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Abstract— Pulsed electric field (PEF) treatment can be used to 

facilitate microbial cell lysis. The aim of the present work is to 
investigate this effect of PEF treatment on microalgae. The PEF 
system used in this work consists of a pulse generator and 
treatment cell with parallel-plane metallic electrodes. PEF 
treatment of microalgae, Spirulina, was conducted using 
33.3 kV/cm and 66.7 kV/cm electric field impulses. The efficiency 
of the PEF treatment for inactivation of microalgae was assessed 
by comparison of the growth curves of PEF-treated and 
un-treated samples. Results showed that growth of microalgae 
can be stopped by the application of between 100 and 500 
high-field impulses with field magnitude 33.3 kV/cm. When the 
field is increased to a magnitude of 66.7 kV/cm, the growth of 
microalgae can be stopped by application of 50 impulses. Overall 
this study confirms that pulsed electric field treatments can be 
used for the inactivation of algae, and the energy consumption of 
the PEF process can be reduced by using suspensions with lower 
electrical conductivity. 
 

Index Terms—Pulsed electric field, microalgae, inactivation. 
 

I. INTRODUCTION 
 IGH voltage impulses, with durations in the range of 
10-8 -10-4 seconds, can be used to generate 

electro-mechanical stresses in biological membranes, which 
can, in turn, cause disruption of these membranes [1]. If the 
applied electric field is higher than a specific critical value, the 
electroporation process becomes irreversible [2], which 
inactivates the cell being treated. Pulsed Electric Field (PEF) 
treatment has been largely investigated for microbial 
inactivation and applications in the food industry, [3]-[7]. 

Recently this treatment has attracted attention as a potential 
process for facilitation of extraction of oil from green 
microalgae, [8]-[13]. In [8], exponentially-decaying HV pulses 
with a characteristic decay time of 360 ns, which developed a 
uniform electric field with a peak magnitude of 45 kV/cm, 
were used for treatment of green microalgae, Ankistrodesmus 
falcatus. The PEF treatment cell had a parallel-plane topology 
and consisted of two stainless steel electrodes. The efficiency 
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of the PEF treatment was assessed by comparison of lipid 
extraction and by microscopic inspection of an algae cell 
stained with propidium iodide. PEF treatment with a specific 
energy of 26 MJ/kg (dry weight) resulted in ∼90% of the algae 
lysed and in a 130% increase in lipid yield as compared with 
untreated algae. The authors of [9] used 1 µs square impulses 
for PEF treatment of another type of microalgae, 
Auxenochlorella. protothecoides. The magnitude of electric 
field which was generated between two parallel-plane stainless 
steel electrodes was 35 kV/cm and the maximum specific 
energy of 2 MJ/kg was used in this work. The efficiency of the 
PEF treatment was assessed by comparison of lipid extraction 
from the treated and untreated algae. It was shown that PEF 
treatment with 2 MJ/kg specific energy resulted in a 500% 
increase in lipid yield as compared with untreated samples. 

The aim of the present study is to investigate the PEF 
treatment of another type of green algae, Spirulina, with a 
higher field magnitude in low-conductivity media in order to 
examine PEF inactivation efficacy and potential structural 
damage to microalgae. Square HV impulses of duration 1 µs 
and with a rate of voltage rise of ∼500 kV/μs were used in this 
study. The uniformly distributed electric fields with magnitude 
of 33.3 kV/cm (similar to [9]), and with a higher magnitude of 
66.7 kV/cm were used. Growth curves obtained from the 
optical density of algae solutions was used to assess the 
efficiency of PEF treatment. The energy consumption of PEF 
treatment was obtained and compared with the literature data. 

II. DEVELOPMENT OF THE PEF TREATMENT CELL AND PEF 
SYSTEM 

A PEF treatment cell was designed and developed for this 
study, a schematic diagram being shown in Fig. 1. The circular 
parallel-plane electrodes were made of stainless steel. The 
supporting structure of the treatment cell was made of nylon. 
The inter-electrode gap is 3 mm, with two rubber O-rings used 
to seal the treatment cell. The liquid suspension of the algae is 
introduced into the cell through a 1.5 mm diameter inlet port on 
the side wall. 
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Fig. 1. Cross-sectional view of the PEF treatment cell. 
 

 
 

Fig. 2. Voltage waveforms across the PEF treatment cell during the PEF 
treatment. 

 
The equivalent capacitance, C, and resistance, R, of the 

treatment sample were calculated according to: 
 

AdR σ/=                                         (1) 

dAC r /0εε=                                     (2) 
 

where d is the separation between the two electrodes, A is the 
cross-sectional area of the exposed electrode surface,  is the 
conductivity of the liquid suspension, εr is the relative 
permittivity of the liquid suspension and ε0 is the permittivity 
of free space. For a liquid with conductivity of 20 µS/cm and 
relative permittivity of 80, the resistance and capacitance of the 
treated sample were 1.3 kΩ and 268 pF, assuming that the gap 
length is 3 mm and an exposed surface area of 11.34 cm2. The 
stray capacitance of the treatment cell was 21 pF, as measured 
by a Video Bridge 2160 (Electro Scientific Industries, Inc.). 
Therefore, the total capacitance of the treatment cell is 289 pF. 
The values of these parameters were used in calculations of the 
energy consumption of the PEF process.  

The pulse generator used in this study was manufactured by 
SAMTECH Ltd (UK). This transmission-line-based system 
incorporates a voltage gain network which allowed a voltage 
equal in magnitude to the charging voltage to be developed 
across a matched load. The pulse generator produces negative 
impulses of magnitude 30 kV and duration 1 µs, and can 
operate with pulse repetition rate from 0.1 pps (pulses per 
second) to 10 pps.  

The pulse generator has an output impedance of 50 Ω when 
incorporating the voltage gain network. For liquid with 
conductivity of a few tens of µS/cm, the equivalent resistance 
was ~1 kΩ. Therefore, a 50 Ω matching resistor was connected 
in parallel with the PEF treatment cell in order to match the 

50 Ω output impedance of the PEF generator (including 
voltage gain network). A 1000:1 Tektronix P6015A high 
voltage probe and a Tektronix TDS 2024 oscilloscope were 
used to monitor the voltage wave forms. An example of voltage 
waveform, developed across the PEF cell connected in parallel 
with the 50 Ω matching resistor is shown in Fig. 2. 

III. EXPERIMENT PROCEDURE 
The microalgae used in the study were Spirulina green 

algae, grown for 35-40 days in a light incubator at 25°C, under 
static conditions. The growth media was Zarrouk Medium, 
[14], which is made up using sterile distilled water 
supplemented with NaHCO3, NaNO3, NaCl, K2SO4, and 
K2HPO4 (Sigma Aldrich UK). This growth media is highly 
conductive, with an electrical conductivity of 15-30 mS/cm. To 
prevent unnecessary dissipation of energy in the solution and 
reduction of voltage drop across the treatment cell, the 
Spirulina suspension was centrifuged at 4300 rpm for 10 
minutes and re-suspended in distilled water. Washing and 
re-suspension of the microalgae in distilled water was carried 
out three times, resulting in significant reduction of the 
conductivity of the solution: the conductivity of all tested 
samples was in the range of 22.6 ± 4.5 µS/cm. The 
concentration of the microalgae in the solution was 13 g/ℓ. 

The PEF cell containing a suspension of microalgae was 
connected to the output of the pulse power supply. Two levels 
of voltage output were used, 10 kV and 20 kV, with a pulse 
repetition rate of 1 pps. The resulting electric field strength in 
the treatment cell was 33.3kV/cm and 66.7 kV/cm, 
respectively. All PEF tests were repeated in triplicate. 

Algae samples were subjected to different numbers of HV 
pulses: 50, 100, 500 and 1000. In the case of 500 and 1000 
pulses, algae samples were mixed within the treatment cell 
after every 250 pulses to compensate for any sedimentation 
effects. After PEF treatment, the treated sample was removed 
from the treatment cell and 0.1 mℓ of the treated sample was 
transferred into 20 mℓ of fresh growth media and placed in a 
light incubator at 25°C. A spectrophotometer (Thermo 
Spectronic Biomate 5) was used to measure the optical density 
(absorption) of the sample at 545 nm every 2 days for 15 days. 

 

 
Fig. 3. Growth curve for untreated Spirulina. The Spirulina grew in a light 
incubator at 25°C. 
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    As the Spirulina culture grew, the sample became denser, 
leading to an increase in the optical absorption. Optical 
absorption was plotted as a function of time (the growth curve). 
By comparing the growth curves for treated and untreated 
(control) samples, the damage caused by the PEF treatment can 
be estimated. A typical growth curve for untreated algae is 
shown in Fig. 3.  

IV. RESULTS AND DISCUSSION 

A. PEF Inactivation of Algae 
The results shown in Fig. 4 and Fig. 5 demonstrate that the 

effect of PEF treatment on microalgae is significant. In the 
10 kV (33 kV/cm) treated group, with 500 or more pulses, no 
growth was observed by 15 days (optical absorption at day 15 
even slightly decreased as compared with day 1, Fig. 4), which 
suggests that the vast majority of the algae had been inactivated 
by the applied impulses. With 50 and 100 pulses, optical 
density at day 15 was in general almost the same as at day 1 and 
the difference between the optical absorption for growth curves 
of these two groups of samples treated with 50 and 100 pulses 
is ∼7%. It must be noted that the inactivation efficacy with 50 
and 100 pulses at 33 kV/cm was not consistent: two of the three 
replicate treatments demonstrated inactivation represented in 
Fig. 4 and a third run for both 50 and 100 pulses showed algae 
growth similar to that of the untreated control curve. These 
results highlight that although 50 and 100 pulses can inactivate 
the algae, the effect is not consistent with these electrical 
parameters (50, 100 pulses at 33 kV/cm), and a larger number 
of impulses (500, 1000) is required to achieve stable 
inactivation performance.  

In the 20 kV (66.7 kV/cm) treatment (Fig. 5), the effect of 
the high-voltage impulses was more pronounced.  
Fig. 5 shows the growth curves for algae treated with 50, 100, 
500, and 1000 impulses and the control (untreated) growth 
curve. This result indicates that virtually all microalgae have 
been inactivated after treatment with 50 impulses. Under these 
field conditions no treated sample showed an increasing optical 
density, indicating that a reliable inactivation of the algae had 
been achieved. The results of this study show that inactivation 
of the microalgae can be achieved using ∼500 and more pulses 
at the field level of 33.3 kV/cm. When the field strength is 
doubled (66.7 kV/cm), the number of pulses required for 
inactivation is reduced to ∼50. 

B. Temperature Measurement 
To check if the PEF treatment caused significant increases 

in the sample temperature, which could potentially contribute 
to microbial inactivation, the temperature of the treated 
samples was monitored using a thermocouple (Kane-May 
KM340, K-type) before and immediately after each test. These 
measurements showed that the PEF treatment regimes used in 
the present work did not cause significant temperature increase:  
the maximum registered increase in sample temperature did 
not exceed 2°C. This is different from the PEF treatment 
reported in [8] which resulted in a 50 °C increase in the 
temperature of the sample when pre-cooling of the algae 

suspension and ice-jacket cooling during treatment were 
employed. In the present study, the absence of temperature 
increase was a result of the use of the 50 Ω matching resistor in 
parallel with the treatment cell. The matching resistance is 
significantly smaller that the resistance of the liquid filled PEF 
treatment cell (~1 kΩ). Therefore, most of the pulse energy 
was dissipated in the matching resistor rather than in the 
treated sample. 

 

 
Fig. 4. Growth curves for PEF-treated (10 kV) and a non-treated (control) algae. 
Data points are the average value of triplicate tests (with the exception of the 50 
and 100 pulses groups, in which one outlying group is excluded). 
 

 
Fig. 5. Growth curves for PEF-treated (20 kV) and a non-treated (control) algae. 
Data points are the average value of triplicate tests. 

C. Energy Considerations 
The energy consumption during the PEF treatment was 

estimated by using the equivalent circuit model. The PEF 
treatment cell was considered to form a parallel RC circuit. The 
resistance represents the conduction through the solution in the 
test cell. The capacitance represents the polarisation of the 
solution within the test cell and can be modelled as an ideal 
capacitance in series with a resistance, RESR, associated with 
the losses in these polarisation processes. The energy 
consumption can therefore be divided into Joule energy 
dissipation and capacitive energy dissipation. The Joule energy 
dissipated in the PEF treatment cell, EJ, is:  

 
( ) RttNVEJ /2=                                         (4) 
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where N is the number of applied pulses, V(t) is the voltage 
across the treatment cell, t is the pulse duration and R is the 
equivalent resistance of the treatment cell calculated using 
Eq.(1). The conductivity of the liquid suspension depends on 
temperature which should be taken into account in order to 
ascertain potential changes in the equivalent resistance during 
the PEF treatment. It has been shown that in the present work 
the maximum increase in the conductivity due to the PEF 
treatment does not exceed ∼ 3.6%. Therefore, the constant 
value of the equivalent resistance obtained by Eq.(1) was used 
in the energy consumption calculations. It was found that the 
Joule energy, EJ, was 0.077 J per pulse and 0.308 J per pulse in 
the case of 10 kV (33.3 kV/cm) and 20 kV (66.7 kV/cm) 
treatment respectively. The energy dissipated in the treatment 
cell due to displacement current, EC, is: 
 

( ) dt
dt

tdVCRNE ESRC ⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⋅= ∫

2

                 (5) 

     ( )CfRESR πδ 2tan=                                   (6) 
 
where N is the number of applied pulses, RESR is the equivalent 
series resistance of the capacitor in the lumped circuit model,  f 
is the frequency which corresponds to the rise and fall times of 
the impulse and C is obtained by Eq.(2). The displacement 
current, C⋅ dV(t)/dt, was calculated using the actual voltage 
waveforms obtained in the tests. The ratio of the imaginary and 
real parts of permittivity of the suspension, tan δ, was 
modelled with the dissipation factor of tap water, which is 
1.94·10-4, at 25°C for f = 4 MHz, according to [15]. This 
frequency corresponds to the rise and fall times of the impulse 
shown in Fig.3. The values calculated using Equations (5)-(6) 
for energy, EC are 0.036 mJ per pulse at 10 kV (33.3 kV/cm) 
and 0.150 mJ per pulse for 20 kV (66.7 kV/cm). These are 
significantly lower that the corresponding Joule energies of 
0.077 J per pulse for 10 kV (33.3 kV/cm) and 0.308 J per pulse 
for 20 kV (66.7 kV/cm) impulses, respectively. Therefore, the 
total energy consumption of the PEF treatment can be 
approximated by the Joule energy losses only. The results of 
the tests showed that stable inactivation of the microalgae can 
be achieved by 500 pulses with magnitude of 10 kV (33.3 
kV/cm). The volume of the treatment cell is 3.4 mℓ, and the 
concentration of microalgae was ~ 13 g/ℓ, therefore the 
specific energy required to achieve inactivation of the 
microalgae is ~ 0.87 MJ/kg. In the case of 20 kV (66.7 kV/cm) 
tests, the number of pulses is reduced to ~ 50. The specific 
energy required to achieve inactivation of the microalgae in 
this case is ∼ 0.35 MJ/kg. 

The specific energy consumption reported in [8] and [9] 
were 26 MJ/kg and 2 MJ/kg, respectively. Therefore, the 
specific energy consumption of the PEF treatment achieved in 
the present paper is significantly lower than the energy values 
reported in [8] and [9]. There are several potential reasons 
which could be responsible for such significant difference in 
the energy consumption values. First the conductivity of the 
algae suspension used in this study was significantly lower 

than that in the previous work as a result of the centrifugation 
and re-suspension processes that were used resulting in a 
conductivity of ~ 20 µS/cm. For comparison, the microalgae 
suspension used in [9] had a conductivity of 0.15 S/cm. The 
low conductivity of the suspension used in the present study 
resulted in a lower conduction current in the treatment cell, and 
therefore lower energy dissipation. Also, it was reported in [16] 
that square shaped high voltage impulses result in more 
efficient inactivation (∼ 60% increase) as compared with 
double-exponential waveforms. In the present paper, as in 
paper [9], the square shaped impulses were used, while the 
authors of paper [8], used double-exponential waveforms. The 
energy consumption reported in [9] for square, 1 μs pulses is 
more than 10-fold lower than the specific inactivation energy 
reported in [8] for exponentially-decaying impulses with a 
characteristic decay time of 360 ns. Therefore, further decrease 
in the PEF specific energy achieved in the present paper (for 
square, 1 μs impulses as in paper [9]) can be attributed to other 
factors, including differences in cellular structure and 
dimensions of microorganisms. According to the Schwan 
equation, the field strength induced in the bio-membrane 
increases with an increase in the external electric field, [17]. It 
has been shown experimentally in [4], that the yeast 
Saccharomyces cerevisiae (with linear dimensions of ∼6 µm) 
is more susceptible to the PEF treatment than the bacterium 
Staphylococcus aureus, with linear dimensions of ∼1 µm. The 
authors of [17] also attributed an increased susceptibility of the 
bacterium Bacillus subtilis to the PEF treatment as compared 
with S. aureus to larger size of B. subtilis. Although the species 
of multi-cellular microalgae used in the present work and in 
papers [8] and [9] are different, linear dimensions of the 
individual algae cells have the same order of magnitude (10’s 
of µm, [18]). Therefore, it may be concluded that the size 
factor does not play a dominant role in the observed reduction 
in the energy consumption. However, further investigation into 
exact mechanisms and factors which may result in lower 
specific inactivation energy is required. 

V. CONCLUSIONS 
The results of this study show that pulsed electric fields can 

be used to inactivate the microalgae, Spirulina. After 
appropriate PEF treatment, no growth of the microalgae 
growth was observed over a 15 day period which indicates that 
PEF treatment is able to inactivate virtually all microalgae in 
the sample. When exposed to ∼33.3 kV/cm electric field, stable 
inactivation can be achieved using at least ∼500 pulses. When 
exposed to ∼66.7 kV/cm field, significantly smaller number of 
impulses, ∼50, was required to achieve stable inactivation. The 
present study also demonstrated that the inactivation of 
microalgae could be achieved with specific energy of a few 
hundreds of kJ/kg rather than a few or few tens of MJ/kg as 
reported in the literature. This reduction has been achieved by 
using low-conductivity algae suspensions. Reducing the 
conductivity of the suspensions also eliminates the heating 
effect of the PEF treatment. Visual inspection of microalgae 
did not reveal obvious damage to its structure, however their 
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inactivation suggested that some form of changes have been 
produced by electric field and further study is required to  
clarify  potential structural damage. 
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