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Abstract 

Microalgal lipids are the oils of future for sustainable biodiesel production. However, relatively high production 
costs due to low lipid productivity can become one of the major obstacles impeding their commercial production. 
We recently studied the bioreactor options for cultivating alga and also the advantages and drawbacks of each 
option. It also discussed the effects of various parameters on algae growth and production and the cost estimates 
on bioreactor chosen.   
The successful coupling between chemical, physiology and technology is central to the success of algal 
biotechnology. Our literature studies strongly indicate that in the long term the photobioreactor systems offer the 
most profitable route for bio-fuel production, if they can be reduced in cost. This is because they offer the 
advantage due to reduced land use, high productivity rates over open pond systems and reduced contamination. 
Several optimal parameters to consider when cultivating algae strain are temperature (18-24 0C), salinity (20-24 
g.l-1), light intensity (2,500-5,000 lux), photoperiod that is light: dark, hours (16:8 minimum and 24:0 maximum) 
and pH (8.2-8.7).     
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1. Introduction  
 

Biodiesel, alkyl esters of long-chain fatty acids derived from triglycerides for use in diesel 
engines, has become more attractive recently as a result of its environmental benefits and the fact that it 
is made from renewable resources. Alga lipids, especially from microalgae species are regarded as the 
feedstock of future for sustainable biodiesel production because micro-algae have much higher growth 
rates and photosynthetic efficiencies than conventional terrestrial plants [3, 8, 9, 16]. Table 1 listed the 
lipid/oil content of some microalgae. 

The biomass productivity, lipid cell content, and overall lipid productivity are some of the key 
parameters affecting the economic feasibility of algal oil for biodiesel production. While the overall lipid 
productivity determines the costs of the cultivation process, biomass concentration and lipid cell content 
affect significantly the downstream processing costs. Therefore, an ideal process should be able to 
produce lipid at the highest productivity with the highest lipid cell content and thus it needs to study on 
how to grow and harvest algae in reactors and some factors which related to it to be the key of success 
for algae based biofuel.  
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Table 1: Oil content of some micro algae Source: Chisti, Massey University New Zealand           

 

 

 

 

 

 

 

 

 

2. Alga Bioreactors 

There are three primary aspects of producing algal biodiesel, they are: the design of the growth 
system, harvesting and conversion to biodiesel, and selection along with possible genetic modification 
of the algae strain. Growth systems for photosynthetic microalgae may be separated into two major 
categories, open and closed. Open systems are most often in the form of “raceway” style ponds. 
Although open systems are inexpensive in terms of the capital investment but harder and more 
expensive to maintain. In addition, they are subject to contamination, poor light utilization, evaporative 
losses, diffusion of CO2 to the atmosphere, and requirement of larger areas of land. More importantly, 
the extent of improving the design of open raceway ponds is limited, whereas engineering theory of 
closed bioreactors called photobioreactors has only just begun.   
 Photobioreactors can be exposed to sunlight or artificial light and all essential nutrients can be 
introduced into the system to allow algae to grow and be cultivated. They are more expensive but more 
control than the open systems. They are capable of achieving the remarkably high production rates 
necessary to make petroleum replacement feasible, with a reasonable amount of land. Zemke (1998) 
reported biodiesel production rates using photobioreactor is 9,300 gal/acre-yr can be achieved 
compared to open pond systems which only can be achieved at 4,200 gal/acre-yr and reduced the 
contamination. Lower quality water can be used for growing algae, e.g. the effluent of biological 
waste water treatment facilities. Algae effectively remove nitrogen and phophate from these streams, 
which leads to a reduction of water treatment costs. After separation of the algae (and final 
conditioning) the purified water can be reused for industrial purposes. 

There are several different photobioreactor designs, and some examples of existing reactors are 
shown in Figure 1.  
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Figure 1: Schematics of three variations on photobioreactor design, as follows: (a) vertical flat  

plate   reactor, (b) horizontal tubes arranged vertically, (c) tubes forming a helical coil. 
 
 
3. Physical and Chemical Conditions of Algal Production  

 
For the successful growth of algae cultures, the bioreactor must be adapted to attend as 

many of the species requirements as possible. Environmental factors like temperature, light 
intensity and mixing, nutrient cycling, water chemical composition, nutritional requirements, pH, 
etc are keys to the success of commercial application.  

3.1. Light and Mixing 

As with all plants, micro-algae photosynthesize, i.e. they assimilate inorganic carbon for 
conversion into organic matter. Light is the source of energy which drives this reaction and in this 
regard intensity, spectral quality and photoperiod need to be considered. Light intensity plays an 
important role, but the requirements vary greatly with the culture depth and the density of the algal 
culture: at higher depths and cell concentrations the light intensity must be increased to penetrate 
through the culture (e.g. 1,000 lux is suitable for erlenmeyer flasks, 5,000-10,000 is required for 
larger volumes). Light may be natural or supplied by fluorescent tubes. Too high light intensity 
(e.g. direct sun light, small container close to artificial light) may result in photo-inhibition. Also, 
overheating due to both natural and artificial illumination should be avoided. Fluorescent tubes 
emitting either in the blue or the red light spectrum should be preferred as these are the most active 
portions of the light spectrum for photosynthesis. The duration of artificial illumination should be 
minimum 18 h of light per day, although cultivated phytoplankton develop normally under constant 
illumination. Paddle wheels can be used to circulate (stir) the water in a pond. Compressed air can 
be introduced into the bottom of a pond or tank to agitate the water, bringing algae from the lower 
levels up with it as it makes its way to the surface.      
 When designing a photobioreactor, the ultimate goal is to maximize the specific growth 
rate, �, which is defined as the “increase in cell mass per unit time per unit cell mass.” The specific 
growth rate of an algal culture is directly related to the amount of solar irradiance received by the 
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cells (Fig.3). Algae growth slows upon reaching a certain level of solar irradiance (effect of 
photoinhibition). The use of sunlight to produce biodiesel using microalgae can only be expected to 
be operate with the efficiencies of at most 9%, and likely much less [18]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Growth rate depending on light intensity Source: Chisti, Massey University, New 
Zealand 

3.2. Temperature 
 

Temperature control is also of great importance for growing algae. The optimal temperature 
for phytoplankton cultures is generally between 20 and 24°C, although this may vary with the 
composition of the culture medium, the species and strain cultured. Most commonly cultured 
species of micro-algae tolerate temperatures between 16 and 27°C. Temperatures lower than 16°C 
will slow down growth, whereas those higher than 35°C are lethal for a number of species. At 
35°C, cultures of P tricornutum were photoinhibited, with the collapse of the culture occurring at 
higher temperatures [5].  If necessary, algal cultures can be cooled by a flow of cold water over the 
surface of the culture vessel or by controlling the air temperature with refrigerated air - conditioning 
units. Heat exchangers using cold water have been shown to be effective for maintaining an optimal 
temperature range, which is between 20 and 30 0C, but further add to the cost of building the 
reactors.[ 3, 4,11, 12, 13 ]  

3.3. Salinity 

Marine phytoplankton are extremely tolerant to changes in salinity. Most species grow best 
at a salinity that is slightly lower than that of their native habitat, which is obtained by diluting sea 
water with tap water. Salinities of 20-24 g.l-1 have been found to be optimal.  

3.4. Culture medium/nutrients 

Concentrations of cells in phytoplankton cultures are generally higher than those found in 
nature. Algal cultures must therefore be enriched with nutrients to make up for the deficiencies in 
the seawater. Macronutrients include nitrate, phosphate (in an approximate ratio of 6:1), ammonia 
and silicate need to be added to the culture media in concentrations suitable for meeting the demand 
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of the algae. In fact, algae have been proposed as a treatment method for removing these nutrients 
from wastewater [14]. A remarkable lipid productivity of 0.133 g l-1 day-1 was achieved at lower 
sodium nitrate concentration (5 mM) and a biomass productivity of 0.40 g l-1 day-1 [8].  High 
phosphorus, nitrogen, and a phosphorus/nitrogen combination have been shown to limit algal 
growth in streams [1]. Silicate is specifically used for the growth of diatoms which utilize this 
compound for production of an external shell. 

3.5. pH 

The pH range for most cultured algal species is between 7 and 9, with the optimum range 
being 8.2-8.7. Complete culture collapse due to the disruption of many cellular processes can result 
from a failure to maintain an acceptable pH. The latter is accomplished by aerating the culture. In 
the case of high-density algal culture, the addition of carbon dioxide allows to correct for increased 
pH, which may reach limiting values of up to pH 9 during algal growth.    
 Oxygen accumulation, hence poisoning may also occur when the level of dissolved oxygen in 
the algal solution, produced by the algae during photosynthesis, gets to be great enough that the 
algae growth slows, and the cells may be damaged by photooxidation as well.2 It has thus been 
reported that the maximum length for a continuous tube should be no greater than 80 m, and the 
oxygen concentration should not be greater than 3 times atmospheric conditions [3,10,11,19].  It has 
been shown that bubbling carbon dioxide rich gas through a tubular photobioreactor not only 
provides CO2  to the algae but also aids in deoxygenation of the suspension, provides mixing to 
increase the cycle frequency thereby limiting solar inhibition, and is even used for pH control. As 
carbon dioxide moves through the culture broth, it is consumed by the algae and the pH increases as 
a result. CO2 may be consumed at a rate as high as 26 g CO2/m3-h.20 Optimal pH values for 
photosynthetic algae have been reported at values between 7.7 and 8.5 [4,6,12 ].     
 Once design specifications have been determined for algae production, the next step is to 
select a method for converting the algal suspension into biodiesel. The most commonly recognized 
method for converting any oil to biodiesel is known as transesterification using alcohol and a 
catalyst. The final yield of methyl esters is often higher than 98% on a weight basis [3]. Although 
this method is the most common for vegetable oil conversion to biodiesel, it may not be ideal for 
producing algal biodiesel because of the necessity to first harvest and dry the algae. This process 
can be a major operating expense, or add substantial time to overall production rate, depending on 
whether filtration or centrifugation is chosen. Thermochemical liquefaction has received some 
attention as a possible alternative to convert algal biomass directly to biodiesel, without prior drying. 
This process involves the application of pressurized N2 at 2-3 MPa for 1 hour, and at high 
temperature ranging from 250 – 400 C [2].  A ten fold increase in concentration can be expected to 
result in a ten fold decrease in energy required per unit mass of biomass. However, although this 
method appears to be promising the truth of that needs to be determined experimentally.  
 The final aspect of designing an algae production system is selection of the algal strain to 
be utilized. In future operations, this selection will likely be coupled with genetic modification of 
the parent strain to further optimize the organism for maximized oil production. The Aquatic 
Species Program or the ASP 1992 in their report has isolated the enzyme Acetyl CoA Carboxylase 
(ACCase) from a diatom. This enzyme was found to catalyze a key metabolic step in the synthesis 
of oils in algae. The gene that encodes for the production of ACCase was eventually isolated and 
cloned. These early experiments did not, however, demonstrate increased oil production in the cells 
[14]. Several factors to be considered in algal oil production are summarized in Table 2. 
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Table 2. A generalized set of conditions for culturing micro-algae (modified from Anonymous, 
1991).  

Parameters Range Optima 

Temperature (°C) 16-27 18-24 

Salinity (g.l-1) 12-40 20-24 

Light intensity (lux) 1,000-10,000 
(depends on volume and density) 

2,500-5,000 

Photoperiod (light: dark, hours)  16:8 (minimum) 
24:0 (maximum) 

pH 7-9 8.2-8.7 

 

4. Algal production cost 

It is estimate of the algal production initial cost in the open pond systems at least $40 K per 
hectare [20]. Algal production in this method of production is relatively cheap, but is only suitable 
for a few, fast-growing species and is characterized by a poor batch-to-batch consistency and 
unpredictable culture crashes due to contaminations and/or fluctuating climatological conditions. 
For the bioreactor systems, the initial cost are $40 K - $60 K per acre (1 hectare is about 2.5 acres) 
and maintenance cost $12 K - $ 16 K [20]. Systems with more rigid frameworks would have an 
initial cost of $100 K - $1 M per acre.  

5. Conclusions 
 

The successful coupling between chemical, physiology and technology is central to the 
success of algal biotechnology. Our literature studies strongly indicate that in the long term the 
photobioreactor systems offer the most profitable route for bio-fuel production, if they can be 
reduced in cost. This is because they offer the advantage of reduced land use, increased production 
efficiency (currently 5-fold increase in biomass production rates over open pond systems) and 
reduced contamination. 
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