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Abstract  20 

 21 

Photosynthetic microorganisms, such as algae, are sources of bioproducts and pharmaceuticals. As they 22 

require only sunlight and carbon dioxide to grow, they have potential for future mitigation of CO2 23 

emissions. However, inefficiencies in the growth of these organisms remains an issue for realizing these 24 

emission reductions, primarily in terms of photosynthetic efficiency, photoinhibition, and photolimitation. 25 

Here, we show how the use of light filtration through semi-transparent films comprised of organic π-26 

conjugated molecules and subsequent organic photovoltaic devices, has the potential to improve the 27 

photosynthetic efficiency of algae, and the total power generation of a combined organic 28 

photovoltaic/algae system. Experimental data is used to fit a photosynthetic model predicting algal 29 

photosynthetic growth given light intensity and light transmission through an organic photovoltaic device. 30 

This work demonstrates the feasibility of using a system combining photosynthetic growth with 31 

electricity-producing organic photovoltaics and provides a template for exploring other blended 32 

applications of these technologies.   33 

 34 

 35 

  36 
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Main 37 

 38 

The mass cultivation of photosynthetic microorganisms, collectively referred to herein as “algae” 39 

is of interest to agricultural, pharmaceutical, and energy industries. However, challenges including 40 

suboptimal photosynthetic efficiency and high operating expenses persist in large scale operations1,2. This 41 

results in a high price point for algae feedstock, which makes algae biomass currently unsuitable for 42 

biofuel applications3,4.  43 

The theoretical maximum efficiency of photosynthesis has been estimated between 8-12%, but in 44 

practice, photosynthetic efficiency is often much lower, around 1%5,6,7. In algae, high photosynthetic 45 

efficiency is only realized at very low light intensities8, but can be improved by using red light, at 46 

wavelengths close to those absorbed by reaction-center chlorophyll and accessory light-absorbing 47 

pigment molecules7,9,10,11,12. For photosynthetic applications of algae, the obvious choice for an abundant 48 

and sustainable light source is sunlight. However, direct sunlight encompasses the entire spectrum and has 49 

high intensity, causing photoinhibition and decreases in photosynthetic efficiency, in some cases 50 

completely killing algae cultures13.  51 

Similar to photosynthesis, photoexcitation of the materials in organic photovoltaic devices 52 

(OPVs) induces charge separation, which can subsequently be used for conversion of light energy into 53 

usable electricity. OPVs have active layers comprised of organic π-conjugated materials (typically 54 

polymers or small molecules) that can be tailored to absorb light at desired wavelengths, while remaining 55 

transparent in other parts of the spectrum14,15,16.  56 

Here we investigate if OPVs, when used as electricity-producing light filters, improve the 57 

feasibility of algae biotechnology. We explore through experiments and modeling, if this combination of 58 

technologies increases solar power conversions, leading to the potential for energetic gains by co-59 

producing electricity. For photosynthesis, we use a microbial consortium obtained from alkaline soda 60 

lakes17, mainly consisting of Phormidium cyanobacteria (a blue-green algae). This cyanobacterial 61 
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consortium has been shown to be ecologically robust12 and facilitates direct air capture of CO2
18. The 62 

cyanobacterium reaches its maximum photosynthetic rate at a light intensity that is about 10% that of 63 

direct sunlight18, thus making it an ideal candidate to test if light filtering improves growth.  64 

 65 

Light filters are photoprotective at high light intensities  66 

 67 

To investigate the potential benefits of combining growth of the cyanobacterial consortium 68 

(“algae” for simplicity) with a light filter, we performed a series of outdoor algal cultivations and used the 69 

measured results to generate a photosynthetic model. The light filter used with the cultivations was 70 

prepared with the organic π-conjugated perylene diimide dimer derivative, tPDI2N-EH, herein simply 71 

referred to as PDI, as the active chromophore19,20 (Figure 1, Supplementary Figure 1). Perylene diimides 72 

are a suitable chromophore for light absorption between 450 and 550 nm, have excellent thermal and light 73 

stability properties, and as such have been widely used as an active material in photovoltaic cells21,22,23. 74 

We use this light filter as a proof-of-concept platform that has the potential for transitioning into an OPV 75 

module, where it could be endowed with the dual-function of filtering out the wavelengths of light that 76 

are unnecessary or detrimental to algae growth while converting the absorbed light energy into electricity. 77 

This selected PDI material can be made on scale, is an effective non-fullerene acceptor in air processed 78 

and stable OPVs, and is compatible with roll-to-roll coating on flexible and lightweight transparent 79 

substrates, such as polyethylene terephthalate (PET)24,25,26 . The light filter construction methods parallel 80 

those used to fabricate OPV modules (Figure 1, Supplementary Figure 2). The intensity of the light filter 81 

transmission was modulated by varying the concentration of the PDI coating solutions. In total, three light 82 

filters, referred to as LF-1, LF-2 and LF-3, were prepared using three densities of coating solution 83 

concentration (corresponding to 70, 50 and 30% light transmission respectively) (Figure 1).  84 

Algal cultures were grown both in direct sunlight and within a greenhouse structure in separate 85 

trials, and in each trial, the three densities of light filter were tested along with a filter-free control (Figure 86 
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1, Supplementary Figure 3). To relate the results of these experiments to other photosynthetic species, the 87 

electron transport kinetics of the algae were measured (Supplementary Figure 4). The relationship 88 

between electron transport kinetics and light intensity of the algae behaved as expected: an initial positive 89 

relationship between light intensity and photosynthetic activity, followed by a plateau once maximum 90 

rates of photosynthesis were achieved, followed by a decrease in photosynthetic activity (photoinhibition) 91 

as light intensity became damaging13,27.   92 

Outdoor experiments demonstrated that the light filters promoted photosynthesis when initial 93 

biomass concentration was low (< 0.1 g/L dry weight), and when incident light intensity was high (Figure 94 

2).  At these high light intensities, daily photosynthetic production was between 1.3-4.7X greater with 95 

light filters than without (Figure 2). During the trial at the highest incident light intensity, the light filters 96 

prevented complete photobleaching and death of the algae cultures (Supplementary Figure 5). The 97 

discrete chromophore density of the light filter did not directly affect photosynthesis (Figure 2), but rather 98 

photosynthesis was affected by the amount of light reaching the bioreactor. The effect of light on 99 

photosynthetic production was explored further by developing a model based on these experimental 100 

results.    101 

 102 

Modeling photosynthetic growth with experimental measurements  103 

 104 

To define the conditions in which light filters would be advantageous for growth, a Type II bulk 105 

photosynthetic productivity model was created and fit to the experimental data28. This model determines 106 

the photosynthetic output of the cyanobacterial consortium given light intensity, biomass density, filter 107 

transmission, and bioreactor depth. Algae are generally grown in open raceway ponds or closed 108 

bioreactors, depending on the application, and light filters could be integrated with either approach. Here 109 

we model the growth of algae in ponds, accounting for the fact that as light travels through the pond, it 110 

gets absorbed and attenuates (Supplementary Figure 6).  111 



6 

 

 Integration of model predictions over a hypothetical pond of 20 cm depth showed that maximum 112 

photosynthetic output is largely influenced by initial biomass concentration (Figure 3bc).  Biomass 113 

concentrations of 0.1 g/L and 0.5 g/L were chosen, roughly corresponding to the biomass concentration 114 

expected during inoculation and harvest, respectively29. The model showed that light attenuation within a 115 

20 cm pond is more limiting to photosynthetic output than photoinhibition, at both inoculum and harvest 116 

biomass concentrations. Therefore, filtering of incident light generally reduced photosynthetic 117 

productivity. However, even with a pond depth of 20 cm, at lower biomass concentrations (Figure 3b), the 118 

use of filters (> 50% transparency) had little effect on maximum growth in high light intensity (> 500 W/ 119 

m2). Even with very high biomass concentrations (Figure 3c) there remains a level of filter transmission 120 

(> 75%) that would also have no effect on photosynthetic growth at very high light intensities (> 700 121 

W/m2). To positively influence photosynthetic efficiency using a light filter with 60% transmission in full 122 

sunlight of 1000 W/m2, a pond shallower than 9 cm (0.3 g/L culture density), or a culture density less than 123 

0.13 g/L dry weight (20 cm deep pond) would be required.  124 

 125 

Increased power production with combined OPV and photosynthesis 126 

 127 

A comparative analysis was conducted to determine if combining the light filter (as part of an 128 

OPV device) with photosynthetic growth would be a worthy exercise strictly in terms of the amount of 129 

power generated. A model OPV device with 40% transmission was prepared using the PDI derivative, 130 

acting as a non-fullerene acceptor, in combination with high performance and commercially available 131 

PTQ10 polymer, acting as an electron donor30,31,32,33,34 (Supplementary Figure 2). For our proof-of-132 

concept devices, PTQ10 was selected as a donor polymer owing to a similar band gap and transmittance 133 

in the red region of the solar spectrum to PDI33. In addition, OPVs based on this polymer exhibit high 134 

operating voltages and can be made on scale via roll-to-roll compatible methods. An estimate for power 135 

conversion efficiency of 4.2% was obtained from calculations performed on the model OPV device 136 
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(Supplementary Table 1). We assumed the algae were grown in an open pond of 20 cm depth, with a dry 137 

weight biomass concentration increasing from 0.1 g/L to 0.5 g/L, as explained above. Four locations 138 

spanning 30 degrees of latitude in North America were chosen, and their average monthly solar radiation 139 

and day length were used to estimate photosynthetic output using the model (Figure 4a). The locations 140 

were Calgary Alberta Canada (51° N), Chicago Illinois USA (42° N), Phoenix Arizona USA (33° N), and 141 

Honolulu Hawaii USA (21°N). We also assumed an intrinsic caloric value for the biomass, based on the 142 

high heating value (HHV) of its organic material as a rough translation for its power potential35,36. In 143 

short, we estimated the average amount of electricity that could be produced by the model OPV with the 144 

absorbed light, and we estimated the amount of electricity that could be generated by combustion of the 145 

biomass grown with the remaining transmitted light.  146 

The power analysis showed that the addition of an OPV device always resulted in higher 147 

combined OPV and algae power production than with photosynthesis alone (Figure 4bc, Supplementary 148 

Figure 7) and increased the overall efficiency of the system from less than 2% with algae alone to around 149 

5% with algae and OPV (Figure 5c). The inclusion of the OPV device resulted in an increase in 150 

photosynthetic efficiency to above 2% (Figure 5a), but a decrease in biomass production that was 43-80% 151 

of its predicted maximum levels without light filtration (Figure 5b). Despite these losses in biomass 152 

production, any detriment to photosynthetic growth due to light filtering was more than compensated for 153 

by the power generation from the OPV device (Figure 4bc). Quantitatively, power production was 154 

predicted to increase by a factor of 2.2-4.8X when OPVs were added, and this effect was particularly 155 

prominent in the summer months when light intensity was highest (Figure 4b). Predicted power 156 

production of both OPVs and photosynthetic growth followed solar radiation trends and was highest in 157 

Phoenix, then Honolulu, Chicago, and Calgary (Supplementary Figure 7).  158 

 159 

Discussion 160 

 161 
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 The integration of light filters, particularly in the form of OPVs, into algal bioreactors has been 162 

proposed as a potential solution to improve photosynthetic efficiency and limit photoinhibition37. The 163 

combination of OPVs with algal bioreactors has the added benefit of concurrent electricity production on 164 

the same land area used for algae growth. Here, using both experiments and models, we investigated the 165 

effect of light filtration with an organic semiconducting light filter on the growth of a cyanobacterial 166 

consortium. 167 

Light filters helped reduce the effects of photoinhibition in the outdoor experiments, mainly when 168 

light intensity was high and biomass concentration was low. Under these conditions, light attenuation due 169 

to self-shading from the algal cells was minimal, and growth was affected primarily by incident light 170 

intensity. Using the experimental results, a Type II photosynthetic model28 was developed allowing for 171 

estimates of photosynthetic growth under realistic light and bioreactor conditions. An increase in 172 

photosynthetic efficiency was expected when the cyanobacterial consortium was grown with OPV light 173 

filtration compared to growth without (Figure 5a). The higher photosynthetic efficiency is due to the 174 

lower light intensity experienced by the algae after OPV light filtering13. Despite this increase in 175 

photosynthetic efficiency, total algal growth was expected to decrease under the conditions tested. In 176 

other words, with filtered light, the algae are able to grow proportionately more with the light received 177 

(increase in efficiency), but the amount of filtered light received is not enough to overcome 178 

photolimitation due to light attenuation with depth (decrease in growth). Regardless of losses in algal 179 

growth, combined power production from the model OPV device and biomass combustion was higher 180 

than for either technology on its own.   181 

Higher power production for combined algae and OPV systems may already make the blend of these 182 

technologies advantageous for energy and agricultural industries. By applying the model developed here, 183 

it is evident that amendments to the pond and OPV light filter setup, like the use of a shallower bioreactor 184 

configuration (i.e. tubular or flat panel bioreactors), should be considered to improve photosynthetic 185 

growth with OPV light filters. There is also the possibility to apply OPV light filters periodically, only 186 

when culture density is low after inoculation or on very sunny days.  Alternatively, different organic 187 
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compounds could be chosen for the construction of the OPV active layer. Organic molecules have been 188 

developed recently that target wavelengths in the infrared region (> 700 nm), thus absorbing light outside 189 

the range of photosynthetically active radiation (400-700 nm)38,39,40,41,42. Targeted enhancement of 190 

metabolite production presents another avenue to pursue for the incorporation of light-filtering OPV 191 

devices, as the use of coloured light has been shown to increase production of certain high valued 192 

products, such as pigments or fatty acids7,37,43. Therefore, the optimal solution for incorporating OPV 193 

devices with photosynthetic growth will be case specific and depend on many factors including the 194 

intended product.  195 

Presently, commercially available inorganic photovoltaic modules are achieving efficiency values of 196 

10-20%, several times higher than the predicted efficiency for the combined OPV/algae system here 197 

(~5%). However, semi-transparent OPV modules and photosynthetic systems offer benefits over opaque 198 

inorganic photovoltaics, such as mass production using additive manufacturing methods which have a 199 

low energy input and use low capital equipment allowing for localized production44,45. OPVs are also 200 

primarily comprised of earth abundant and non-toxic materials leading to low cost/safe devices which can 201 

be easily disposed of or recycled46. OPVs can be tailored to the specific needs of the system, and thus are 202 

of interest in alternative applications where some degree of transparency or a certain aesthetic is required 203 

(e.g. window coverings and greenhouses)47,48,49,50,51. Additionally, the photosynthetic portion of such a 204 

combined system could be filled by a number of algal and agricultural candidates, from algae grown to 205 

produce biofuels and bioproducts, to crops grown for a variety of agricultural and commercial functions, 206 

further expanding potential applications for these technologies52. Growth of algae is of particular interest 207 

due to their high biomass yields, potential for growth using reclaimed water and nonarable land, 208 

applications in wastewater remediation, as well as their vast genetic potential for producing various 209 

bioproducts3. 210 

Recently, research has targeted the combination of organic semi-transparent filters with greenhouses, 211 

growing plants47,51,52,53, and single algal strains10,54, suggesting that there is interest in combining solar 212 

power with the growth of photosynthetic organisms. In agreement with our findings, Michael et al. 213 



10 

 

(2015)54 showed decreased algal growth with light filters when algae were grown in flasks, but an 214 

increase in growth in flat panel bioreactors, presumably due to the small path length of the flat panel 215 

bioreactor. Similarly, Detweiler et al. (2015)10 used dilute, small volume algae cultures and found equal 216 

performance of cultures grown with and without light filters. The idea to combine OPV technology with 217 

photosynthetic organisms is relatively new, and most of this research relies strictly on theoretical 218 

modeling or lab-scale experimental data, without providing an intersection of these two approaches. The 219 

present study demonstrates that light filters can promote photosynthesis experimentally, and also provides 220 

a framework for developing system specific models to analyze and design future combinations of 221 

photosynthetic growth and OPV technologies.    222 

 223 

Methods 224 

 225 

Algae cultivation 226 

 227 

 Cultures of a cyanobacteria (a blue-green algae) dominated consortium previously enriched from 228 

Canadian soda lakes12,17 were grown with constant stirring in glass, airtight vessels. The cyanobacterial 229 

species grown here is filamentous and from the genus Phormidium. The high pH media used for growth 230 

contained 5.88 mM NaNO3, 0.92 mM NH4Cl, 1.00 mM MgSO4-7H2O, 0.17 mM CaCl-2H2O, 0.43 mM 231 

NaCl, 1.44 mM KPO4 dibasic, 6.04 mM KCl, 179.28 mM Na2CO3, 142.85 mM NaHCO3, 0.01 g/L ferric 232 

ammonium citrate, and 1mL/L of trace element solution. Initial pH of the media was 10 ± 0.1. When 233 

used, the light filters were placed directly on top of the bottles to ensure that all incoming light was 234 

filtered (Supplementary Figure 3). Between experiments, initial biomass concentrations, bottle shape, 235 

daylight hours, and light source varied as shown in Table 1. All experiments were conducted in Calgary, 236 

Alberta, Canada during the months of May-September.  237 
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To begin experiments, a known weight of biomass from a stock culture was added to a mixing 238 

bottle containing a known volume of media. This bulk solution was then evenly distributed into the 239 

experimental bottles. Initial headspace samples and initial samples for biomass measurements were taken 240 

before the experiment began. For trials conducted indoors, cultures were grown under an LED light 241 

source (custom solar spectrum mimicking light from G2V Optics, Edmonton Alberta Canada) for the 242 

number of hours outlined in Table 1. The light intensity was measured using a LI-180 spectrometer (LI-243 

COR Biosciences, Lincoln, Nebraska, USA). For experiments conducted with sunlight (greenhouse or 244 

direct), light intensity was logged every 15 minutes using a LI-180 spectrometer (LI-COR Biosciences, 245 

Lincoln, Nebraska, USA). Light intensity, measured in µmol photons/m2/s, was normalized for bottle area 246 

and for day length. 247 

At the end of the experiment bottle pressure was measured, headspace samples were collected via 248 

needle through the bottle septum and stored in exetainers, and 150 mL of culture was centrifuged for 249 

measurements of biomass weight. Biomass samples were freeze dried or dried in an oven at 70°C until all 250 

liquid had evaporated and then weighed to determine the dry biomass weight.  251 

 252 

Oxygen Measurements 253 

 254 

Oxygen content in the headspace of culture bottles was measured using a 7890B Gas Chromatograph 255 

(Agilent Technologies, Santa Clara, California, US) with a thermal conductivity detector (TCD). 5 mL of 256 

headspace sample was injected into the instrument and the following protocol was run. Briefly, the 257 

instrument operated under the following parameters: valve temperature: 125°C; oven temperature: 105°C; 258 

post-run at oven temperature of 50°C for 0 min. Helium was used as a carrying gas at 21 mL/min.   A 6′ × 259 

1/8″ Hayesep N (80/100 mesh) column and an 8′ × 1/8″ MS5A (60/80 mesh) column were used to 260 

separate CO2, N2 and O2. 261 
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To calculate the change in oxygen production, initial oxygen concentration was subtracted from 262 

final oxygen concentration. Moles of oxygen were calculated using the ideal gas law: 263 

 264 

(1) PV = nRT 265 

 266 

 Where R = 0.08206 L atm mol-1K-1, and T is measured temperature (K). The increase in pressure 267 

was measured using a Leo3 manometer (Keller AG, Winterthur, Switzerland), and volume was 268 

determined from headspace volume and the gas fraction. Oxygen production was normalized for 269 

headspace volume, culture volume, hours of light, and initial dry biomass concentration in order to 270 

compare all experiments.  271 

 272 

Fluorometry measurements  273 

 274 

 Fluorometric measurements to determine the cyanobacteria photochemistry were conducted using 275 

a Fluorcam FC 800-C (Photon System Instruments, Czech Republic) as described previously in Ataeian et 276 

al. (2019)18, on 15 mL of cyanobacteria culture placed in a petri dish (Supplementary Figure 4).  277 

 278 

Light attenuation measurements 279 

  280 

The effect of light attenuation on cultures of different densities was measured using a Li-250A 281 

light meter (LI-COR Biosciences, Lincoln, Nebraska, USA) with a submersible spherical light probe. 282 

Measurements of light intensity were made at increasing depths below the culture surface until the light 283 

intensity reached less than 100 µmol photons/m2/s (Supplementary Figure 6). Three, 10-second averages 284 

of light intensity were used for each measurement. Attenuation with and without a light filter was 285 

measured.  286 
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 287 

Fabrication of light filter 288 

 289 

 The light filters were fabricated by slot-die coating tPDI2N-EH (PDI) solutions onto PET 290 

substrates in air followed by layering a plastic UV-blocking sheet onto the organic layer and finally 291 

encapsulation using 3M lamination sheets.  Solutions were prepared at 2 mg/mL, 5 mg/mL, and 10 292 

mg/mL for LF-1, LF-2, LF-3, respectively. The solvent used was o-xylene. The polymer styrene-293 

butadiene-styrene (SBS, donated by Professor Martin Jasso at the University of Calgary) was used as an 294 

additive (20 mg/mL) to increased solution viscosity allowing for uniform and reproducible coatings. 295 

Solutions were slot-die coated (FOM Technologies compact sheet coater) at room temperature in air onto 296 

PET (gloss waterproof inkjet film, product code 7561011 from Printing Supplies Direct) sheets with a 297 

total dimension of 10 x 30 cm (Supplementary Figure 1). A 150 mm slot-die head with 100 mm shim was 298 

used with a flow rate of 120 µL/min and coating speed (substrate moving rate) of 3.5 cm/min. Sheets 299 

were then cut into three 10 x 10 cm pieces. A UV-barrier plastic film (Edmund Optics, item # 39426) 300 

treated with an anti-static roller (Teknek contact cleaning hand roller) was cut to size and placed onto the 301 

PDI film. A thermal lamination plastic film (3M Scotch, TP3854-100-C) treated with an anti-static roller 302 

was cut to size and placed on the bottom and top of stack. The entire stack was then pushed through a 303 

thermal laminator (Scotch, serial number 17092505289, model TL902-C) to yield the final light filters 304 

used in this study.  305 

 306 

Fabrication of OPV devices 307 

 308 

All OPV devices were fabricated and tested as per reported procedure33. To control the 309 

illumination intensity (i.e. testing under 0.79, 0.63 and 0.28 sun conditions) neutral density filters were 310 

used in between the light source and OPV device (ThorLabs, items NE201B, NE202B and NE206B).  311 
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 312 

Theoretical calculations and modelling  313 

The photosynthetic productivity model (eqn. 2) was based on the simplified light inhibition 314 

model28,55. It is a function of light intensity at a defined depth in the system and is dependent on two 315 

empirical parameters but does not account for the effects of nutrient concentrations or temperature. 316 

 317 

 (2) 318 

 319 

𝑃(𝑙) = 𝐼(𝑙)𝐾1 + 𝐾2𝐼(𝑙)2 320 

 321 

Where, P(l) is the productivity in μmol O2/(g dry biomass·s)  at depth l in cm, I(l)is the light intensity in 322 

μmol photons/(m2·s) at depth l, and K1 and K2 are constants in (μmol photons · g dry biomass)/(μmol O2 323 

·m2) and (g dry biomass ·  m2·s2)/( μmol photons · μmol O2) respectively.  324 

 325 

Light intensity at depth was modeled using the Beer-Lambert Law (eqn 3). A constant (ω) was 326 

added to the Beer-Lambert law to account for the fraction of incident light not reflected by the fluid. This 327 

constant was assumed to be invariable with scale. 328 

 329 

(3) 330 𝐼(𝑙) = 𝜔𝐼exp(−𝜀𝑐𝑙) 331 

 332 

Where, I is the incident light intensity in μmol photons/(m2·s), ω is the transmitted fraction of light, ε is 333 

the mass extinction coefficient in cm2/(g dry biomass), and  c is the algal concentration in g dry 334 

biomass)/cm3.   335 

 336 
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The Beer-Lambert law was fit to empirical data generated from light attenuation measurements giving a 337 

mass extinction coefficient (ε) of 750.6 cm2/(g dry biomass) and a transmitted fraction (ω) of 0.63576.  338 

 339 

Equations 2 and 3 were combined to give the full algal productivity model (eqn. 4) as a function of depth.  340 

 341 

(4) 342 

 343 

𝑃(𝑙) = 𝜔𝐼exp(−𝜀𝑐𝑙)𝐾1 + 𝐾2𝜔2𝐼2exp(−𝜀𝑐𝑙)2 344 

 345 

Equation 4 can be integrated across the algal mass of the system to give the productivity of the full pond 346 

volume (eqn. 5). 347 

(5) 348 

𝑃𝑡 = 𝐴𝜖√𝐾1𝐾2 [tan−1 (√𝐾1𝐾2 exp(𝜖𝑐𝐻)𝜔𝐼 ) − tan−1 (√𝐾1𝐾2 1𝜔𝐼)] 349 

 350 

Where Pt is the total productivity of the system in μmol O2/(g dry biomass·s), and A is the area in cm2. 351 

The values of K1 and K2 were determined by fitting the integrated model to empirical productivity data 352 

collected at various algal concentrations.  The values of K1 and K2 were determined to be 199.7 μmol 353 

photons ·  g dry biomass)/(μmol O2 ·m2) and 0.002564 (g dry biomass ·  m2·s2)/(μmol photons · μmol O2) 354 

respectively. Equation five can be normalized (eqn. 6) to a per unit mass basis by dividing equation 5 by 355 

the total mass of the system, cV.  356 

 357 

(6) 358 

𝑃 = 1𝜖𝑐𝐻√𝐾1𝐾2 [tan−1 (√𝐾1𝐾2 exp(𝜖𝑐𝐻)𝜔𝐼 ) − tan−1 (√𝐾1𝐾2 1𝜔𝐼)] 359 
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 360 

Where P is the normalized productivity in µmol O2/(g dry biomass·s) 361 

 362 

Normalized photosynthetic productivity data (µmol O2/g dry biomass/s) was converted to areal 363 

productivity (g dry biomass/m2/12 hour day) assuming a 1:1 ratio of moles of oxygen produced to moles 364 

of biomass produced, which represents the theoretical maximum for a biomass accumulation efficiency 365 

value6. The molecular weight of biomass was assumed to be 24.6 g/mol (molecular weight for biomass 366 

formula: C1H1.8O0.5N0.2)  367 

 368 

Power production analysis 369 

 370 

Using the modelled relationship between light and biomass production, we aimed to address the 371 

feasibility of combining light filtration and the growth of the cyanobacterial consortium in a realistic 372 

scenario. To further explore this possibility, we assumed that the light filter tPDI2N-EH was part of an 373 

optimized organic photovoltaic (OPV) device which would be used to generate electricity.  To directly 374 

compare the power equivalent of biomass and electricity, we have calculated the calorific values (higher 375 

heating values, HHV) of the dry biomass. HHV defines the energy content of the fuel, which aids in the 376 

performance evaluation of the fuels. Numerous correlations for calculation of HHV from the elemental 377 

composition of biomass are available in the literature. We have used the average HHV outputs of the two 378 

most known formulas for biomass and solid fuels which gave a value of 15.7 MJ/kg35,36: 379 

 380 

HHV = 0.3491C + 1.1783H + 0.1005S – 0.1034O – 0.0151N – 0.0211A (MJ/kg)36  381 

HHV = 0.33C + 1.42H – 0.15O - 14.5 N (MJ/Kg)35  382 

 383 
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C, H, O, N, and S represent carbon, hydrogen, oxygen, nitrogen, and sulfur contents of algae expressed in 384 

mass percentages on a dry basis. Based on mass percentage: 40% C, 6% H, 45% O, 0.63% N, 0.5% S35,36. 385 

 386 

Solar radiation data for the four locations, Calgary Alberta Canada (51.04° N, 114.07° W), 387 

Honolulu Hawaii USA (21.31°N, 157.86° W), Phoenix Arizona USA (33.45° N, 112.07° W), and 388 

Chicago Illinois USA (41.88° N, 87.63° W), were obtained from the National Solar Radiation Database56. 389 

Global Horizontal Irradiance (GHI) values were retrieved, and monthly averages were calculated for each 390 

location over the years of 2014-2018. 391 

A power conversion efficiency (PCE) of 4.2% for an optimized model OPV device containing a 392 

PTQ10/PDI active layer was measured experimentally, and this was used to calculate the OPV power 393 

output (Supplementary Table 1). The optimized OPV device allowed 40% light transmission. This PCE 394 

value was used because it corresponded to the experimental light level that was closest to the historical 395 

radiation data (Supplementary Table 1).   396 

Photosynthetically active radiation (PAR), which is the wavelength range used in photosynthesis, 397 

was calculated from the monthly averages. Watts were converted to µmol photons via a conversion factor 398 

of 4.6 µmol photons/m2/s = 1 W/m2 for natural sunlight57. PAR radiation was assumed to account for 399 

roughly 45% of total spectrum irradiation, and this was also factored into calculations7. Additionally, light 400 

intensity was normalized per month for average day length in each of the respective cities. These 401 

normalized irradiance values were used to calculate an average monthly productivity with and without an 402 

optimized OPV device of 40% transmission, given a pond size of 100m2, a depth of 20 cm, and a dry 403 

biomass concentration of either 0.5 g/L, or 0.1 g/L.   404 

 405 

 406 

  407 
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 560 

Figure Legends  561 

 562 

Figure 1. Details of light filters used in experiments with the cyanobacterial consortium. a) Chemical 563 

structure of the organic dye tPDI2N-EH (PDI). b) Representation of the slot-die coating process used to 564 

manufacture the light filters. c) Schematic of the light filter layers. d) Photos of the light filters used for 565 

experiments. e) Transmission spectra of light filters 566 

 567 

Figure 2. Ratio of normalized photosynthetic oxygen production of samples grown with light filters to 568 

samples grown without filters for the same experimental condition. Individual sample points are overlaid. 569 

The dashed line highlights a fold difference of 1, above which the use of light filters becomes 570 

advantageous. The x-axis shows incident light intensity, which refers to the light intensity prior to light 571 

filtration by the filters. LF-1: filter with 70% transmission, LF-2: filter with 50% transmission, LF-3: 572 

filter with 30% transmission. 573 

 574 

Figure 3. Predicted photosynthetic productivity using the photosynthetic growth model. a) Integrated 575 

model (purple) with experimental data (light green). Integrated contour plots of areal productivity 576 

(g/m2/12 hour day) as a function of light intensity (x axis) and filter transmission (y axis) in a pond of 20 577 

cm depth with 0.1 g/L (b), and 0.5 g/L (c) dry biomass concentration. The colour at each intersection of 578 

filter transmission and light intensity corresponds to the predicted areal photosynthetic growth under 579 

those combined conditions. 580 

 581 
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Figure 4. Use of the photosynthetic productivity model to estimate power output from a combination of 582 

photosynthesis and light filtering by a PDI-based OPV at four North American locations. (a) The average 583 

monthly solar radiation from 2014-2018, in W/m2 in the four cities chosen, normalized for average 584 

monthly day length. (b) The ratio of power produced when the algae and an OPV device are combined 585 

compared to the power produced by the algae alone. The line shows the average power ratio of a culture 586 

at 0.1 g/L and a culture at 0.5 g/L. c) The average monthly estimated power production of the algae and 587 

OPV technologies alone and the algae and OPV technologies combined. The data presented here are the 588 

average monthly projections for Phoenix, and represent the average power produced between 0.1 and 0.5 589 

g/L cultures. Supplementary Figure 7 shows data for all four cities at 0.1 g/L and 0.5 g/L culture density. 590 

Algal growth was derived from the photosynthetic productivity model and predicted OPV power was 591 

calculated using a power conversion efficiency (PCE) of 4.2% (Supplementary Table 1). This power 592 

conversion efficiency is appropriate for OPV modules58,59. 593 

 594 

Figure 5. Solar conversion efficiencies and algal growth. a) Average annual photosynthetic efficiency of 595 

algae grown with OPV light filtration (light green), and without (dark green). b) Average annual power 596 

production of algae grown with OPV light filtration (light green), and without (dark green). c) Solar 597 

conversion efficiency of algal photosynthesis (dark green), OPV (yellow), and both technologies 598 

combined (light green). Values displayed are the average between 0.1 and 0.5 g/L cultures. 599 

 600 

 601 

 602 

 603 

 604 

 605 
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Figures  606 

 607 

 608 

 609 

Figure 1. Details of light filters used in experiments with the cyanobacterial consortium. a) Chemical 610 

structure of the organic dye tPDI2N-EH (PDI). b) Representation of the slot-die coating process used to 611 

manufacture the light filters. c) Schematic of the light filter layers. d) Digital pictures of the light filters 612 

used for experiments. e) Transmission spectra of light filters. 613 
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 615 

 616 

Figure 2. Ratios of normalized photosynthetic oxygen production of samples grown with light filters to 617 

samples grown without filters for the same experimental condition. Individual sample points are overlaid. 618 

The dashed line highlights a fold difference of 1, above which the use of light filters becomes 619 

advantageous. The x-axis shows incident light intensity, indicating, the light intensity prior to light 620 

filtration by the filters. LF-1: filter with 70% transmission, LF-2: filter with 50% transmission, LF-3: 621 

filter with 30% transmission. 622 
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 624 

Figure 3. Predicted photosynthetic productivity using the photosynthetic growth model. a) Integrated 625 

model (purple) with experimental data (light green). Integrated contour plots of areal productivity as a 626 

function of light intensity (x-axis) and filter transmission (y-axis) in a pond of 20 cm depth with 0.1 g/L 627 

(b), and 0.5 g/L (c) dry biomass concentration. The colour at each intersection of filter transmission and 628 

light intensity corresponds to the predicted areal photosynthetic growth under those combined conditions. 629 

630 



29 

 

 631 

Figure 4. Photosynthetic productivity model power output estimates from a combination of 632 

photosynthesis and light filtering by a PDI-based OPV at four North American locations. (a) The average 633 

monthly solar radiation from 2014-2018, in W/m2 in the four cities chosen, normalized for average 634 

monthly day length. (b) The ratio of power produced when the algae and an OPV device are combined 635 

compared to the power produced by the algae alone. The line shows the average power ratio of a culture 636 

at 0.1 g/L and a culture at 0.5 g/L. (c) The average monthly estimated power production of the algae and 637 

OPV technologies alone and the algae and OPV technologies combined. The data presented here are the 638 

average monthly projections for Phoenix, and represent the average power produced between 0.1 and 0.5 639 

g/L cultures. Supplementary Figure 7 shows data for all four cities at 0.1 g/L and 0.5 g/L culture density. 640 

Algal growth was derived from the photosynthetic productivity model and predicted OPV power was 641 

calculated using a power conversion efficiency (PCE) of 4.2% (Supplementary Table 1). This power 642 

conversion efficiency is appropriate for OPV modules58,59.  643 
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 644 

Figure 5. Solar conversion efficiencies and algal growth. a) Average annual photosynthetic efficiency of 645 

algae grown with OPV light filtration (light green), and without (dark green). b) Average annual power 646 

production of algae grown with OPV light filtration (light green), and without (dark green). c) Solar 647 

conversion efficiency of algal photosynthesis (dark green), OPV (yellow), and both technologies 648 

combined (light green). Values displayed are the average between 0.1 and 0.5 g/L cultures. 649 

 650 

  651 
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Tables  652 

Table 1. Table of experimental conditions for data collected and used in model fitting and testing 653 

Trial Number 

of 

samples 

Filters 

used 

Light source Bottle Culture 

volume 

(mL) 

Headspace 

(mL) 

Initial 

conc. 

(dry) 

(g/L) 

Hours 

of 

light 

Model 

1 2 No G2V light Cylindrical 120 39.5 0.35 16 Test 

2 2 No G2V light Cylindrical 120 39.5 0.48 16 Test 

3 2 No G2V light Cylindrical 120 39.5 0.68 16 Test 

4 1 Yes G2V light Rectangular 217.5 72.5 0.38 16 Fit 

5 1 No G2V light Rectangular 217.5 72.5 0.38 16 Fit 

6 12 Yes Sunlight – 

greenhouse 

Rectangular 258 31.5 0.20 12 Fit 

7 12 Yes Sunlight – 

greenhouse 

Rectangular 210 80 0.22 12 Fit 

8 12 Yes Sunlight – 

direct 

Rectangular 210 80 0.06 10 Fit 

9 12 Yes Sunlight – 

direct 

Rectangular 210 80 0.06 10 Fit 

10 12 Yes Sunlight – 

direct 

Rectangular 210 80 0.065 10 Fit 

 654 

 655 

 656 

 657 

 658 
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Figures

Figure 1

Details of light �lters used in experiments with the cyanobacterial consortium. a) Chemical structure of
the organic dye tPDI2N-EH (PDI). b) Representation of the slot-die coating process used to manufacture
the light �lters. c) Schematic of the light �lter layers. d) Digital pictures of the light �lters used for
experiments. e) Transmission spectra of light �lters.



Figure 2

Ratios of normalized photosynthetic oxygen production of samples grown with light �lters to samples
grown without �lters for the same experimental condition. Individual sample points are overlaid. The
dashed line highlights a fold difference of 1, above which the use of light �lters becomes advantageous.
The x-axis shows incident light intensity, which refers to the light intensity prior to light �ltration by the
�lters. LF-1: �lter with 70% transmission, LF-2: �lter with 50% transmission, LF-3: �lter with 30%
transmission.



Figure 3

Predicted photosynthetic productivity using the photosynthetic growth model. a) Integrated model
(purple) with experimental data (light green). Integrated contour plots of areal productivity (g/m2/12 hour
day) as a function of light intensity (x axis) and �lter transmission (y axis) in a pond of 20 cm depth with
0.1 g/L (b), and 0.5 g/L (c) dry biomass concentration. The colour at each intersection of �lter



transmission and light intensity corresponds to the predicted areal photosynthetic growth under those
combined conditions.

Figure 4

Photosynthetic productivity model power output estimates from a combination of photosynthesis and
light �ltering by a PDI-based OPV at four North American locations. (a) The average monthly solar
radiation from 2014-2018, in W/m2 in the four cities chosen, normalized for average monthly day length.
(b) The ratio of power produced when the algae and an OPV device are combined compared to the power
produced by the algae alone. The line shows the average power ratio of a culture at 0.1 g/L and a culture
at 0.5 g/L. c) The average monthly estimated power production of the algae and OPV technologies alone
and the algae and OPV technologies combined. The data presented here are the average monthly
projections for Phoenix, and represent the average power produced between 0.1 and 0.5 g/L cultures.
Supplementary Figure 7 shows data for all four cities at 0.1 g/L and 0.5 g/L culture density. Algal growth
was derived from the photosynthetic productivity model and predicted OPV power was calculated using a



power conversion e�ciency of 4.2% (Supplementary Table 1). This power conversion e�ciency is
appropriate for OPV modules58,59.

Figure 5

Solar conversion e�ciencies and algal growth. a) Average annual photosynthetic e�ciency of algae
grown with OPV light �ltration (light green), and without (dark green). b) Average annual power
production of algae grown with OPV light �ltration (light green), and without (dark green). c) Solar
conversion e�ciency of algal photosynthesis (dark green), OPV (yellow), and both technologies
combined (light green). Values displayed are the average between 0.1 and 0.5 g/L cultures.
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