electroporation reactor. To prevent a flashover

inside the reactor caused by remaining gas bubbles in the

grape mash, the mash is pressurized to *0.2–0.3 MPaabs

(2–3 barabs). Due to the increased pressure, the gas bubbles

shrink and the breakdown strength of the gas is increased.

To prevent the mash from blocking for the pressure regu-

lation a second pump is used rather than a throttling valve

[16]. An air chamber decouples both pumps from each

other, Fig. 12a. A quasi homogeneous field distribution

inside the reactor guarantees a homogeneous treatment of

the material, Fig. 12b. The shape of the electrodes has been

calculated in such a way that no field enhancement at the

borders of the electrodes occurs. The electroporation

reactor is operated in ground-symmetric operation. So the

voltage between the electrodes and ground is only half of

the voltage with one electrode grounded. Hence, the insu-

lation distance can be reduced and the device becomes

more compact than in unsymmetrical operation. Moreover,

the centre of the reactor is virtually nearly on ground

potential omitting a considerable current flow out of the

reactor. For safety reasons additional ground electrodes are

provided in flow direction before and after the reactor

safely preventing current from flowing out of the electro-

poration device. The electroporation reactor (Fig. 13) has

been manufactured from polypropylene with electrodes

Fig. 10 Batch-processing of green biomass: Hydraulic press and

automated feeding system; 1: Test vessel on feeding system; 2:

hydraulic press; 3: Test vessel inserted into press during processing

Fig. 11 Electroporation device for grape mash: 1: High-voltage

power supply; 2: Control unit; 3: Inlet and outlet for mash (with tubes

disconnected); 4: Marx generator and electroporation reactor (details

see Fig. 13)

Fig. 12 a Hydraulic scheme and b equipotential lines inside the

reactor
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from stainless steel. The electroporation reactor is fed by a

6-stage Marx generator with a stage capacitance of 140 nF

and a charging voltage of 50 kV/stage. So the total energy

per pulse is 1.05 J. Due to the ground-symmetric operation

it is grounded at its centre. For a repetition rate up to 20 Hz

the spark gaps are cooled by a flow of nitrogen gas. During

the harvests in 2008 and 2009, the electroporation device

has been operated successfully on-site at three wineries,

and more than 5 m3 of grape mash has been treated each

year.

For a reliable operation according to the standards for

electromagnetic compatibility, the pulse circuit is shielded

by a metal housing. The mains and leads to the control

circuitry are protected against over-voltage by varistors and

EMC-filters.

When operating electrical devices in wet environment,

protection against electric shock in case of insulation

failure is crucial. Hence, wineries are equipped with

residual current devices (RCD), sensitive to a leakage

current of typically 30 mA. The EMC-filters contain

capacitors connected to ground. In a symmetric three-phase

system there is no leakage current to ground due to such a

filter. But an unsymmetric voltage causes a current to

ground. Especially when switching the voltage, a pulse

current may flow to ground, which may cause the RCD to

trip [16]. The amplitude of the current depends on the

phase angle. Current pulses with peak values of up to 20 A

and a pulse length in the millisecond range have been

measured. To limit these current pulses the switched

devices have been divided into several groups, which are

switched with a small delay of less than 1 s one after the

other. So each pulse current is not sufficient for tripping the

RCD.

Fig. 13 Electroporation reactor for grape mash: 1: Marx generator; 2:

Electroporation reactor

Fig. 14 Electroporation-device for whole sugar beets. The photo-

graph has been taken during construction of the device. 1: Power

supplies; 2: Shielding cabin for Marx generators; 3: Electroporation

reactor (details see Figs. 15, 16); 4: Slicing machine

Fig. 15 Wheel equipped with insulating rods for transporting the

sugar beets through the PEF-treatment area. The photograph has been

taken during assembly of the device
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An Electroporation Device for Large Throughput

In a sugar factory a large throughput of sugar beets of up to

the order of 15,000 t/d has to be treated. Figure 14 shows

the test-setup KEA (Karlsruher Elektroporationsanlage,

Karlsruhe electroporation device) for electroporation at a

throughput of 10 t beets per hour [19]. The whole sugar

beets are transported via a conveyor belt to the top of a

wheel equipped with rods for transporting the beets through

a basin filled with water, Fig. 15. The electric field for the

electroporation is established by a set of high-voltage

electrodes at the ground of the basin, Fig. 16. Grounded

metallic belts around the wheel serve as ground electrode.

Although due to the larger size of the cells of sugar beets,

only a specific energy of *1.0–1.5 kWh/t at a field

strength in the order of 3–5 kV/cm is required; the esti-

mated total current for a large electroporation device would

be 72 kA [17]. Such a high current cannot be delivered by

a single Marx generator in repetitive operation. The in-

ductivity of the pulse circuit, which is typically in the order

of 10–25 lH, would limit the current. Hence, the electro-

poration reactor has to be fed by several Marx generators.

Moreover, the wear of the spark gaps is not in proportion to

the current. Experiments showed that the wear of the spark

gaps is increased by the factor of 4 when doubling the

current [10, 11]. So the decrease of current per Marx

generator by using several Marx generators reduces the

total wear. The device KEA is equipped with two free

running seven-stage Marx generators with a total charging

voltage of 350 kV and an energy of 1.2 kJ per pulse

operated at *20 Hz repetition rate. Each generator is

connected to one round-shaped high-voltage electrode.

Figure 17 shows a superposition of 30 acquired pulse

currents delivered by one Marx generator. The variation of

current shape and peak current is caused by the varying

electric resistance of the electroporation reactor due to

inhomogeneities of the stream of whole sugar beets. The

implemented electrode arrangement results in an inhomo-

geneous field distribution with a high-field region in the

neighbourhood of the electrode and a considerable large

low-field area resulting in an ineffective operation. An

electrode configuration resulting in a homogeneous field

configuration with small low-field regions at the input and

output of the electroporation area can be set up as a plate

electrode system with each pair of electrode connected to

one Marx generator, which are triggered simultaneously

[21]. During a seasonal campaign one Marx generator has

to pulse up to 200 million times. For a homogeneous burn-

up of the spark gap switches, they are equipped with a

homogeneous field profile. To omit an additional trigger

Fig. 16 View inside the PEF-treatment area: 1a/1b: High-voltage

electrodes; 2: Insulating rod; 3: Metallic belt around the wheel as

ground electrode

Fig. 17 Measured current shape (30 acquisitions). The variation in

amplitude and shape is caused by inhomogeneities when transporting

the whole sugar beets through the PEF-treatment area

Fig. 18 Over-voltage triggering: Equivalent circuit and implementa-

tion into a Marx generator. T1/T2 and 1a/1b Trigger transformers;

PG1/PG2 and 2a/2b: Trigger pulse generators and trigger power

supplies; C1…C3: Stage capacitors; PS: High-voltage power supply;

L1/L2: Charging coils; SG1… SG3: Spark gaps
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electrode, which would be subjected to an increased wear,

the Marx generators are triggered by over-volting their first

spark gaps. According to Fig. 18 the over-voltage is cou-

pled into the circuit by pulse transformers connected to

trigger pulse generators replacing the ground-side charging

coils. The polarity of the pulse is chosen in such a way that

the induced pulse is added to the charging voltage of the

stage capacitor. For the initialization of the breakdown of

the spark gap, seed electrons are required. The time scatter

until their appearance determines the jitter. To keep the

jitter low, seed electrons can be generated by illuminating

the electrodes with ultraviolet light. This light can be easily

generated by a corona ring surrounding the electrodes,

Fig. 19a. The ring is designed in such a way that a corona

discharge in a small high-field area around the ring emits

light to the electrodes. To obtain the stable light emission

of a negative glow discharge, the ring is electrically con-

nected to the negative switching electrode. The electric

field strength in the inter-electrode space between the ring

and the switching electrodes has been designed to be suf-

ficiently small to prevent a flashover. Figure 19b shows the

measured switching times of a 7-stage Marx generator. For

a charging voltage of 93% of the self-breakdown voltage

the jitter of the total switching time has been measured to

55 ns. Nevertheless, in some few cases the total switching

delay is more than 150 ns. To prevent energy oscillations

between the Marx generators due to delayed switching,

every Marx generator is connected to a separate pair of

electrodes inside the electroporation reactor rather than

connecting all generators to one common electrode. Then

the oscillations are damped by means of the resistance

between neighboured electrode systems. This resistance is

defined by the shape of the area between two neighboured

electrode systems and the specific conductivity of the

material filling this area. The energy due to losses in this

resistance is transferred to the mash.

Conclusion

Electroporation in industrial scale enables an efficient and

gentle way to open cells for an extraction process. While an

electroporation device for apple mash is already in opera-

tion at a producer for apple juice, the electroporation

devices for mash from wine grapes and sugar beets require

still some research and development for an optimized and

reliable operation in an industrial environment.
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