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Microalgae have been utilized to produce various products such as pharmaceuticals, food additives, 
biofuels, and in processes like wastewater treatment and carbon dioxide fixation. However, scaling 
up production systems to provide necessary capacities of industrial scale remains a challenge. 
Photobioreactors, of this scale, have traditionally been limited to large open ponds or raceway 
systems, which require extensive land and produce low-density cultures. To achieve high-density 
cultures, closed systems must be developed by optimizing light, photosynthetic microorganisms, 
and nutrients. This study explores the optimization of light sources in photobioreactors to improve 
the efficiency of photosynthetic microorganisms used in various biotechnological applications. 
Various light sources, including LEDs, fluorescent, and incandescent lamps, were analyzed for their 
photon output and energy consumption at specific wavelengths crucial for photosynthesis. LEDs 
(with peak wavelength of 643nm) were found to be most efficient light source in the PAR range, 
particularly influencing the photosynthetic rates of microorganisms by converting electrical energy 
into useful photons, as determined by the antenna pigments of photosynthetic microorganisms. The 
research underscores the importance of selecting optimal lighting to enhance yields in microalgae-
based production systems at lowest cost, suggesting a potential shift towards more efficient, 
controlled environmental conditions for higher productivity. 
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Introduction 

Algal growth in photobioreactor systems is a topic of 
significant interest due to its potential in various 
applications such as biofuel production, air and wastewater 
treatment, and bioproduct synthesis (Baral et al., 2020; 
Uguz et al., 2022; Osabutey et al., 2023). Photobioreactor 
(PBR) design involves three main elements: light, 
photosynthetic microorganisms, and nutrients. Among 
these elements, light is frequently identified as a critical 
limiting factor in the design of systems. The optimization 
of algal growth in photobioreactors relies heavily on 
effective photon utilization from different light sources. 
Recent studies have explored innovative approaches to 
enhance algal biomass production by manipulating light 
conditions within photobioreactors (Borella et al., 2025; 
Muys et al., 2024; Kumar et al., 2021; Powtongsook and 
Nootong, 2019).  

Effective photons and photon flux density are critical 
design factors for photobioreactors. Current PBRs 
primarily use sunlight, which is variable and limited by 
cloud cover, seasons, and time of day. Over 50% of 
sunlight is not in the potosynthetically active radiation 

(PAR) wavelengths needed for photosynthesis. Artificial 
light sources, which can be powered by alternative energy 
like wind, are necessary for consistent algae production, 
especially in regions with limited winter sunlight. To 
effectively use artificial light for photosynthesis, the 
photons must match the absorption region of the peripheral 
antenna pigments of photosynthetic microorganisms. The 
photons should also impart sufficient energy to drive 
photosynthesis but not have energy greater than what is 
needed for photosynthesis. The excess energy will be 
dissipated usually has thermal energy, see Figure 1. 
Artificial light is often produced by consuming electricity, 
a commodity that has monetary value. The higher the 
energy level of a photon (shorter the wavelength), the more 
electrical energy it takes to produce it. Therefore, photon 
energy in excess of what is needed to drive photosynthesis 
will have a cost with no photosynthetic return; i.e. 
lost/wasted energy. Photon wavelength is reflective of the 
color (quality) of the light. Blue light has about twice the 
energy in a photon as red light. 

 

http://creativecommons.org/licenses/by-nc/4.0/
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Figure 1. The energy states of Chlorophyll a (Heldt, 2005) Figure 2. Chlorophyl absorption spectrum (Guidi et al., 2017) 
 
Photon energy can be lost from the photosynthetic 

system if it is not absorbed by the antenna structure. The 
antenna structure can be composed of different pigments 
with different absorption bands. Figure 2 shows that 
chlorophyll a has good absorption 400-450nm (blue) and 
between 650-675nm (red) while chlorophyll b absorption 
ranges are 450-475nm (blue) and 625-650nm (red). 
Carotenoids absorb well from 450-500nm (blue) with no 
red spectrum absorption. Chlorophyl a would be the best 
for absorbing red photons. An ideal photon would have just 
sufficient energy to drive photosynthesis and be in the 
wavelength band absorbed by the antenna pigments.  

Any photons emitted by the artificial light source that 
are not absorbed are wasted energy. Minimizing 
unabsorbed photons is crucial. The emission spectrum of 
artificial light sources should be studied to determine 
effective photons. Additionally, physical advantages, 
disadvantages, and cost-effectiveness of light sources must 
be considered. Proper photon intensity is also essential. 
Excessive intensity can cause photooxidation and 
photoinhibition, harming algae cells, while insufficient 
intensity results in low photosynthetic rates and biomass 
production (Foyer, 1984; Carr and Whitton, 1982). 

Several studies have investigated different aspects of 
this optimization process, showing the intricate interplay 
between light conditions, reactor design, and algal 
productivity (Schulze et al., 2014; Thong et al., 2019; 
Shareefdeen et al., 2023). While prior research has 
established the importance of light intensity, spectral 
quality, and photoperiods in algal growth, most studies 
focus on isolated parameters—such as LED efficiency 
(Yuvraj & Padmanabhan, 2017) or photoinhibition 
thresholds (Foyer, 1984)—without systematically 
evaluating the combined effects of photon spectral 
alignment, energy efficiency, and cost-effectiveness across 
diverse artificial light sources. One key aspect of 
optimizing algal growth in photobioreactors is the 
manipulation of light conditions to maximize photon 
utilization by algae. Studies have shown that the 
manipulation of light conditions can significantly impact 
algal biomass production. For instance, the effective 
utilization of higher light levels has been demonstrated to 
promote adenosine triphosphate (ATP) production, thereby 
stimulating cell growth in algal biophotovoltaic devices 
(Thong et al., 2019). Additionally, the integration of light-
emitting diodes (LEDs) in microalgal production systems 

has been highlighted as a crucial consideration for 
enhancing photosynthetic efficiency and productivity 
(Schulze et al., 2014). Yuvraj & Padmanabhan (2017) has 
explored the use of pulsed light to enhance algal 
photosynthetic efficiency, while studies by Shareefdeen et 
al. (2023) have emphasized the importance of light 
intensity and photoperiods in promoting algal growth. 
Watanabe et al. (2017) highlights the significance of algal 
photosynthetic metabolites in supporting algal growth, 
underscoring the role of nutrient availability in optimizing 
biomass production. Advancements in photobioreactor 
design have been instrumental in improving algal growth 
rates. Moreover, the development of high-throughput 
microfluidic photobioreactor arrays, as shown by Kim et 
al. (2014), has enabled researchers to investigate the impact 
of different light conditions on algal growth and oil 
production, facilitating the optimization of biomass 
productivity. 

This study aims to optimize light efficiency in 
photobioreactors by evaluating the effectiveness of 
artificial light sources—including cool fluorescent lamps, 
Gro-Lux lamps, incandescent lamps, halogen lamps, and 
LEDs—for algal growth. The primary objectives are to (1) 
determine photon production (intensity) across key 
wavelengths (400–500 nm and 600–700 nm) that align 
with the absorption spectra of chlorophyll a, b, and 
carotenoids; (2) compare light-source emission spectra 
with photosynthetic pigment absorption to identify the 
most efficient options; and (3) assess energy consumption 
for producing photosynthetically active photons to ensure 
cost-effective biomass production. Each light source is 
analyzed for spectral distribution (e.g., overlap with 
chlorophyll a’s 400–450 nm and 650–675 nm bands), 
photon flux density (PAR range: 400–700 nm), and energy 
efficiency (electrical input per usable photon). By 
systematically evaluating these parameters, the study seeks 
to maximize photosynthetic efficiency, minimize energy 
waste, and enhance algal biomass yields for applications in 
biofuels, wastewater treatment, and bioproduct synthesis. 
 
Materials and Methods 

 
Experimental setup 
This study aims to compare the light spectrum of 

different light sources, including incandescent bulbs, Gro-
Lux, fluorescent tubes, LED panels with 643 nm and 663 
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nm peak wavelengths, and halogen lights, all with similar 
power requirements (approximately 80 watts). LED panels 
with peak wavelengths of 643 nm and 663 nm were tested 
at medium and high densities with LED array of 24x36 and 
30x45, respectively. The fixtures were placed on the floor 
with the radiant surface oriented upward. Light intensities 
were measured using a probe connected to a spectroscope 
with an 8° acceptance angle, placed 2.4 m above the 
surface (Fig.3). Intensities for wavelengths between 350-
2500 nm were recorded in watts per square meter per 
nanometer (energy units) and summarized for the ranges 
400-500 nm and 600-700 nm, corresponding to the 
absorption spectrum of microalgae. The measured 
intensities were multiplied by the probe's measurement 
cross sectional area (0.0855 m²) to obtain the power 
emitted by the light sources at 2.4 m. Photon units 
(photons/s·m²/nm) for specific wavelength were calculated 
using Eq. 1 and Eq. 2. 

 

 
Figure 3. Experiment setup for measuring intensity of the 

light source 
 
The energy in a photon is proportional to frequency of 

the particle (Eq. 1). 
 

𝐸𝐸 = ℎ𝑣𝑣 (1) 
 
Where; E is the energy (J), h is the planks constant 

(6.626×10-34 J·s), and v is the frequency of photon (Hz or 
s-1). Photon frequency can also be expressed in wavelength 
terms as described in Eq. 2. 

 
𝐸𝐸 =

𝑐𝑐
𝑣𝑣

 𝑜𝑜𝑜𝑜 𝑐𝑐 = 𝜆𝜆 𝑣𝑣 (2) 

 
Where; λ is the wavelength of photon in vacuum (m), c 

is the light speed (2.998×108 m s-1), v is the photon 
frequency (Hz or s-1).  
 
Results and Discussion 

 
Effective Photons Based on Light Sources 
Fluorescent lamps are usually constructed using 

elongated glass tubes that contain low-pressure mercury 
vapor and a small amount of inert gas, typically argon. 
When the correct voltage is applied to the electrodes, an 
electric arc is generated, causing the mercury vapor to 

ionize. As the ions return to their ground state, they emit 
radiation that excites the fluorescent powder, known as 
phosphors, coating the inner walls of the tube. This 
excitation causes the phosphors to fluoresce at longer 
wavelengths, predominantly emitting light in the visible 
spectrum (Perner-Nochta et al., 2007).  

The analysis of fluorescent lamps' light emission 
characteristics reveals significant insights into their 
spectral output and implications for applications such as 
algal growth. The majority of light emitted from 
fluorescent lamps falls within the visible spectrum, 
specifically between 400 and 700 nm, with notable 
contributions from the blue (400–500 nm) and red (600–
700 nm) regions. Tables 1 and 2 present the power and 
intensity of various light sources across the wavelength 
ranges of 400–500 nm and 600–700 nm at a distance of 2.4 
meter. The data indicates that approximately 24.99% of the 
total light energy is emitted in the blue range, while around 
20.46% is emitted in the red range, culminating in a 
combined total of about 45.45% of the visible light 
spectrum. Fluorescent lamps, particularly cool white 
varieties, are designed to emit a spectrum that closely 
resembles natural daylight. This characteristic is beneficial 
for algae biomass production, as the spectral peaks in the 
blue and red regions correspond to the absorption peaks of 
chlorophyll, which is essential for photosynthesis. The 
fluorescent lamps emit more energy (in watts) in the 400–
500 nm range than in the 600–700 nm range (Tables 1 and 
2). However, when measured in photons, 19.3% of the 
photons are emitted in the 400–500 nm range, compared to 
22.3% in the 600–700 nm range. The higher energy output 
in the 400–500 nm range, despite the lower photon count 
compared to the 600–700 nm range, suggests that while 
fluorescent lamps provide sufficient energy for 
photosynthetic processes, the photon availability in the red 
spectrum may enhance the overall efficiency of light 
utilization by algae.  

The efficiency of light sources, particularly fluorescent 
lamps, in promoting algal growth is a critical factor in 
optimizing biomass production. Efficiency, defined as the 
percentage of photons within the absorption spectrum of 
the algal pigments relative to the total photons emitted by 
the light source, is particularly relevant for green and blue-
green algae. The findings indicate that cool white 
fluorescent lights yield an efficiency of approximately 
41.58% (Table 2) for these algae species, despite the 
energy in the relevant spectral regions (400-500 nm and 
600-700 nm) accounting for 45.45% (Table 1) of the total 
energy emitted. This discrepancy suggests that while 
fluorescent lamps provide a substantial amount of energy 
to the microorganism, the absorption characteristics of the 
algal pigments limit the effective utilization of this energy 
for photosynthesis. The variation in emission spectra 
among different fluorescent lamps, attributed to the use of 
diverse phosphor mixtures, further complicates the 
assessment of their efficiency. This variability can lead to 
differences in the growth rates and pigment content of 
algae, as certain wavelengths may be more effective than 
others in driving the photosynthetic processes (Okamoto et 
al., 2021). Fluorescent lights, typically available as tubes, 
are now also available in bulb form. Reflectors are often 
used to direct light from source to target, with some built-
in and others installed separately.  
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Table 1. Power and intensity (energy units and percentage) for various light sources across wavelength ranges of 400-500 
nm and 600-700 nm at a distance of 2.4 m 

 
Total 400-500 nm 600-700 nm 

400-500 
& 

600-700 
W/nm W/nm/m2 W/nm W/nm/m2 % W/nm W/nm/m2 % % 

Cool fluorescent 0.489 5.72 0.122 1.429 24.99 0.100 1.170 20.46 45.45 
Gro-Lux 0.308 3.60 0.057 0.666 18.49 0.118 1.385 38.42 56.92 
Incandescent 0.435 5.09 0.002 0.026 0.51 0.026 0.309 6.08 6.59 
Halogen 0.067 0.79 0.000 0.004 0.54 0.002 0.026 3.33 3.87 
LED high (643 nm) 3.560 41.6 0.003 0.033 0.08 3.499 40.92 98.27 98.32 
LED medium (643 nm) 4.575 53.5 0.004 0.045 0.08 4.494 52.55 98.22 98.3 
LED medium (663 nm) 1.217 14.2 0.000 0.005 0.03 1.064 12.44 87.43 87.46 

 
Table 2. Photon intensity and percentage for various light sources across wavelength ranges of 400-500 nm and 600-700 

nm at a distance of 2.4 m 
 Total 400-500 nm 600-700 nm 400-500 and 

600-700 
m2/nm m2/nm % m2/nm % % 

Cool fluorescent 1.670E+19 3.242E+18 19.41 3.704E+18 22.17 41.58 
Gro-Lux 1.136E+19 1.494E+18 13.16 4.498E+18 39.61 52.76 
Incandescent 3.605E+19 6.034E+16 0.17 9.498E+17 2.63 2.80 
Halogen 5.811E+18 9.914E+15 0.17 8.620E+16 1.48 1.65 
LED high (643 nm) 1.343E+20 7.916E+16 0.06 1.317E+20 98.03 98.09 
LED medium (643 nm) 1.728E+20 1.075E+17 0.06 1.693E+20 97.99 98.06 
LED medium (663 nm) 4.966E+19 1.063E+16 0.02 4.141E+19 83.38 83.40 

 
Custom reflectors may be required for restricted spaces, 

increasing costs. Despite their advantages, fluorescent 
lamps have notable drawbacks, including a gradual 
degradation in light output over time, typically resulting in 
a lifespan of around 10,000 hours. This decline in 
performance necessitates regular replacements, which can 
be a significant cost in large-scale algal cultivation systems 
(Konar et al., 2020). 

The results of the emittance spectrum of a cool white 
fluorescent light (Fig 4a-5a) indicates that energy units 
peak at shorter wavelengths, specifically below 530 nm, 
while photon units appear at longer wavelengths. This 
distribution is significant because it highlights the dual role 
of light in photosynthesis: energy is required for the 
excitation of electrons, while the number of photons 
influences the overall photosynthetic rate (Loomba et al., 
2018). The spectral characteristics of fluorescent lights 
suggest that they are particularly effective in providing 
energy in the blue region of the spectrum, which is known 
to be crucial for algal growth due to its absorption 
properties by chlorophyll (Hewes, 2016). Furthermore, 
Figure 5a illustrates the irradiance of cool white fluorescent 
light across a broader spectrum (300-1000 nm), 
encompassing both the photosynthetically active radiation 
(PAR) and near-infrared regions. This comprehensive 
coverage is beneficial for algal species that utilize a range 
of wavelengths for photosynthesis. The efficiency of 
fluorescent lamps, reported to be around 45% in converting 
electrical energy to radiant energy, positions them as one 
of the more energy-efficient artificial light sources 
available, except light-emitting diodes (LEDs). This 
efficiency is particularly relevant in the context of algal 
biofuel production, where maximizing light utilization can 
significantly enhance biomass yields (Saad et al., 2019). 

The Gro-Lux wide -pectrum lights represent a 
significant advancement in artificial lighting for algal 
growth, particularly due to their enhanced red light output, 
which is crucial for algal photosynthesis. The results 
indicate that Gro-Lux lamps emit a higher percentage of 
light in the 600-700 nm range compared to cool-white 
fluorescent lights, with 38.42% (Table 1) of their total light 
energy concentrated in this critical spectrum for algal 
growth (Fig. 5b). Although more expensive, Gro-Lux 
lamps provide 18.49% of their total light energy in the 400-
500 nm range and 38.42% in the 600-700 nm range, 
totaling 56.92% (Table 1). Gro-Lux lamps perform better 
in energy units than photon units compared to cool white 
fluorescent lamps. In photon units, Gro-Lux lights emit 
13.16% of total photons in the 400-500 nm range and 
39.61% in the 600-700 nm range, totaling 52.76%, less 
than the 56.92% in energy units (Table 2). While their light 
emittance pattern is similar to cool fluorescent tubes, Gro-
Lux lamps have about 63% of the light intensity in the PAR 
range. They exhibit a steeper blue spike in the photon 
spectrum but produce only 46% of the photons in energy 
units compared to fluorescent lamps. In the red region, 
however, Gro-Lux lights achieve 118% of the photon 
irradiance of cool-white fluorescent lamps. Figure 5b 
presents the Gro-Lux spectrum for energy and photons in 
the photosynthetic active and near-infrared regions, 
showing that different regions are dominated by either 
energy or photon units. In the lower end of the spectrum, 
energy units dominate the spikes, while at higher 
wavelengths, photon units prevail. 

Incandescent bulbs produce light by heating a tungsten 
wire in a vacuum or inert gas. Figure 4c shows the 
wavelengths emitted by an incandescent bulb, with most 
energy converted to heat (long wave radiation), making 
these bulbs inefficient for photosynthesis.  
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Figure 4. Emittance spectrum of Cool White fluorescent (a), Gro-lux (b), Incandescent light (c), and Halogen (d) in 

energy and photon units for full spectrum 
 

 
Figure 5. Emittance spectrum of Cool White fluorescent (a), Gro-lux (b), Incandescent light (c), Halogen (d) in energy 

and photon units for spectrum between 300-1000 nm 
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Figure 6. Emittance spectrum of LED lights with medium density at 643 nm (a) and 663 nm (b) in energy and photon 

units for full spectrum 
 
Only 0.51% of total light in energy units is between 

400-500 nm, and 6.08% is between 600-700nm, totaling 
6.59% (Tables 1 and 2). When analyzed in photon units, 
incandescent light emits 0.17% of total photons between 
400-500 nm and 2.63% between 600-700 nm, totaling 
2.80% (Table 2). Only 2.8% of these photons are usable by 
green and blue-green algae. Overlaying the spectra of 
energy and photon units shows that photon units do not 
dominate until 1700 nm, which is beyond the 
photosynthetic region (Figure 4c). In the photosynthetic 
active and near-infrared regions (300-1000nm), Figure 5c 
indicates fewer photons are emitted per unit of energy used 
by this light source. The total energy emitted by these 
lamps compared to cool white fluorescent and 
incandescent lamps is about 88.8% in energy units and 
215% in photon units. However, only 12.9% of the total 
energy of cool white fluorescent lamps in the 400-500 nm 
and 600-700 nm ranges is present, and 14.5% in photon 
units. Thus, incandescent lamps are far inferior to cool 
white fluorescent lamps for photosynthetic microorganism 
growth. These bulbs (incandescent light) have lost 
prominence due to their low light-to-electric energy ratio. 
Their spherical shape emits light in all directions, requiring 
reflectors to direct light into the PBR, which still scatters. 
Despite their low cost, these bulbs are not advisable for 
algae growth due to their low efficiency. They have a short 
lifespan of about 1,000 hours and degrade in intensity 
faster than other light sources (Pereira, 2019). 

Halogen lights, a variation of incandescent technology, 
aim to improve energy efficiency but are somewhat less 
efficient than incandescent lights, possibly due to the lamp 
enclosure. The sealed bulb has a tightly-coiled tungsten 
filament surrounded by halogen gas. Unlike standard 
incandescent bulbs, halogen bulbs maintain consistent light 
output throughout their lifespan. They produce whiter 
light, making colors appear brighter and more intense. 
However, as shown in Figure 4d, the spectrum of halogen 
bulbs is similar to incandescent bulbs, resulting in similarly 
low photosynthetic efficiency. The total light energy for 
the 400-500 nm range is 0.54%, and for the 600-700 nm 
range, it is 3.33%, totaling 3.87% (Tables 1 and 2). In 
photon, the 400-500 nm range accounts for 0.17% of the 
photons, and the 600-700nm range is 1.48%, totaling 
1.65% (Table 2). Both percentages are lower than those for 

incandescent lights. Figures 5d show the irradiance 
spectrum of halogen lights in the photosynthetic active and 
near-infrared regions (300-1000nm), highlighting the low 
photon count, making them unsuitable for photosynthetic 
microorganism production. Additionally, large halogen 
lamps are difficult to install in space-limited PBRs and 
generate a lot of heat by converting electrical energy to heat 
rather than light. Consequently, halogen lamps have 
largely been replaced by cool fluorescent lights in most 
installations. 

Light Emitting Diodes (LEDs) are semiconductor 
devices consisting of a p-n junction where electron-hole 
transfer occurs when voltage is applied. In a forward-
biased p-n junction made from a direct band gap material 
like GaAs or GaN, electron-hole recombination in the 
depletion region emits electromagnetic radiation. 
Semiconductor efficiency in converting electrical energy 
to light is theoretically above 90%. Figure 6 illustrates that 
the irradiance spectrum of a 650 nm LED (red LED) is 
entirely in the red region, making it very efficient for 
photosynthesis, especially when the peripheral antenna 
contains chlorophyll a. 

Two types of LEDs are used in the experiment: 
AlInGaP II (aluminum indium gallium phosphide) with a 
peak wavelength of 643 nm and GaAlAs (gallium 
aluminum arsenic) with a peak wavelength of 663 nm. 
AlInGaP II LEDs are more efficient and brighter than 
GaAlAs LEDs, leading to their replacement in the lighting 
industry. The spectral emittance of AlInGaP II and GaAlAs 
are shown in Figure 6, which also shows a small secondary 
peak at 910 nm for GaAlAs LEDs. The test was conducted 
with medium and high LED densities for AlInGaP II LEDs. 

Figure 6 combines energy and photon units for these 
LEDs, showing the irradiance in the 300-2320 nm range, 
highlighting that LED light spans a narrow band of about 
100 nm from 578 to 678 nm, peaking at 643 nm. AlInGaP-
II LEDs have a high percentage of total light in the 600-
700 nm range, with 98.27% in medium density and 98.22% 
in high density configurations. In comparison, GaAlAs has 
87.43% in medium density (Table 2). For photon units, 
AlInGaP-II has 98.03% of the photon in medium density 
and 97.99% in high density, while GaAlAs has 83.88% in 
medium density. 
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Figure 7. Emittance Spectrum for LED panel with high 

density spacing of LEDs with peak wavelength at 643 nm 
in energy and photon units for full spectrum 

 
Figure 6b shows GaAlAs irradiance in the 300-1000 

nm spectrum range in both energy and photon units, 
highlighting a primary span of 600-700 nm with a peak at 
663 nm and a secondary range of 850-950 nm peaking at 
900 nm. This second peak is absent in AlInGaP-II LEDs. 
Even in medium density, GaAlAs energy units are 
dominant over photon units. The higher density AlInGaP-
II LEDs have about 28.6% higher irradiance than medium 
density LEDs in energy units, despite the increase in LED 
quantity by 100%. This increase also applies to the 600-
700 nm range. This indicates that a higher irradiance light 
source of the same type yields proportionally higher 
irradiance, which is consistent for both energy and photon 
units. 

LEDs are highly directional, making them efficient for 
directing light into the PBR. Although more expensive than 
traditional light sources, LED costs are declining as usage 
increases. LEDs are becoming more common due to 
energy savings for the same irradiance. Costs have 
decreased in recent years and are expected to continue 
falling as market penetration grows. LEDs have a longer 
lifespan than traditional light sources, reducing long-term 
costs. The LEDs in this experiment are all red, emitting 
little light in the 400-500 nm range. If photosynthetic 
microorganism growth depends on blue light (400-500 
nm), a combination of blue and red LEDs could be used. 
 
Conclusion 

 
This study highlights the critical need to optimize light 

sources in a PBR to enhance algal growth and productivity 
in photobioreactor (PBR) systems. By analyzing the 
efficiency of various light sources, including fluorescent 
lamps, Gro-Lux lights, incandescent bulbs, halogen lamps, 
and LEDs, the research demonstrates the importance of 
matching photon output to the specific absorption 
properties of photosynthetic microorganisms. LEDs, 
particularly those with peak wavelengths at 643 nm and 
663 nm, emerged as the most efficient light sources for 
algal growth due to their high photon availability in the red 
spectrum (600–700 nm). This aligns with the primary 
absorption band of chlorophyll, maximizing 
photosynthetic efficiency. While fluorescent lamps remain 

a cost-effective option with significant output in both blue 
(400–500 nm) and red (600–700 nm) regions, Gro-Lux 
lamps provide superior performance in the red spectrum, 
enhancing their suitability for lower energy cost to grow 
algae. However, their higher cost may limit widespread 
adoption in large-scale systems. Incandescent and halogen 
lamps demonstrated low efficiency for photosynthesis due 
to their minimal photon output in the photosynthetically 
active radiation (PAR) range. Their high heat production 
and low durability further reduce their viability for algal 
cultivation.  

The study results show that combining red and blue 
LEDs could further enhance productivity for algae 
requiring both wavelength ranges. The highly directional 
nature of LED light, combined with their adaptability and 
energy efficiency, makes them ideal for integration into 
space-limited PBR designs. Moreover, advancements in 
LED technology and decreasing costs make them a 
promising choice for future applications. By optimizing 
light sources and their spectral properties, this research 
provides a foundation for improving algal biomass 
production and developing more sustainable 
photobioreactor systems. The findings have significant 
implications for biofuel production, bioproduct synthesis, 
and environmental applications such as carbon 
sequestration and wastewater treatment. Future studies 
could explore the integration of dynamic lighting systems, 
including pulsed and mixed-spectrum LEDs, to further 
enhance algal growth efficiency and reduce energy 
consumption. 
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