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Abstract 

In view of its promise as sustainable process for CO2 capture and its potential in the production of feed, food and natural high 
value products such as omega-3 fatty acids and anti-oxidants such as astaxanthin, large scale algae cultivation is gaining 
commercial interest. Currently, most systems are based on directly contacting CO2 containing gas, e.g. flue gas, with the algae 
culture. However, applicable on small scale, this approach is not applicable on a commercially relevant large scale due to mass 
transfer limitations. There is need for a cost effective and scalable system. TNO has developed a scalable system for efficient 
capture of CO2 as feedstock for algae production. In this system, CO2 is absorbed in an absorption liquid as bicarbonate. 
Subsequently, the enriched absorption liquid is fed to the algae, which convert the solubilized CO2 into biomass and biobased 
products. Finally, biomass is recovered and the lean absorption liquid is recycled. TNO’s integrated process concept was 
successfully demonstrated with continuous algae cultivation on a 2 L-scale for more than 150 days of which 40 days using flue 
gas as CO2 source. 
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1. Introduction 

1.1. The carbon capture and storage challenge 

In its existence man has been responsible, mainly through the use of fossil resources and deforestation, for a 
significant increase in atmospheric levels of CO2. It is generally accepted that the increase in atmospheric levels of 
greenhouse gasses such as CO2 leads to global warming and eventually climatological disasters.[1] Capture and 
storage of CO2 would result in a reduction of atmospheric CO2 levels. 

The classical method used for CO2 capture involves reactive absorption followed by thermal regeneration of the 
absorption liquid.[2] Alternatives to this highly energy intensive method are under development involving gas 
membrane contactors [3], chilled ammonia processes [4], formation of carbonates [5] and the use of ionic liquids 
[6]. To provide a durable solution CO2 capture must be followed by CO2 storage, either permanently, for example 
by means of geological storage [7], or via its conversion into a product other than CO2 such as methane and 
concrete. 

An energy efficient and durable way to capture and store CO2 would be to absorb CO2 into an absorption liquid 
in such form that it could serve as carbon feedstock for algae cultivation. Subsequently, algae would be able to use 
solar energy to convert this feedstock into biomass and commercially relevant products such as omega-3 unsaturated 
fatty acids and  anti-oxidants.[8], [9]  

In view of its promise as sustainable process for CO2 capture and storage and it’s potential in the production of 
high value natural products, large scale algae cultivation is gaining commercial interest. However, there is need for 
cost effective and scalable technology, which is crucial for a positive business case. Currently, most systems are 
based on directly contacting CO2 containing gas, e.g. flue gas, with the algae culture. Although applicable on small 
scale, this approach is not applicable on large scale due to mass transfer limitations. 

 
Nomenclature 

CA Carbonic anhydrase 

OD720 optical density at 720 nm, which is a measure for the biomass concentration 

CSTR continuous stirred-tank reactor 

1.2. Sustainable solution for carbon capture and storage 

To address the need for an energy efficient and durable carbon capture and storage technology, TNO is 
developing an integrated system in which CO2 is captured and subsequently applied as feedstock for algae 
cultivation (Figure 1). In this system, CO2 is captured by leading it through an absorber in which it is contacted with 
an absorption liquid. The CO2 enriched absorption liquid is subsequently fed to an algae culture, which utilizes solar 
energy to desorb CO2 from the absorption liquid for formation of biomass and high value products. Finally, the 
algae and their products are harvested, while the lean absorption liquid is reloaded with CO2 and recycled into the 
system. In this way, algae cultivation is a more energy efficient alternative for classical absorption liquid 
regeneration technologies with the added commercial benefit of biomass and high value product formation. For 
TNO’s integrated process two types of absorption liquids were considered: amine based and carbonate based.[10] 
Both have their advantages and disadvantages. 

In case of an amine based absorption liquid CO2 reacts with the amine leading to the formation of a water soluble 
carbamate. The main advantage of amine based absorption liquids is that they readily absorb CO2 through reactive 
absorption without the need of catalysts or elevated temperatures. A challenge with the use of amine based liquids in 
TNO’s envisioned system is their potential toxicity towards algae, which limits both the amine species that can be 
applied and the concentrations in which they can be applied.[11], [12] 
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A carbonate based absorption liquid typically contains potassium or sodium carbonate, which is enriched with 
CO2 in the form of bicarbonate. The advantage of the carbonate based system is that bicarbonate is a natural 
substrate for algae and thereby potentially enhances biomass and product formation and thereby overall productivity 
of the envisioned system. Disadvantage of carbonate based systems is that capture of CO2 in the form of bicarbonate 
(HCO3

-) is relatively slow and therefore requires the use of a catalyst. The most suggested catalyst for this reaction 
is the enzyme carbonic anhydrase (CA), which catalyzes the conversion of dissolved CO2 into bicarbonate. CA is 
naturally produced and excreted by algae to enhance CO2 uptake in the form of bicarbonate.[13] Ideally, CA 
production would be integrated in the envisioned system, as suggested by the patent of Bloch et al. [15]. 

In view of the potential toxicity of amines towards algae and the potentially enhanced productivity of algae in 
presence of elevated bicarbonate levels, the authors decided to investigate a carbonate based absorption system. The 
results of this investigation are described in this paper. 

 

 

Fig. 1. Impression of TNO’s integrated process concept for capturing CO2 as feedstock for the production of algal biomass and high value natural 
products. 

2. Proof of concept 

2.1. Effect of carbonate based absorption liquid on algae growth 

Algae are able to directly take up bicarbonate, which is subsequently utilized to grow and to form high value 
products such as anti-oxidants and poly-unsaturated fatty acids. Potentially, enrichment of the growth environment 
with bicarbonate, as is the case with the application of a carbonate absorption liquid (Equation 1), will lead to 
enhanced growth rates. To test the effect of elevated bicarbonate concentrations on the growth rate the commercially 
relevant algae strain Nannochloropsis sp. (poly-unsaturated fatty acid production) was grown at sodium bicarbonate 
concentrations of 0, 1, 2, and 4 g.L-1, in parallel in a multi-cultivator (Figure 2, Right). 

 
         (1) 

 
Cultures supplemented with either 1 or 2 g.L-1 sodium bicarbonate showed a significantly higher biomass 

productivity when compared to the culture which was solely dependent on the 1% CO2 gas feed (Figure 2, 0 g.L-1). 
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A concentration of 4 g.L-1 sodium bicarbonate appeared to be too high for Nannochloropsis sp., possibly due to the 
relatively high pH that comes with increased sodium bicarbonate concentrations. 

These results demonstrate the additional benefit of a bicarbonate based absorption system with respect to biomass 
productivity. 

      

Fig. 2. Left. Growth curves of Nannochloropsis sp. cultures grown at different sodium bicarbonate concentrations (0, 1, 2 and 4 g L-1). The 
biomass concentration is expressed in OD720. The cultures were grown in NO3

- enriched F/2 medium at 25°C in 70 mL batches, supplied with 
0.075 L.min-1 1% CO2 and a light intensity of 400 µE. Right. Multi-cultivator setup used for the experiments. 

2.2. Absorption liquid recycling 

For the envisioned integrated system for CO2 capture and algae cultivation recycling of the carbonate based 
absorption liquid is crucial, both from an economical and sustainability point of view. The concept of absorption 
liquid recycling was tested in a 2 L-CSTR setup (Figure 3, Right). 

First, Chlorella sp. was grown in batch modus until a dry weight biomass concentration of 0.5 g.L-1 was obtained 
(Figure 3, Left, day 0 to 7). Continuous cultivation was established by continuously feeding an absorption liquid 
(0.1 M potassium carbonate) that was loaded with CO2, while continuously harvesting bioreactor content at the same 
rate (Figure 3, day 7 to 21). 

After 14 days of successful continuous growth with freshly prepared carbonate based absorption liquid, recycling 
of the harvested absorption liquid was started. The harvested algae were recovered by means of filtration and the 
remaining, cell-free, ‘lean’ absorption liquid was reloaded with CO2 (Figure 1) and recycled as continuous feed for 
the bioreactor (Figure 3, Left, blue diamonds). In this way a closed-loop system was established that was 
successfully operated for more than three weeks (Figure 3, day 21-45).  

This experiment revealed that recycling of a carbonate based absorption liquid for algae cultivation is possible. 
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Fig. 3. Left. Graph depicting the cultivation of a Chlorella sp. culture in a CSTR: dry weight concentration in the CSTR (red squares); points at 
which the harvested absorption medium was reloaded with CO2 and recycled into the system (blue diamonds). Right. 2 L-CSTR setup used for 

the experiments, including feed and harvesting bottles. 

2.3. Flue gas loading 

 Application of the envisioned integrated system for CO2 capture and algae cultivation would be most feasible 
when flue gas could be directly applied as CO2 source. In view of this requirement, it was investigated whether the 
microalgae Chlorella sp. could be cultivated on carbonate based absorption liquid loaded with CO2 from flue gas. 
This experiment was initiated by feeding the culture from the previous experiment (Figure 3) with absorption liquid  
loaded with bottled CO2 and harvesting the bioreactor content with the same rate (dilution rate was 0.16 d-1) (Figure 
4, Top.).  

Upon obtaining a dry weight concentration baseline on bottled CO2, the content of the feed bottle was replaced 
by absorption liquid with an identical composition, but this time loaded with CO2 from flue gas (FLUE#1). Loading 
was achieved by actively contacting flue gas from a chimney from a power plant (Uniper MPP2 plant, The 
Netherlands) with the absorption liquid. (Figure 4, Bottom). Subsequently, the culture was fed with four subsequent 
feed solutions (FLUE#1 to #4), each loaded with flue gas from the same power plant (Figure 4, Top). 

Throughout the experiment, a continuous growth rate was maintained (Figure 4, blue diamonds), which revealed 
that flue gas from power plants is a potential source of CO2 for the envisioned algae cultivation system. 
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Fig. 4. Top. Graph depicting the cultivation of a Chlorella sp. algae culture on medium loaded with CO2 from flue gas in a CSTR: dry weight 
concentration (red squares) and specific growth rate (blue diamonds). The experiment is a continuation of the culture described in Figure 3 and 

was started with medium loaded with bottled CO2 after which the original feed solution was changed for medium loaded with CO2 from flue gas 
that originated from the Uniper MPP2 plant at the Maasvlakte, The Netherlands (FLUE#1 to #4). Bottom. Setup that was used to actively pump 
flue gas from one of the chimneys of the Uniper MPP2 plant at the Maasvlakte, Netherlands, through the absorption medium. Before contacting 

with the absorption medium, the flue gas was base washed. The degree of CO2 loading was determined using the hot phosphoric treatment 
method. 

3. Conclusions 

A concept of a scalable, integrated system in which CO2 is captured and converted into algal biomass and 
biobased products was developed. Carbonate was selected as the basis of the absorption liquid. It is relatively cheap, 
has a high solubility in water and is a natural carbon feedstock for algae cultivation. Chlorella sp. was continuously 
cultivated on carbonate based absorption liquid for 150 days straight. The carbonate based absorption liquid could 
be harvested, reloaded and recycled up to 7 times without a decline in algae productivity. In addition, the Chlorella 
sp. culture was grown for 40 days straight on medium that was loaded with CO2 from flue gas. 
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