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Abstract 

The spectral distribution of light influences microalgae productivity; however, development of 

photobioreactors has proceeded largely without regard to spectral optimization.  Here we use 

monochromatic light to quantify the joint influence of path length, culture density, light intensity and 

wavelength on productivity and efficiency in Synechococcus elongatus.  The productivity of green light 

was ~4 x that of red at the highest levels of culture density, depth and light intensity. This performance 

is attributed to the combination of increased dilution and penetration of this weakly absorbed 

wavelength over a larger volume fraction of the reactor.  In contrast, red light outperformed other 

wavelengths in low-density cultures with low light intensities.  Low density cultures also adapted more 

rapidly to reduce absorption of longer wavelengths, allowing for prolonged cultivation.  Taken together, 

these results indicate that, particularly for artificially lit photobioreactors, wavelength needs to be 

included as a critical operational parameter to maintain optimal performance. This article is protected 

by copyright. All rights reserved 
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1 Introduction 
The productivity of a microalgal cultivation operation determines its profitability.  Ideally, high 

productivity is paired with high-efficiency conversion of light into bio-products, though this is rarely 

achieved (Goldman, 1979).  High productivity requires high intensity light, and this typically has a 

negative impact on photosynthetic efficiency owing to energy losses that occur when the light intensity 

nears or exceeds the saturation limit of the organism (Goldman, 1979; Simionato et al., 2013).  Full 

sunlight can be many times greater than this saturation limit, necessitating strategies to reduce 

photoinhibition and increase photosynthetic efficiency without compromising productivity (Ooms et 

al., 2016).  Large scale photobioreactor design requires optimizing the combination of culture depth, 

optical density, and mixing rate in order to maintain an optimal light environment inside the 

photobioreactor (Cuaresma et al., 2009; Dye et al., 2011; Pierobon et al., 2014; Posten, 2009).  Genetic 

engineering of microalgae to reduce the light harvesting antenna size has also been explored as a means 

of reducing the cell’s absorption and allowing it to tolerate higher light intensities (Kirst et al., 2014; 

Kwon et al., 2013; de Mooij et al., 2015; Ort and Melis, 2011).   

Modifying the spectral quality of light also presents an opportunity to dilute light to compatible 

intensities by managing its wavelength, as described in Fig. 1a.  Particularly with increasing use of 

light emitting diodes (LEDs), the question of spectral dependency of light penetration is becoming 

more important for both lab scale studies and commercial applications (Schulze et al., 2014).  The 

effects of light quality on growth and morphology have been reviewed, (Wang et al., 2014) generally 

showing that red light is more effective for growth, due to improved absorption by light harvesting 

pigments such as chlorophyll. (Baer et al., 2016; Markou, 2014; Mattos et al., 2015; de Mooij et al., 

2016; Ra et al., 2016; Schulze et al., 2014; Wang et al., 2007).  For example Chlamydomonas 

reinhardtii grown under moderate light intensity (100 µmolphotons/m
2
·s) and low culture density showed 
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peak productivity when primarily red light was used, compared to green and blue (Baer et al., 2016).  

In another study which used high intensity light (1500 µmolphotons /m
2
·s) a culture density of 2.96 gdry/L 

C. reinhardtii performed best when yellow light was used (de Mooij et al., 2016). Green alga 

Scenedesmus bijuga had the highest efficiency based on evolved oxygen under green light at relatively 

high light intensity (500 µmolphotons /m
2
·s) and high culture density > 2 gdry/L (Mattos et al., 2015).  In 

contrast, cultures of the cyanobacteria Spirulina platensis performed best under red light at high light 

intensity (3000 µmolphotons / m
2
·s) and for low culture density (OD < ~1) (Wang et al., 2007).  The 

particular suite and relative concentration of photosynthetic pigments present in an organism also leads 

to species dependent variation – cyanobacteria in particular are often equipped with phytochromes 

which are sensitive to short-wavelength light and can trigger photo-protection mechanisms (Bailey and 

Grossman, 2008; El Bissati et al., 2000; Kirilovsky, 2007). With respect to frequency, it has been well 

documented that the frequency and duty cycle of pulsed light can significantly alter the productivity of 

microalgae (Matthijs et al., 1996; Vejrazka et al., 2013).   Collectively, these past results are difficult to 

reconcile due to the coupled influence on productivity of culture density, light intensity, path length, 

frequency and species differences.    

In this work, we quantify the effects of spectral quality and light dilution on photosynthetic 

efficiency and productivity in cultures of Synechococcus elongatus under high and low light intensity, 

high and low initial culture density, and long and short culture depths.  Cultures were grown in lab-

scaled column reactors with reflective sidewalls coupled to monochromatic light emitting diodes of 

five different wavelengths.  Each light source was equipped with collimating optics to simulate direct 

beam radiation.     Four different sets of conditions were explored, including two different initial culture 

densities for two different culture depths.   These combinations were repeated for both low (50 

µmolphotons/(m
2
·s)) and high 2000 µmolphotons/(m

2
·s) light intensities for a total of eight scenarios.   

Commonly used red light is indeed found to perform well at low density and low intensity.  This trend 
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is reversed, however, when the culture conditions are changed to high intensity and high density, with 

weakly absorbed green light significantly outperforming other wavelengths.  Furthermore, significant 

changes in cell pigmentation were observed for longer wavelength light as cells adapted to their new 

light environment. 

2 Materials and methods 
2 . 1  C y anob a c t er ia  cu l t u res   

Cultures of kanamycin resistant Synechococcus elongatus T2SE provided by professor Rakefet 

Schwarz of Bar-Ilan University, Israel, were cultured under 30 µmolphotons/(m
2
·s) warm white 

fluorescent illumination with constant agitation, at 30°C (Schatz et al., 2013).  Cells were kept in 

exponential growth phase through periodic dilution with fresh media.  HEPES buffered (pH 8) 2x 

BG11 media (Sigma Aldrich, 73816) supplemented with 50 mg/L kanamycin was used for all 

experiments and culture maintenance to ensure cells were not nutrient limited.  Cells were centrifuged 

and re-suspended in fresh media to the required density prior to experiments. 

2 . 2  Mo no ch ro ma t i c  LE D pho to b io rea ct ors  

Monochromatic LED photobioreactors, shown schematically in Fig. 1b, were constructed from 1” 

diameter acrylic tubing.  The reactors were liquid and gas tight, except for a tube used to bubble in 5% 

CO2 in air. The exterior of each reactor was clad with a smooth layer of aluminum foil to reflect light 

incident on the sidewall back towards the culture.  A fused silica glass window mounted inside a 1” 

aluminum lens tube (Thorlabs, SM1L03) was mounted to the bottom of the tube which both sealed the 

base of the reactor and provided a convenient interface with the illumination system. The reactors were 

operated with culture volumes of 10 mL and 30 mL resulting in culture depths of 2 cm and 6 cm 

respectively.  The tops of the reactors were sealed with an acrylic cap including a port for a 3-mm 

diameter aeration tube.  A constant flow of 5% CO2 in air was filtered and humidified before being 

bubbled into each reactor at a rate of ~1.5 m
3
/hr.  CO2 concentration was monitored with an inline CO2 
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meter (CO2Meter, CM-0123).  Evaporation losses were monitored by measuring the mass of each 

reactor daily and replacing the difference with deionized water.  Daily evaporative losses were typically 

less than ~1% of total volume. 

For all experiments, light was supplied from below using high power LEDs controlled with a 

custom made constant-current power supply.  Five different wavelengths were tested, with center 

wavelengths at 454 nm, 534 nm, 593 nm, 630 nm, and 660 nm.  Normalized emission spectra for the 

LEDs are shown in Fig. 1c, measured with a fiber coupled spectrometer (Ocean Optics USB2000+).  

Light from the LEDs was collimated and directed into the photobioreactor using an aspheric condenser 

lens (Thorlabs ACL25416U) to mimic the direct collimated radiation received by outdoor 

photobioreactors from the sun.  The intensity of each LED was monitored using a photodiode power 

sensor calibrated at each respective wavelength, and was set to 50 µmolphotons/(m
2
·s) for low light 

experiments and 2000 µmolphotons/(m
2
·s) for high light experiments. 

During each experiment, three photobioreactors of each wavelength were operated inside a 

temperature controlled enclosure maintained at 30°C.  Here, 30
o
C was chosen as a representative 

temperature for photobrioreactor operation,  and to be between the upper and lower temperature 

thresholds for sustained growth in this organism (Krüger and Eloff, 1978).  Each LED was mounted 

onto an aluminum heat-sink to prevent direct heating of the culture by the LED. During high-light 

experiments, additional heat transfer away from the LEDs was achieved through forced convection 

with fans, ensuring culture temperatures were maintained at 30°C ± 0.5°C.  At lower light intensities, 

forced convection cooling was not required.   

2 . 3  Bi o ma ss  g row th  es t i ma t i on  and  a t t enu at ion  sp ec t ra  

Attenuation spectra and optical density were measured using a halogen light source and 

spectrometer (Ocean Optics USB2000+) coupled to a 10 mm cuvette holder.   Biomass accumulation 
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was estimated from these spectra by first determining the optical density of the suspension at a 

wavelength of 750 nm (OD750).  Prior to each measurement, samples were withdrawn from each 

photobioreactor and diluted below OD750_10mm = 1.0. We verified that biomass was proportional to 

optical density, for the range of densities measured, by performing  dry mass measurements of cell 

suspensions of various densities (Moheimani et al., 2013). For reference, an optical density of 1 

(corresponding to a 10 mm cuvette) corresponded to a dry mass of 0.28 g/L.  

2.4  Photob ioreac tor  p hoton convers ion e f f ic iency (PCE)   

 We define the photon conversion efficiency as the energy efficiency of converting incident light to 

stored biomass, according to: 

     
           
   
 
      

 

Where Pλ is the areal productivity of the culture at a given wavelength, Gbiomass the biomass energy 

content, h is Planck’s constant, c is the speed of light, λ is the wavelength of light, and       is the 

quantum intensity of light.  The value for biomass energy content used in this study was approximated 

from literature to be 21 kJ/gdw.(Goldman, 1979; Taylor et al., 1988; Weyer et al., 2010) While this is not 

an exact value, it is a useful approximation for obtaining a reasonable estimate of photobioreactor 

efficiency. 

The maximum theoretical productivity for outdoor microalgal photosynthesis has been estimated to 

be ~8-12% based on full spectrum sunlight (Bolton and Hall, 1991; Melis, 2009; Weyer et al., 2010; 

Zhu et al., 2008).  These values account for the ~57% of sunlight which falls outside the visible 

spectrum and is of little use for photosynthesis (Weyer et al., 2010), and for losses internal to the 

photosynthetic energy conversion process.  These internal losses are related to the quantum 



A
c
c
e
p
te
d
P
r
e
p
r
i n

t

This article is protected by copyright. All rights reserved 

requirement of CO2 fixation which is the number of photons required to fix one CO2 molecule as 

described in the simplified photosynthesis equation:  

                           

 Estimates for the quantum requirement range between 6 and 13, with consensus suggesting 8 as a 

reasonable middle ground (Bolton and Hall, 1991).  The product of photosynthesis, CH2O represents 

the simplest form of carbohydrate and the starting point from which more complex molecules are 

assimilated.  The equation for the efficiency of photosynthesis (ϵinternal) is simply the ratio of the energy 

contained in this product (ECH2O) relative to the energy of absorbed photons (Ephotons), which is 

wavelength dependent:  

          
     

          
 

Since effectively all the light emitted from a monochromatic LED is in the visible range and is 

therefore useful for photosynthesis, the maximum photon conversion efficiency can be calculated 

directly from this equation and is ~22% for 454-nm blue light up to 33% for 660-nm red light, 

assuming the energy content of CH2O to be 483 kJ/mol (Weyer et al., 2010).  For full spectrum 

sunlight, an additional factor of 43% accounts for the photosynthetically active portion of the spectrum 

and leads to sun-lit maximum efficiencies of ~12%.   Comparing photon conversion efficiencies 

between sun-lit cultures and LED-lit cultures must therefore consider the difference in illumination 

spectrum, as above.   
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3 Results and Discussion 

3 . 1  Ph o t i c  zon e  -  l i gh t  in t ens i t y  va r i a t i on  w i t h in  th e  cu l ture  

As the biomass density in a culture increases, inter-cell shading results in attenuation of light in the 

direction of propagation leading to heterogeneous light intensity in the reactor, and is different for each 

wavelength of light as seen in Fig. 2a-b.  This attenuation is commonly approximated using the Beer-

Lambert law which describes a simple exponential decay of light due to absorption.  The Beer-Lambert 

law however presupposes a non-scattering media which, for microalgal suspensions, is only 

approximated when the culture density is very low.  Alternatively, Cornet’s model of one-dimensional 

transfer using Schuster’s approximation is a solution to the radiative transfer equation applicable for 

photobioreactor architectures where light is propagating and is scattered along a single axis in both 

forward and backward directions (Cornet et al., 1992a; Cornet et al., 1992b). Simplifying the radiative 

transfer equations to a single axis allows for analytical expressions for the intensity of the light with 

respect to depth to be derived.  Cornet’s model requires the absorption and scattering cross-section 

spectra of the cells to be known in advance.  Here, approximations based on the measured attenuation 

spectra of S. elongatus and the scattering profile described by Stramski have been used.(Stramski et al., 

1995; Stramski and Mobley, 1997).  Figure 2c compares the results of this model against direct 

measurements of light transmission for an optical density of OD750,10mm = 0.5, matching closely with 

Cornet’s model and highlighting the inadequacy of the Beer-lambert equation in scattering cultures.   

Using this model, the volume fraction of the culture exposed to actinic light can be approximated for 

each scenario explored in this study, as shown in Fig. 2d-e.   

3 . 2  L ow  l igh t  –  e f f ec t s  o f  p a th  l eng th  and  cu l tu re  d en s i ty  

For the case of low light intensity, four sets of conditions were used to study the combined effects 

of path length, culture density, and wavelength.  For each wavelength, both short (2 cm, requiring a 10 

mL volume) and long (6 cm, requiring a 30 mL volume) culture depths were tested with both low (0.04 
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g/L) and high (0.58 g/L) initial culture densities.  It is noteworthy that culture densities in microalgal 

operations frequently exceed 0.58 g/L(Eustance et al., 2015; Gamage et al., 2011; de Marchin et al., 

2015; Masojídek et al., 2011).  A moderate high-density level was selected as it was approximately an 

order of magnitude greater than the low density condition, and captures the inherent effects of dense 

cultures (exacerbated further at increased densities). Fig. 3 shows the productivity and photon 

conversion efficiency of cultures cultivated under these four conditions with low light intensity.  In all 

cases here, the culture was light limited.  The efficiency is high since the entire culture was well below 

the saturating intensity.  

Fig. 3 shows the productivity for all reactor cases at low light.  At high initial culture density (Fig. 

3a-b), light gradients resulted in light and dark zones within the reactor volume (Fig. 2d) with cells 

continually cycling between them.  Because of the high initial culture density, virtually all the light of 

each wavelength was absorbed.  The resulting productivity was similar in magnitude in both short and 

long light-path reactors with high initial culture density, with the exception of 593-nm orange and 630-

nm red light which were less productive in the deeper reactor.  This reduction was likely related to the 

frequency at which cells cycled through the illuminated portion of the reactor, and the relative size of 

that photic zone (which is different for each wavelength, Fig. 2).  With respect to the size of the photic 

zone, the photic zone in the 534-nm green light reactor was 1.3-fold longer than that of the 630-nm red 

light reactor with high culture depth.      

For low-light cases with low initial culture density, Fig. 3c-d, the effects of light gradients were 

minimized and unabsorbed light which passed through the culture became an increasingly important 

factor affecting productivity.  In both short and long light-path reactors, weakly absorbed green light 

showed significantly lower productivity than longer wavelengths, since more of the light was able to 

pass through the reactor and lost.  Indeed, the productivity and photon conversion efficiency of all 

wavelengths in the long light-path reactors (Fig. 3d) improved over the short light-path reactors due to 
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increased absorption in the deeper culture, with green light showing a 128% increase in productivity 

and a 2.3-fold increase in photon conversion efficiency.  Despite this improvement, for low-density 

low-light cases, longer wavelengths (593-nm orange, 630-nm red and 660-nm red) outperformed 534-

nm green light.  The highest productivity and photon conversion efficiency resulted from 630-nm red 

light due to more complete absorption of light at sub-saturating intensities.  These low-density results 

are in line with previous observations which suggest that red is most effective for microalgal 

cultivation at low culture density (Baer et al., 2016; Wang et al., 2007).   

In all cases, 454-nm blue light underperformed compared with other wavelengths at the same 

intensity.  Due to their complement of pigments, cyanobacteria are known to respond poorly to shorter-

wavelength light (Chen et al., 2010; Graham et al., 2015; Itoh et al., 2014).  In spite of the strong 

absorption of blue light at 454 nm, a large portion of the energy is diverted to other pathways (Bailey 

and Grossman, 2008).  Specifically, non-photochemical quenching of absorbed light energy in 

cyanobacteria is typically induced through a series of reconfigurations triggered by blue-light absorbing 

proteins (Bailey and Grossman, 2008). The poor prodcutivity from monochromatic blue light are 

therefore an anomaly among the wavelengths tested here – triggering photo-protection mechanisms not 

triggered by other wavelengths (Bailey and Grossman, 2008; El Bissati et al., 2000; Kirilovsky, 2007).  

Table 1 lists the highest areal productivity and photon conversion efficiency achieved for each 

wavelength under low light conditions (and corresponding volumetric productivity).  Collectively, 

these low-light condition results indicate that for low culture densities, red light is the preferred 

wavelength to maximize productivity and efficiency.  Increasing culture density increases the effects of 

light gradients on culture performance which are also wavelength dependent.  With highly absorbed 

wavelengths in dense cultures, a large portion of the reactor volume becomes dark resulting in a larger 

penalty for 630-nm red light in particular.  The ability for green light to penetrate deeper into high-

density cultures compared to other wavelengths makes it competitive with other wavelengths at higher 
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culture density.  It is worth noting that the maximum areal productivity does not necessarily correspond 

to the maximum volumetric productivity – a metric commonly used in photobioreactor analysis.  As 

table 1 shows, 630-nm red light achieved the highest areal productivity even though the 593-nm orange 

light resulted in a higher volumetric productivity under low light.  This is entirely related to the 

difference in reactor volumes.  Peak areal productivity under 630-nm light occurred in reactors with 

long light paths (i.e. larger volume), compared to 593-nm light which performed best with short light 

paths.  As a result, the volumetric productivity was lower in the larger volume reactors even though 

those reactors generated more biomass in total.  Here, because the objective is to achieve maximum 

light utilization, results were evaluated based on areal productivity. 

3 . 3  H igh  l i gh t  –  e f f ec t s  o f  pa th  l en gt h  and  cu l tu re  d en s i ty  

When the light intensity was increased far above the saturation limit of the cells, the trends 

observed in the low light trials no longer applied, as is evident in Fig. 4.  Notably, 534-nm green light 

demonstrated the highest productivity and efficiency under high light conditions in all cases, with 630-

nm red light generally showing much lower performance.   

For low-density cultures the trend of performance across the spectrum in high-light (Fig. 4c-d) was 

a reversal of that observed for low-light (Fig. 3c-d).  In these cases, and especially those with short 

culture depth, the whole reactor volume was in the photic zone (Fig. 2e), and thus no dark zone was 

present.  The observed wavelength dependence on productivity in low density cultures is attributed 

here to increased resilience of the culture to weakly absorbed light. Specifically, green outperformed 

red 2:1 at high light intensity, chiefly because less light was absorbed per cell and the effects of 

photoinhibition were mitigated since the light was weakly absorbed.   

At high culture densities, cell shading (photic zone) played a role in productivity.  The photic zone 

for green light is ~ 1.6-fold that of red light (Fig. 2e), resulting in a larger relative fraction of productive 
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culture volume.  This larger volume for green light resulted in a ~ 4-fold increase in green light 

performance over red (at the highest levels of culture density, culture depth and light intensity).   

The wavelength dependence on photon conversion efficiency correlates directly with areal 

productivity and thus showed the same general trends discussed above.  Because photon conversion 

efficiency takes into account the energy content of photons, there is an efficiency penalty for shorter 

wavelengths such as green light.  In spite of this penalty, green light outperformed the other 

wavelengths in terms of both productivity and efficiency at high light conditions.  In terms of photon 

conversion efficiency alone, low-light cases outperformed high-light dramatically (~ an order of 

magnitude, from 10% to 1%), illustrating the tradeoff between productivity and efficiency in 

operations.    

While the spectral performance between high and low light scenarios was remarkably different, the 

relative performance between low- and high-density, and short and long light path scenarios was 

similar.  In particular, for high density cultures, transitioning from a short to long path length (Fig. 4a-

b) resulted in a decrease in productivity and photosynthetic efficiency owing to an increase in the ratio 

of dark to light volume in the reactor. In addition, for low density cultures, transitioning from a short to 

long path length (Fig. 4c-d) resulted in increased productivity and efficiency, owing to more complete 

absorption of the available photons.   

Table 1 highlights the maximum productivity and efficiency achieved for each wavelength under 

high light.  Green light achieved the highest areal productivity, outperforming 454-nm blue 4.1-fold, 

593-nm orange by 1.5-fold, 630-nm red by 2.2-fold and 660-nm red by 1.6-fold. For all wavelengths, 

peak productivity was achieved with high light, high density, and short path length.  Peak efficiency 

was achieved for all wavelengths with low light.  For 454-nm, 630-nm and 660-nm light, peak 

efficiency was achieved with low density and long path length.  For 534-nm and 593-nm light, peak 
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efficiency was achieved with high density and short path length. In spite of the lack of light harvesting 

pigments with absorption peaks in the green region, the high performance of the cultures under high 

intensity green light indicates that absorbed green photons can be as productive as absorbed photons of 

other colors.  The high performance of green light is attributed to the spatial dilution achieved due to 

weakly absorbed light. 

3 . 4  B a tch  cu l t i va t ion  

The reactors were operated in batch mode for four days. The accumulated biomass relative to each 

experiment’s starting condition is plotted in Fig. 5.  Accumulated biomass is reported in Fig. 5 to 

illustrate the efficacy of each reactor scenario at generating biomass under a given light intensity.  This 

result is masked for different reactor depths if the volume normalized biomass concentration is instead 

used.  To determine the cell concentration, the accumulated biomass can be divided by reactor volume 

(10 mL for the shallow reactors and 30 mL for the deep reactors).  Low light experiments demonstrated 

consistent growth over the duration of the experiment.  Under high light conditions however, growth 

rates slowed and for several cases became negative after ~3 days.  This decline was most notable for 

longer wavelengths (593 nm, 630 nm, and 660 nm) and least pronounced for 534-nm green light.  The 

most likely cause for the reduction in productivity and loss of biomass relates to accumulated photo-

damage at high irradiance, particularly for the highly absorbed wavelengths.   

Significant changes in cell pigmentation also occurred for 593-nm, 630-nm, and 660-nm light at 

high intensity, as shown in Fig. 6, and are indicative of chromatic adaptation in response to the high 

light conditions.  Changes in pigmentation in response to light are common in macroalgae and 

cyanobacteria (Forest, 2014; Katsuda et al., 2004; Korbee et al., 2005; Schulze et al., 2014), and can 

result from light induced damage (photobleaching) (Miller, 1991) or as a physiological response (Gutu 

and Kehoe, 2012; Palenik, 2001; Tandeau de Marsac, 1977).  For instance, chromatic adaptation in 

cyanobacteria allows for the customization of light harvesting pigment composition and expression 
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within the cell in response to changing light intensity and quality (Gutu and Kehoe, 2012; Kulkarni and 

Golden, 1994; Shukla et al., 2012). While indication of pigmentation change was evident in all high 

light scenarios, for cultures that began with high cell density (Fig. 5(e-f)) the adaptation response 

appeared to be slower.  For these cultures, the biomass concentration plateaued early, after ~3 days 

(Fig. 5e-f), and in many cases began to decrease, with only a moderate shift in the pigmentation of the 

cells (Fig. 6a-b).  This trend contrasts with that observed for cultures that began with low initial cell 

densities (Fig. 5g-h) for which an obvious adaptation in cell color and attenuation spectrum occurred 

(Fig. 6c-d).  Notably, this shift in pigmentation was accompanied by a much smaller decrease in culture 

density (Fig. 5g-h) compared to the high initial culture density reactors, suggesting that the deleterious 

effects of high light intensity over time were in part mitigated by the more rapid shift in pigment 

content.  In summary, a low initial culture density allowed more cells to be exposed to high light 

conditions early, inducing more rapid adaption and less damage.   

4 Conclusions 

To maximize the cost effectiveness of microalgae cultivation, productivity and efficiency must be 

maximized (Stephens et al., 2010).  Here we demonstrated that contrary to conventional wisdom, 

highly absorbed red light is not necessarily the wavelength of choice for monochromatic cultivation, 

particularly for high density cultures typical of industrial operations.  Instead, depending on culture 

density, depth and irradiance, weakly absorbed green light may provide the best option for achieving 

high productivity with increased efficiency because it is able to dilute the light over a larger portion of 

the reactor.       
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Table 1: Light quality effects on productivity and photon conversion efficiency 

 Low Light High Light 

Wavelength 

[nm] 

Max Areal 

Prod. 

[g/(m
2
∙day)] PCE [%] 

Volumetric  

Prod. 

[g/(L∙day)] 

Max Areal 

Prod. 

[g/(m
2
∙day)] PCE [%] 

Volumetric  

Prod. 

[g/(L∙day)] 

454 0.9 1.7 0.01 6.8 0.3 0.28 

534 3.7 8.0 0.05 28 1.5 1.17 

593 3.7 9.0 0.15 19 1.1 0.78 

630 4.3 11 0.06 13 0.8 0.55 

660 3.9 10.5 0.05 18 1.2 0.75 
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