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Abstract: Interest in microalgae cultivation is continuously growing due to their tremen-
dous potential for a broad spectrum of applications. The established units for the mea-
surement of a crucial parameter for algae growth, i.e., the light dosage in photobioreactors,
are susceptible to severe criticism. Various units are currently utilized without however
accounting for the volume of the culture exposed to light, which might differ depending on
the reactor volume. Two new units of light irradiation measurement are proposed, namely,
Ixh (lux-hour) and =22 For the latter, —I

mxday" mxday”
the light illuminance, light exposure time, and volume and surface of the culture in the

the parameters taken into account include

reactor, which are commonly measured. Cylindrical and flat-panel reactors are studied

to determine the constant light illuminance and variant illuminance within a day period.
; ; Ixh

It is shown that the unit 3 ay

ity in photobioreactors than the current and most common expressions. The proposed

is much more objective for expressing the light availabil-

parameter could be useful for comparisons of different experiments in a reactor or for
up-scaling purposes.

Keywords: light intensity units; microalgae cultivation; microalgae growth; light availability

1. Introduction

Microalgae are autotrophic organisms that can grow by using various nutrient sub-
strates depending on the species; recently, efforts have been focused on the valorization
of effluents as a low-cost nutrient source for microalgae. Algal biomass has a very broad
range of applications, which span from wastewater treatment [1-3] to biodiesel production
from cell lipids [4-6], food products, or high-added-value substances [7-9]. Therefore,
microalgae cultivation in photobioreactors has received much research attention in recent
decades. The active introduction of various microalgae species in the treatment of wastew-
ater from diverse sources—such as municipal, industrial, and agricultural effluents—has
garnered increasing attention due to their dual capability of effective bioremediation and
biomass generation. Microalgae can assimilate excess nutrients, heavy metals, and or-
ganic pollutants, transforming wastewater into a more environmentally benign discharge
while simultaneously producing a biomass rich in lipids, proteins, and pigments of com-
mercial value [10,11]. Among the cultivation strategies, mixotrophic growth, combining
autotrophic and heterotrophic modes, stands out for enhancing both pollutant removal
and biomass yield. The light availability in mixotrophic systems is a critical factor that not
only drives photosynthesis but also synergistically boosts metabolic activity and resource
conversion [12]. Adequate illumination significantly increases the efficiency of bioremedia-
tion processes and supports the accumulation of high-value biomass components [13,14],
making it a vital parameter in wastewater-based microalgal cultivation strategies.
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Various parameters are taken into account for efficient cultivation in photobioreac-
tors, such as the light conditions (the intensity of irradiation, time of exposure, etc.), CO,
availability, concentration of nutrients, and applied diet pattern. Numerous studies have
focused on the effect of light irradiation on the growth rate of algae and/or the efficiency of
the process used for wastewater treatment through the assimilation of various nitrogen
forms [15,16]. Due to the importance of the light source and irradiation in the photo-
synthetic process, various light units have been proposed and are commonly used: the
light irradiation dosage (often termed light intensity) and light exposure time are taken
into account in light illuminance (expressed in Ix) [17,18], photosynthetic photon flux
density (PPFD, expressed in umol/s/ m?) [16,19-21], and light intensity (expressed in
mW /cm?) [22,23]. In addition, the characteristics of artificial light sources may be given,
such as the watts and amperes provided by a certain LED source [15]. However, the estab-
lished expressions of light dosage in photobioreactors do not account for the active volume
of the culture that is exposed to light. Depending on the reactor configuration, different
volumes of biomass can be exposed to the same light source, therefore impeding the com-
parison of different experimental tests or introducing significant errors in the evaluation of
the appropriate reactor size for up-scaling purposes.

The volume of the microalgae culture that is exposed to light is not considered in these
parameters, although the corresponding area of the biomass is taken into account. Neverthe-
less, the area rather than the volume of a two-dimensional leaf is crucial for the estimation
and assessment of the photosynthetic process in plants; however, the photosynthetic activ-
ity and the respective growth of microalgae in photobioreactors is three-dimensional, and,
therefore, the active volume of the algal culture exposed to a light source is of great impor-
tance. Thus, the objective of this work is to suggest a new expression for the measurement
of light availability in algal photobioreactors by taking into account the volume of the algal
culture. Such a unit may facilitate the comparison of different experimental results and
contribute to appropriate calculations for the up-scaling of lab-scale photobioreactors.

2. Theoretical Aspects

For the simultaneous incorporation of light illuminance and exposure time in a single
parameter, a new expression is suggested, the lux-hour (Ixh) factor, corresponding to Wh
(watt-hours) used to anticipate energy consumption in power calculations. For example,
the irradiation of a sample for 2 h under 5000 Ix corresponds to 2 x 5000 = 10,000 Ixh.
In addition, in order to take into account the irradiated surface and the volume of the
culture, the parameter volume-to-surface ratio (z) of the culture can be utilized, given by
the following equation:

A%
— 1
7 A @
where:

V is the active biomass volume, i.e., the culture volume inside the reactor, m3.

A is the area of the culture that is exposed to irradiation, m?.

The units of z correspond to those of the length. Furthermore, the daily light ex-
posure time (DLET) is required to anticipate the daily light exposure time in %. For
example, under a light-to-dark regime of 16:8 (16 h of lighting and 8 h of darkness), the
DLET = 1640

Based on the above, a new parameter is suggested for the assessment of the light that
is available to microalgae in a photobioreactor, the light irradiation availability (LIA) factor,

expressed as follows:
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LIA — light illuminance (LI)

: x DLET )

It follows that the units of LID correspond to

lxxi_ Ixh
m ~day m xday

)

Nevertheless, in a case where the light illuminance (LI) is not constant within a day
but represents a function of time (for example, when sunlight is used as a source), then
LI = LI(t), and the new parameter is calculated as

1 [t
LIA = — /O LI(t)dt )
where:

t; is the lighting period in h/day.

When LI = constant, Equation (2) can be derived from Equation (4), by integrating
values from 0 to the DLET.

The application potential of the new suggested parameter is justified and discussed
in the following. However, it should be noted that the main advantage of the LID pa-
rameter is the incorporation of the volume-to-surface ratio into the light irradiation unit,
corresponding to the light that is available to the microalgae. However, it is not related to
the utilization of light by the microalgae, and it certainly does not reflect species growth,
since several other factors usually affect cultivation, such as the strain of the photosynthetic
cells, the cell density, and the mixing pattern in the photobioreactor. Nevertheless, such an
approach is not considered in any light-related parameter used so far.

3. Results and Discussion

Microalgae cultivation in a vertically configured cylindrical photobioreactor is consid-
ered as an example, with illumination from two light sources installed at the perimeter of
the reactor, as shown in Figure 1. The irradiated surface corresponds to the side area of the
cylinder. For this geometry, the volume-to-surface ratio (zcylinder) of the microalgae culture
can be expressed as ,

Zcylinder = % = % = 0.25D )

where:

D: the diameter of the cylinder, m.
H: the height of the cylinder, m.

Figure 1. Conceptual drawing of the irradiation of a cylindrical reactor from two light sources at the
perimeter of the system.
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In order to better illustrate the rationale behind the suggested parameter, four different
(lab-scale and pilot-scale) experimental configurations are used, performed using different
vertical cylindrical photobioreactors with various diameters and height dimensions, as
shown in Table 1. The surface, volume, volume-to-surface ratio, light illuminance, exposure
time, and LID values calculated for these reactor configurations are presented in Table 1,
assuming the same light illumination and exposure time conditions.

Table 1. Parameters calculated for four assumed configurations of algae culture photobioreactors.

Parameter Experiment1 Experiment2 Experiment3 Experiment4
Diameter, m 0.2 0.04 0.4 0.01
Height, m 1 5 0.5 20
Volume, L 31.4 6.28 62.8 1.57
Surface, m? 0.628 0.628 0.628 0.628

Z, m 0.05 0.01 0.1 0.0025
Light illuminance, Ix 1000 1000 1000 1000
Exposure time, h 16 16 16 16
kixh
LIA, mx’éay 3200 16,000 1600 64,000

As presented in Table 1, the diameter and height of the four reactors are chosen to
ensure that the reactors exhibit the same side surface, A. However, the active volume of the
biomass differs, almost by an order of magnitude, ranging from 1.57 L (considered typical
of a lab-scale reactor) to 62.8 L (typical of a semi-pilot-scale reactor). The same surface A
is available for irradiation in all reactor configurations, while the light illuminance and
exposure time are identical in all four experiments, indicating that the algae are exposed
to the same light conditions in all four experiments. When the more common parameters
are used to identify the light irradiation and intensity, such as Ix, W/m?, or umol/s/m?
(photosynthetic photon flux density), the same value for each one is assigned in the four
runs, although the light available to the microalgae differs due to the differences in the
biomass volumes. As shown in Table 1, the microalgae in experiments 1 and 3 are exposed
to much less light irradiation than those in experiments 2 and 4 as a result of the higher
volume. This information, i.e., the active biomass volume, is not taken into account in
the parameters usually applied for light irradiation assessment. On the contrary, this
particular volume information is embedded in the LIA parameter and the respective units;

as can be seen in the last row of Table 1, the LIA values reveal that the light available to
kixh

mx)c(iay’

that is, kilo-lux-hour per meter per day). From the above analysis, it is evident that

the algae is quite different in these four experiments (the values are expressed in

the LIA values and the respective units can better express the light that is available to
the microalgae and properly distinguish among the different experimental conditions or
photobioreactor configurations.

The concept of LIA can be used in any type of photobioreactor (tubular, flat-panel,
etc.) provided that the volume and surface of the reactor (which are occupied by the algal
biomass phase) are known. For example, for the case of a flat-panel reactor, the calculation
of the volume and surface can be readily accomplished: let us assume a laboratory-scale
flat-panel photobioreactor with a 4 cm width, a 40 cm height, and a 30 cm length, where
the algae liquor occupies a height of 35 cm, while the reactor is irradiated from one side, as
shown in Figure 2.
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Figure 2. A sketch showing the irradiation of a flat-panel reactor from one side.

The irradiated surface (highlighted in yellow in Figure 2) is 35 x 30 = 1050 cm?, while
the volume of the algae liquor is 35 x 30 x 4 = 4200 cm?. It follows that the volume-to-
surface ratio z is equal to 0.04 m. Assuming that the reactor is irradiated with 10,000 1x
for 12 h/day, it follows that the LIA value is equal to 10,000 x 12/0.04 = 3,000,000 -t

mxday

3000 mkxl’g;y. If the reactor is irradiated by two light sources from two sides, then the surface
would be 2 x 35 x 30 = 2100 cm?, resulting in a twofold increase in LIA.

When Ll is not constant but is rather a function of time, LI(t), the corresponding results
are calculated using Equation (4). Let us assume that the flat-panel reactor configuration in
Figure 2 is irradiated by a variable light intensity within a 24 h/day period. For example,
in order to simulate natural sunlight, the following (Gaussian) function can be used to

anticipate the intensity of the light source:

LI(t) = a x exp (— (t= b)2> (6)

2c2

Parameter a corresponds to the maximum (height) of the peak. Parameter b determines
the position of the center of the peak, and parameter c determines the width of the peak.
By using a = 100,000 Ixh/day, b = 14 h/day, and ¢ = 2.1 h/day, the natural light over a
24 h/day period in a certain area during summertime, can be simulated. For example,
as shown in Figure 3, where the light illuminance typical of a Mediterranean country is
provided, the light intensity is zero during the time period from 12:00 to 7:00 (sunrise
occurs between 6 and 7 a.m.), reaches its maximum at noon (14:00), and becomes zero
again at around 21:00 (typical time for sunset in summertime). By performing graphical
integration, it is calculated that LI(t) = 526,377.5 Ixh/day. Thus, since a value of z = 0.04 is
assumed for the flat-panel reactor, using Equation (4), it follows that LIA = 526,377.5/0.04
=13,159,437.5 20 =13,159.4 Kb

mxday — mxday *
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Figure 3. The light illuminance of a light source as a function of time, simulating the typical variance
of sunlight intensity within a 24 h/day period in summertime in a Mediterranean country.

Finally, it is worth briefly discussing the case of continuous-flow tubular reactors.
Continuous-flow tubular reactors are widely used for microalgae cultivation due to their
high surface-area-to-volume ratio, which enhances light availability—an essential factor
for photosynthesis and biomass productivity. A proper light distribution along the re-
actor ensures efficient energy conversion, supporting faster growth rates and improved
nutrient uptake. Optimizing the light intensity and exposure time in these systems is
key to maximizing microalgal performance and product yield. The above concept can be
easily extended in order to be applied to continuous-flow tubular reactors. Assuming a
reactor module consisting of 10 cylindrical tubes that are 2 m long with a 0.04 m diameter,
irradiated from one side, the total volume of the system is 1071%2 = 0.02515 m?, while
the overall side area equals 710.04 x 10 = 1.256 m?. However, since the reactor is irradiated
only from one side, half of the side area has to be used for the calculation of z, that is,
zZ= % = 0.04 m. Therefore, under a light intensity of 15,000 Ix for 14 h/day, the LIA
value is estimated to be 15,000 x 14/0.04 = 5,250,000 b= 5250 _kxh

mxday mxday *

4. Conclusions

The light conditions inside photobioreactors are crucial for the fine-tuning of algae
cultivation. The established units for the expression of light availability inside reactors
do not take into account the volume of the culture and can lead to misinterpretations.
Although the area of a leaf is crucial to estimate photosynthetic activity in plant growth
studies, the growth of algae in photobioreactors is three-dimensional. Therefore, light
availability over the overall biomass volume must be taken into account. The incorporation
of relevant factors into a single parameter, such as the biomass volume-to-surface ratio,

light illuminance LI in lux-hours (Ixh), and exposure time over a day period, resulted in the

Ixh
mxday *

The use of the new suggested parameter, the LIA, was extended to include constant and

definition of a gross parameter, the light irradiation availability (LIA), with the unit

variant light illuminance within a day period. It was shown that LIA values could vary

mxda
though light illuminance was assumed to be the same in all four cases. LIA values and the

from 1600 to 64,000 lehy in four different vertical photobioreactor configurations, even
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respective units provide objective information about the available light in a photobioreactor.
These values can be used for a proper comparison of experiments conducted in various
reactor configurations, including lab-scale and pilot-scale tests, while the LIA parameter
can be useful for up-scaling calculations.
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