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Pulsed Electric Field (PEF) treatment
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Pulsed electric field (PEF) treatment is based on electroporation
Electroporation is caused by exposure of cells to electric fields (E)
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Pulse delivery
Short (~ us) & High voltage (kV) pulses

Kotnik, T. et al. Annu Rev Biophys 48, 63—91 (2019) doi:10.1146/annurev-biophys-052118-115451.


https://doi.org/10.1146/annurev-biophys-052118-115451

Pulsed Electric Field (PEF) treatment

Pulsed electric field (PEF) treatment is based on electroporation
Electroporation is caused by exposure of cells to electric fields (E)

Use: microbial inactivation (juices, milk, wine), extraction of valuable compounds
Advantage: non-thermal mechanism - better preservers sensory, nutritional and functional properties of food

PEF processed juice.

Pear Orange

f{f_@cr'r)' §_trawberry

R PEF processing is applied for extended shelf-life
and the juice is labeled as " fresh "

*Kempkes (2017), Handbook of Electroporation, Springer — Fig. 14

[- Goal: achieve sufficient exposure to electric field with minimal thermal damage } 3




Continuous-Flow PEF treatment chamber

A key component of the PEF treatment system is the treatment chamber, where the product is exposed to electrical pulses

Different PEF Treatment chamber designs

Parallel plate Coaxial Colinear Colinear treatment chamber
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Continuous-Flow PEF system
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Toepfl, S. et al. in Emerging Technologies for Food Processing 93—114 (Elsevier, 2014).



Continuous-flow PEF treatment parameters

“The electric field strength and the treatment time are the main process parameters that define the PEF treatment intensity.”

Raso, J. et al. Innovative Food Science & Emerging Technologies 37, 312-321 (2016)

Set parameters: Velocity distribution
- Amplitude of electric pulses Uo (~ kV) | e
« Pulse width/duration ty (~ us) Colinear chamber y
* Pulse repetition frequency f (~ Hz)
* Flow rate F (~ I/h) 1.2
1
Calculated/reported parameters: Treat
. Electric field h B U Assumes a volurme (‘;/") 0.8
Electric field strength as VDR E =~ VDR = d_el_"uniform field
0.6
* Number of pulses received by the product: n=f-t, "= Vir
r — 0.4
F
« Treatment time: tir =M -ty Avg. Residence time o2
 Total specific energy input: Wr =n - Wpyise o

Average values received by the product - can vary substantially depending
on the trajectory of specific cells or particles within the treatment chamber

|
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ldea: Evaluate E and T exposure for
iIndividual cells as they flow through the
chamber



Methods: Coupled Electro—thermal-flow model

Geometry & Materials Coupled Electro—thermal-flow model
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Stationary study

L Laminar Flow (spf) ‘

‘ Teflon holder

Time Dependent study u(x,y,2)

[ Heat Transfer in Solids and Fluids (ht) ]

«nll T

) : Treatment
Stainless :
steel 14 mm “I ’ Electric Currents (ec) ‘
electrodes : ]

Events (ev)

Two different approaches:

e ‘“Pulse resolved” method:
U=U(t) & Q(t) = o(T)E(t)?

» 0.18% NaCl
o(T) measured

*  “Duty cycle” method:
U=Up & Q = duty - 0E?; duty = ftpyse
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*run to thermal periodic steady state

L ¢ o o o s s s s s m s s mm s mm s m s Em s em s em e S e o e o e e e s e s e s e s = e 1

Validated against measured electric current and outlet temperature: Lombergar, P. et al. IFSET 93, 103628 (2024)



Methods: Particle tracing

Geometry & Materials Coupled Electro—thermal-flow model Cell-level exposureto E& T
a0 T R o L L T L T

Stationary study Time Dependent study

Particle Tracing for Fluid Flow (fpt)

[ Laminar Flow (spf) ]

Massless particles (St << 1)

Teflon holder
follow the streamlines exactly

Time Dependent study u(x,y,2)

Two release strategies:

* 5Srepresentative particles
volumetric flow percentiles: 0% (centerline),

E Heat Transfer in Solids and Fluids (ht) j

/ Treatment O'(T)l t Q(t) 50%, 75%, 90%, 99% (hugging the wall)
Stainless
« 10,000 particles
electrodes representative sample of the treated product
\ Events (ev) Release density « velocity magnitude

10 x 1,000 staggered across one pulse period

Two different approaches:

e ‘“Pulse resolved” method:
U=U(t) & Q(t) = o(T)E(t)?

*run until the slowest particle exits

LiveLink™ for MATLAB®
E(t) and T(t) extracted along every
trajectory for post-processing

» 0.18% NaCl
o(T) measured

*  “Duty cycle” method:
U= Uy & Q = duty - 0E?; duty = f - tyyse

=" volume (2.2 ml) :
steel 14 mm “I ' : { Electric Currents (ec) ]

*run to thermal periodic steady state

Validated against measured electric current and outlet temperature: Lombergar, P. et al. IFSET 93, 103628 (2024)



Exposure of particlesto E& T

Continuous-flow PEF protocol: Uo= 14 kV, F =2 I/h, t,=100 us, f=1Hz —{ n = 2 pulses received by the product

Velocity distribution Electric field distribution Temperature distribution
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Exposure of particlesto E& T

Continuous-flow PEF protocol: Uo= 14 kV, F =2 I/h, t,=100 us, f=1Hz —{ n = 2 pulses received by the product

Particle trajectories (flow percentiles):

50% 5% 90 % 99 % (wall) Electric field distribution Temperature distribution
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Duty cycle vs Pulse resolved approach

t,= 100 ps, f =1 Hz - n=2 Uo = 14 KkV, t,= 10 ps, f = 10 Hz - n=20
F=2Il/h
Particle trajectories (flow percentiles): ty = 200 us Particle trajectories (flow percentiles):
0 % (centre) 50% 75 % 90 % 99 % (wall) duty = 1e? 0 % (centre) 50% 75 % 90 % 99 % (wall)
70 - 1 | 1 70 . I 1 1
- - - Duty cycle - - - Duty cycle
60 | 60
— 50
O
" 40
30 T large fluctuations (> 8 °C) > ' _ small fluctuations >
' duty cycle can miss thermal damage ' ) duty cycle is sufficient
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Residence time distribution of treated product

‘ fully developed laminar pipe flow has a closed-form solution - so the tracked particles can be checked against theory. J

2 — 1 mean residence time:
gl : i(m I simulation | ool 1.89 s simulated
' i ~ - ~ analytical || ™ 1.98 s analytical
16} =08
=14} _ 07
> S
'E 1.2+ E 0.6 75%
] E .
°o 2 05 of the product is below
= 08} © 04} ean residence time 9
] =
8 06} 3 03}
o £
0.4+ 3 0.2r (t,)?
0.2} 0.1 Ft;) =1- 412
1
0 0 = —_ -
0 1 2 3 4 5 6 7 8 O 1 2 3 4 5 6 7 8 F({t;) =1 4 0.75

Residence time [s] Residence time [s] exact for any laminar pipe flow
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Exposure of the treated productto Eand T
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“Identical” PEF process parameters - different treatment
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Two “identical”’ protocols:
tq = 200 ps

« VDR =10 kV/cm

« W,=71kJ/kg

Maximum temperature:
100 ps, 1 Hz - a few % of product above 65 °C
10 ps, 10 Hz - none of product above 65 °C

A large fraction receives half the reported
field for half the reported time:

« 100 ps, 1 Hz ~ 44%

« 10 ps, 10 Hz ~ 28%

*Cumulative exposure time over kV/cm <125 us

Duty-cycle approximation:

« 10 ps, 10 Hz - matches the
pulse-resolved result

* 100 ps, 1 Hz - misses the hot
tail and the discrete steps
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Key findings

/ Particle-level exposure analysis \
4

Calculates exposures to E and T experienced
by actual particle or cell in the treated product

4

distribution of these exposures for entire product is a
direct measure of treatment homogeneity

@ )"

Treatment safety Treatment efficacy
(% of thermally damaged product) (% of undertreated product)

K Can serve as an in silico tool for optimizing the PEF process/

Pulse-resolved vs duty-cycle approach:
« Short, frequent pulses (large n): Duty cycle approach is sufficient
* Few, long pulses (small n): Pulse-resolved approach is needed
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Particle tracing tells us what the product actually receives, not what the PEF process parameters say it should




