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Abstract: Pulsed electric fields (PEFs) are becoming more and more popular in different applications in processing ag-
ricultural products. The PEF technology is based on the application of high voltage short pulses that allow electropora-
tion in the cell membranes. This review outlines the PEF applications used in processing sugar beets. New perspective 
technologies of the cold or warm aqueous extraction of sugar, cold pressing of sugar beet cossettes, and combined 
pressing-diffusion process are discussed. Electroporation devices for pilot and industrial applications in the sugar beet 
industry are also presented.
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The sugar beet (Beta vulgaris) is a very important ag-
ricultural crop in many countries in the world (Steva-
nato et al. 2019). It can be grown successfully outside 
tropical regions, and currently, it  contributes more 
than 20% of  the world's sugar production (the rest 
is produced from sugar cane; Saccharum hybrids L.). 
The sugar beet root contains ≈17.5% of  sugar, ≈75% 
of  water, ≈5% of  insoluble solids (pectin, cellulose, 
hemicellulose, etc.), and ≈2.5% of  minerals, as  well 
as nitrogenous and non-nitrogenous substances (Fig-
ure 1) (van der Poel et al. 1998; Zicari et al. 2019).

The extraction method for obtaining sugar 
from sugar beets was firstly suggested by the German 
chemist Marggraf (1747). Conventional sugar produc-
tion from the sugar beet is  rather conservative and 
is based on aqueous extraction and juice purification 
processes (Figure 2) (McGinnis 1982; Asadi  2006; 
Schiweck et al. 2012). The aqueous extraction meth-
od utilises the hot water diffusion/extraction of sug-
ar from sliced cossettes (i.e.  long grated particles) 
at 70–75 °C. The hot water is slightly acidified water 
having a  pH of  about 5.5 to  5.8. In  diffusers, the 
cossettes and hot water flow in  opposite directions 

(counter-current exchange). Typically, the diffusion 
process (to  pass the cossettes through  the diffuser) 
is time-consuming (≈90 min) as well as energy-con-
suming. For the juice purification, liming (addition 
of calcium hydroxide) is used. For the lime precipita-
tion, carbonisation is used (carbon dioxide is bubbled 
through the sugar solution). Finally, the juice is  fil-
tered, demineralised, and concentrated via evapora-
tion and vacuum pans and is fed to crystallisers.

Hoverer, the conventional technique of sugar pro-
duction from sugar beets has many disadvantages 
related to the long extraction time, high power con-
sumption, complexity of the purification procedures 
and related environmental problems. The conven-
tional lime-carbonic purification method is  rath-
er complex. The purification operation is  multi-
staged with several liming and carbonisation steps. 
This process is  accompanied by  the consumption 
of a large quantity of lime (up to about 2.5% of the 
total weight of the processed sugar beets).

Typical by-products of  the conventional tech-
niques are a fibrous sugar beet pulp (≈70%), molas-
ses or  vinasse (concentrated impurities from the 
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sugar refining) (≈10%), and sugar beet tails (2–6%). 
Filter cakes rejected after the juice purification 
present an  important environmental problem. The 
pressed and dried pulp (flakes or  pellets) and mo-
lasses are traditionally used for animal feed. The 
molasses and beet tails can be  used for fermenta-
tive biofuel and ethanol production, and the sugar 
crop residue is  also suitable for biogas production 
(Zicari et al. 2019). The pectin from the beet pulp, 
as  excellent gelling, thickening and emulsifying 
agents (Pacheco et al. 2019; Jafarzadeh-Moghaddam 
et al. 2021), and phenols, anthocyanins, and antioxi-
dants from the beet molasses have also been demon-
strated to have useful applications (Chen et al. 2015).

In recent decades, different pulsed electrotechnolo-
gies (moderate electric fields – MEF, pulsed electric 
fields – PEFs and high voltage electrical discharg-
es  –  HVEDs) have actively been used for assisting 
food processing operations (Arshad et al. 2020; Drag-
omir et al. 2020; Vorobiev and Lebovka 2020; Arshad 
et  al.  2021). Pulsed electrotechnologies assume the 
application of short duration pulses (from several ns 
to several ms) at a relatively high electric field strength, 
E (from 50–300  V·cm–1 to  10–50  kV·cm–1). For the 
MEF treatment mode at E ≤ 100 V·cm–1 and at certain 
pulse parameters (such as frequency, pulse width, and 
delay time), a significant minimisation of the electro-
chemical reactions on electrodes has been observed 
(Pataro et al. 2014). For non-thermal PEF treatment 
mode, selective damage to  the plasma membranes 
is  expected without significant damage to  the cell 
walls. In plant tissues, this mode can be realised at an 

electric field strength of E ≈200 V·cm–1 – 5 kV·cm–1 
and a  PEF treatment time within tPEF  ≈10−4–10−1 
seconds (Vorobiev and Lebovka 2020). Moreover, 
the combination of  MEF and PEF treatments al-
lows one to  obtain an  electro-processing synergy 
(Lebovka  2005; Praporscic  2005; Shynkaryk 2006; 
Lebovka  2007a). Particularly, such combined treat-
ments can be useful in applications for cooking foods 
(Blahovec et  al.  2017). The HVED treatment mode 
is typically applied at E = 40–60 V·cm–1 with a pulse 
duration of several microseconds. For this mode, the 
electrical breakdown of water, propagation of stream-
ers, shock waves, and cavitation of bubbles are typi-
cally observed. This mode can be useful in different 
bio-recovery applications (Li et al. 2019).

Application examples of  different pulsed electro-
technologies have been demonstrated for assisting 
in the extraction and recovery of bioactive compounds, 
dehydration, juice expression, cooling, freezing, thaw-
ing and crystallisation, drying and freeze-drying, and 
inactivation microorganisms and  enzymes (Voro-
biev and Lebovka 2020). Various electrotechnologies 
were also applied for the effective valorisation of food 
waste and by-products (Arshad et al. 2021), bioetha-
nol/biogas production (Kovačić et al. 2021), and the 
extraction of valuable compounds from microorgan-
isms (Martínez et al. 2020).

This review focuses on the current status of applica-
tions of pulsed electrotechnologies, and, in particu-
lar, PEF treatments in processing sugar beets. A short 
overview of  the electroporation phenomenon, the 
basic principles of  pulsed electrotreatments, the ef-
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Figure 1. Composition 
of the root of the sugar 
beet (wet basis) (van der 
Poel et  al. 1998; Zicari 
et al. 2019)
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fects of electroporation in sugar beets, the application 
of electrofusion for sugar beet plant genetic transfor-
mation and gene expression, different extraction and 
expression operation variants assisted by PEF and ex-
amples of existing laboratory- and pilot-scale equip-
ment are provided. Finally, the conclusions together 
with future perspectives and challenges are outlined.

PULSED TREATMENT AND 
ELECTROPORATION EFFECTS 
IN SUGAR BEETS

Basic principles of  pulsed electrotreatments. 
Pulsed electrotreatments are aimed at the non-ther-
mal processing of sugar beet tissue without signifi-
cant ohmic heating. Numerous experiments have 
shown that PEF processing allows one to  achieve 
significant electroporation (piercing, perforation 
or electropermeabilisation) of the cytoplasmic mem-
branes in plant cells (Kotnik et al. 2019). The extent 
of the electroporation in plant materials may depend 
on the size of the cells, their orientation and spatial 
distribution in  space, electro-physical properties, 
pH  of  the media, and presence of  air and osmotic 
agents, etc. The permeability of  the membrane can 
be  loosed either temporarily or  permanently, and 
resealing the membranes to the initial or a modified 

state is possible with reversible electroporation (Kot-
nik et  al.  2019). Typically,  the electroporation 
of  membranes is  not accompanied by  significant 
damage to the tissue matrix and, in special experi-
mental conditions, the electroporation of sugar beet 
tissue can also be  observed using a  moderate PEF 
treatment at E < 100 V·cm–1 (Lebovka et al. 2007b).

PEF generators include a power source, capacitors, 
inductance coils, resistors, and quick switches. Such 
generators can provide monopolar or bipolar pulses 
of rectangular, exponential decay or damped oscil-
lating  shapes (Vorobiev and Lebovka 2020). Bipo-
lar pulses seem to  be more advantageous as  they 
demonstrate better electroporation efficiency, offer 
minimum energy consumption with reduced disso-
lution of the electrodes, and decreased electrolysis. 
Generators with rectangular pulses are more expen-
sive than the generators with an exponential pulse 
shape, but they provide better control of treatment 
protocols in laboratory experiments.

The main electrotreatment variables are the elec-
tric field strength (E), the total treatment time, 
(tPEF), and the total specific energy (energy in-
put – W), (Arshad et al. 2020; Dragomir et al. 2020; 
Tylewicz 2020). The effective membrane disintegra-
tion in plant cells requires a  relatively low specific 
energy input (W ≈1–15 kJ·kg–1). Different treatment 
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Figure 2. Schematic illus-
tration of  the conven-
tional industrial process 
of sugar production from 
sugar beets (McGin-
nis  1982; van der Poel 
et al. 1998; Asadi 2006; 
Schiweck et al. 2012)
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chambers for both batch and continuous processing 
have been developed. In  laboratory-scale experi-
ments, the batch plate-to-plate electrode geometries 
with a  maximally homogeneous electric field are 
preferred. In pilot scale and industrial experiments, 
continuous flow chambers with parallel plates, and 
coaxial and collinear cylinder geometries are com-
monly used (Raso et al. 2016).

ELECTROPORATION OF  SUGAR BEETS

For the estimation of  the tissue electroporation 
degree, different methods can be used, e.g. electrical 
conductivity, electrokinetic, textural, acoustic, dif-
fusion, image analyses, tomography, and dye uptake 
techniques (Vorobiev and Lebovka 2020). The sugar 
beet was used in the pioneering works of Zagorul'ko 
to  study the effects of an electric treatment on  the 
vegetable's tissue (Zagorul'ko and Myl'kov 1953; 
Zagorul'ko 1957). For better regulation of the treat-
ment efficiency and in  order to  avoid ohmic heat-
ing, a  PEF treatment was applied. The first PEF 
generator produced exponential pulses with a  du-
ration of  20  µs and with an  electric field strength 
up to  E  = 20  kV·cm–1. The observed effects were 
explained by  the selective injury (puncture) of  the 
plasmatic membrane shells without any noticeable 
heating of surrounding medium. This phenomenon 
was called as  electroplasmolysis. Reversible (or un-
finished) electroplasmolysis has also been observed 

with relatively small electric fields (at E < 400 V·cm–1). 
The level of electroplasmolysis (disintegration index) 
was characterised from the measurements of  the 
electrical resistivity of the sugar beet tissue. The elec-
trical potential on  the plasmatic shells (transmem-
brane potential) required for the electroplasmolysis 
of  the sugar beet was estimated to be um= 0.953 V 
(Zagorul'ko and Myl'kov 1953). Moreover, the es-
timated energy consumption was relatively low, 
W ≈4–5 kJ·kg–1 (Zagorul'ko 1957). Particularly, em-
pirical relationships were proposed to  estimate the 
disintegration degree of the sugar beet as a function 
of electric field strength and treatment time.

Nowadays, a  very popular method for estima-
tion of  the level of  sugar beet tissue electropora-
tion is based on  the measurement of  the electrical 
conductivity σ (Vorobiev and Lebovka 2020). In the 
so-called low-frequency technique, the electrical 
conductivity is measured at the low frequency at the 
boundary between the α- and β-dispersion ranges, 
f ≈1–10 kHz. With an increase in the PEF treatment 
tPEF time, the value of  σ increases from σi (intact 
or  untreated tissue) and saturates at  a  long treat-
ment time at some level σd that corresponds to the 
conductivity of the completely disintegrated tissue.

The damage degree (or disintegration index) was 
defined as in Equation (1) (Lebovka et al. 2007a):
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Figure 3. Damage degree Z versus the 
treatment time tt for sugar beet tis-
sues

PEF treatments were performed 
in near-isothermal conditions at dif-
ferent temperatures T and at a fixed 
electric field strength E = 100 V·cm–1 
(open symbols, tt = tPEF). The thermal 
treatment alone (E = 0 V·cm–1) was 
performed at T = 60 °C (filled squares). 
Error bars are the standard deviation 
(compiled from Lebovka et al. 2007a)
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Figure 3 shows typical changes of the damage de-
gree Z versus the treatment time (tt) for sugar beet 
tissues. The value of Z increased during the PEF treat-
ment, and the effects were more pronounced at  el-
evated temperatures. The value of  Z also increased 
for thermal treatment even in  the case when a PEF 
was not applied. Moreover, it was demonstrated that 
a significant amount of electroporation of the sugar 
beet tissue can be observed even during a moderate 
PEF treatment with a field strength under 100 V·cm–1, 
heating temperatures 50–60 °C and treatment times 
below 100 seconds (Lebovka et al. 2007b). The energy 
consumption during such treatments was mainly re-
lated to the temperature elevation by ohmic heating.

In early studies, the electroporation degree of sug-
ar beet cells and protoplasts (plant cells lacking a cell 
wall) was determined by using the dye uptake tech-
nique (Lindsey and Jones 1987a). This technique was 
successfully applied to  study electroporation after 
PEF treatments at  different field strengths, num-
ber of pulses and pulse duration. The accumulation 
of the hydrophilic dye phenosafranine was also stud-
ied. The percentage of  stained protoplasts of  sugar 
beet suspension cells was evaluated at various elec-
trical conditions (Joersbo et al. 1990), and an empiri-
cal equation for the correlation between the electro-
poration efficiency, electric field strength and pulse 
duration was proposed. It was suggested that the effi-
ciency of the electroporation is closely related to the 
PEF energy delivered to the protoplasts.

The correlation between the level of electropora-
tion and the textural properties of  the sugar beet 
tissue was recently analysed (Rezaei et  al. 2018). 
Stress–relaxation tests were performed and the vis-
coelastic parameters were estimated as  a  function 
of  the cell disintegration index. The data were ex-
plained by accounting for the loss of turgor compo-
nent of the sugar beet texture.

GENETIC TRANSFORMATIONS 
ASSISTED BY  ELECTROPORATION

The production of  sugar beet transgenic crops 
with increased tolerance to  herbicides, salts, 
drought and fungi, increased resistance to  dis-
eases is  very important. The production of  such 
crops is  also needed to  maintain the competi-
tiveness of  the sugar beet industry (Joersbo 2007; 
Gurel et  al. 2008). Electroporation and electrofu-
sion applications for the genetic transformation 
of sugar beets started in the mid-1980s. The direct 

transfer of foreign DNA in electroporated (rectan-
gular pulses, E up  to 255 V·cm–1) protoplasts and 
intact cells of  sugar beets was studied (Lindsey 
and Jones 1987b; Eady et al. 1988). In these works, 
the first successful example of  direct gene trans-
fer in protoplasts was demonstrated. It was shown 
that mesophyll protoplasts were more susceptible 
to  damage by  electroporation than cell suspen-
sion protoplasts. The combination of  chemical 
and electrical permeabilisation treatments was 
more effective than the application of the permea-
bilisation treatments alone (Lindsey et  al. 1988). 
An  improved PEF assisted protocol was reported 
to attain stable transformation, integration and ex-
pression of selectable foreign genes in the culture 
protoplasts of sugar beets (Lindsey and Jones 1989; 
Lindsey and Jones 1990). It  was speculated that 
the obtained data can be useful for the production 
of  transformed whole sugar beet plants. The effi-
ciency of the electroporation of sugar beets and the 
direct gene transfer to plant protoplasts were stud-
ied at E = 70–630 V·cm–1 using alternate, rectangu-
lar and exponentially decaying pulses (Joersbo and 
Brunstedt 1990a). It was demonstrated that a very 
cheap and easy to-use electroporator can be  ef-
fectively used for the direct gene transfer. A  sig-
nificant stimulation of  the protein synthesis (up 
to  240%) in  electroporated sugar beet protoplasts 
was demonstrated (Joersbo and Brunstedt 1990b).

Electroporation was then used in  many works 
to  introduce a variety of exogenous molecules into 
sugar beet cells, gene transfer, and it has important 
applications in agriculture (Hall et al. 1994; Joersbo 
and Brunstedt 1996). Different transformation strat-
egies assisted by  electroporation, sonication, so-
matic hybridisation, and polyethylene glycol (PEG)-
mediated have been attempted (Gurel et  al. 2008; 
Rivera et al. 2012; Lal and Lal 2020). Recently, elec-
trofusion of mesophyll protoplasts from two sugar 
beet varieties through the production of somatic hy-
brids was attempted (Al-Nema and Mozahim 2020). 
It  was  speculated that the somatic hybridisation 
technique can be useful for the production of sugar 
beet plants with a high sugar content.

EXTRACTION OF SUGAR

During the last few decades, different electropo-
ration-assisted experiments with sugar beets aimed 
at  the possibility of  replacing or modifying the ex-
isting sugar technology, were performed. For sugar 
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extraction, different electroporation assisted ap-
proaches were tested:

•	 extraction by diffusion using cold (20–30 °C) 
or moderately heated water (up to 60 °C)

•	 extraction by pressing (expression);
•	 combined pressing-diffusion extraction;
•	 extraction by diffusion.
Different studies on the effects of alternating cur-

rent (AC) and direct current (DC) electric fields 
on the sugar extraction from sugar beets were per-
formed in the 1980s–1990s. These studies elucidat-
ed upon many interesting phenomena attractive for 
practical applications (Karpovich et al. 1981; Bazhal 
et al. 1983; Katroha et al. 1984; Kupchik et al. 1987; 
Dolinskaya et al. 1992).

Detailed studies on the PEF-assisted enhancement 
of sugar diffusion from sugar beet tissues were started 
in the 2000s. Particularly, the kinetics of diffusion ex-
traction from electroporated (E = 235–1 180 V·cm–1) 
sugar beet disks and cossettes has been studied 
in details (El-Belghiti et al. 2005b). The process was 
performed at an ambient temperature and continu-
ous stirring. The extraction kinetics were described 
by a two-exponential kinetic model. The initial pe-
riod of rapid extraction was explained by the forma-
tion of a  thin layer of  juice on the surface of sugar 
beet tissue immediately after the PEF treatment. The 
following prolonged period was explained by the dif-
fusion of solutes from the interior of the sugar beet 
tissue. The mild heating conditions permitted an in-
crease in the diffusion coefficient and the enhance-
ment of the extraction rate from the electroporated 
tissue. A noticeable improvement in the juice qual-
ity (lower coloration, higher purity) was observed 
at optimal PEF parameters (El-Belghiti et al. 2005b).

The centrifugal aqueous extraction from electro-
porated (E = 670 V·cm–1 and 940 V·cm–1) sugar beet 
tissues (disk samples and cossettes) was investigated 
at an ambient temperature (El-Belghiti et al. 2005a). 
The centrifugal field significantly enhanced the kinet-
ics of the extraction from the electroporated samples. 
The implementation of  four consecutive centrifu-
gal steps permitted one to obtain a 97% sugar yield. 
Two-exponential extraction kinetics with a first rapid 
washing stage followed by a slow diffusion stage was 
observed. The impacts of  the PEF (E = 400 V·cm–1 
and tPEF = 0.1 s) and heating on  the sugar extrac-
tion from sugar beets were compared (Lebovka 
et  al.  2007a). Both the heating and PEF treatment 
accelerated the extraction kinetics. However, the pu-
rity of a "cold" juice obtained at 20 °C (P ≈96–97%) 

was noticeably higher for the electroporated samples 
when compared to that obtained at 70 °C for the un-
treated samples (Lebovka et al. 2007a).

The specific energy consumption needed for the 
thermal aqueous extraction from untreated cossettes 
at T ≈75 °C (156 J·g–1) was approximately 20 times 
higher than that required for "mild temperature" 
extraction at T ≈50 °C (8 J·g–1) from electroporated 
cossettes (Eshtiaghi and Maskooki 2009; Maskooki 
and Eshtiaghi 2011; Maskooki and Eshtiaghi 2012).

A scale-up study of PEF-assisted aqueous extraction 
from sugar beet cossettes was conducted in  a  pilot 
counter-current extractor with 14 extraction sections 
(Loginova et al. 2011b). The electric field strength was 
E = 100–600 V·cm–1, the total time of the PEF treat-
ment was tPEF = 50 ms, the extraction temperature 
was T = 30–70 °C, and the draught was 120–90%. The 
experiments evidenced that a  combination of  mild 
heating (for example, at 50 °C) and a PEF treatment 
can be useful for shortening the diffusion time. It was 
also shown that the juice extracted in the "cold" mode 
without heating is  less coloured  and purer in  com-
parison to the juice derived using industrial thermal 
diffusion (Loginov et al. 2011; Loginova et al. 2011a; 
Loginova et al. 2012). The optimal values of the elec-
tric field intensity E were dependent upon the tem-
perature: E = 600 V·cm–1 (at 30 °C) and E = 260 V·cm–1 
(at 60  °C). It was speculated that this approach can 
simplify (or even eliminate) the very complicated and 
polluting carbonic purification process. The "cold" 
extraction resulted in a lower concentration of colloi-
dal impurities (the obtained pulp was richer in pec-
tin), lower colouration and better filterability of juice.

The value of the draught can be decreased from 120% 
to 100%, or even to 90%, for the mild temperature ex-
traction from PEF treated cossettes. Table 1 presents 
the characteristics of the extracted juices.

In other experiments, the kinetics of  sucrose 
extraction from electroporated sugar beets 
(E  =  1–7  kV·cm–1 and tPEF = 40–100  μs) was stud-
ied at  different temperatures (20–70  °C) (Lopez 
et  al.  2009). The sucrose yield increased with the 
field strength, time of  extraction and tempera-
ture. The effects of the PEF were significant for low 
temperatures. The PEF treatment at E = 7 kV·cm–1 
and a specific energy input W = 3.9 kJ·kg–1 allowed 
one to reduce the extraction temperature from 70 °C 
to 40 °C for 80%-sucrose extraction over 60 minutes.

The problems of  energy optimisation in  the ex-
traction of sugar from sugar beets were recently dis-
cussed (Salehi and Omidvari 2016). The results of the 
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statistical analysis evidenced a significant decrease 
in the temperature, time and energy consumption 
of the PEF treatment compared to the thermal treat-
ment with the same extraction yields. The compari-
son of the efficiency of electric, thermal and com-
bined treatments on  solid-liquid extraction from 
sugar beets was recently presented (Ben-Ali 2018). 
PEF treatments at  E  = 150, 250 and  750  V·cm–1 
were applied as a pre-treatment and an intermedi-
ate treatment during the extraction process, with 
temperatures in a range of T = 25–60 °C. The com-
bined PEF treatment at moderate temperatures was 
shown to  be the best in  terms of  the energy con-
sumption. The energy saving diffusion at moderate 
temperatures (T  =  35–50  °C) from electroporated 
sugar beet cossettes may also be attractive for the 
optimisation of pressed pulp drying (Figure 2) (Na-
kthong and Eshtiaghi 2020).

Extraction by pressing. In pioneering works, dif-
ferent multi-step pressing procedures were applied 
to  extract sucrose from electroporated cossettes 
of sugar beets (Bouzrara and Vorobiev 2000; Eshti-
aghi and Knorr 2002). The efficiency of cold pressing 
at p = 5 bars of electroporated (E = 215–427 V·cm–1) 
sugar beet cossettes has been studied (Bouzrara 
and Vorobiev 2000). The multi-step process com-
bined a first pressing stage without a PEF application 
with  a  juice yield of  ≈19.1% and a  second pressing 
stage of electroporated cossettes. A total juice yield 
of  43%, 68% and 79% was attained for the corre-
sponding electric field strengths of E = 215 V·cm–1, 
300  V·cm–1 and 427  V·cm–1, respectively. Thus, 

a  combination of  pressing and a  PEF treatment al-
lowed a significant increase in the juice yield. More-
over, the juice obtained after the 2nd pressing step 
from the electroporated cossettes was noticeably less 
coloured when compared to the juice obtained from 
the untreated cossettes. For example, cold juices, ex-
pressed from the electroporated sample had a higher 
purity (95~98%) compared to those before a PEF ap-
plication (90~93%) (Bouzrara and Vorobiev 2000).

In another experiment, different multi-step press-
ing procedures (one-step, two-step and three step) 
were applied to electroporated sugar beet cossettes 
(E  =  1.2–2.5  kV·cm–1) with the addition of  wa-
ter at  different stages (Eshtiaghi and Knorr 2002). 
The three-step pressing-extraction at  20 bars re-
quired ≈30 min for the PEF-treated cossettes com-
pared to ≈70 min extraction needed for the untreat-
ed cossettes in  the conventional thermal process. 
It provided a significant reduction in the energy re-
quirement during the dehydration of the extracted 
cossettes (Eshtiaghi and Knorr 2002). The efficiency 
of "cold" pressing of the PEF-treated sugar beet cos-
settes was discussed.

The "cold" pressing process using a  pilot scale 
multi-plate and frame pressing equipment (pres-
sure of 5–15 bars) was realised to extract the juice 
from electroporated sugar beet cossettes (Je-
mai and Vorobiev 2003). The chamber consisted 
of  a plate covered by filter cloth and a  supporting 
flexible electrode (metallic grid) on  one side and 
a rigid electrode on the other side. It was manually 
filled with grated cossettes. The process included 
two initial pressing steps with an intermediate PEF 
treatment followed by  one or  more washing steps 
and final pulp pressing. The purity of the 1st press-
ing juice was lower (90–93%) than the purity of the 
2nd pressing juice obtained after the PEF applica-
tion (96–98%) (Jemai and Vorobiev 2003). In addi-
tion, significant amounts of potassium, sodium and 
a-amino nitrogen were found to remain in the elec-
troporated particles. The application of  washing 
and final pressing operations allowed one to reduce 
the sugar losses in the pulp to about 3% of the initial 
sugar content. Additionally, the quantity of pectin 
was noticeably lower and the colour of the juice was 
systematically 3 to  4 times less intensive than the 
colour of factory juices (Jemai and Vorobiev 2006).

A  similar two step pressing procedure 
at  p  =  9.254  bars was applied at  ambient con-
ditions to  extract juice from electroporated 
(E = 0.52–1.52 kV·cm–1) sugar beet cossettes (Gjörek 

Table 1. Effects of electroporation and extraction tem-
perature (T), on the characteristics of sugar beet juices

Characteristics

Temperature of extraction

50 °C, electropo-
rated cossettes

70 °C, untreated 
cossettes

°Brix (%) 14.55 ± 0.07 14.8 ± 0.1

Sucrose (%) 13.58 ± 0.09 13.74 ± 0.08

Colloids (%) 0.112 ± 0.026 0.215 ± 0.029

Pectin (%) 0.0069 ± 0.0001 0.139 ± 0.030

Proteins (%) 0.0544 ± 0.0004 0.0565 ± 0.0017

Purity (%) 93.30 ± 0.26 92.54 ± 0.28

The PEF treatment of sugar beet cossettes was undertaken 
at E = 600 V·cm–1 using 500 monopolar pulses of a near-
rectangular shape with a pulse duration of ti = 100 µs and 
a pulse repetition rate of f = 200 Hz (Loginov et al. 2011; 
Loginova et al. 2011a; Loginova et al. 2012)
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et al. 2016). The duration of the 1st period was 5 min 
then a PEF treatment was applied and the duration 
of  the 2nd period was 25  minutes. The PEF treat-
ment allowed one to significantly increase the maxi-
mum juice yield from 30.64% (untreated samples) 
to 80.32% (electroporated samples).

The effects of  the combined ohmic heat-
ing (OH, 60  V·cm–1, 50  Hz) and PEF treatment 
(E = 600 V·cm–1, tPEF = 0.04 s) on pressing of sugar 
beet cossettes in a vertical filter-press chamber were 
studied (Praporscic et al. 2005). The initial tempera-
ture (T = 30–70 °C) was adjusted using OH and then 
the PEF treatment was applied. The results demon-
strated the synergy of the combined OH + PEF treat-
ments, leading to 85–87% juice extraction.

Filtration-consolidation behaviours during solid-
liquid expression from untreated, electroporated and 
freeze-thawed sugar beet tissues were compared 
(Grimi et  al. 2010). The electroporated and freeze-
thaw tissues demonstrated two consolidation stages 
of expression (primary and secondary). A simplified 
semi-empirical consolidation model was proposed 
to describe the expression behaviour and to estimate 
the consolidation coefficients under different pres-
sures. The filtration diffusivity and expression be-
haviour of thermally pre-treated (at T = 50 and 70 °C) 
and electroporated (E = 600  V·cm–1, tPEF  =  10  ms) 
sugar beet tissues have been studied at  constant 
pressure p = 5 bar (Mhemdi et  al. 2012). Disk-like 
sample and cossettes were investigated. The con-
solidation coefficients that characterise the filtration 
diffusivity were estimated for different samples. The 
effects of different variants of the combined thermal 
and PEF treatments (E = 600 V·cm–1, tPEF = 10 ms and 
T = 20 °C) on the filtration-consolidation and solid-
liquid expression for sugar beet disks and cossettes 
have been studied in details. For the untreated sugar 
beets, the pressure-induced rupture of the cells oc-
curred under a pressure above 60 bars. It was dem-
onstrated that after the sugar beet tissue treatment 
by heat (at 70  °C), PEF, and the combined (thermal 
and PEF) pre-treatments,  the solid-liquid expres-
sion at p = 5 bars followed the filtration-consolidation 
behaviours for both the disk sample and cossettes.

The extraction by  pressure was applied to  pro-
duce a fermentable juice from electroporated sugar 
beet tails (Almohammed et al. 2016a). The process 
consisted of  a  PEF treatment of  sliced sugar beet 
tails (E = 450 V·cm–1, tPEF = 10 ms and specific en-
ergy input W = 6.9 J·g–1), the pressing of electropor-
ated tails and batch fermentation of the recovered 

juice for bioethanol production. The PEF treatment 
resulted in a significant increase in the yield of the 
solutes (from 16.8% to  79.85%), sucrose content 
(from  4.5  °S to  8.9 °S) and dryness of  the pressed 
cake  (from 15% to  24%) in  comparison to  the un-
treated tails. The batch fermentation and distil-
lation of  the juice from the electroporated sample 
allowed an  increase in  the ethanol content in  the 
distillate (from 2.95% to 6.1% v/v).

Combined pressing-diffusion. In the combined 
pressing-diffusion technique, the juice from elec-
troporated sugar beet cossettes (E = 600  V·cm–1 
and tPEF  = 10 ms) was expressed by  rapid press-
ing (for 4 min at p = 5 bar and T = 20 °C) and then 
the residual sucrose from the press-cake was ex-
tracted by  diffusion (Mhemdi et  al. 2012). Both 
juices were then mixed and the exhausted pulp was 
pressed. The mixed juice had better characteristics 
when compared to  the characteristics of  the con-
ventional juice obtained by diffusion at 70 °C. It was 
more concentrated in  sucrose, less coloured and 
purer. The direct pressing of  cossettes allowed the 
expression of 50% of the undiluted juice (Brix 21.2%). 
The cossettes were better exhausted and the sucrose 
losses in pulp were reduced from 1.2% to 0.8%.

Later on, a  more complicated combined press-
ing-diffusion technology was realised (Mhemdi 
et al. 2016). Sugar beet cossettes were first electro-
porated (E = 600  V·cm–1, tPEF = 10  ms), then they 
were pressed at p = 5 bars and T = 20 °C for 4 min, 
and afterward the pressed pulp was loaded to  the 
perforated baskets of the laboratory counter-current 
extractor (Mhemdi et al. 2016). Extraction tempera-
ture was fixed at  70  °C. Finally, the diffusion  juice 
was mixed with the pressing juice and the earlier 
exhausted pulp in the extractor was subjected to the 
pressing at p =5 bars. The results were compared with 
those obtained after the diffusion of  the untreated 
cossettes using the same extractor at  the same ex-
traction temperature of 70 °C. It was demonstrated 
that the mixed juices obtained from the electropor-
ated cossettes by  cold pressing-diffusion technol-
ogy were 30% less coloured than the juice obtained 
by conventional diffusion at 70 °C from the untreated 
cossettes. Moreover, the purity of  the mixed juices 
(92.5–92.8%) was higher than that obtained by con-
ventional diffusion (91.8%).

Combined liming and ultrafiltration tech-
niques. It was demonstrated that the extraction from 
electroporated cossettes can be even more enhanced 
in  the presence of  lime (Arnold et  al. 2012; Fren-
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zel et al. 2012; Arnold et al. 2014). The sugar beets 
were limed directly during the slicing and diffusion 
was realised on the pilot counter-current extractor 
at the temperatures of 55–80 °C. The diffusion from 
the limed cossettes was effective even at T = 60 °C 
and the dryness of the pressed pulp obtained from 
the electroporated limed cossettes was higher on the 
10% absolutes than that obtained from the untreated 
and non-limed cossettes. Moreover, the juice purity 
was higher and its colouration was lower when the 
electroporated/limed cossettes were processed.

The impacts of the electroporation (E = 600 V·cm–1 
and tPEF = 10 ms) and preheating on the purification 
of the raw juices expressed from the sugar beet have 
been studied (Mhemdi et  al. 2014). Lime-carbon-
ation was used to  purify the raw expressed juices. 
The quality of  the cold juice obtained by  expres-
sion from PEF-treated cossettes (at T = 20 °C) was 
compared with that of the "thermal" juice obtained 
by expression from preheated cossettes (for 10 min 
at 80 °C). The filtration kinetics of the cold juice was 
faster than that of the "thermal" juice. Moreover, the 
purified cold juice was comparatively less coloured, 
less turbid and purer to the purified "thermal" juice.

The effects of  the multistage liming on  the qual-
ity of  the juice expressed from the electroporated 
(E  =  600 V·cm–1, tPEF = 7  ms) sugar beet cossettes 
have been studied (Mhemdi et  al. 2015). The cos-
settes  were PEF treated, pressed at  5 bars during 
15  min, and then the obtained juice was heated 
to 45 °C and subjected to a progressive pre-liming for 
30 minutes. The pre-limed juice was heated to 85 °C 
for the main liming with a different quantity of lime. 
Then the juice of  the 1st saturation (T  =  85  °C, 
pH  11.2)  was filtered at  T = 50  °C and p  =  1  bar, 
and the filtrate was subjected to  a  2nd saturation 
(T = 90 °C, pH 9.2). Afterwards, the juice of the 2nd 
saturation was also filtered. The data evidenced that 
the juice of the 1st saturation obtained from the elec-
troporated cossettes had better filtration properties 
than the juice of the 1st saturation obtained from the 
thermally treated cossettes (Mhemdi et al. 2015).

Application of  different combined PEF-lime im-
pregnation/extraction techniques for sugar beet 
cossettes has been discussed (Almohammed 
et al. 2016a). After the PEF treatment (for tPEF = 10 ms 
at E = 600 V·cm–1 and T = 12 °C), the cossettes were 
subjected to a double pressing with an intermediate 
lime impregnation (0.6 % g CaO per 100 g of fresh 
cossettes) by  soaking the compressed cossettes 
in the cold juice mixed with the lime. The combined 

PEF-lime impregnation technique allowed an  in-
crease in  the dryness of  the pulp (by 49.7%) and 
the juice yield (by 12% at 5 bars). The purity of the 
juice was higher (93.61% vs. 93.07%), its colouration 
was lower (by 39.7%), the concentration of the col-
loids was lower (by 28.7%), and the concentration 
of the proteins was lower (by 24.5%) when compared 
to the corresponding characteristics of the juice ob-
tained by the PEF and one-step pressing with liming.

The purification of  the juice expressed from the 
electroporated sugar beet cossettes was realised us-
ing dead-end ultrafiltration (Mhemdi et  al. 2014). 
The effects of  the electroporation and preheating 
on the qualitative characteristics of the juices have 
also been studied. A  three-step extraction process 
was applied to  obtain juice from electroporated 
(E   =  600  V·cm–1, tPEF  =  5–20  ms) sugar beet cos-
settes. Cossettes were electroporated at the temper-
atures T = 10 °C (cold), 20 °C, 50 °C, 60 °C, 70 °C, and 
80  °C (preheated); extraction of  the juice by press-
ing at p = 5 bars for 15 min was undertaken; finally, 
purification of the juice by dead-end ultrafiltration 
(membrane of 30 kDa) was realised.

The juice yields were Y = 66.5% at 20 °C for the elec-
troporated cossettes and Y  = 64% at  80  °C  for the 
untreated cossettes, i.e. they were comparable. How-
ever, the purity of the juice expressed at 20 °C (93.5%) 
was higher than that of  the preheated juice 
at 80 °C (92.3%). The purity of the membrane filtered 
juices previously expressed at 20  °C (96%) was also 
higher than that of preheated and membrane filtered 
juice (95.3%). In  addition, the quantity of  proteins 
and colloids in  the membrane filtered juice previ-
ously expressed at 20 °C was lower than that in the 
preheated and membrane filtered juice.

The juice expressed at 20 °C and p = 5 bars from 
the electroporated cossettes (E  =  600  V·cm–1, 
tPEF = 7 ms, T = 20 °C) can be easily purified by ul-
trafiltration (Mhemdi et  al. 2014). The juice ob-
tained from the electroporated cossettes was ini-
tially centrifuged (4 000 RPM for 15 min) to remove 
any suspended particles, and then the clarified 
juice was ultrafiltered at T = 20 °C and p = 2 bars. 
Polyether sulfone (PES) membranes with pore sizes 
of 30 kDa were used. The obtained filtrates demon-
strated higher purity, lower colouration, and con-
tained less colloids and proteins than the filtrate 
of the juice expressed from the preheated at 80 °C 
cossettes.

The purity of the sugar beet juice obtained by the 
PEF-assisted pressing can be  noticeably increased 
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(from 93.6 ± 0.5% to  96.4 ± 0.8% by  the dead-
end ultrafiltration with 10  kDa membrane (Zhu 
et al. 2015). A higher ultrafiltration rate and better 
juice purity were obtained from the electroporated 
cossettes using a dynamic filter with a rotating disk.

Different multistep cold pressing techniques 
were applied for the electroporated sugar beet cos-
settes (Almohammed et  al. 2015; Almohammed 
et  al.  2016a; Almohammed et  al. 2016b; Almoham-
med et al. 2017a; Almohammed et al. 2017b). The first 
pressing was undertaken at p = 15 bars. The 1st pulp 
was then impregnated by lime milk at T = 10 °C. After 
liming, the 1st pressed pulp was subjected to a 2nd, 3rd 
and 4th pressing with the addition of water. All the juic-
es were mixed to obtain a mixed juice. The properties 
of this mixed juice were compared with the properties 
of the diffusion juice obtained from scalded cossettes. 
The mixed juice demonstrated a  higher °Brix (18% 
instead of  14.5% for scalded cossettes), was purer 
(93.16% instead of 91.62%), contained a lower quan-
tity of  colloids (9.94  mg·g–1 instead of  17.66  mg·g–1 
of  soluble matter), and a  lower quantity of  proteins 
(0.92  mg·g–1 instead of  2.08  mg·g–1 of  soluble mat-
ter), and it was less coloured. The filtration properties 
of the juice of the 1st saturation were significantly im-
proved when the expression from the electroporated 
cossettes was performed with the lime addition. The 
purity of the thin juice obtained from electroporated 
and limed cossettes was approximately 95.5% when 
the total quantity of  the lime used for the purifica-
tion was equal to 6 kg CaO·m–3. It was higher than 
the purity of the thin juice obtained from the electro-
porated, but not that of  the limed cossettes (94.3%) 
using the same total quantity of lime (Almohammed 
et al. 2017a; Almohammed et al. 2017b).

MODIFICATION OF SUGAR BEET PULP 
PECTIN

The effects of  the PEF on the modification of the 
pectin presented in sugar beet pulp were studied (Ma 
et al. 2012; Ma and Wang 2013; Huang et al. 2018). The 
PEF treatment (E = 18–30 kV·cm–1 and tPEF = 806–
2  418 µs) allowed a  significant decrease in  the de-
gree of esterification, molecular weight and particle 
size of the pectin (Ma et al. 2012). The PEF-assisted 
modification of the pectin with arachidic anhydride 
were investigated under solvent free conditions (Ma 
and Wang 2013). The PEF treatment significantly af-
fected the properties of  the pectin derivatives and 
increased the thermostability.

PRODUCERS OF  EQUIPMENT, PATENTS 
AND COMMERCIAL APPLICATIONS

Producers of  equipment. Nowadays, commer-
cial-scale pulse generators and treatment devices 
are being developed and tested for different food 
applications (Vorobiev and Lebovka 2020). For 
example, large-scale systems for the treatment 
of sugar beets, apple mash, microalgae, yeast, seed 
samples have been fabricated by Basis EP (France). 
High voltage and high-power pulse PEF commer-
cial systems for large-scale biomass processing 
are produced by  Diversified Technologies (DTI) 
Inc. (USA). Different large- and small-scale PEF 
equipment and generators suitable for the treat-
ment of vegetable materials (the cassava, the taro, 
carrots, potatoes and sweet potatoes, red beets 
and parsnips) are produced by  Elea (Germany). 
Special PEF systems for the treatment of potatoes 
in  the production of  French fries and crisps have 
been fabricated by  Pulsemaster, the Netherlands. 
A PEF pilot system for a grape mash treatment has 
been fabricated by  Beta-tech (France). PEF treat-
ment systems for the processing of  potatoes and 
olives are being developed by Scandinova Systems 
AB (Sweden). Pilot scale generators and treatment 
machines have been designed and fabricated by the 
Institute of  Pulsed Power of  Karlsruhe Institute 
of  Technology (KIT). Special PEF machines for 
extraction purposes in  the batch and continuous 
modes have been fabricated by  Vitave (Germany) 
and by Wek-Tec e.K. (Germany).

Patents. Table 2 presents some representative pat-
ents that have been issued during the last two dec-
ades. These inventions were related to the innovative 
methods and techniques for treating sugar beets, ex-
traction of juices from the beet, different electropo-
ration devices, and electroporation reactor systems.

Industrial scale devices. At the beginning of the 
2000s, commercial pulsed power applications for 
food applications became increasingly significant 
(Loeffler 2002). Probably, the first mobile electro-
poration test device KEA (Karlsruher Elektropora-
tions Anlage) was constructed for the treatment 
of  sugar beets (Schultheiss et  al. 2001; Schulthe-
iss et al. 2002; Schultheiss et al. 2003). The device 
construction was based on the high repetition rate 
of the Karlsruhe Marx generator (300 kV) with the 
possibility of  treating both whole sugar beets and 
cossettes. The reactor chamber volume was about 
7 litres. The temperature increase of the tissue dur-
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Table 2. Some patents related to the application of PEFs for assisting the processing of sugar beets

Patent 
Date of publication Title and reference Current assignee

EP1086253B1
Jan 28, 2004

Process for treating sugar beets 
(Eshtiaghi and Knorr 2004) Eridania Beghin Say SA

FR2805199B1
June 21, 2002

Method for extracting liquid from a cellular material, and 
devices for carrying out said method 

(Vorobiev et al. 2002)
Association Gradient

DE10144479C2
Sep 4, 2003

Electroporation reactor for the continuous 
processing of lumpy products 
(Schultheiss and Kern 2003)

KEA-TEC GmbH 
Forschungszentrum 

Karlsruhe GmbH

CA2460569C
May 11, 2010

Electroporation reactor for continuously 
processing products in the form of pieces 

(Schultheiss and Kern 2010)

KEA-TEC GmbH 
Forschungszentrum 

Karlsruhe GmbH

DE102009011755A1
Sep 16, 2010

Electroporation reactor for pressured electroporation of 
biological commercial- and waste material as process mate-
rial in continuous process throughput, comprises two roller 
groups with a roller and a fluid permeable transport device 

(Berghöfer et al. 2010)

Karlsruher Institut 
für Technologie (KIT)

EP1751860B1
May 9, 2012

Device for the electroporation of biologically 
vegetable processing material 
(Sack and Schultheiss 2012)

Karlsruher Institut 
für Technologie (KIT)

CA2722522A1
Oct 29, 2009

Process and device for the electroporation 
of beet cossettes 

(Arnold et al. 2009)
Südzucker AG

US8163091B2
Apr 24, 2012

Extraction of ingredients such as sugar 
from biological material 

(Frenzel et al. 2012)
Südzucker AG

CA2570475C
May 1, 2012

Extraction of constituents from sugar beet chips 
(Arnold et al. 2012) Südzucker AG

US8691306B2
Apr 8, 2014

Process for the electroporation of beet cossettes and device 
for carrying out this process 

(Arnold et al. 2014)
Südzucker AG

PL2515686T3
Sep 7, 2020

Reactor system for electroporation 
(Arnold et al. 2020) Südzucker AG

FR2959399B1
Oct 12, 2012

Procede et installation de traitement des tissus vegetaux 
pour en extraire une substance vegetale, notamment un jus 

(Vidal and Vorobiev 2012)

Maguin SAS 
Comeca Power 

Université de Technologie 
de Compiegne (UTC) 

US20130202751A1
Aug 8, 2013

Method and apparatus for treating vegetable tissues in order 
to extract therefrom a vegetable substance, 

in particular a juice 
(Vidal and Vorobiev 2013)

Maguin SAS

EP3783115A1
Feb 24, 2021

Sugar beet juice production and processing 
(Poiesz and Daniëls 2021)

Cooperatie Koninklijke 
Cosun U.A.

WO2012066144A1
May 24, 2012

Method for extracting molecules of interest from all 
or part of a plant matrix 
(Lanoiselle et al. 2012)

Université de Technologie 
de Compiegne (UTC) 

Société Sofralab
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ing electroporation was less than 1 °C, and the spe-
cific energy input necessary for the reliable denatur-
ation of the sugar beet tissue was 2–3 kJ·kg–1. It was 
concluded that electroporation can replace the 
thermal denaturation of the sugar beet, it reduces 
energy cost and avoids the denaturing of vitamins, 
enzymes and proteins (Schultheiss et al. 2003).

Factory scaling problems were discussed (Schul-
theiss et al. 2002; Schultheiss et al. 2003). For the PEF 
treatment of sugar beets, an industrial machine with 
a throughput of 10 000 t·d–1 (115 kg·s–1) with a spe-
cial treatment chamber construction, special elec-
trode configuration and the possibility of simultane-
ously running several generators connected to one 
electroporation chamber are required. Moreover, 
important problems related to the treatment of the 
whole beet and the slicing step were also discussed.

Detailed laboratory experiments on  the electro-
poration efficiency of sugar beets have been carried 
out to optimise the operations of an industrial de-
vice (Sack et al. 2004), where the dependence of the 
electroporation efficiency on the beets' quality was 
discussed.

The operational experience of the industrial-scale 
device KEA-ZAR (Karlsruhe, Electroporation plant-
cell denaturation reactor) to daily treat several tonnes 
of  beets (operation in  the 2003 campaign) was de-
scribed (Bluhm et al. 2004; Schultheiss et al. 2004). 
The device included two 7-stage Marx generators 
(350 kV, 6 kA) with transportation of the whole roots 
by means of a roll through an electrode area. In order 
to  improve the energy-efficient processing, a  long-
term test of a triggered Marx-generator in repetitive 
operation was performed (Sack and Bluhm 2005).

The small-scale electroporation device KEA-
MOBIL (mobile Karlsruhe electroporation device) 
with a two-stage Marx generator was designed for 
a batch-wise throughput of 50 kg·h–1 and equipped 
with a combined electroporation reactor and press 
was presented in Sack et al. (2009).

An industrial pilot device with capacity at 10 t·h–1 
(Maguin,  Hazemeyer and UTC, France) was de-
veloped in  France and tested for cold extraction 
of juice from sugar beet cossettes (Vidal 2014; Vo-
robiev and Maishak 2018). The extracted cold juice 
was then ultra-filtered, concentrated by  evapo-
ration so  the sugar crystallisation could proceed. 
The ultra-filtered PEF juice had much lower colour 
in comparison to the traditional cleared thin juice. 
The PEF treated cossettes were pressed and the 
pulp rich in sucrose was used as animal feed.

The status of PEF applications for sugar beet elec-
troporation, different generator configurations, the 
technical requirements and perspectives for in-
dustrial-scale implementation have been reviewed 
in  different works (Bluhm and Sack 2009; Sack 
et al. 2010; Sack and Mueller 2016; Sack and Muel-
ler 2017). Electroporated sugar beets can be sliced 
with lower energy consumption, but additional 
sugar losses are induced. The scaled design of PEF 
treatment reactors for electroporation-assisted 
extraction processes for sugar beet tissue was dis-
cussed (Sack and Mueller 2016). For the effective 
electroporation of  sugar beets, a  specific energy 
amount in the order of 5 kJ·kg–1 was proposed. The 
PEF treatment protocols also influence any device's 
design. For example, the pulse shape, duration and 
pulse repetition rate may influence the electrode 
corrosion inside the treatment zone. For large-scale 
processing, a pulse repetition rate of approximately 
20 Hz was chosen as optimal. The electrode design 
for the energy efficient operation is also a very im-
portant point (Sack and Mueller 2017). The optimal 
design of systems with parallel-plate and collinear 
electrodes was analysed. For effective treatments, 
it is desirable to use electrodes with rounded edg-
es. A  non-pumpable lumpy material like sugar 
beets can be transported either by a conveyor belt 
or a wheel equipped with rods.

CONCLUSION

The analysis of  the current literature shows 
great interest in the electroporation phenomenon 
of plant foods and particularly in the electropora-
tion of  sugar beets. PEF treatments can be  used 
for the genetic transformation and production 
of  sugar beet transgenic crops with increased 
tolerance to  herbicides, salts, drought and fungi, 
and disease resistance. Assistance by  PEF allows 
one to  improve the diffusion, pressing, combined 
pressing-diffusion, liming and juice ultrafiltra-
tion processes. PEF treatments can be  integrated 
in  the green or  multistep extraction of  pure and 
high-quality biomolecules. During the last two 
decades, the essential steps have been completed 
for the industrial implementation of PEFs in sugar 
beet processing. The drawbacks of PEF techniques 
include the high capital investment, limiting the 
availability of  commercial units, and complexi-
ties in the contraction of large-scale design of PEF 
treatment reactors.
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