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Abstract: The distribution of light within a microalgal culture and the choice of the best
wavelengths are considered the most critical aspects in the scale-up of microalgal culture.
Several studies have investigated these features, resulting in a substantial body of literature
that analyzes the effects in terms of an increase in biomass production or shift in its composi-
tion. This work addresses two types of light quality adjustments: the application of flashing
light and shifts in light wavelength. The effects on microalgal culture are examined. Later,
the application of these light features to photobioreactor design is described. Specifically,
three kinds of photobioreactors are examined: (1) reactors designed to minimize light
gradients, (2) reactors where the geometry produces a flashing light effect on the cells and
(3) reactors that use filters to obtain a shift in the sunlight wavelength. The results showed
that both the effect of flashing lights and wavelength shift strongly depends on various
parameters such as the alga taken into consideration, the light intensity, the agitation type,
growth medium, light intensity and temperature and, regarding the flashing light also,
the frequency and the duty cycle. Despite all these specific differences, this work aims to
resume and provide specific instruments for choosing operational parameters in microalgal
cultivation and in photobioreactor design to achieve targeted outcomes, such as an increase
in biomass production or in high-value compound accumulation.

Keywords: microalgae; light intensity; microalgae composition; biomass productivity;
light distribution

1. Introduction
Light is one of the most important parameters influencing the growth of microalgae, a

group of photoautotrophic microorganisms with assorted genetic origin [1].
The homogeneity of light access, together with nutrient concentration, salinity, temper-

ature and pH, has a key role in microalgae growth in photobioreactors [2,3]. The kinetics of
cell growth are strongly influenced by the interaction of these factors, contributing to the
overall complexity of photobioreactors. Among these factors, the distribution of light and
its spectrum are considered the most critical [4]. The efficiency of photosynthesis is directly
related to the amount and to the quality of light absorbed by microalgae [5]. In the context
of a photobioreactor system, if a single cell absorbs a portion of the transmitted light, the
remaining cells in the system will share the remaining flux. Consequently, light energy
becomes not homogeneous within the volume of the photobioreactor. This phenomenon is
called self-shading [6,7] and causes a decrease in light availability with the depth of the
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photobioreactor [8]. Typically, this light attenuation phenomenon is modeled using the
Lambert–Beer Law [9]:

I(z) = I0 exp(−ka X z) (1)

where I0 (µmol m−2 s−1) is the incident light intensity; ka (m2 g−1) is the Lambert–Beer
light extinction coefficient; X (g m−3) is the biomass concentration inside the reactor; z (m) is
the axial coordinate of the reactor depth. Although this equation helps with the description
of the light attenuation under a quantitative point of view, the qualitative aspects, such as
the timing of light distribution and the light wavelength, have also an important role in
microalgal growth and in the quality of the obtained biomass. In fact, numerous studies
have shown that using narrow spectra of specific wavelengths cannot only enhance the
growth rate and modulate the biochemical composition of microalgal biomass but also
reduce both the capital and operational costs of lighting systems [10–13].

Photobioreactors for microalgae cultivation are broadly categorized into open-air
systems and closed systems, where the latter are typically designed for axenic single-
species cultures. Light-emitting diodes (LEDs) are considered the most suitable light source
for the closed system cultivation, offering a long working life and up to 90% efficiency in
converting energy into light [14].

The use of artificial lighting systems offers easier control but significantly increases
biomass production costs [15]. Solar energy is an available alternative containing photosyn-
thetic active radiation (PAR), the spectrum used by algae for photosynthesis, with blue and
red wavelengths being most efficient to produce not only biomass but also lipids and the
optimization of pigment production [16]. Although the role of wavelengths in microalgal
growth is very complex and depends over several factors, in general, it is possible to
state that red and blue light wavelengths are absorbed by microalgae, while green light is
reflected, due to the same colors in microalgae cell [17–19]. Nevertheless, some studies have
shown that green light can penetrate more deeply into the internal structure of cells and
more efficiently excite chlorophyll [12,20], while other studies showed that green light can
penetrate in depth into dense cultures where other wavelengths are absorbed first [21]. The
role of wavelength is, therefore, complex and needs to be clarified to optimize conditions
for cultivating microalgae on an industrial scale.

In this work, two main aspects regarding the qualitative aspects of lighting of microal-
gal cultures are addressed: the way in which the light is distributed within the reactors (e.g.,
flashing or intermittent light) and the shift in light wavelength. After an introductive part
that resumes the principles of photosynthesis, the effects of flashing lights and wavelength
adjustments are addressed. In the final part, the application of these theoretical principles
to photobioreactor design was analyzed based on the literature and described.

This work may serve as a reference guide for choosing operational parameters in
microalgal cultivation and in photobioreactor design for obtaining a specific goal, such as
an increase in biomass production or in high-value compound accumulation. Moreover,
this work can contribute to the consolidation and growth of the microalgal industry.

2. Photosynthesis in Microalgae: Mechanisms and Energy
Conversion Pathways
2.1. Properties of Light and Its Role in Photosynthesis

To comprehend the photosynthetic mechanisms, it is necessary to focus on the nature
of light and how it interacts with the photosynthetic apparatus. Light is electromagnetic
radiation, with visible light constituting only a small part of the entire electromagnetic
spectrum, as shown in Figure 1. Radiation has wavelengths ranging from 103 to 10−12 m; on
the base of the wavelengths, the spectrum can be divided into several parts, such as radio,
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infrared, X-ray, etc. Visible light ranges from approximately 380 nm to around 750 nm,
corresponding to the violet and the far red, respectively.

The visible light wavelengths correspond also to PAR (photosynthetic active radiation),
which is the portion of the light spectrum employed in photosynthesis as it can be absorbed
by the photosynthetic pigments.

Within this range, blue and red wavelengths are the most efficient for the photo-
synthetic apparatus as they are absorbed by light-harvesting antennae in photosynthetic
units [22]. As we are going to explore later, the ratio between the blue and the red light can
influence the composition of microalgae or, in superior plants, the plant development [23].

According to quantum theory, light travels in packages called photons, and each of
them has an energy equal to the product between the Plank constant and its frequency ν.
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E = hν (2)

where h is the Planck constant, equal to 6.626 × 10−34 J s.
The relationship between the frequency ν and the wavelength λ implies that they are

inversely proportional:

λ =
c
v

(3)

According to these equations, energy is inversely proportional to wavelength. Con-
sequently, photons of smaller wavelengths, such as 400 nm, corresponding to the blue,
are more energetic than one of 700 nm, which is on the red. Photosynthetic pigments
capture the energy of the light and transfer it to the photochemical complexes, where it is
transformed into chemical energy and used for the overall photosynthetic process. Light
intensity is measured in several ways and by using several units. In this review, irradiance
is adopted, which is the flux of photons that hits a surface in the unit of time, measured in
µmol quanta m−2 s−1 or µE m−2 s−1. An alternative unit is W m−2.

2.2. Mechanism of Photosynthesis in Microalgae
2.2.1. Overview

Oxygenic photosynthesis is performed by microorganisms such as microalgae and
cyanobacteria. Cyanobacteria are prokaryotic cells in which there is no compartmentaliza-
tion in organelles. In them, the genetic material is accumulated in the nucleoid, and the
photosynthetic reactions occur inside a chromoplast, peripherical and close to the cell wall.
On the other hand, microalgae are eukaryotic microorganisms that contain chloroplasts as
organelles responsible for photosynthesis.
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Photosynthesis is a process that converts solar energy and inorganic compounds in
chemical energy and organic compounds. This process is essential for life on Earth, and
all living beings are somehow dependent on it. The process is composed by two series of
reactions, as shown in Figure 2: the light and the dark reactions. During the light reactions,
the light energy is transformed in chemical energy in the form of two molecules of NADPH2

(nicotinamide adenine dinucleotide phosphate), which is a cofactor in anabolic reactions as
a reducing agent, and three molecules of ATPs, providing energy for the dark reactions [25].
Water is used as a donor of electrons, and oxygen is generated as a side-product. On the
other hand, dark reactions involve the fixation of atmospheric CO2 in organic compounds.
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In Figure 3, the arrangement of photosystems is shown. While light is harvested by
photosystems II (PSII) and photosystem I (PSI), two electrons are extracted from water,
which is in turn reduced in oxygen. The electrons are transported through a series of
electrons carriers, including plastoquinone (PQ), cytochrome b6/f (Cytbf) and plastocyanin
(PC), to PSI, where they are used to produce NADPH. Simultaneously, protons (H+) are
transported into the thylakoid lumen, and a pH gradient is generated. This gradient allows
ATP synthase to work [26].
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2.2.2. Light Reactions: Photochemical Process

The light reactions of photosynthesis occur in photosystems II and I (PSII and PSI),
contained in the chloroplast. The chloroplast is constituted by an outer and an inner
membrane that surround the stroma. Embedded in the stroma, there are grana, which are
stacks of membranes called thylakoids. Between grana, there are connections of membranes
called stromal lamellae, as shown in Figure 4.

Antenna systems are molecular complexes with the primary function of light harvest-
ing and energy transfer to the photosynthetic reaction centers PSII and PSI. Light-harvesting
complex II (LHC II) provides energy to PSII, and a genetically and biochemically diverse
group called light-harvesting complex I (LHC I) serves PSI [27].
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PSII is a macro-complex of subunits embedded in the grana, while PSI and ATPase
are located in stromal lamellae. As all cellular organelles, this structure can vary; in
fact, the thylakoid membrane is flexible and can reorganize PSII in order to respond to
environmental stresses. PSII is a multisubunit complex contained in the chloroplast of
cyanobacteria, algae and higher plants. It harvests light and converts it in chemical energy
employed to oxidize water and reduce plastoquinone (PQ) [28]. PSII is composed by a
reaction center (RC) that is conserved, plus some LHCs or antennas. These are variable in
number and quality depending on the organism and on the environmental condition.

The RC always contains six Chl a and two pheophytins (pheophytins are the first
electron carrier intermediate in the electron transfer pathway of PSII in plants), and it is
contained in a core complex, which includes two antenna complexes: CP43 and CP47.
They carry 13 and 16 Chl a and several β-carotene molecules. The antenna complexes are
not excessively close to the reaction center because, during charge separation, pigments
are oxidated; antenna complexes need to be close enough to transmit the energy from
the photosynthetic pigments of the antennas to the reaction center, where the energy is
processed. Within the core, there are around 20 subunits; the ratio between pigments and
protein is quite low [29]. The LHC complexes commonly contain Chl a and b pigments
together with xanthophylls lutein, violaxanthin and neoxanthin, responsible for light
absorption and Photosynthetic Electron Energy Transfer (PET). In the context of overall
photosynthesis, PSII is where the separation of charges begins; the primary donor is P680,
and then electron flows through pheophytin to plastoquinone PQ, as shown in Figure 3.

Between PSII and PSI, there is an intermediate cytochrome b6/f complex; the electron
flow through them is assisted by two mobile carriers: plastoquinone (PQ) from PSII to
cytochrome b6/f complex and plastocyanin (PC) from cytochrome b6/f complex to PSI.
Plastoquinone also translocates two protons from the stroma to the lumen.

PSI is the second complex responsible for light absorption in the photosynthetic
process. It has the main role of oxidating plastocyanin (PC) and reducing ferredoxin (Fe). It
contains a core with about 100 Chl a, and generally there are, similarly than in PSII, outer
antennas of the LHCI multigenic family. The PSI is the highest efficiency quantum converter
in nature [30], and the ratio between the number of generated electrons and the absorbed
photons is almost 1. Again, the peculiarity of these highly efficient photosystems consists of
the presence of proteins that keep the pigments at the right distance to the reaction center.
The core complex contains about 11–14 subunits and, in cyanobacteria, includes 96 Chl a
and 22 β carotenes [31]. Pigments are generally connected to the two largest subunits, PsaA
and PsaB. The primary PSI donor is P700, absorbing at 700 nm. PET in the PSI core is very
fast (20–40 ps), despite the presence of chlorophyll red forms that absorb at lower energies
and are slower. These chlorophylls, at the same time, broaden the absorption spectrum. In
higher plants, antenna complex is made of four LHCa complexes (LHCa 1-4), organized
in two dimers. All the members of the LHC multigenic family are able to switch from a
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“light-harvesting” state to a “quenched” state, involved in photoprotection when excess
energy needs to be dissipated [32]. In plants, the super complex PSI-LHCI traps the light in
about 50 ps. When PSI is excited, part of the LHCII population rearranges to PSI to form a
PSI-LHCI-LHCII super complex. This is a short-term acclimation mechanism to keep the
excitation balance between the two photosystems in the case of rapid changes in light.

Thanks to the electron transport and water oxidation, a proton concentration gradient
within the thylakoid membrane is generated. The resulting proton electrochemical potential
is exploited by ATP synthase to obtain ATP from adenosine diphosphate (ADP) and
pyrophosphate (Pi) (Figure 3). ATP synthase or ATPase is regulated by the pH level in the
lumen and is composed of two multisubunit subcomplexes, CF0 and CF1.

The CF0 subunit functions as a proton channel, and the flux of protons through
it powers the CF1 subunit, which forms a ring-like structure containing catalytic sites
for ATP synthesis. Approximately four protons must pass through to produce one ATP
molecule [25]. The reaction conducted by ATPase is called photophosphorylation and can
be expressed as follows:

2NADP + 2H2O + 3ADP + 3Pi
light energy,chlorophyll→ 2NADPH2 + 3ATP + O2

2.2.3. Dark Reactions: Carbon Fixation

Carbon assimilation, also called the Benson–Calvin Cycle, is one of the dark reactions
of photosynthesis. In order to fix one CO2 molecule, two NADPH2 molecules and three of
ATP are required, as expressed in the following equation:

CO2 + 2H+ + 4e−
2 NADPH2,3 ATP,enzymes→ (CH2O) + H2O

The fixation of CO2 occurs in four phases:

• The carboxylation phase, where CO2 is inserted to the 5-carbon sugar ribulose bis-
phosphate (ribulose-bis-P) to form phosphoglycerate (glycerate-P). This reaction is
catalyzed by the enzyme ribulose bisphosphate carboxylase/oxygenase (Rubisco);

• The reduction phase, where the phosphoglycerate is converted to 3-carbon products
by its phosphorylation (involving ATP) and the subsequent reduction (involving
NADPH2);

• The regeneration phase, where ribulose phosphate is regenerated for further CO2 fixation;
• The production phase, in which carbohydrates but also fatty acids, amino acids and

organic acids are produced.

The process is shown in Figure 5.
Another dark reaction that competes with carboxylation is photorespiration, in which

organic carbon is converted into CO2 without any metabolic benefit. This process is
influenced by the relative concentrations of oxygen and CO2: a high O2/CO2 ratio promotes
photorespiration, while a low ratio favors carboxylation [25].

2.2.4. Alternative Sinks for Electrons

Several other electron sinks, diverse from Benson–Calvin cycle, are present in the
chloroplast. They are metabolic pathways and/or signaling networks that require energy
and may apparently act in opposition to carbon assimilation. Besides the already described
linear electron transfer mode (LEF), in which the ferredoxin transfers electrons to FNR
(ferredoxin NADP + reductase) to produce NADPH, the photosynthetic apparatus can
also perform Cyclic Electron Transport (CEF), in which ferredoxin transfers electrons back
to the plastoquinone pool, causing a cyclic electron flow around PSI. This causes proton
translocations, the acidification of the lumen and consequently ATP formation. These
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two processes are modulated together to match the photochemical reactions to the Calvin–
Benson cycle; in fact, the assimilation of CO2 in the Benson–Calvin cycle requires ATP and
NADPH in a 3:2 ratio. However, this ratio is not fully met by linear electron flow (LEF),
which produces a pH gradient that is insufficient for generating the necessary amount
of ATP. Furthermore, CEF is adopted also in other cases such as low CO2, high light or
drought [26].
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Figure 5. Calvin cycle. The process is divided into four phases: carboxylation phase, catalyzed from
the enzyme Rubisco; reduction phase; regeneration phase; production phase.

In the case of an over-reduction in electron transport, to prevent electrons from stalling,
another alternative cycle operates, called the Mehler reaction. This is a pseudo-cyclic
electron flow from water to PSI with molecular oxygen serving as alternative electron
acceptor. From this process, a superoxide is formed and converted by superoxide dismutase
and catalase to water and oxygen. This water–water cycle restores the redox levels into the
photosynthetic membranes [26].

Another pathway involves the chlororespiratory chain, which participates in electron
transfer reactions by transferring electrons from stromal reductants to molecular oxygen
via the plastoquinone (PQ) pool. It involves a NADP dehydrogenase complex and a plastid
quinol terminal oxidase called PTOX [33].

Photorespiration serves as another sink for excess electrons due to the consumption of
NADPH and ATP [26]. In photorespiration, organic carbon is converted into CO2 without
any metabolic gain [34]. It is estimated that more than 20% of total electron flux through
RuBisCo may fuel O2 reduction, and it has been for a long time seen as a wasteful side-
product of carbon assimilation. Today, it is generally assumed that, since this process
competes with CO2 assimilation, it represents a modulation of the relative rate of O2 and
CO2 reduction for maintaining a redox homeostasis, especially in CO2 starvation [27]. It
has also been demonstrated that the photorespiratory pathway may play an indicative role
in the protection of plants against photoinhibition [33].

2.2.5. Plastoquinone Oxidation State as a Regulation of Photosynthesis

PSI and PSII have a slightly different pigment composition, and they can be differently
excited depending on the nature of light. The difference in electron transport chains is
balanced by state transitions; in fact, the plastoquinone pool can be reduced or oxidated
depending on which photosystem is more excited between PSI and PSII. If plastoquinone
is reduced, a kinase is activated that phosphorylates LHCII; this causes the migration of
LHCII to PSI and regulates the excitation energy between PSI and PSII. The redox state of
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plastoquinone is, therefore, central for the electron transfer regulation and can be affected
by factors such as wavelength shifts, light intensity, ATP/ADP ratio, CO2 and PTOX
concentration and the operation of the Benson–Calvin cycle. Changes in plastoquinone
pool redox state can also induce a change in chloroplast and nuclear gene expression.
Furthermore, plastoquinone is, as already mentioned, a mobile electron carrier from PSII to
cytochrome b6/f complex. Its diffusion can act as a regulatory limiting step in the electron
flow. It was proposed that it moves quickly in some microdomains located in the proximity
of PSII active centers and diffuses slowly if it migrates through long distances. The creation
of these microdomains is, therefore, a regulative factor, and it was also suggested that the
phosphorylation/dephosphorylation of LHCII and PSII plays a role in this regulation [26].

The plastoquinone pool oxidation state can be affected also by the trans-thylakoid
lumen pH. In fact, most of the electron transfer downregulation pathways consists of a
feedback mechanism involving the two main products of photosynthesis: NADPH and the
∆pH in the lumen. The latter has a direct effect on PQ oxidation at the luminal site of the
cytochrome b6/f complex. This control has the role of tight coupling between electron and
proton transfer during PQH2oxidation.

2.2.6. Regulation Through CO2 Availability

Unlike terrestrial plants, which thrive in an environment rich in CO2, microalgae
in aquatic habitats rely on dissolved CO2, which is present at low concentrations and
primarily in the form of bicarbonate (HCO3

−). To overcome this limitation, microalgae
have developed Carbon-Concentrating Mechanisms (CCMs), which locally increase CO2

availability for photosynthesis.
CCMs rely on specialized structures, such as the pyrenoid in algae (located in the

chloroplast) or carboxysomes in cyanobacteria (found in the cytoplasm). The microalgal cell
membrane is permeable to gases, allowing CO2 diffusion, but acts as a barrier to ions such
as bicarbonate. For this reason, there are bicarbonate transporters that allow the uptake
and accumulation of HCO3

− inside the cell. In microalgae, bicarbonate is transported
into the chloroplast near the pyrenoid, where the enzyme carbonic anhydrase catalyzes
its conversion into CO2, leading to a local increase in CO2 concentration around Rubisco,
which subsequently utilizes it in the Calvin cycle [35].

Although CCMs vary among different microalgal species, their general functioning
remains similar. The pyrenoid plays a crucial role in this process by limiting CO2 diffusion
out of the cell and promoting its immediate utilization by Rubisco. These metabolic
adaptations enable microalgae to maintain high photosynthetic efficiency even in CO2

limited aquatic environments while simultaneously reducing photorespiration [36].

3. Light Quality Adjustments for Enhanced Photosynthesis
3.1. Application of Flashing Lights

Flashing light (FL) consists of providing illumination by dense packs of high-intense
light spaced with short dark periods, differently than in continuous light (CL). It is the
repetition of light (tl) and dark (td) periods in an approximately rectangular waveform
(Figure 6). The sum of a light and a dark period is defined as flashing cycle (tc) (Figure 6).
How often a flashing cycle repeats per second (s−1) is indicated by the flashing light
frequency (f ). For instance, a frequency of 50 Hz means that light and dark periods change
50 times per second. The proportion of the light period to the flashing cycle is defined as the
duty cycle (DC or ϕ). For example, a duty cycle of 0.05 indicates that the light is on for only
5% of the whole flashing cycle, while 95% of the time the light is turned off. The averaged
light intensity (Ia) measured under flashing light is the average obtained during a flashing
cycle, which is composed by an instantaneous light intensity Il emitted during the light
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flash period (tl) and no light emission (e.g., Id = 0 µmol s−1 m2) during the dark phase td.
For instance, when the averaged light intensity is Ia = 300 µmol s−1 m−2 and the duty cycle
is DC = 0.05, then the instantaneous light intensity becomes Il = 6000 µmol s−1 m−2. As seen
previously, photosynthesis involves a sequence of rapid light-dependent reactions followed
by slower biochemical processes. The timescale of these slower biochemical reactions
regulates the overall turnover rate of photosynthesis. The idea that inspires the application
of intermittent light on microalgal culture is that of matching the rates of photochemical
reactions. In fact, with flashing lights correctly tuned, the dark phase would align with the
moment at which photosynthetic centers are closed and unable to collect further energy.
The flash period, instead, would match with the harvesting light kinetics performed by
the photosystems. This should lead to an enhanced photosynthetic, and possibly biomass,
yields compared to continuous light, by spending the same amount of energy [37].
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Flashing lights can be applied to microalgal cultures using a rotating disk and incan-
descent lamps [38–40] or relying on illumination cycles based on the movement of the cells
inside the photobioreactors, which undergo light–dark cycles as they the approach or move
away from the light source [41]. Although this approach is reported in the literature, it has
yielded unclear results and has been surpassed by other approaches [42]. Alternatively, the
use of regulated LEDs for microalgal cultures, preferably with short light paths to minimize
self-shading, has been proposed due to the numerous advantages of LEDs [43]. In this
context, it is worth remembering the importance of having a short light-path when testing a
specific kind of illumination on a microalgal culture, as showed before [40,44]. Even before,
flashing lights were proposed as a strategy to increase the photon penetration depth into a
cell-dense culture; in fact, flashing lights would increase photon penetration depth because
of the high light intensity [45].

The first attempts to obtain the “flashing light effect”, namely, the described increase in
photosynthetic yield, were tried in the last century by Philips and Myers, who observed an
increase in growth rate in Chlorella when the flash time approached the hundredth of a sec-
ond, while no effects were observed under shorter flash times [38]. Oppositely, other works
showed an increase in photosynthetic yields with increasing light/dark frequencies [39,46].

Xue et al. showed that while increasing light intensity, the increase in frequency
increased also the maximum growth factor of Spirulina platensis grown under intermittent
lighting [40]. In other cases, by using Dunaliella salina grown with a duty cycle of 50% and
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an average light intensity of 400 µmol s−1 m−2, none of the frequency tested increased
the growth factor nor the high-value compound accumulation compared to continuous
light [47]. The results of the mentioned studies are, therefore, not straightforward and
sometimes contradictory.

Although the desired effect of intermittent lights is that of increasing the photosyn-
thetic yield and consequently the amount of biomass obtained, a great number of research
studies highlighted a different effect: a shift in the biochemical composition of microalgal
biomass, often connected to a decrease in the net biomass yield. For example, Kim et al.
obtained a significative increase in astaxanthin concentration in Haematococcus pluvialis
when cultivated under a flashing light of 65.6 µE m−2 s−1 and a frequency of 3.49 Hz [48].
What presumably happens is that the excess energy and electron transfer obtained, thanks
to the flashing effect, is not directed towards the carbon fixation pathways but flows to
different routes, causing, for example, the accumulation of carotenoids, proteins and fatty
acids, especially of the omega-3 series. This was shown by Lima et al. [49] who studied
the effect of the frequency of 5, 50 and 500 Hz on three different microalgal species (Nan-
nochloropsis gaditana, Tetraselmis chuii and Koliella antarctica) with a constant duty cycle of 5%
and an average light intensity of 300 µmol m−2 s−1. The growth performance of the culture
grown under a flashing light was lower compared to continuous light, while the content
in carotenoids, proteins and lipids was significantly improved. Furthermore, a transcrip-
tomics study on Nannochloropsis gaditana grown in the same conditions [50] showed that
low-frequency flashing lights caused the dissipation of excess energy produced through the
violaxanthin cycle. The same growing conditions were applied also to Diacronema lutheri
and Tetraselmis striata, obtaining a similar accumulation of high-value compounds [51]. Xi
et al. showed an increase in the growth of Dunaliella salina cultured under a flashing light
with a duty cycle of 50% and an average light intensity of 400 µmol m−2 s−1 compared
to a continuous light. The condition that showed the lower growth (50 Hz) was the same,
which led to an increase in carotenoid content, indicating that somehow the growth and
the carotenoid content are inversely related [52].

It is interesting to note the slightly different approach of Borella et al., who analyzed
the effect of illumination times on growth increase. They applied flashing lights of different
wavelengths to Arthrospira maxima grown in continuous-flow reactors: this guaranteed the
acclimation of the cells to the light condition, which is not assured in batch cultivation.
It is worth noting that for different average light intensities, there is a different range
of frequencies, which allows one to obtain an increase in concentration compared to the
control [53].

Lu et al. applied an experimental design according to the Taguchi Orthogonal Array to
assess the effect of flashing parameters on photosynthetic bacteria features; they observed,
for example, that biomass concentration increase is obtained in conditions of high light
intensities, frequencies and duty cycles, while carotenoid concentration is obtained under
high frequencies and low duty cycles [54]. In a more recent study, Levasseur et al. showed
that Chlorella vulgaris grown in acclimated and isoactinic conditions did not improve the
growth and the photosynthetic yield compared to continuous light under different average
light intensities and different frequencies at a fixed duty cycle of 50%, while in some cases,
the content in carotenoids did improve [55].

According to the described findings, we can conclude that when flashing lights are
tuned for decreasing the violaxanthin cycle, the excess energy of electron transfer is used for
enhancing the Calvin cycle and increasing biomass yields [56]; otherwise, if flashing lights
enhance the violaxanthin cycle, the excess energy is used for increasing the concentration
of compounds such as carotenoids, fatty acids and proteins [50]. Anyway, flashing lights
can be a powerful instrument that can be tuned in order to obtain an enhanced growth
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or a shift in the biochemical composition of the microalgal biomass, depending on the
producer’s requirements.

3.2. Tailoring the Wavelength

The influence of light wavelength on microalgae has been studied for years. It has been
demonstrated that wavelength can influence various aspects, including photosynthetic
activity, growth performance, biomass production and its biochemical composition. When
studying the wavelength effect, the main challenge derives from the different effect obtained
in different species. Physiological processes depend on the different interaction of light
with the molecular constituent of the microalgal cell. Each species is characterized by
the presence of different photosynthetic molecules, and this leads to different responses.
Photosynthesis begins with the absorption of light by pigments that absorb light at specific
wavelengths. Depending on the wavelength they receive, different metabolic processes are
activated, leading to various effects on the microalga. Furthermore, it has been observed
that microalgae can adapt to different lighting conditions by modifying the quantitative
composition of their pigments, thereby optimizing the use of available light [57,58].

The preferred wavelengths for various photosynthetic pigments are well known.
Among chlorophylls, chlorophyll-a absorbs in the ranges 380–470 nm (blue) and 600–680 nm
(red), chlorophyll-b in the 410–480 nm (blue) and 600–685 nm (red), and chlorophyll-
c absorbs blue light at 450 nm, while chlorophyll-d and chlorophyll-f absorb in the
700–750 nm range (far-red).

Among accessory pigments, carotenoids such as β-carotene absorb in the 400–500 nm
range (blue and blue-green), while xanthophylls (lutein, fucoxanthin, astaxanthin, violax-
anthin, zeaxanthin, etc.) absorb in the 400–550 nm range (violet, blue-green and green).
Among phycobiliproteins, phycocyanin absorbs in the 600–640 nm range (orange-red),
phycoerythrin absorbs between 480 and 570 nm (blue-green, green and yellow) and allo-
phycocyanin absorbs between 620 and 660 nm (orange-red).

Microalgae can be classified into four major groups characterized by different types
of pigments. Based on this, it can generally be said that green algae prefer a blue and red
spectrum and cyanobacteria prefer red and yellow light, while red algae and diatoms prefer
blue and green light [17–19].

Several studies in the literature have investigated the effects of wavelength on the
growth and biochemical composition of microalgae. However, standardizing these effects
is challenging due to the influence of additional experimental parameters, such as agitation
type, growth medium, light intensity, and temperature, among others. These factors also
play a crucial role in determining microalgal growth and biochemical composition.

Table 1 summarizes the growth conditions adopted in the various studies analyzed,
specifically focusing on the effect of wavelength. For simplicity, microalgal groups have
been categorized into green algae, diatoms, red algae, and cyanobacteria.

As previously mentioned, each group is characterized by the presence of specific
pigments that facilitate the absorption of specific wavelengths. However, the correlation
between wavelength and its effects in microalgae is highly variable. Not only do different
groups exhibit distinct responses, but even within the same group, species react in diverse,
and sometimes even contradictory, ways. Surprisingly, variations have also been observed
within the same species. Furthermore, many studies have employed mixed light in contrast
to monochromatic light.
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Table 1. Effect of different light wavelengths on the main groups of microalgae.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Green Algae
Botryococcus

sudeticus (UTEX
2629)

Conical flask (250 mL)
ATCC BG11 + medium

Aerated agitation
Tav = 18.5 ◦C

LSC panels
White light
Red light

(600–730 nm)

Red light slightly promoted
growth rate compared to

white light

Red light promoted
pigment production [59]

Chlamydomonas
reinhardtii WT

CC-125

Batch flask (250 mL)
TAP medium

6 days
Mechanical agitation

T = 24–32 ◦C
24:0 h light/dark cycle

105 ± 3 µmol/m2 s

LED
Blue light

White-Yellow light
Red-Orange light

Red-orange light was the
most effective in promoting

biomass production at
24 ◦C

Blue light was the most
effective in promoting
biomass production at

32 ◦C

Red light promoted
lipid production [60]

Chlamydomonas
reinhardtii WT

CC-125

Batch flask (250 mL)
TAP medium

7 days
Mechanical agitation

T = 28 ± 0.3 ◦C
45–305 µmol/m2 s

LED
Blue light

White-Yellow light
Red-Orange light

Blue light was the most
effective in promoting

biomass production at 35
µmol/m2 s

Red-orange and
white-yellow light were the
most effective in promoting
biomass production at 305

µmol/m2 s

Red-orange light
promoted lipid and

carbohydrate
production

Blue light and
white-yellow light
promoted protein

production

[61]

Chlamydomonas
reinhardtii CC-1690

Flat-panel
photobioreactors

Sueoka high salt medium
Aerated agitation

T = 25 ◦C
pH = 7

1500 µmol/m2 s

LED

White light
Blue light

Yellow light
Orange-Red light

Red light

Red light was the most
effective in promoting

growth rate
Yellow light was the most

effective in promoting
biomass production

Blue light was the least
effective for growth rate
and biomass production

[62]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Chlamydomonas
reinhardtii
(CC 1690)

Conical flask (250 mL)
P49 medium

Aerated agitation
Tav = 18.5 ◦C

LSC panels
White light
Red light

(600–730 nm)

Red light slightly promoted
growth rate compared to

white light

No difference was
found between the
use of red light and

white light in
pigment production

[59]

Chlorella sp.

Transparent polyethylene
bag

Biogas slurry
6 days

Manual agitation
T = 25 ± 0.5 ◦C

12:12 light/dark cycle
600 µmol/m2 s

LED

White light
Blue light (460 nm)
Red light (660 nm)

Mixed red–blue
(2:8; 5:5; 8:2)

Red–blue light ratio (5:5)
was the most effective in
promoting growth rate

[63]

Chlorella sorokiniana
(UUIND6)

Conical flask (250 mL)
BBM medium

7 days (stationary phase)
T = 25 ◦C

18:6 h light/dark cycle
300 µmol/m2 s

LED

White light
Blue light

Green light
Red light

Red light was the most
effective in promoting

growth rate but the least
effective in biomass

production
White light was the most

effective in promoting
biomass production

Green light was the least
effective for growth rate

Red light promoted
lipid, pigment and

carbohydrate
production
White light

promoted protein
production

Green light was the
least effective for

protein and
carbohydrate
production

[64]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Chlorella vulgaris

Batch flask (1 L)
BG-11 medium

17 days (stationary
growth phase)

Aerated agitation (+0.04%
CO2)

T = 25 ± 2 ◦C
24:0 h light/dark cycle

71 ± 2 µmol/m2 s

LED

White light
Blue light

(420–450 nm)
Green light

(495–570 nm)
Orange light
(590–625 nm)

Red light
(620–700 nm)

Red light was the most
effective in promoting

growth rate
Blue light was the least
effective for growth rate

White light
promoted lipid and
pigment production
Blue light promoted
protein production
Red light promoted

carbohydrate
production

[65]

Chlorella vulgaris

Flask (1 L)
Modified f/2 medium

14 days
Air bubble agitation

T = 20 ◦C
12:12 light/dark cycle

100 µmol/m2 s

LED/
Fluorescence

tubes

White light
Purple light

(400 nm)
Blue light (465 nm)

Green light
(520 nm)

Yellow light
(590 nm)

Red light (625 nm)

Red light was the most
effective in promoting
biomass production

Green light
promoted lipid

production
[66]

Chlorella vulgaris
(ATCC-29498)

Conical flask (250 mL)
ATCC 847 medium
Aerated agitation

Tav = 18.5 ◦C

LSC panels
White light
Red light

(600–730 nm)

Red light slightly promoted
growth rate compared to

white light

Red light promoted
pigment production [59]

Chlorella vulgaris
(CCAP 211/79)

Rectangular chambers
3n-BBM + V medium

14 days
T = 23 ± 2 ◦C

250 µmol/m2 s

Light filters

Violet light
Green light

Orange light
Red light

Orange light was the most
effective in promoting

growth rate
Violet light was the most

effective in promoting
biomass production

Red light was the least
effective for growth rate

Red light promoted
pigment production [67]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Chlorococcum sp.

Batch flask (250 mL)
15 days

Aerated agitation
T = 23 ± 2 ◦C

24:0 light/dark cycle
104 µmol/m2 s (red and

blue light)
150 µmol/m2 s

(white light)
48 µmol/m2 s
(violet light)

LED

White light
(450 nm)

Blue light (388 nm)
Violet light

(368 nm)
Red light (638 nm)

Red light was the most
effective in promoting

growth rate
Violet light was the least
effective for growth rate

[68]

Dunaliella salina
(CCAO 19/18)

Raceway (50 L)
Instant Ocean Aquarium

medium
18 days

Mechanical agitation
Tav = 18.5 ◦C

LSC panels
White light
Red light

(600–730 nm)

Red light slightly promoted
growth rate compared to

white light

No significant
difference was found
between the effects

of red and white
light on pigment

production

[59]

Golenkinia SDEC-16

Batch flask (1 L)
Wastewater

7 days
Aerated agitation
Tav = 25 ± 2 ◦C

24:0 light/dark cycle

LED

Blue light (460 nm)
Green light

(520 nm)
Red light (660 nm)

Red light and blue light,
respectively, promoted

biomass production
Green light was the least
effective for growth rate

Green light was the
most effective in
promoting lipid

production
Blue light was the
least effective for
lipid production

[69]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Haematococcus
pluvialis

Cylindrical
photobioreactors (1 L)

OHM medium
4 days

(late exponential phase)
Aerated agitation

(+10% CO2)
T = 21 ◦C

pH = 7/7.5
12:12 h light/dark cycle

100 µmol/m2 s

LED

Blue light (450 nm)
Red light (660 nm)
Mixed red–blue ≈

1:1; 1:4; 4:1

Red light was the most
effective in promoting

growth rate
Blue light was the least
effective for growth rate

Mixed red–blue
promoted pigment

production
[70]

Nannochloropsis sp.

Batch flask (1 L)
Walne’s medium

14 days
(late exponential phase)

T = 23 ± 0.5 ◦C
pH = 8 ± 0.2

24:0 h light/dark cycle
100 µmol/m2 s

LED/
Fluorescence

lamp

White fluorescence
lamp

Blue light (457 nm)
Red light (660 nm)

Mix red–blue

Blue light was the most
effective in promoting

growth rate

Blue light promoted
lipid production

White light was the
least effective in
promoting lipid

production

[71]

Scenedesmus
obliquus

(SAG276-10)

Bubble photobioreactors
column

Wastewater
14 days (exponential

phase)
Air bubble agitation (+3%

CO2 at aeration rate of
0.2 vvm)

25.0 ± 1.5 ◦C

LED

White light
(400–700 nm)

Blue light (460 nm)
Green light

(540 nm)
Red light (650 nm)

Blue light and red light,
respectively, promoted

biomass production [g/L],
with blue light having a
moderately greater effect

Blue light and red
light promoted

lipids and
carbohydrate
production

White and green
light promoted

protein production

[72]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Scenedesmus
rubescens

Multi-Cultivator MC
1000-Mix equipment

(100 mL)
UMA-5 medium

7 days
Air bubble agitation
24:0 light/dark cycle

80 µmol/m2 s

LED

White light
(404–789 nm)

Blue light (453 nm)
Red light (633 nm)

Blue light and red light,
respectively, promoted

growth rate, with blue light
having a moderately

greater effect
White light promoted
biomass production

Blue light was the least
effective for biomass

production

Blue light and white
light promoted

pigment production
Red light inhibited

pigment production

[73]

Scenedesmus
quadricauda 276/21

Cylindrical PBR (2 L)
BBM medium

9 days
Aerated agitation

T = 25–28 ◦C

LED Blue light (470 nm)
Red light (630 nm)

No effect of wavelength on
biomass production was

observed

Blue light promoted
pigment production [74]

Tetraselmis sp.

Batch flask (1 L)
Walne’s medium

14 days (late exponential
phase)

T = 23 ± 0.5 ◦C
pH = 8 ± 0.2

24:0 h light/dark cycle
100 µmol/m2 s

LED/
Fluorescence

lamp

White fluorescence
lamp

Blue light (457 nm)
Red light (660 nm)

Mix red–blue

Blue light was the most
effective in promoting

growth rate

Blue light promoted
lipid production

White light was the
least effective for
lipid production

[71]

Tetradesmus
obliquus FACHB-14

Batch flask (1 L)
BG11 medium

9 days
Aerated agitation

T = 25 ± 1 ◦C
pH = 7.1 ± 0.1
68 µmol/m2 s

White light
Blue light

Green light
Red light (660 nm)

Red light and blue light,
respectively, promoted

growth rate and biomass
production

Green light is the lowest
promoter for growth rate
and biomass production

Red light promoted
lipid production [75]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Tetraselmis lutua

Flat panel
photobioreactor (400 mL)
NutriBloom Plus medium

16 days
Air bubble agitation

pH = 8
18:6 light/dark cycle

50 µmol/m2 s

LED

Blue light
Green light
Red light

Red–reen–blue ≈
1.6:1:1.3

Blue–red ≈ 1:5
Blue–green ≈ 6:5

Red–green–lue and blue
light promoted biomass

production
Red light was the least
effective for biomass

production

Blue–green light
promoted pigment

production
No effect of

wavelength on lipid
production was

observed

[76]

Diatoms Pavlova lutheri

Flask (1 L)
Modified f/2 medium

14 days
Air bubble agitation

T = 20 ◦C
12:12 light/dark cycle

100 µmol/m2 s

LED/
Fluorescence

tubes

White light
Purple light

(400 nm)
Blue light (465 nm)

Green light
(520 nm)

Yellow light
(590 nm)

Red light (625 nm)

Blue light was the most
effective in promoting
biomass production

Yellow light
promoted lipid

production
[66]

Phaeodactylum
tricornutum
(UTEX 646)

Air-lifted rectangular
bioreactor

f/2 medium
7 days

T = 20 ◦C
14:10 light/dark cycle

120 µmol/m2 s
(white light)

72 µmol/m2 s (blue light)
123 µmol/m2 s (red light)

LED/
Fluorescence

tubes

White light
Blue light

(469 ± 10 nm)
Red light

(659 ± 11 nm)

Blue light was the most
effective in promoting

growth rate and biomass
production

Blue light promoted
pigment production,
but, in particular, red

light promoted
violaxanthin
production

[77]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Synedra

Cylindrical plastic buckets
(100 L)

Lake water medium
(Meiliang Bay)

Mechanical agitation
25 days

Light filters

White light
(400–700 nm)

Blue light (444 nm)
Green light

(543 nm)
Red light (700 nm)

Green light was the most
effective in promoting

growth rate
Blue light was the least
effective for growth rate

[78]

Red Algae Galdieria
sulphuraria

Continuos bubble column
photobioreactors (700 mL)
Gross and Schnarrenberger

medium
Air bubble agitation (+3%

CO2 at aeration)
100 µmol/m2 s

LED
Blue light (490 nm)
Green light (525 m)
Red light (625 nm)

Red light was the most
effective in promoting
biomass production

Green light was the least
effective for biomass

production

Red light promoted
phycobiliprotein

production
Green light was the

least effective in
promoting

phycobiliprotein
production

[79]

Porphyridium
cruentum

Flask (1 L)
Modified f/2 medium

14 days
Air bubble agitation

T = 20 ◦C
12:12 light/dark cycle

100 µmol/m2 s

LED/
Fluorescence

tubes

White light
Purple light

(400 nm)
Blue light (465 nm)

Green light
(520 nm)

Yellow light
(590 nm)

Red light (625 nm)

Green light was the most
effective in promoting
biomass production

Red light promoted
lipid production [66]

Porphyridium
purpureum

Continuous bubble column
photobioreactors (700 mL)

Artificial seawater medium
Air bubble agitation (+3%

CO2 at aeration)
100 µmol/m2 s

16 days

LED
Blue light (490 nm)
Green light (525 m)
Red light (625 nm)

Green light was the most
effective in promoting
biomass production

Blue light had a negative
effect on biomass

production

Red light promoted
phycobiliprotein

production
Blue light had a

negative effect on
phycobiliprotein

production

[79]
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Table 1. Cont.

Groups of
Microalgae
(Phylum)

Microalgae Cultivation Conditions Type of
Lighting Wavelength Growth Rate and Biomass

Production
Biochemical
Composition Ref.

Cyanobacteria

Gloeothece
membranacea

Rectangular chambers
3n-BBM + V medium

14 days
T = 23 ± 2 ◦C

150 µmol/m2 s

Light filters

Violet light
Green light

Orange light
Red light

Violet light was the most
effective in promoting

growth rate

Green light
promoted pigment

production
[67]

Microcystis

Cylindrical plastic
buckets (100 L)

Lake water medium
(Meiliang Bay)

Mechanical agitation
25 days

Light filters

White light
(400–700 nm)

Blue light (444 nm)
Green light

(543 nm)
Red light (700 nm)

White and red light
promoted growth rate

Green light was the least
effective for growth rate

[78]

Spirulina platensis

Open raceway pond (4 L)
Artificial wastewater

8 days
Mechanical agitation

pH = 10/11
12:12 light/dark cycle

90 µmol/m2 s

Light filters

White light
Blue light (470 nm)

Purple light
(415 nm)

Red light (685 nm)

Blue light was the most
effective in promoting
biomass production

White light was the least
effective for biomass

production

Blue light promoted
protein production [80]

Spirulina platensis
(ATCC 2940)

Conical flask (250 mL)
Spirulina medium
Aerated agitation

Tav = 18.5 ◦C

LSC panels
White light
Red light

(600–730 nm)

Red light slightly promoted
growth rate compared to

white light

No significant
difference was found
between the effects

of red and white
light on pigment

production

[59]
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3.2.1. Green Algae

Regarding green algae, it has been shown that photosynthetic efficiency is enhanced
under blue and red lights. This is because their primary photosynthetic pigments, chloro-
phyll a and chlorophyll b, reflect green light, which gives these algae their characteristic
coloration. Red light, indeed, is believed to be efficient in photosystem II (PSII) activation,
which plays a crucial role in electron transport during photosynthesis. On the other hand,
blue light, due to its higher photon energy, is expected to stimulate the production of
accessory pigments that provide protection against oxidative stress. Nevertheless, a portion
of green light is still utilized through accessory pigments [19,81]. Several studies have con-
firmed that red and blue light promote growth rate and/or biomass production, while green
light has been associated with reduced growth rate and biomass accumulation [69,72,75].
Other studies have indicated that red or red-orange light is the most effective for microal-
gal growth [59,62,64,65,68,70,75] and biomass production [66,69]. However, two studies
reported that red light had the least impact on growth [67] and biomass production [76],
compared to other wavelengths. Regarding blue light, it was found to be optimal for
optimizing growth rate in Nannochloropsis sp. [71]. However, in other studies, blue light
was among the least effective wavelengths for promoting cellular growth and biomass
production [62,65,70]. Some studies utilizing mixed light demonstrated that certain combi-
nations of wavelengths were more effective in stimulating growth than monochromatic
light [63,76]. On the other hand, for Scenedesmus quadricauda [74], no significant effect was
observed in response to wavelength variation.

The analysis of these studies highlights that even within the same microalgal species,
responses to wavelengths can differ on the base of growth conditions. For instance, in
Chlamydomonas reinhardtii [59–62], biomass production was enhanced by multiple wave-
lengths, including red, red-orange, blue and yellow light. In contrast, for Chlorella vul-
garis [59,65,66], red light was generally the most effective, except in [67], which employed
mixed lighting.

As previously mentioned, multiple factors influence these responses. For example,
in [60], biomass production was stimulated by red light at 24 ◦C and blue light at 32 ◦C.
Similarly, in [61], biomass production was enhanced by blue light under low light intensity,
while red-orange and white-yellow light were more effective under high light intensity.

Across various studies, growth rate and biomass production were optimized under
different wavelengths. In [62], red light promoted growth rate, whereas yellow light
enhanced biomass production. In [64], red light increased growth rate but resulted in the
lowest biomass production, which was instead optimized by white light. In [67], orange
light promoted growth rate, whereas violet light increased biomass production. In [73],
both blue and red light enhanced growth rate, but blue light was the least effective for
biomass production, which was instead optimized by white light.

It has been supposed that red light may intensify cell division, leading to the formation
of smaller cells, whereas blue light might inhibit the division of small cells, promoting
the formation of larger cells. This mechanism could ultimately influence total biomass
accumulation [19].

Regarding biochemical composition, no specific trends were observed con-
cerning wavelength. For lipid production, red and red-orange light were the most
effective [60,61,64,72,75], while blue light was optimal in [71,72] and white light in [65].
Interestingly, the authors of [66,69] reported that Chlorella vulgaris and Golenkinia SDEC-16
utilized green light most efficiently for lipid production. However, no significant effects of
wavelength on lipid production were observed for Tetraselmis lutua [76].

For pigment production, red light was found to be the most effective in [59,64,67],
while white light was more efficient in [65,73]. In Chlamydomonas reinhardtii and Dunaliella
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salina [59], no difference was observed between red and white light. Blue light favored
pigment production in Scenedesmus rubescens [73] and Scenedesmus quadricauda [74]. In
studies using mixed light, the most effective combinations were red–blue [70] and blue–
green [76].

Protein production was generally promoted by blue light [61,65] and white
light [61,64,72], although one study indicated that green light was the most effective [72].

Finally, for carbohydrate production, three studies identified red light as the most
effective [61,64,65], while blue light also yielded positive results in [72].

3.2.2. Diatoms

In regards of diatoms, it has been suggested that their pigment composition promotes
blue and green light absorption. This is partly because diatoms commonly inhabit deeper
water layers, where blue and green wavelengths penetrate more efficiently than red light,
which has lower photon energy and, thus, is more readily absorbed by water [19,81].

The analyzed studies confirm that blue light enhances biomass production in Pavlova
lutheri [66] and growth rate in Phaeodactylum tricornutum [77]. Conversely, green light was
more effective in promoting growth rate in Synedra [78], where blue light was found to be
the least effective.

Regarding biochemical composition, yellow light promoted lipid production in Pavlova
lutheri [66], whereas blue light favored pigment production in Phaeodactylum tricornu-
tum [77], with red light specifically enhancing violaxanthin production.

3.2.3. Red Algae

Red algae contain phycobiliproteins as accessory pigments, which suggests a prefer-
ence for blue and green light. This preference is primarily due to their habitat as red algae
typically grow in deeper aquatic environments, where red light is rapidly absorbed by
water and thus does not penetrate efficiently [19,81].

Analysis of relevant studies reveals notable findings. In the study on Porphyridium
cruentum [66], green light promoted biomass production, which was consistent with ex-
pectations. Similarly, in the study on Porphyridium purpureum [79], green light was found
to be beneficial for biomass accumulation; however, in the latter case, blue light had
a negative effect on biomass production compared to other wavelengths. Conversely,
when studying Galdieria sulphuraria [79], red light was the most effective wavelength for
biomass production.

Regarding biochemical composition, red light stimulated phycobiliprotein production
in Galdieria sulphuraria and Porphyridium purpureum [79], whereas green and blue light had
a negative impact on phycobiliprotein accumulation. For Porphyridium cruentum [66], red
light was also found to enhance lipid production. These findings suggest that red light
plays a significant role in shaping the biochemical composition of red algae.

3.2.4. Cyanobacteria

Cyanobacteria, based on their pigment composition, are expected to preferentially
absorb red and yellow light. This is also because cyanobacteria often live in shallow waters,
where red light is abundant and readily absorbed by these organisms [19,81].

This was confirmed in the study on Microcystis [78]; red and white light promoted
growth rate more effectively than other wavelengths. In the case of Spirulina platensis [59],
red light was more effective than white light in enhancing growth rate, though no significant
difference was observed in pigment production. However, another study on Spirulina
platensis [80] reported contrasting results, indicating that blue light was more effective in
stimulating both biomass production and protein synthesis.
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In a study on Gloeothece membranacea [67], violet light was the most effective in pro-
moting growth rate, while green light enhanced pigment production.

In conclusion, the analysis of the existing studies suggests that it is not possible
to establish a uniform trend regarding the influence of wavelength on microalgae. The
responses observed vary significantly depending on the species, growth conditions and
other experimental parameters, leading to inconsistencies across different studies. It is
worth noting that, besides the already analyzed culture conditions, which prevent the
effects of wavelength from being observed unambiguously, the optical path of the light
inside the culture vessel should also be analyzed. In fact, similar to the flashing light,
it is impossible to study the effect of a light feature on microalgal growth if significant
self-shading effects occur. For this reason, it is essential to continue research to optimize
the use of light wavelength in microalgal cultivation.

4. Photobioreactor Design for Optimized Light Utilization
The previously mentioned studies, which highlighted an effect on the obtained

biomass through the application of specific light features, were applied to the design
of photobioreactors to achieve the same effect. In this sense, there are three categories of
photobioreactors: those in which the light gradients are limited to allow the optimal dis-
tribution of light within the photobioreactor; photobioreactors, which imitate the flashing
effects with the use of special geometries or specific elements in the design; photobioreac-
tors in which the light wavelength is modified with the use of filters. This section analyzes
these categories.

4.1. Strategies to Minimize Light Gradients

Light attenuation creates three light-dependent zones: photolimitation, photosatura-
tion and photoinhibition. Photolimitation occurs when light intensity is too low to support
the maximum rate of photosynthesis. In this regime, photosynthesis is limited by the avail-
ability of photons. On the other hand, photosaturation occurs when light intensity reaches
a level where the photosynthetic machinery is operating at its maximum capacity. Beyond
this point, increasing light intensity does not increase the photosynthetic rate. When light
intensity is so high that it causes damage to the photosynthetic apparatus, photoinhibi-
tion occurs. Photoinhibition is indeed associated with a reduction in the photosynthetic
rate [82].

The main goal of this category of photobioreactors is to reduce the light gradients
within the photobioreactor. In recent years, two different strategies have emerged. One
of the main approaches is to modify the reactor geometry in a way that the light path is
minimized to reduce the impact of self-shading [6]. Consequently, these geometries are
also characterized by a high surface-to-volume ratio (SVR) [83–85]. If the light path is too
short, the system is more susceptible to photoinhibition and thus to a reduction in the
photosynthetic efficiency, even at low light intensities [6,8]. Indeed, an excessive increase
in the surface-to-volume ratio (SVR) could also be detrimental for areal productivity, as
in [6,8,83,86]. Furthermore, in some types of reactors, a shorter light path could also increase
the chances of biofouling formation, as shown by González-Camejo et al., which reduced
the light path of a membrane photobioreactor from 25 cm to 10 cm, with an increase in areal
biomass productivity and photosynthetic ratio. However, the authors reported an increase
in the biofouling rate with the shorter light path [86]. Recently, Venancio et al. evaluated
the performances of two thin-layer cascade systems with two different SVR values of
60 m−1 and 80 m−1, respectively. The results showed that the thin-layer cascade with
the highest SVR reached a greater biomass concentration and volume daily productivity.
However, the authors reported a lower photosynthetic efficiency in the same reactor,
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probably due to photoinhibition. Furthermore, the two photobioreactors showed a similar
areal productivity, reporting again the necessity to find specific surface to volume ratios
to get the best operating conditions [83]. Chuka-ogwude et al. made a deep optimization
of the geometry in an inclined thin-layer photobioreactor with microalgae growing in
anaerobic digestate. In such conditions of high turbidity, light attenuation is even more
problematic. However, the authors report that the best operating conditions were achieved
by just increasing the reactor depth from 0.005 m to 0.011 m. These results highlight the
necessary trade-off between higher biomass growth rates and areal productivity [87]. Small-
scale photobioreactors could also give a better understanding of the impact of the light path.
Saccardo et al. worked with small-scale photobioreactors with different thickness, revealing
that a decrease in light path value from 35 to 15 mm increased the biomass concentration.
However, for lower values, photo inhibition became more significant, causing a reduction
in biomass concentration [6]. A revision of traditional photobioreactor’s geometries is
another option for decreasing light gradients. A vertical photobioreactor with “oval-shaped
tubes” has been designed to limit the self-shading [88]. Hijazi et al. proposed a “cactus-like”
cylindrical photobioreactor (Figure 7); this geometry showed a 29% improvement in light
penetration and double micro-algal productivity compared to a traditional cylindrical
photobioreactor due to the lower light path [89]. A Fibonacci-type tubular photobioreactor
(Figure 8) has been developed for outdoor applications, with a low SVR compared to
vertically arranged tubular photobioreactors [90,91].
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However, excessive sun irradiance could also be a limitation for outdoor photobiore-
actors. As an attempt to solve it, Chin-On et al. designed a novel V-shaped photobioreactor
(Figure 9) for tropical areas of the world. In this type of photobioreactor, incident light is
diluted due to its refraction on the reactor surfaces. Light dilution, paired also with a lower
light loss, brought a 39% increase in biomass productivity compared to the reference flat
photobioreactor [92].

The other main approach for minimizing light gradients could be achieved by im-
plementing light distribution systems instead of varying the reactor geometry. A light
distribution system could be spatial or temporal [87]. Spatial light distribution systems
can better distribute the light inside the reactors, for example, with the help of internal
light waveguides [84], light conducting frameworks [93], or reflectors to illuminate more
uniformly the photobioreactor [8,94]. In this sense, an innovative LED arrangement could
also uniformly illuminate the photobioreactor [95].
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Temporal light distribution systems are instead based on acting on the reactor mixing
to achieve a proper enhanced light/dark cycle frequency. In this way, the light regime
could improve, and photoinhibition could be avoided [6,8,87,96,97]. This is achieved by
adding static mixers/buffers to improve mixing performances [96]. However, it could
also cause an increase in complexity and/or a higher energy consumption [94]. To ensure
lighting in the photolimited zones of the photobioreactor, light-guiding materials, like
optical fibers or waveguides, could be used [84,97,98]. This approach works for indoor
and outdoor applications. Even more advanced technologies, like solar tracking devices,
wireless light emitters, or plasmonic light scattering, have been investigated. However, in
this case, industrial applications are not always certain, and economic evaluations are still
necessary [98].
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For example, Sivakaminathan et al. introduced light-transmitting guides in high-rate
ponds with a 3.9 folder increase in areal productivity and a 2-fold higher photosynthetic
efficiency compared to the control [84].

Light intensity management and light source configuration also play an important
role in achieving homogeneous illumination. Introducing internal illumination could be
an option to pursue this objective [7]. Alternatively, a system with three interconnected
LEDs has been proposed; it had an automatic system able to regulate the LED intensity to
compensate for light gradients in the photobioreactor [99]. The combination of internal
illumination and light reflectors also showed high potential. In fact, the synergistic use
of internal illumination and reflective surfaces causes a redistribution of light intensity
in the reactor, obtaining a more constant light dispersion. In such photobioreactors, re-
flector’s position, geometry and material are fundamental parameters that impact the
photobioreactor efficiency [8,94]. Also, the use of mirrors, in an internal illuminated flat
plate photobioreactor, led to higher microalgae growth rate, nutrient removal and bioprod-
ucts synthesis compared to other photobioreactor configurations [94]. Lastly, Porto et al.
evaluated the use of various reflectors, with different shapes and materials, to illuminate
a tubular photobioreactor. The results indicated the highest performances in the tubular
photobioreactor, assembled with parabolic collectors with the highest specular reflectance,
guaranteeing a more homogeneous light distribution. However, the authors reported that
the impact of the material’s performance decreases as the reflector’s geometry becomes
simpler. Moreover, the performance gains achieved using parabolic-shaped deflectors may
not justify the increased complexity and capital costs required for their implementation [8].

4.2. Implementing Effective Dark/Light Cycles

As already mentioned, algae growing within a photobioreactor may experiment
illumination cycles when approaching or moving away from the light source. For this
reason, some photobioreactor designs aimed at exploiting this mechanism were proposed.
Some works suggested to obtain the flashing light effect through the use of additional
elements, such as baffles or deflectors. Zhang et al. added flow deflectors and wing baffle
to a raceway pond and obtained a reduction in dead zone and a decrease in the period
(consequently, an increase in the frequency), together with an increase in the obtained
biomass of Chlorella sp. [100]. Similar effects were obtained by Cheng et al. by the addition
of up-down chute baffles to a raceway pond [101]. Yang et al. proposed the addition
of horizontal tubes and triangular prism baffle in a flat-plate photobioreactor, which led
also in this case to a decreased dark–light cycle period. In this case, the biomass of
Chlorella mutant PY-ZU1 increased by 70% [102]. In another case, optical fibers were used
as an inner light source to apply a flashing light to the microalgal culture of Spirulina
platensis and Scenedesmus dimorphus inside different kinds of photobioreactors. The results
demonstrated that it could produce uniformed light/dark frequencies over 10 Hz, and
microalgae productivity increased by 43% and 38% [103].

4.3. Optimizing Light Spectrum Through the Application of Filters in Photobioreactors

Solar energy is challenging to manage due to seasonal intensity variations and the
presence of harmful wavelengths like infrared and near-infrared [104,105], which are not
absorbed. Additionally, blue photons may be inefficiently utilized during photosynthesis
due to significant energy loss as heat in the photosystem [106]. Filters for sunlight light
are considered a method to efficiently manage the entire sunlight spectrum and mimic, in
other words, the laboratory optimal conditions in a scale-up process [107].

Three different types of filters for optimizing solar radiation use were identified [108]:
glass absorption filters, reflective/thin-film filters and thermochromic filters. These filters
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selectively make the PAR region of the solar spectrum available to algae. Glass absorption
filters allow specific wavelengths to pass while absorbing unwanted ones. Reflective filters,
in contrast, permit desired wavelengths to pass and reflect the rest, offering greater accuracy
and efficiency in isolating narrow spectral regions compared to glass absorption filters.
Thermochromic filters adjust light transmission or reflection based on atmospheric temper-
ature [104,109–111]. Following the results of Balbuena-Ortega et al., in photobioreactors
inoculated with microalgae consortia for the treatment of wastewaters, the physiological mi-
croalgal parameters (such as chlorophyll and carotenoid production), showed correlations
with the different light wavelengths. Green filters led to a higher chlorophyll production;
conversely, the blue filters boosted the pigment accumulation. Moreover, green and blue fil-
ters produced more pigments in lower radiation conditions; meanwhile, red and blue light
were shown to have a key role in photosynthetic efficiency and in microalgae growth [107].

An interesting application of a particular kind of solar filters is represented by semi-
transparent photovoltaic panels placed on the photobioreactor surface. Semi-transparent
photovoltaic panels can absorb specific wavelengths to generate electricity while allowing
other wavelengths to pass through, supporting photosynthetic microalgae growth [112].
In this way, the system can benefit from the coproduction of biomass and electricity but
also from the partial shadowing effect that increases the microalgae growth during hotter
periods, reducing the thermal regulation energy request [113,114]. Innovative cultivation
techniques that integrate solar energy sharing between photovoltaic systems and microal-
gae cultivation are gaining interest, with different approaches already documented. One of
these involves partially covering microalgae bioreactors with opaque photovoltaic cells,
permitting some light to reach the algae culture. Crystalline-silicon-based photovoltaic
panels (single-crystalline silicon or multi-crystalline silicon) are the most commonly used
due to their high solar light conversion efficiency. Studies have demonstrated the feasibility
of this approach in various settings [115]. Besides the silicon-based panels, copper indium-
diselenide and amorphous silicon were proposed in the literature, demonstrating how
these technologies, provide a greater carbon credit revenue opportunity for microalgae
producers [116].

Barbera et al. used semi-transparent dye-sensitized solar cells to partially cover a
photobioreactor for the cultivation of a Scenedesmus obliquus strain [117]. They found
that at low incident light intensity (220 µmol m−2 s−1), biomass concentration decreases
significantly, leading to a drop in productivity of about 45% compared to the control. On
the contrary, increasing the light intensity (615 µmol m−2 s−1) resulted in higher biomass
concentration and productivity due to the increased energy input, with the control PBR
achieving a dry weight of 4.37 ± 0.22 g L−1.

The calculated energy conversion efficiency highest value was found at 220 µmol m−2

s−1 light intensity, about 40% higher than the control value. In a similar study, Damergi
et al. used a particular system for the growth of Chlorella vulgaris, filtering the solar light
with different dye-sensitized solar cells (DSCs) to red and green (see Figure 10a) [115]. A
maximum cell growth rate of µ = 0.86 day−1 was found with the DSC-red solar cells as
filters, compared to a normal glass control growth rate of about µ = 0.51 day−1. At the
same time, a maximum value of chlorophyll-a of about 11 µg/mg was reached in green
and red conditions, compared to a value of 9.6 µg/mg obtained with the control system.
The maximum carotenoid concentration in the biomass was also obtained in red conditions
(1.11 µg/mg, versus 0.8 µg/mg in the control case).

In another work, using a similar experimental layout (Figure 10b), the authors em-
ployed spectrally selective photovoltaic cells and demonstrated the potential to achieve
20.3 g/m2/day of algal biomass production and 0.22 kWh/m2/day of electricity gener-
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ation by utilizing multiple band gaps within a single system under an illumination of
7.2 kWh/m2/day [106].
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Research in both technologies is undergoing rapid expansion, driven by significant
advancements in industrial applications. The integration of photovoltaic systems and
photobioreactors has already demonstrated remarkable potential for improving overall
efficiency. Continuous improvements, such as enhancing energy conversion rates, optimiz-
ing operational parameters, and reducing costs, are being recorded. These advancements
underline the growing feasibility of combined systems for large-scale implementation.
Future research will focus on optimization these systems, exploring innovative materials
and configurations, and addressing scalability challenges to unlock their full potential and
ensure long-term sustainability in industrial applications.

5. Conclusions
In this work, the effects of light quality adjustments on microalgal culture were

assessed. After an initial section that explored the photosynthetic mechanisms and their
regulation, two specific light features were investigated: illumination provided by dense
packs of high-intense light spaced with short dark periods (flashing or intermittent light)
and the application of specific wavelengths. The effects of both approaches were analyzed
in terms of increase in biomass production and shift in composition, referring to a large
and representative part of the existing literature. The results showed that the effect of
flashing light on microalgal culture may vary depending on the culture conditions and
the employed microalgae. However, it is possible to state that when flashing lights are
regulated for decreasing the violaxanthin cycle, the excess energy of electron transfer is used
for enhancing the Calvin cycle and increasing biomass yields; otherwise, if flashing lights
enhance the violaxanthin cycle, the excess energy is used for increasing the concentration
of compounds such as carotenoids, fatty acids and proteins. For what concerns wavelength
shift, there are several parameters that influence its effect such as the light intensity, the
agitation type, growth medium, light intensity and temperature. Due to the interplay of
these parameters, it is very complex to generalize its impact.

In the final section of the review, studies applying these types of lighting in photo-
bioreactor design were analyzed. Three categories of photobioreactors were examined:
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(1) reactors designed to minimize light gradients, (2) reactors where the geometry produces
a flashing light effect on the cells and (3) reactors that use filters to obtain a shift in the
sunlight wavelength. In conclusion, this work can serve as a reference for selecting opera-
tional parameters in microalgal cultivation and photobioreactor design to achieve specific
objectives, such as enhancing biomass production or accumulating high-value compounds.
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