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Abstract. A photo-bio Reactor is a system that provides an artificial environment for photosynthetic 
organisms (Algae) to perform a chemical conversion.   Light is an important parameter in a 
photosynthetic process.  Light is emitted both in visible and invisible wavelengths.  Each wavelength 
is associated with particular quantum energy.  Like all living things algae is favorable to certain 
wavelengths in the light spectrum.  Certain wavelengths of light are converted into useful energy in 
the process of photosynthesis.   It is important to investigate which wavelengths are important for the 
growth of algae in the PBR for achieving high yields.  Different types of light sources with different 
spectrum were chosen for further experimentation.  Time, light intensity and the algae antenna also 
control the photosynthesis process.  Excess light even in the appropriate wavelengths will be 
converted in to heat and not used for photosynthesis.  Light with wavelengths between 600-700nm is 
the most efficient for photosynthesis.  Light emitting diodes (LEDs) with a peak weavelength of 
643nm are the most cost effective light source if operation of the PBR is 1 year or more. 

Keywords. photobioreactor, light penetration, algae, air pollution, animal waste, light absorption, 
photosynthesis, biomass, cell. 
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Introduction 

The livestock industry is a major industry in the U.S.  Most of the farms or feedlots where 
animals are kept and raised are large scale with thousands of animals per farm.  The primary 
pollutants associated with livestock industry are nutrients (particularly nitrogen, phosphorus and 
potassium), ammonia, pathogens and organic matter (EPA, 2001). The photo-bio reactor (PBR) 
is a system, which takes these waste products as inputs and gives out environmentally friendly 
gasses like oxygen (end product of photosynthesis) and algae biomass.  Different types of algae 
can be cultured in large-scale systems if the best type of photosynthetic environment can be 
identified.  The pollutants nitrogen (air and water borne), phosphorous, and potassium are 
nutrients for plants and microalgae. 

The following is taken from a report published by the Environmental Protection Agency 
(EPA) (EPA, 2001). The report describes the following pollutants that can be considered 
nutrients for the PBR 

1. Nitrogen:  Nitrogen in fresh manure exists primarily in the organic ammonium form.  
Sixty to 90 percent of total nitrogen in fresh manure is in the organic form.  Organic 
nitrogen in the solid content of animal feces is mostly in the form of complex molecules 
associated with digested food, while organic nitrogen in urine is mostly in the form of 
urea ((NH2)2CO). Ammonium (NH4

+) and nitrate (NO3
-), which are formed after microbial 

processes from urea are dissolvable in water and hence bioavailable and therefore have 
fertilizer value. 

                         (microbial processes) 

      ((NH2)2CO)                                  ( NH4
+) +  (NO3

-)                             1 

 

Depending up on the animal type and specific waste management practices, between 30 
to 90 percent of nitrogen excreted in manure can be lost to the air before use as a 
fertilizer. 

2. Phosphorus:  Phosphorus exists in solid and dissolved form, in both organic and 
inorganic forms.  Dissolved phosphorous in the soil environment consists of 
orthophosphates (PO4

-3, HPO4
-2, or H2PO4

-), inorganic polyphosphates, and organic 
phosphorus.  Orthophosphate species, both soluble and attached, represent the 
predominant forms of phosphorus in the natural environment.  About 73 percent of the 
phosphorous in most types of fresh livestock waste is in the organic form.  As animal 
waste ages, the organic phosphorous mineralizes to inorganic phosphate compounds 
and becomes available to plants. 

3. Ammonia: Ammonium (NH4
+) is produced when microorganisms break down organic 

nitrogen products (e.g. urea (see equation 1) and proteins in manure).  This 
decomposition occurs in either aerobic or anaerobic environments.  In solution, 
ammonium enters into an equilibrium reaction with ammonia (NH3) as shown in the 
following equation: 

NH4
+ = NH3 + H+                                                           2 

Up to 50 percent or more of the nitrogen in fresh manure may be in the ammonia form or 
converted to ammonia relatively quickly once manure is excreted.  Ammonia is very 
volatile, and much of it is emitted as a gas, although it may also be absorbed by or react 



 

3 

with other substances.  Higher pH levels favor the formation of ammonia, while lower pH 
levels favor the formation of ammonium. 

4. Other Matter:  Livestock manures contain many carbon-based, biodegradable 
compounds.  Potassium in manure is mostly in a soluble form similar to potassium in 
fertilizer.  Thus potassium in manure can be substituted one-to-one for fertilizer 
potassium.   The salinity of animal manure is directly related to the presence of the 
nutrient potassium and dissolved mineral salts that pass through the animal. In 
particular, significant concentration of soluble salts containing the cations sodium and 
potassium remain as undigested feed that passes unabsorbed through animals.  Other 
major cations contributing to salinity are calcium and magnesium; the major anions are 
chloride, sulfate, bicarbonate, carbonate and nitrate.  Salinity tends to increase as 
the volume of manure decreases during decomposition and evaporation. 

Other pollutants, which are of interest, are carbondioxide (CO2) and hydrogen sulfide 
emitted from confined animal waste storage.   Carbon dioxide and hydrogen sulfide are readily 
soluble in water and also exists in the ionized state.   Carbon dioxide is required for all 
photosynthetic organisms to manufacture biomass.  Hydrogen sulfide is also used by microbial 
algae as a source of sulfur for generation of biomass.  

The proposed PBR addresses serious environmental problems by using pollutants as 
nutrients while potentially producing a high value product.  Recent developments in 
biotechnology and molecular genetics are leading to the development of an agro-industry, which 
harnesses biological systems for a variety of markets.  A key element of the emerging agro-
industry is microalgae production.  The energy efficiency of microalgae and their ability to 
produce large portions of their total biomass in the form of various biochemicals, together with 
advances in molecular biology, make microalgae a promising source of biochemicals.  
Photosynthetic microalgae can fix atmospheric CO2 at greater rates per unit biomass than 
higher plants and can be cultivated in a compact space (Ogbonna and Tanaka, 1997).  The 
variety of microalgae species constitutes an inexhaustible reserve of natural substances and 
other by-products of algae origin, including food additives and fluorescent dyes for natural 
colors, pharmaceuticals, health foods, unsaturated fatty acids, and polysaccharides (Lee and 
Palsson, 1994).  High value algal biomass may reduce or offset costs associated with a PBR. 

A PBR is a system that provides an artificial environment for photosynthetic organisms (Algae) 
to perform a chemical conversion.   Light is an important parameter in a photosynthetic process.  
Light is emitted both in visible and invisible wavelengths.  Each wavelength is associated with a 
particular quantum energy.  Like all living things algae is favorable to certain wavelengths in the 
light spectrum.  Certain wavelengths of light are converted into useful energy in the process of 
photosynthesis.   It is important to investigate which wavelengths are more usable and produce 
a high algal biomass in a PBR.   

The effect of different spectral wavelengths will be investigated by using different light 
sources each with its own spectrum.  Test variables affecting photosynthesis are time the algae 
is exposed to a given intensity of the light, as well as the light spectrum.  Once the 
photosynthesis process has begun additional light (even in the correct wavelength) will be 
absorbed and converted to heat and not used in photosynthesis until the photosynthetic process 
is ready to start over.  The additional light will be referred to as excess light.   
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Objectives 

The objectives of this paper are to 1) evaluate the photosynthesis process to identify the 
wavelengths ranges that lead to efficient use of energy in photosynthesis and 2) to determine 
how efficient the following light sources are at providing energy in the selected range. 
1. Cool Fluorescent lamps 

2. Gro-Lux lamps 

3. Incandecent lamps 

4. Halgen lamps. 

5. Agilent Technologies, red 630nm (AlInGaP II) (peak at 643nm Light emitting diodes). 

6. Kingbright, Super Bright red 660 nm (GaAlAs) (peak at 663nm Light emitting diodes). 

Interaction of algae with Light 

Microbial Algae 

The term algae refers to a diverse group of organisms.  The type of algae which are of 
interest for pollution control are ones which can perform photosynthesis namely green algae 
(chlorophyceae) and blue-green algae (cynobacteria).  Blue-green algae are similar to green 
algae in morphology, habit and photosynthetic ability (MRACC, 2002).   Blue-green algae are 
among the most primitive life forms on Earth.  They share features with plants, as they have the 
ability to perform photosynthesis.  They share features with primitive bacteria because they lack 
a plant cell wall.  Interestingly they also share characteristics of the animal kingdom as they 
contain on their cellular membrane complex sugars similar to glycogen (Gitte et. al., 2002). 

The growth of these microbial algae is dependent on light, water, nutrients, and CO2 in 
the system.  Nutrient requirements can be broadly classified as Macronutrients and 
Micronutrients. Macronutrients are the nutrients required in larger quantities like carbon, oxygen, 
hydrogen, nitrogen, phosphorous, potassium, sulfur, calcium and sodium.  Micronutrients are 
those nutrients, which are required in much smaller quantities but play an important role in 
proper cell function and must be available like chlorine, iron, boron, magnesium, zinc, copper, 
nickel and molybdenum (Cundiff and Mankin, 2003).  Animal manure and animal housing air 
contain many of the macronutrients and micronutrients used to grow these two types of algae. 

There are thousands of different species of algae with different nutrient requirements.  
Algae species can be used to fix nitrogen (from ammonia and nitrate), phosphorous, and 
carbondioxide as well as produce hydrogen as a future fuel source (ORNL, 2000).  The ability to 
fix nitrogen, phosphorous and carbondioxide make algae an excellent candidate for animal 
waste degradation and removal of gaseous contaminates from building air.  Algae are 
considered a viable option to be used to reduce wastes during space travel (NAP, 2000).  Algae 
are easy to handle, produce little waste, can be raised in high culture densities (compact) and 
are very efficient. 

One of the requirements of a PBR is to grow algae in large quantities with little energy 
input.  Large quantities of algae, would consume large quantities of nutrients, carbondioxide and 
ammonia leading to faster removal of pollutants from the atmosphere and waste degradation.  
In a closed environment where there is no addition of nutrients or carbondioxide into the system 
algae growth can be represented by Figure 1.   It is seen that from Figure 1 there are five 
phases of growth (a) lag phase, (b) growth phase, (c) decline phase, (d) stationary phase and 
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(e) death phase.  Depending up on algae species, lag phase (a) may be brief or nonexistent, 
then it goes through a growth phase  (b) with exponential growth while nutrients and 
carbondioxide are abundant, as the nutrients and carbondioxide decrease it enters a decline 
phase (c) eventually reaching a stationary phase (d) where the growth and death rate of algae is 
constant, which would lead to final death phase (e) when the algae runs out of sufficient 
nutrients and carbondioxide to maintain the population (Cundiff and Mankin, 2003).  In a real 
production system (PBR) it would be economical to run the system in the growth phase for 
maximum efficiency, which can be achieved by adding nutrients and carbondioxide to the 
reactor and removing biomass at regular intervals.  One of the main assumptions in the above 
closed reactor environment is that light is available in sufficient quantity for algae all through the 
growth period.  It is essential to understand the photosynthetic so that a system can be 
designed to provide the correct light source (quantity and wavelength) and efficiently transport 
the light to the algae for photosynthesis.   

 
Figure 1.  Microbial population growth (Cundiff 2003). 

Photosynthesis  

Photosynthesis : Photosynthesis is the physico-chemical process by which oxygenic (plants, 
algae, cynobacteria and prochlorophytes) and anoxygenic (photosynthetic bacteria) organisms 
convert light energy into redox chemical energy on a global scale. Each year 4 X 1018 kilojoules 
of free energy is stored in reduced carbon by this process.  In terms of carbon, each year about 
1 X 1011 metric tons of CO2 is converted into organic matter by photosynthesis (Yunus et. al., 
2000).  As it can be seen from the above, photosynthesis plays a very essential part in the 
reduction of CO2 in the atmosphere.    

Light (or radiance) is the main source of energy for photosynthetic algae to produce food 
using the photosynthetic process.   Light propagates both as wave and discrete packets called 
photons.  Each photon consists of discrete energy also know as quanta given by: 

E = h n                                                                                           3 

Where E = energy of a photon (or quanta) 

h = Planks constant (6.626 x1034 Js)   

n = frequency of light.   
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The above equation can be rewritten as: 

E = h c / l                     4 

Where c = speed of light (2.998 x 108 ms-1)  

            l  = wavelength of the light in meters.    

Equation 4 shows that, the energy emitted by a particular light is dependent on the 
wavelength.  Since Plank’s constant and the speed of light are constants, energy is inversely 
proportional to wavelength.  Shorter wavelengths have high energy and longer wavelengths 
have low energy per photon.   Light of 750nm wavelength and above has an energy content that 
is too low to mediate chemical change and energy absorbed in this range can only be converted 
to heat.  Short wavelength radiation (<380nm) gives rise to ionizing radiation such as X-rays, 
which have such a high energy content that it ionizes the molecules it encounters.  Between 380 
and 750 nm wavelengths the energy content is sufficient to produce a chemical change in an 
absorbing molecule (Larkum, 1997,MacKay and Walker, 2003, Spring and Deaton, 2003).  This 
paper will use wavelengths instead of the color of light in the visible region to discuss the 
important absorption regions, as there are discrepancies in the way color of light is used by 
different biologist and physicists to describe the light properties.  Energy absorptions in 
photosynthetic organisms is dependent upon pigments present in the organism.   

There are four pigment groups present in algae: chlorophylls, phycobilins, carotnes and 
xanthophylls (Hoek et. al.,1995).  Figure 2 shows absorption spectrum of different pigments and 
Table 1 lists the pigments present in blue- green algae and green algae under each pigment 
group with important pigments and rare pigments.  Chlorophyll a is the main pigment, which is 
directly involved with photosynthetic process. Other pigments are known as accessory pigments 
that absorb photons and then transfer a portion of the absorbed energy to chlorophyll a for use 
in photosynthesis (Purves and Orians,1983).   

Chlorophylls are the most important pigment group, which are found in all photosynthetic 
algae, plants and bacteria except for halobacteria. Chlorophylls are greenish pigments, which 
are made of a complex structure known as the porphyrin ring.  This is a stable ring-shaped 
molecule around which electrons are free to migrate.  Because the electrons move freely, the 
ring has the potential to gain or lose electrons easily, and thus the potential to provide energized 
electrons to other molecules.  Of the different types of chlorophyll, the most important is 
chlorophyll a.  This is the molecule, which makes photosynthesis possible, by passing its 
energized electrons on to molecules, that manufacture sugars (see Equations 5-10).  
Carotenoids are usually red, orange or yellow pigments, and do not absorb light in those 
regions.  These pigments absob light in the violet, blue, and/or blue-green region of visible light 
(see Figure, 2).  Phycobilins are water soluble pigments.  Phycobilins consist of many closely 
related pigments; phycocyanin, which is a type of phycobilins, is found in cyanobacteria.  The 
dominant pigments present in blue-green algae are phycocyanin and chlorophyll a, hence the 
reflected color is blue-green. The dominant pigments present in green algae are chlorophyll a 
and chlorophyll b. The reflected color is green, giving algae a green color.  b-carotene is present 
in both blue-green algae and green algae (Hoek et. al. 1995, Purves and Orians, 1983). 
Xanthophylls are not photosynthetic pigments and are ignored in this paper. 

Photosynthesis is broadly classified as a two stage process; light reaction and dark 
reaction. The light reaction, has two photoreactions, photosystem I and photosystem II each 
using photon energy associated with slightly different wavelengths.  The dark reaction also 
known as Calvin cycle and is the stage at which glucose is synthesized by the energy generated 
from the light reaction.  Equations 5 - 10 show different stages in the photosynthetic process 
(Koehler, 1996). The chlorophyll in these equations is chlorophyll a.  From equation 9 the 
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number of photons that are required to generate one molecule of sugar during the 
photosynthetic process can be calculated as 36 photons of 700 nm wavelength and 24 photons 
of 680 nm wavelength.  Koehler (1996) summarized the photosynthetic process as three 
separate processes known as Photosystem I (cyclic and non cyclic), Photosystem II and the 
Calvin cycle. 
 

1. Photosystem I, non-cylic electron flow path: 

 2Chlorophyll + 2l (700nm) -> 2Chlorophyll + NADPH + ATP + H2O            5 

 where NADP = nicotinamide adenine dinucleotide phosphate 

  ATP = adenosine triphosphate 

  l  = photon 

 Cyclic electron flow path: 

 2Chlorophyll + 2l (700 nm) -> 2Chlorophyll + ATP + H2O           6 

2.  Photosystem II: 

 H2O + 2l (680 nm) + 2Chlorophyll -> 2Chl0rophyll + 1/2 O2 + 2H+          7 

3. Calvin Cycle: 

 6CO2 + 12NADPH + 18ATP + 12H20 -> C6H12O6               8 

 

 

 
Figure 2.  Absorption spectrum of different pigments (Purves and Orians, 1983). 
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Table 1. Pigments for Blue – Green algae and Green algae (derived from Hoek et. al. 1995). 

Cyanophyta (Blue – Green algae) 
Pigments group Important Pigments Pigments present or occur 

rarely or occur in small 
quantities 

Chlorophylls Chlorophyll a  
Phycobilins  Phycocyanin  
 Allophycocyanin  
 Phycoerythrin  
 Phycobilisomes  
Carotenes  b-carotene  
Xanthophylls  Zeaxanthin b-cryptoxanthin 
 Echinenone Isocryptoxanthin 
 Canthaxanthin Mutachrome 
 Myxoxanthrophyll  
 Oscillaxanthin  
Chlorophyta (Green algae) 
Pigments group Important Pigments Pigments present or occur 

rarely or occur in small 
quantities 

Chlorophylls  Chlorophyll a Chlorophyll c1 
 Chlorophyll b Chlorophyll c2 
  Chlorophyll c3 
Carotenes  b-carotene a-carotene 
  g-carotene 
Xanthophylls  Lutein Zeaxanthin 
 Violaxanthin Echinenone 
 Neoxanthin b-cryptoxanthin 
  Antheraxanthin 
  Siphonein 
  Siphonoxanthin 

 

Koehler (1996) states that the photosynthesis process is the sum of the three processes 
balanced chemically as: 

 12 PII + 12PI(non-cyclic) + 6PI(cyclic) + Calvin cycle                   9 

Where PII is Photosystem II 

PI is Photosystem I 

substituting the three processes (equations 5,6, 7 and 8) into equation 9 yields equation 
10. 

 6 CO2 + 24 H20 + 60 l   -> C6H12O6 + 6 O2 + 18 H20             10 

Equation 10 shows only the external inputs (reactants) and outputs (products) to the 
photosynthetic process. It can also be shown that equation 10 with data from Keenan and Wood 
(1971) that the heat of reaction is 2814KJ. The positive heat of reaction indicates that energy is 
required for the reaction to proceed.  The energy is provided by 24moles of 680nm photons and 
36 moles of 700nm photons (10389 KJ).  From a thermodynamic perspective photosynthesis is 
27% efficient by equations 5-10 (2814 KJ X 100% / 10389 KJ).    
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Table 2 lists the range of absorption wavelengths for both blue-green algae and green 
algae for their dominant pigments deduced from Figure 2.  It can be seen from Table 2 that the 
range of wavelengths of interest for blue-green algae is between 380 – 450 nm and 525 – 670 
nm and for green algae the between 380 – 480 nm and 600 – 685 nm.   

Molecular excitation 

 When a, photon (wavelength 200-700nm) of energy is absorbed by a molecule at stable 
ground state (S0), it is excited to a higher excited state or singlet state (S1), also known as 
electronic transition of a molecule.   This excited state is very unstable, as the molecule under 
excitation has an electron in outer obit excited to an orbit further out that is usually not supplied 
with an electron.  Each excitation state has several sublevels (see Figure 3).   An excited 
molecule can deexcite by releasing energy as fluorescence or phosphorescence or thermal 
energy (as heat) depending on the transitional levels or sublevels between different excited 
states.  Intersystem crossing (ISC) is the results when a spin interconversion process in the 
excited state takes place (electron spin is reversed) (Castner and Krogh-Jespersen, 2001). This 
state is also known as triplet state (T1), see Figure 3 and 4.  Sublevel classification is based on 
wavelength for an orbit as follows (Spalding, 2002):  

1. Vibration sublevels: When separation of energy is approximately 50 nm at 650 nm.  

2. Rotational sublevels:  When separation of energy is approximately 1 nm at 650 nm. 

3. Translation sublevels:  When separation of energy is approximately 0.1 nm at 650 nm. 

Chlorophyll a molecular excitation 

When a photon is incident on a chlorophyll molecule one of the three things will take 
place; the photon is reflected, it is transmitted, or it is absorbed by the molecule.   When the 
chlorophyll a molecule absorbs the photon energy, it is excited from a stable ground state (S0) to 
a excited state (S1).  This excited state is dependent on the energy of the incident wavelength.  
If an incident wave is 450 nm (has higher energy than at 700 nm) on the chlorophyll molecule, it 
would be excited to the second singlet (excited) state (S2) and it has to loose some energy as 
fluorescence or heat in order fall back to first singlet state. The frist singlet state is close to 680 
nm or 700 nm depending up on the photosystem (I or II). The electron energy lost as heat or 
fluorescent is energy not used in photosynthesis and represents lost energy to the process.  
Once the electron is of the first singlet state (S1) it may be transferred for a photochemical 
process, change spin and move to that triplet state or loose energy (heat/fluoresence) and move 
back to S0.  The triplet state may lead to photooxidation, which should be avoided.  From this it 
can be concluded that for efficient transfer of energy from a photon to an electron for 
photosynthesis the excitation of the molecule should be close to first singlet state(Foyer, 1984, 
Spalding, 2002).    Equations 5 – 7 show that the actual photon energy need for the 
photosynthetic reaction (electron excitation level) is provided by 680 nm and 700 nm 
wavelengths. 

Table 2. Major pigments and their absorption range. 

Blue – Green algae Green algae 
Major dominant 
pigments 

Range of absorption 
wavelengths (nm) 

Major dominant 
pigments 

Range of absorption 
wavelengths (nm) 

Chlorophyll a 380  - 450, 600 - 670 Chlorophyll a 380  - 450, 600 - 670 
Phycocyanin 525 – 650 Chlorophyll b 410 – 480, 600 - 685 
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Figure 3 Molecular excitation showing different energy states (Castner and Krogh-Jespersen, 

2001). 

 
Figure 4. The energy states of chlorophyll a (Spring and Deaton, 2002). 
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No energy would need to be dissipated if the incident light either 680 or 700nm 
wavelength.  However energy transfer is seldom perfect, allowances for some energy loss is 
necessary.  The 600 nm wavelength is on the absorption range for chlorophyll a (see Table 2 
and Figure 4) but yet not long enough to excite an electron to the second excited state.  
Wavelengths between 600 – 700nm would provide sufficient energy to excite an electron to the 
first singlet state where it may be used in photosynthesis without large fluorescence or heat 
losses.  Photons in the 380-480nm range must loose energy by heat transfer or fluorescence to 
move from S2 to S1 before photosynthesis can take place.  b-carotene in considerable quantities 
is in both blue-green algae and green algae, which absorbs light between 400 –500 nm with a 
peak at 450 nm, (blue light in the electromagnetic spectrum).  This wavelength range could be 
used to increase over all photosynthesis (carbon fixation) because there would be more 
antennas to collect light than just chlorophyll a antenna.  Collection of blue photons would 
increase photosynthesis activity provided the process was not already saturated with red 
photons.   

The light emittance spectrum of different light sources is determined experimentally as 
described in the next section.  From the experimental data the efficiency of the light sources to 
convert electrical energy to the wavelength ranges 600-700nm and 400-500nm is determined. 

Comparison of different light sources 

Light sources 

To date industrial application use sun light as the source of energy for photosynthetic 
systems.  There is limited amount of light through out the day and the quantity of sunlight can be 
unpredictable (cloud cover).  Sunlight is only available in sufficient intensities for photosynthesis 
during certain times of the year and much of the energy is not in the right wavelength. Some 
parts of the world get very little sunlight during winter months making it necessary to develop a 
light source, which could be used for continuous production of algae.    

To successfully use artificial light for photosynthesis, photons need to be generate with 
wavelengths between 600 – 700nm. It is important to understand the emission spectrum of 
commonly available artificial light sources, their physical advantages and disadvantages, and 
cost effectiveness in order to use them in a production environment.  Apart from selecting the 
right light source, care should be taken to ensure that the right intensity is provided. Algae 
undergo photooxidation when a chlorophyll molecule is exited to the triplet state, see Figure 3 
and 4. The triplet state is a very reactive state, which reacts with stable oxygen transferring 
energy to the oxygen and falling to the ground state. The excited oxygen is very reactive and 
reacts with fatty acids to form lipid peroxides. The peroxides are very destructive to the cell 
membrane of algae and could lead to death (Foyer, 1984). Photorespiration is process in which 
algae takes in oxygen and gives of carbondioxide. Higher intensities than needed could result in 
depressed photosynthetic rates due to photooxidation and photorespiration.   Lower intensities 
than required to excite a chlorophyll electron to the first singlet state when needed would result 
in low photosynthetic rates and thus low biomass production (Carr and Whitton, 1982).   

Experimental setup for comparing different light sources 

To compare the effectiveness of different light sources an experiment was conducted. 
Different light sources like Incandescent bulbs, Gro-Lux, Fluorescent tubes, Light Emitting Diode 
(LED) panels (high density array 30 x 45) with 643 nm peak wavelength, and Halogen lights 
with similar power requirements (approximately 80 Watts) were tested.  LED panels with peak 
wavelengths of 643 nm and 663 nm were also tested that had 864 LEDs (24 x 36 array) on a 
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panel.  Lights in their fixtures were place on the floor with radiant surface oriented upward.  Light 
intensity was measured with a probe that had an 8° acceptance angle and was placed 2.4m 
above the radiant surface of the light see, Figure 5.  Intensities for a wavelength were measured 
in watts per square meter per nanometer wavelength.  The data obtained from the test was 
converted to intensity by multiplying by the wavelength, see Table 3.  The acceptance angle for 
the probe was 8° yielding a measurement area of 0.0855m2.  The intensities in Table 3 were 
multiplied by the measurement area to obtain the power emitted by the test light at 2.4m, see 
Table 4.  Data reported are for the wavelength ranges of 400-500nm and 600-700nm which 
correspond to high absorption bands for green and blue green algae. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Experiment setup for measuring light intensity at a point 2.4m from the source. 

Results of Intensity Experiments 

Cool White Fluorescent lights: 

Fluorescent lamps are usually constructed from long glass tubes containing mercury 
vapor at low pressure with a small amount of an inert gas (usually argon).  When electrodes are 
supplied with the right voltage, an electric arc is produced and mercury vapor is ionized by 
exciting outer shell electrons. When these ions drop back to ground state energy is emitted as 
radiation.  The inner walls of the tube are coated with fluorescent powder (phosphors), which 
are activated by the emitted radiation and fluoresce at longer wavelengths, see Figure 6 
(Langhans and Tibbitts, 1997).  As seen from Figure 6, most of the light emitted is in the visible 
region (400-700 nm).   

 

Light source 
panel 

2.4 m 

Light sensor with 
8° angle of 
acceptance 
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Table 3:  Intensity and percentage light in the range of wavelengths 400-500nm and 600-700nm 
at 2.4m from light source. 

 Different Light Sources Total 
400-500  
nm 

600-700  
nm 

400 – 500 
nm 

600 - 700 
nm 

400 - 500 
and  
600-700 
nm 

  W/m2 W/m2 W/m2 % % % 
  (1) (2) (3) (4) (5) (6) 
              
Cool fluorescent 5.88 1.47 1.22 25.00 20.65 45.65 
Gro-Lux 3.68 0.70 1.40 18.94 37.93 56.87 
Incandescent 5.09 0.03 0.19 0.50 3.77 4.28 
Halogen 1.57 0.00 0.05 0.28 3.33 3.60 
LED high density (643 nm) 55.46 0.04 54.52 0.08 98.30 98.38 
LED medium density (643 nm) 43.20 0.03 42.49 0.08 98.35 98.42 
LED medium density (663 nm) 14.72 0.01 12.89 0.04 87.55 87.59 

Table 4: Power and percentage of particular range of wavelengths 400-500nm and 600-700nm 
at 2.4m from light source. 

 Different light sources Total 
400-500 
nm 

600-700  
nm 

400 - 500 
nm 

600 - 700 
nm 

400 - 500 
and  
600-700 
nm 

 W W W % % % 
  (1) (2) (3) (4) (5) (6) 
              
Cool fluorescent 0.50 0.13 0.10 25.00 20.65 45.65 
Gro-Lux 0.31 0.06 0.12 18.94 37.93 56.87 
Incandescent 0.44 0.00 0.02 0.50 3.77 4.28 
Halogen 0.13 0.00 0.00 0.28 3.33 3.60 
LED high density (643 nm) 4.74 0.00 4.66 0.08 98.30 98.38 
LED medium density (643 nm) 3.69 0.00 3.63 0.08 98.35 98.42 
LED medium density (663 nm) 1.26 0.00 1.10 0.04 87.55 87.59 

The percent of total light between 400 - 500 nm is 25% and between 600 –700nm is 
20.65% with a combined percentage of 45.65%.  Since emitted radiance by cool white 
fluorescent is closer to the light spectrum of daylight, it is used extensively for testing different 
plant and algae biomass production rates.  It can also be seen that though there is a steep spike 
in the blue region.  The light provides more light in the 400-500nm range and 600-700nm range 
than incandescent and halogen lights, see Table 3 and 4.  Efficiency is defined as the amount of 
light in the wavelength ranges 400-500nm and 600-700nm.  Other types of fluorescent lamps 
are produced with different mixtures of phosphor in the tube coating.  An important 
disadvantage is the tube construction.  The light is emitted in all directions, so reflectors are 
needed to direct the light back into the PBR.  This may be rectified to a certain extent by 
designing special types of reflectors to get most of the light into the system. The fixtures would 
add cost.  Another disadvantage of using fluorescent lamps is that they degrade over time, and 
hence produce less intense light. Fluorescent lights generally have a lifetime of 10000 hours 
(approximately an year).   
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Figure 6. Emittance spectrum of Cool White Fluorescent 

Gro-Lux: 

Gro-Lux and Gro-Lux wide spectrum are examples of fluorescent lamps whose 
phosphor content is changed to produce more red light and hence to improve photosynthetic 
growth.  Figure 7 illustrates that the Gro-Lux lamp spectrum is improved compared to the cool-
white fluorescent in the 600-700nm wavelength.   Gro-Lux lamps are more expensive than 
traditional fluorescent lamps (Langhans and Tibbitts, 1997).  The percent of total light between 
400 - 500 nm is 18.94% and between 600 –700nm is 37.93% with a combined percentage of 
56.87% see Table 3 and 4.  As it can be seen from Figure 7 these tubes have more red light 
than cool white fluorescent tubes which are an enhanced design for plants and aquatic plant 
growth.   
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Figure 7.  Emittance spectrum of Grow Flux lights.  
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The Gro-Lux light are  tube like structures with the same physical limitation as fluorescent tubes.  
Gro-Lux lights degrade over time too.  The construction and operation of Gro-Lux lights is 
similar to fluorescent lights and they have similar life time rating of 10000 hours. 

Incandescent Light:  

Incandescent bulbs generate light by heating tungsten-wire in a vacuum or inert gas 
environment.  Figure 8 represents the wavelengths emitted by such an incandecent bulb.  It 
should be noted that most of the energy is converted into heat (long wave radiation).  These 
bulbs are highly inefficient for photosynthesis, as it can be seen from figure 8 most of the light is 
in the infrared or far infrared region.  The percent of total light between 400 - 500 nm is 0.50% 
and between 600 –700nm is 3.77% with a combined percentage of 4.28%, see Table 3 and 4.  
These bulbs are in the shape of a sphere emitting light in all directions, which translates to little 
light being directed into the PBR without reflectors.   To over come this limitation, reflectors can 
be used.  However light will still be scattered, it is not advisable to use these light as a source 
for algae growth even though they are inexpensive because of the low efficiency. Lifetime of 
these bulbs is also very short, about 1000 hours.  The bulbs degrade in intensity much faster 
than other light sources too. 
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Figure 8. Emittance spectrum of Incandescent light source. 

Halogen Lamps 

Halogen light design is a variation on incandescent technology that attempts to improve 
energy efficiency, Testing conducted showed the lights are somewhat less efficient than 
incandescent lights. The reason for the low efficiency is not known but may be due to the lamp 
enclosure. The sealed bulb contains a tightly-coiled tungsten filament surrounded by halogen 
gas. Light output levels over the life of the bulb do not diminish as noticeably as with standard 
incandescent bulbs. The light produced by halogen bulbs is whiter than standard incandescent 
bulbs, making colors appear brighter and more intense.  But as it can be seen from Figure 9 the 
spectrum of Halogen light is very similar to the incandescent lamps and hence has a very low 
efficiency for photosynthetic purpose.  Percent of total light between 400 - 500 nm is 0.28% and 
between 600 –700nm is 3.33% with a combined percentage of 3.60%, see Table 3 and 4.   
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Halogen Lamps
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Figure 9: Emittance spectrum of halogen lamps. 

Light Emitting Diode 

Light Emitting Diodes are semiconductor devices.  Like any diode a LED consist of a p-n 
junction, where electrons and hole transfer takes place when voltage is applied at the ends of 
the p region and n region.  In a forward-biased p-n junction fabricated from a direct band 
gap material, such as GaAs or GaN, the recombination of the electron-hole pairs injected into 
the depletion region causes the emission of electromagnetic radiation.  Efficiency of 
semiconductors in converting electrical energy to light is very high (above 90%).  The 
construction of such a LED is shown in Figure 10.  It can be seen from Figure 11 that the 
spectrum emitted by a 650nm LED (red LED) is all in the red region, hence it is very efficiency 
for photosynthetic purposes.   

Two types of LEDs are used in the experiment, AlInGaP II (aluminum indium gallium 
phosphide) a better version of AlInGaP that has a peak wavelength at 643 nm and GaAlAs 
(gallium aluminum arsenic) that has a peak wavelength of 663 nm.  AllnGaP II are much more 
efficient and brighter than GaAlAs leading to the replacement of GaAIAs LEDs in the lighting 
industry.  Spectral emittance of AllnGaP II is given by Figure 11 and of GaAlAs is given by 
Figure 12.  As shown in Figure 12, there is small second peak at 910nm wavelength for the 
GaAlAs LEDs. From Table 4, 98.35% of light of the total light is emitted by AlInGaP II LED in the 
desired range of 600 –700 nm compared to 87.55% by GaAlAs and 0.08% in the range of 400-
500nm for AlInGaP II compared to 0.04% for GaAlAs with an overall efficiency in both 
wavelength of 98.42% and 87.59% respectively.  

As can be seen from Figure 10, LEDs are very directional, so most/all of the light emitted 
by the light source would be directed into the PBR making them an efficient source of energy. 
LEDs are more expensive than traditional light sources, but as the use grows, the cost of the 
LED is expected to decline.  LEDs have longer useful lives than traditional light sources, which 
also reduces the cost relative to traditional light sources over extended periods of time.  The 
LEDs used in this experiment are all red LEDs so there is little light emitted in 400-500nm 
wavelength range.  If this is perceived as an important factor some blue LEDs can be added to 
the panel to emit 400-500nm wavelength range. 
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Figure 10. LED Light emission (Langhans and Tibbitts, 1997). 
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Figure 11:  Spectrum emittance of AlInGaP II LED with peak wavelength at 643 nm. 
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Figure 12: Spectum emittance of GaAlAs with peak wavelength at 663 nm. 

 

Comparison of different light sources based on cost.  

To truly compare different light sources for potential use in a PBR, it is necessary to 
compared the cost associated with buying these light sources.  Table 5 shows cost comparison 
of different light sources when only light with 600-700nm is used as useful wavelength for 
photosynthesis.  Table 4 shows that the light emitted by the 643 nm LED was 4.66 W, so all 
other light sources are normalized to this value and cost are calculated for different light sources 
assuming 10000 hours of operation.  Table 5 shows that the 643 nm LED is the least expensive 
light source when run for 10000 hours providing. The 643nm LED cost was $622.27 which was 
17% of the Gro-Lux light and 37% of the 663nm LED.  Appendix A list all the cost used to 
calculate the cost and would vary from place to place.  

Table 6 shows the same cost comparison (normalized to 4.66 W) when both 400-500 
nm and 600-700 nm wavelength ranges are considered. The cost decreased for every light 
source except for LEDs because all/most the energy is in the wavelength range from 600-700 
nm. Tables, 5 and 6 both show that AlInGaP II LEDs will be economical for the same light 
intensity compared to the other light sources tested.   
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Table 5: Cost comparison for different light sources when only 600—700nm range of 
wavelengths are considered as useful light.  

 
Cool 
fluorescent Gro-Lux Incandescent Halogen LED 643 LED 663 

              
No of bulbs required 89.74 78.11 567.50 4163.40 1350.00 4450.84 
 4.66 W between             
600 - 700 nm             
              
Power              
Consumed 35896.92 31243.92 227001.39 1665360.64 810.00 2670.50 
for 10000 h             
(kwh)             
              
Cost / kwh 2153.82 1874.64 13620.08 99921.64 48.60 160.23 
6 Cents             
(dollars)             
              
Cost of Fixtures 888.45* 773.29* 567.50***   168.67+ 168.67+ 
 (dollars)             
              
Cost for bulbs  268.33* 913.88** 317.80* 20817.01*** 405.00++ 1335.25++ 
for 10000 hr (dollars)             
              
Total cost (dollars) 3310.59 3561.81 13937.89 120738.65 622.27 1664.15 

*Cost from www.retrofitdesignlighting.com . 

**Cost from www.topbulb.com. 

***Cost from DoIt, Brookings, SD. 

+Cost from TRC Electronics Inc. 
++ Cost from Daktronics Inc. 

Cost of each device is listed in appendix A. 
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Table 6: Cost comparison for different light sources when both 400-500 nm and 600—700nm 
ranges of wavelengths are considered as useful light. 

  
Cool 
fluorescent Gro-Lux Incandescent Halogen LED 643 LED 663 

              
No of bulbs required 41 52 501 3846 1350 4451 
 4.66 W between             
400 -500 nm and             
600 - 700 nm             
              
Power              
Consumed 16253.74 20853.19 200373.82 1538524.20 810.00 2671.26 

for 10000 h             

(kwh)             

              

Cost / kwh 975.22 1251.19 12022.43 92311.45 48.60 160.28 

6 Cents             

(dollars)             

              

Cost of Fixtures 402.28* 516.12* 500.93***   168.27+ 168.27+ 

 (dollars)             

              

Cost for bulbs  78.02* 609.96** 613.64* 19231.55*** 405.00++ 1335.63++ 

for 10000 hr (dollars)             

              

Total cost (dollars) 1455.52 2377.26 13137.01 111543.00 622.27 1664.57 

Footnotes are the same as in Table 5. 

Summary and Conclusions 

Microalgal  interaction with light was discussed. The discussion showed that the most 
important wavelength range for photosynthesis is between 600-700nm for algae, with possibility 
of using 400-500nm to increase the overall amount of photosynthesis.  Different light sources 
were discussed detailing their advantages and disadvantages as a light source. The following 
can be concluded from the results and discussion presented. 

1. AlInGaP II LEDs are the most efficient light source for the transmission of energy from 
photon to photochemical reaction in the photosynthesis process. They emit more than 
98% of the light between 600-700nm wavelengths. 

2. AllnGaP II LEDs are the most cost effective light source, when considering light in the 
600-700nm wavelength range is considered. 

3. AllnGaP II LEDs are the most cost effective light source, when considering light in both 
400-500nm and 600-700nm wavelength ranges. 
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Appendix A 

Cost of material used to calculate Table 5 and Table 6 

Product Source 
Website / Shop 

Product 
code 

Date Cost/Unit 
(dollars) 

Cost 
used 
(dollars) 

Fluorescent 
Fixtures 

www.retrofitdesignlighting.com CH240E1 
120V 

07/16/03 19.80 9.90 

Gro-Lux 
Fixtures 

www.retrofitdesignlighting.com CH240E1 
120V 

07/16/03 19.80 9.90 

Fluorescent 
Tubes 

www.retrofitdesignlighting.com F40SP30 07/16/03 2.99 2.99 

Gro-Lux 
Tubes 

www.topbulb.com F40T12/AQA 06/21/01 11.70 11.70 

Incandescent 
Fixtures 

Homestead Do It Center, 
Brookings, SD 

 07/13/02 1.00 1.00 

Incandescent 
Bulbs 

www.retrofitdesignlighting.com 13257 
40A/W 

07/16/03 2.99 2.99 

Halogen kit Homestead Do It Center, 
Brookings, SD  

07/16/02 40.00 5.00 

LED 663 Daktronics, Brookings, SD  07/05/01 0.39 0.39 
LED 643 Daktronics, Brookings, SD  07/05/01 0.39 0.39 
LED power 
supply 

TRC Electrionics, Lodi, NJ Cosel 
PAA150F5 

06/17/202 168.27 168.27 

 

 


