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Abstract 
The low-temperature algal biotechnology starts to develop in the Polar Regions, and 
especially in the Arctic. Light is crucial environmental factor in algal mass cultivation, 
therefore knowledge of the light environment and its modeling is crucial for design of 
the photobioreactors. The light conditions in three different environments were com-
pared: natural diel light cycle during the polar summer (June-August) in Svalbard and in 
winter/spring (January – March) in the Central Europe outdoor and in the greenhouse 
photobioreactor, and in greenhouse photobioreactor equipped by additional night LED 
illumination in central Europe in winter/spring. In Svalbard, the monthly mean diel   
PAR values ranger from 126 to 395 µmol m-2 s-1, and the monthly diel sums of the PAR 
ranged from 2.38 to 7.47 MJ m-2 d-1. In the Central Europe in natural diel light cycle, the 
monthly mean diel PAR values and monthly diel sums of the PAR were generally lower, 
57 - 248 µmol m-2 s-1 and 1.08 and 4.69 MJ m-2 d-1 in outdoor and 26 – 107 µmol m-2 s-1 

and 0.50 – 2.03 69 MJ m-2 d-1 in the sun-illuminated photobioreactor. When additional 
night LED illumination, lasting from 12 to 14.7 hrs and from 12 to 15.3 hrs in 2021 and 
2022, respectively, was provided, the monthly mean diel PAR values and monthly diel 
sums of the PAR increased to 479 – 598 µmol m-2 s-1 and 9.06 – 11.31 MJ m-2 d-1, re-
spectively. Since the Svalbard maxima of diel sum of PAR are comparable to the values 
found in the night LED illuminated greenhouse photobioreactor, the night LED illumina-
tion in winter/spring in Central Europe should be proposed for model cultivations in the 
Polar Region in summer. 
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Introduction 
 
     During polar day, i.e. continuous day-
light in the Polar Regions during local sum-
mer, the continual light availability could 
be exploited in algal biotechnology. The 
algal biotechnology starts to develop as the 
human presence in the Polar Regions, and 
especially in the Arctic, increases due to 
climate changes in these regions. The algal 
biotechnological applications may help to 
minimize the impact of human activities 
on pristine polar ecosystems and to de-
velop novel low-temperature algal tech-
nologies suitable for polar environments 
(Kvíderová et al. 2017). These applica-
tions could be also used during the cold 
part of the year in the temperate regions 
since the cultivation of standard meso-
philic strains is limited temporarily from 
May to September. The low-temperature 
applications could extend the cultivation 
period to whole year and allow maximum 
efficiency in the cultivation units utiliza-
tion. 
     The ideal strain for low-temperature bio-
technological applications should be able 
to grow well at low temperatures, but also 
it should tolerate short-term exposure in 
range of hours to temperatures even above 
25°C (Kvíderová et al. 2017). To identify 
such strains is relatively difficult because, 
due to biodiversity protection, only local 
strains should be used in the Polar Region 
and/or in the temperate zone. Since the 
growth optima of strains isolated from 
similar low temperature conditions may 
differ (Shukla et al. 2020) as well as their 
requirements for nutrients (Shukla et al. 
2011), extended testing of growth optima 
and limits is necessary as initial part of 
bioprospection, reducing thus further the 
number of suitable algal strains fulfilling 
all, or at least the majority of criteria men-
tioned above. During our studies, we iden-
tified several strains suitable for low-tem-
perature applications. These strains include 

e.g. Edaphochlorella mirabilis (Shukla et 
al. 2013) Bracteacoccus bullatus (Lukav-
ský et al. 2023) or Dictyosphaerium chlo-
relloides (Kumar et al. 2017). 
     In the mass cultivations, photosyntheti-
cally active radiation (PAR) is usually the 
most limiting environmental factor (Pulz 
and Scheibenbogen 1998, Sforza et al. 
2012). The respiration losses during the 
night phase may reach even 5 – 8 % of 
biomass content (Edmundson and Huese-
mann 2015). The problem of the light 
limitation should be avoided by additional 
illumination which should be relatively 
expensive (Abomohra et al. 2019, Blanken 
et al. 2013). From the point of light limi-
tation, the polar summer should be ideal 
for algal cultivation since the input of the 
light energy from the Sun seems to be 
inexhaustible. However, the light condi-
tions in the Polar Regions may be very 
variable and should be site-specific. The 
data on PAR radiation are scare, and re-
sults are often based on recalculations 
from global radiation data (for instance, 
Addison and Bliss 1980, Courtin and La-
bine 1977, Friedmann et al. 1987, Henry  
et al. 1994, Hodson et al. 1998, Komárek 
and Elster 2008, Krezel and Pecherzewski 
1981, Labine 1994, Láska et al. 2012, 
McKay et al. 1993, Tenhunen et al. 1992, 
recalculated to PAR in Kvíderová et al. 
2017). 
     The aim of this work was to analyze  
the light conditions, PAR dial courses      
in particular, typical for polar summer in 
Longyearbyen, Svalbard, and cold part of 
the year (winter period) in the temperate 
zone (Třeboň, Czech Republic). Addition-
ally, the effect of additional continuous 
night LED illumination in the temperate 
zone (Třeboň, Czech Republic) was evalu-
ated and considered as possible model con-
ditions of the polar summer.  
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Material and Methods 
 
PAR data collection  
 
     The data were collected by QTie data-
logger (EMS Brno, CZ) in 10 min. or      
15 min. intervals during the summer sea-
sons in the Polar Regions (N 78° E 16°, 
Longyearbyen, Svalbard) and during non-
summer seasons in the temperate regions 
(N 49° E 15°, Třeboň, Czech Republic). 
The dataloggers were positioned only out-
door in Svalbard. In Třeboň, they were po-
sitioned outdoor as well as inside the green-
houses where the experimental large-scale 
thin-layer photobioractors (150 L) were lo-
cated. The large-scale cultivation was per-
formed in the thin-layer photobioreactors 
of volume of 150 L and area of 12 m2 
(Doucha and Lívanský 1996; used recently 
by Řezanka et al. 2017 and Lukavský et al. 
2023). One photobioreactor was exposed 

to natural diel light regime and the sec- 
ond one was equipped by 25 pieces of 
OptimaLED 134W LED panels (Thome 
Lightning, CZ) to illuminate the photobio-
reactor during night. The LED panels are 
suspended above the photobioreactor in 
two rows in distance of 0.5 m from the 
plates (Fig. 1). During a day, this second 
photobioreactor was also exposed to natu-
ral diel light regime. The exact days of da-
ta collections are summarized in Table 1.  
     Only the data from complete days     
(24 hrs) were included in analyses. The 
“night” in natural diel light cycle was 
defined as interval from sunset +30 min. to 
sunrise -30 min. according to visual flight 
rules.  

 

 
 
Fig. 1. The night LED illumination of the large-volume (150 L) thin-layer photobioreactor at the 
Institute of Botany CAS, Třeboň, Czech Republic. 
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Light 
source Start date End date Locality  Reference 

Sun (O) 7.8.2016 22.8.2016 Longyearbyen Svalbard Kvíderová & 
Elster 2017 

Sun (O) 13.8.2017 30.8.2017 Longyearbyen Svalbard Souquieres  
et al. 2017 

Sun (O) 20.8.2018 31.8.2018 Longyearbyen Svalbard  
Sun (O) 23.6.2022 30.8.2023 Longyearbyen Svalbard  
Sun (G) 8.1.2021 23.2.2021 Třeboň Czech Republic 
Sun (G) 11.1.2022 27.3.2022 Třeboň Czech Republic 
Sun + 
LED (G) 17.2.2021 24.3.2023 Třeboň Czech Republic 

Sun + 
LED (G)* 11.1.2022 22.3.2022 Třeboň Czech Republic 

Sun (O)  6.1.2022 29.3.2022 Třeboň Czech Republic 
 
Table 1. The summary information on analyzed data. The asterisk indicates that only part of the 
data was presented in given reference. Abbreviations: G – greenhouse, O – outdoor. Note: *LED 
were not in operation between February 4 and 6, 2022. 
 
 
Statistic al analysis 
 
     The statistical analyses were performed using Statistica 14.0 software (TIBCO Soft-
ware, USA).  
 
 
Results and Discussion 
 
     The mean irradiances in Svalbard indi-
cated mean medium light conditions in 
June and July in natural diel light cycles, 
and low-light conditions in August. In the 
Central Europe in winter/early spring, the 
mean PAR irradiances were comparable, 
and even lower than in summer in Sval-
bard, especially in January (Table 2). The 
observed PAR values were similar to oth-
er studies (for instance Addison and Bliss 
1980, Courtin and Labine 1977, Friedmann 
et al. 1987, Henry et al. 1994, Hodson et 
al. 1998, Komárek and Elster 2008, Krezel 
and Pecherzewski 1981, Labine 1994, Lás-
ka et al. 2012, Lukavský et al. 2023, McKay 
et al. 1993, Shukla et al. 2013, Tenhunen 
et al. 1992). However, even in Svalbard in 
summer and in the Central Europe in win-
ter, the PAR values reached and occa-
sionally exceeded 1000 µmol m-2 s-1. The 

duration of high irradiance periods above 
1000 µmol m-2 s-1 is usually tens of min-
utes up to ca 3 hrs, often interrupted by 
periods of lower irradiances in Svalbard      
as well as in the Central Europe. The  
mean PAR values that had exceeded the 
1000 µmol m-2 s-1 limit, were 1059 and 
1096 in Svalbard in 2016 and 2022, and 
1124 µmol m-2 s-1 in the Central Europe. 
In Svalbard in 2017 and 2018, no such 
high PAR values were observed at all, and 
they were very rare in August in 2016 and 
2022. In the Central Europe, such high ir-
radiances occurred in February and March, 
not in January. The occurrence of high ir-
radiances may be season-specific due to 
the different Sun elevation above the ho-
rizon, and/or it may reflect actual weather 
conditions. 
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 n PAR [µmol m-2 s-1] Diel ΣPAR [MJ m-2 d-1] 
  Mean MIN MAX Mean MIN MAX 
Svalbard 
2016O 1536 171 2 (2-44) 1080 (274-1080) 3.24 1.20 6.04 

Svalbard 
2017O 1728 145 0 (0-22)   793 (246-793) 2.74 1.31 4.48 

Svalbard 
2018O 1152 126 1 (0-7)   815 (235-815) 2.38 1.22 4.16 

Svalbard 
2022O 9936 257 

 1 (1-146) 1473 (244-1473) 4.85 1.29 11.59 

- June 1152 395 12 (12-146) 1473 (620-1473 7.47 2.96 10.45 
- July 4464 292 11 (11-119) 1277 (244-1277) 5.52 1.29 11.59 
- August 4320 183 1 (1-33) 1023 (243-1023) 3.47 1.47 5.26 

Třeboň 2021 
SunG 6768 40 0   439 (62-439) 0.75 0.21 1.55 

- January 3456 32 0   318 (149-318) 0.61 6.41 0.90 
- February 3312 47 0   439 (62-439) 0.89 0.21 1.55 

Třeboň 2022 
SunG 10944 65 0 1610 (34-1610) 1.22 0.14 3.20 

- January 3024 26 0   329 (34-329) 0.50 0.14 0.83 
- February 4032 52 0   535 (135-535) 0.99 0.41 1.62 
- March 3888 107 0 1610 (182-1610) 2.03 0.73 3.20 

Třeboň 2021 
LEDG 5184 505 4 (4-10)   928 (742-928) 9.54 8.29 11.22 

- February 1728 557 4 (4-9)   928 (880-928) 10.52 9.71 11.22 
- March 3456 479 4 (4-10)   896 (741-896) 9.06 8.29 9.93 

Třeboň 2022 
LEDG 9792 561 5 (5-12)   935 (839-935) 10.61 9.35 11.89 

- January 3024 598 5 (5-12)   935 (886-935) 11.31 10.79 11.89 
- February 3600 555 5 (5-12)   912 (869-912) 10.89 9.98 10.83 
- March 3168 533 6 (6-10)   899 (839-899) 10.08 9.35 10.59 

Třeboň 2022 
SunO 11952 146 0 1556 (75-1559) 2.76 0.32 6.57 

- January 3744 57 0   858 (75-858) 1.08 0.32 1.97 
- February 4032 122 0 1402 (303-1402) 2.32 0.90 4.09 
- March 4176 248 0 1556 (413-1556) 4.69 1.62 6.57 

 
Table 2. The summary characteristics of PAR and the sum of radiation in Svalbard and in Central 
Europe. Abbreviations: n – number of cases, ΣPAR – diel sum of PAR, MIN – minimum, MAX – 
maximum. The upper index indicates the measuring conditions: G – greenhouse, O – outdoor. The 
LED and the Sun specifies the light regime of the photobioreator: Sun – only natural diel light 
regime, LED – combination of the natural diel light regime during the day and additional LED 
illumination during the night. The values in parentheses indicate range of diel minima and 
maxima.  
 
 
     Such irradiances could lead to tempo-
ral photoinhibition in general (Falkowski   
and LaRoche 1991, Falkowski and Raven 
2007), however even low-light adapted po-
lar algae could tolerate short-term exposi-

tion to high irradiances. The xanthophycean 
alga Vaucheria was adapted to relatively 
low irradiances as the saturation irradiance 
ranged between 113 and 173 µmol m-2 s-1 
for standard gasometric light curve meas-
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urements and between 208 and 308 µmol 
m-2 s-1 for rapid light curve measurements 
based on variable chlorophyll fluorescence 
(Kvíderová and Elster 2017, Souquieres et 
al. 2017, Kvíderová et al. 2019). The dif-
ferences in the saturation irradiances are 
caused by differences in limitations of the 
measured processes, i.e. CO2 fixation and 
electron transport in the photosystem II 
(Hupp et al. 2021). The short-term exposi-
tion up to 650 µmol m-2 s-1 for 6 min. 
during the gasometric and fluorescence 
measurements did not affect the photosyn-
thetic activity (Kvíderová et al. 2019). The 
continuous variable chlorophyll measure-
ment based on effective quantum yield 
protocol did not show any limitation for 
irradiances up to 700 µmol m-2 s-1 (Kvíde-
rová and Elster 2017, Souquieres et al. 
2017, Kvíderová et al. 2019).  
     The greenhouse roof reduced the in-
coming PAR by about a half, leading to 
possible light-limiting conditions in the 
photobioreactors, especially in dense cul-
tures, in the greenhouses in winter. When 
additional night illumination provided by 
the LEDs was added, the mean irradiances 
rised to 500 – 600 µmol m-2 s-1. The slight 
decrease of the mean values during the 
shift from winter to spring was probably 

caused by prolongation of the light period 
of a day. The period of the LED illumi-
nation was shorter, and the irradiance pro-
vided only by the Sun was not sufficient to 
compensate fully the LEDs contribution 
(Table 2).  
     In continuous light regime, either dur-
ing the polar summer or under night    
LED illumination, the diel PAR minima 
dropped almost 0 µmol m-2 s-1 (Table 1). 
In Svalbard, such conditions occur mainly 
on cloudy and foggy days and at the end of 
polar summer in late August when the 
night period appears again (Fig. 2). In the 
photobioreactor with the night LED illu-
mination, these conditions occurred during 
sundown and sunset when the illumination 
changes (Fig. 3). These diel minima are 
lower than the compensation point for 
photosynthesis in algae and water plants 
(Falkowski and LaRoche 1991, Falkowski 
and Raven 2007, Van et al. 1976), causing 
thus probably biomass loss due to negative 
carbon gain caused by respiration higher 
then gross photosynthesis. Additional light 
source or adjustment of the threshold for 
triggering the LED light sources above  
the compensation point may reduce these 
losses.  

 

 
 

Fig. 2. The diel course of monthly mean PAR in Svalbard.  
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Fig. 3. The diel course of monthly mean PAR in Třeboň, Czech Republic. If not specified other-
wise, the measurements were performed in photobioreactors in greenhouses. 
 
 
     When considering the diel sum of the 
PAR radiation received, the June-July max-
ima in Svalbard occurring on sunny days 
were comparable to the photobioreactor 

light regime with night LED illumination 
(Table 2). The diel ΣPAR were comparable 
in August on Svalbard and in outdoor 
March in the Central Europe. In winter 
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(January and February) in the Central Eu-
rope, the diel ΣPAR were even lower than in 
in Svalbard (Table 2). The observed shifts 
during the season correspond to changes in 
the length of the day.  
     The diel courses of the PAR reflected 
the period of the year and the geographic 
position (Fig. 2 and 3). In Svalbard, the 
diel maxima and minima decreased sig-
nificantly from June to late August, and 
the night period appeared in the end of 
August. In August, minor shifts in PAR 
were observed, probably due to reduced 
numbers of days and measurement periods 
in 2016 – 2022. Nevertheless, the August 
PAR values were still comparable among 
the years (Fig. 2). 
     In the Central Europe in natural diel 
light regime, the diel PAR maxima in-
creased continually and the light period 
prolonged from January to March. In the 
outdoor measurements, the PAR values 
were about two times higher than in the 
photobioreactors. The night LED illumi-
nation was constant during the cultiva-    
tion, the shifts in 2021 could be probably 
caused by change in position of the data-
logger. The midday decrease in the PAR 
values in the photobioreactor with night 
LED illumination, most profound in March 
2022, was probably caused by shadowing 

of the datalogger by the LED light source 
(Fig. 3). The night PAR maxima reaching 
up to 935 µmol m-2 s-1 could be considered 
as photoinhibiting (Falkowski and LaRoche 
1991, Falkowski and Raven 2007), but the 
algal cells in the photobioreactor were in 
fact subjected to light oscillation with pe-
riod of ca 30 s light and 10 s dark due to 
suspension circulation in the photobioreac-
tor (e.g. Perner-Nochta and Posten 2007). 
Moreover, shelf-shading in the dense cul-
ture may provide additional protection 
(Sommaruga et al. 2009).  
     So far, no study has compared the light 
conditions during the polar summer and 
north-temperate winter, especially with fo-
cus on possible algal mass cultivations and 
their applications in Polar Regions. Our 
study proved that the light conditions of 
Polar Regions may be simulated in the 
winter/spring in the Central Europe using 
additional night LED illumination. Precise 
LED illumination regulation based on com-
puter LED control could provide more nat-
ural light cycle, similar to the real condi-
tions in the Polar Region. In such case, the 
diel PAR maxima should be probably 
shifted to midnight, since the diel minima 
PAR in Svalbard correspond to diel PAR 
maxima in the Central Europe in winter. 
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