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1.1 Current status of microalgae production 

Microalgae are unicellular microorganisms that are able to convert sunlight into biochemical energy 

via the process of photosynthesis. Microalgae are a promising feedstock for bulk commodities like 

chemicals, food and feed constituents, and biofuels [1-3]. However, the current application of 

microalgae lies in specialties, or high value products. Examples of high value products currently 

produced with microalgae are polyunsaturated fatty acids, such as EPA and DHA, and pigments such 

as astaxanthin, b-carotene, and phycobiliproteins (phycocyanins and phycoerythrins) [1]. 

High production costs hinder the implementation of algal biomass as a feedstock for bulk 

commodities. For commodities, production costs should decrease to less than 1 ú/kg dry weight [4, 

5] while current cost price is estimated to be 6.4 ú/kg for a 100 ha facility [6]. A crucial parameter 

influencing biomass production costs is photosynthetic efficiency; the efficiency at which solar light 

energy is captured as chemical energy in biomass. Under identical climatological conditions, a 

higher photosynthetic efficiency results in a higher ground areal productivity and a better use of 

production capacity and thus a decrease in biomass production costs [3, 4]. Photosynthetic 

efficiencies obtained under outdoor conditions are lower than the values obtained under laboratory 

conditions, under laboratory conditions values of 6% are obtained while for outdoor production 

values of around 3-5% are maximally predicted [5]. Under outdoor conditions photo saturation 

occurs [7] and essential cultivation parameters, such as temperature, cannot be controlled to the same 

extend as under laboratory conditions [8].  

1.2 State-of-the-art microalgae production systems 

A multidisciplinary approach is needed in order to solve the issues currently preventing commercial 

large scale production of microalgae [4]. One of the key factors within this approach is the design of 

a suitable reactor system for large scale commercial production of microalgae. Reactor designs that 

are often used and that have a proven track record at a semi-industrial scale are the open raceway 

pond, horizontal and vertical tubular photobioreactors, and flat panel photobioreactors. Each of the 

reactor designs has its own advantages and disadvantages, which are discussed below. 
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Figure 1.1 Overview of cultivation systems installed at the AlgaePARC pilot facility. PBR; 

photobioreactor. 

 

1.2.1 Open raceway pond 

The open raceway pond is a system in which the culture is not physically separated from the 

environment and ambient conditions. Open raceway ponds typically have a culture depth of 10-30 

centimetre and the culture is mixed via a paddle wheel through long channels. As a result of the 

relatively long optical path lower biomass concentrations are found for open raceway ponds in 

comparison to other systems [9]. Open raceway ponds are commonly operated at liquid velocities 

around 0.25 m s
-1 

[9]. Raceway ponds are much longer than their width, a ratio of 10:1 is considered 

as optimal [10]. As raceway ponds are open, the system is more vulnerable to contaminations. 

Therefore, only a limited number of species, which can be grown under specific and very often 

extreme conditions that hinder contamination, can be cultivated. Raceway ponds require low 

investment costs, however, the low biomass concentrations result in significant costs for harvesting 

the microalgal biomass [2, 5].  

1.2.2 Tubular systems 

In tubular photobioreactors the culture is circulated through transparent tubes, and is in this way 

exposed to sunlight. Tubular systems can be found in different orientations; tubes arranged in a 

single horizontal plane, or arranged in multiple vertical planes (fence-like systems) Figure 1.1 [8]. 
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Typically, the liquid velocity in tubular systems is 0.3-0.6 m s
-1

, while higher values (0.6-0.9 m s
-1

) 

are used to prevent fouling. The use of higher liquid velocities results in higher production costs. 

Tube diameter varies from 0.02 to 0.15 m, with shorter diameters resulting in higher biomass 

densities. As a result of photosynthesis, dissolved oxygen accumulates in the algae suspension which 

is pumped through the tube. The extension of accumulation depends on the photosynthetic rate, 

length of the tubes, and culture velocity in the tubes. High dissolved oxygen concentrations are 

known to negatively affect growth [11]. Therefore, the oxygen needs to be removed and for this 

purpose a degasser is part of any tubular photobioreactor. Such a degasser can be a vertical bubble 

column where air, or an air/carbon dioxide mixture is injected [12]. The bubble column results in a 

dark volume where no nett growth takes place. Moreover, the alternation between light (tubes) and 

darkness (degasser) could negatively affect growth [13]. The dark volume should therefore, be 

minimized in tubular photobioreactors.  

1.2.3 Flat panel photobioreactors 

Flat panel photobioreactors are narrow rectangular vertical vessels where the microalgal culture is 

mixed by aeration [8]. Flat panel photobioreactors are made from transparent materials: glass or 

plastic plates, or plastic films. As the culture is mixed by aeration (¢1 L
-1

 L
-1

 min
-1

 or 1 vvm), the 

dissolved oxygen is removed where it is produced, therefore this system does not require a separate 

degasser. The culture depth (i.e. shortest optical path) is often short, ranging from 0.01 to 0.1 m [14]. 

A problem encountered with flat panels lies in their scale-up, which is usually done by increasing the 

number of units and not by increasing the volume of each unit. Due to their design mixing mainly 

takes place on the vertical axis, thus having a limited mixing over the horizontal axis of the reactor. 

This results in a maximal width for a unit, which is smaller than that of tubular reactors and raceway 

ponds. As a result of this, more infrastructure and especially labour is required to construct and 

operate a commercial plant with flat panels in comparison to tubular systems. Flat panels designs that 

have solved these issues are the ProviAPT system designed by Proviron (Figure 1.1), The Green wall 

panel developed at the University of Florence, and the Solix biofuels flat panels [15, 16].  

1.3 Thesis aim and outline 

The different reactor concepts; open raceway pond, tubular and flat panel photobioreactors are 

usually operated at the facility where the reactor concept was designed, thus at different locations 

and under different climatological conditions. These reactor concepts are often operated with 

different microalgae species. Furthermore, measurements done to evaluate the performance of a 

system are not uniform among the different research groups and companies. All these factors limit a 

proper comparison of different photobioreactor concepts. For this reason the AlgaePARC pilot 

facility was constructed, where the four most used reactor concepts can be compared [9]. The reactor 

concepts installed at AlgaePARC are an open raceway pond, a horizontal tubular photobioreactor, a 

vertically stacked horizontal tubular photobioreactor and a flat panel photobioreactor (Figure 1.1). 

During the work carried out for this thesis all reactor designs were operated with the same 

microalgae species; Nannochloropsis sp., the same cultivation media, the same pH and temperature, 

which was controlled between 20 and 35ɕC. 

In Chapter 2 the design and construction of the microalgae pilot plant facility AlgaePARC is 

reported; the Algae Production And Research Centre. This pilot facility was constructed in order to 

bridge the gap between laboratory research and commercial scale production facilities. This chapter 
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describes the development of the pilot facility, decisions made during the construction, and reports 

on the technical specifications on each of the cultivation systems used in this thesis. 

In Chapter 3 the effect of dilution rate on the productivity and photosynthetic efficiency of the four 

different photobioreactor designs was studied, which were operated as chemostat. High dilution rates 

will result in low biomass density and photo saturation of the culture will take place. Too high 

dilution rates can result in a washout of the culture. At decreasing dilution rates the biomass 

concentration will increase. At too low dilution rates biomass concentrations will become too high 

and photo limitation will hamper the performance of the culture. All these phenomena can result in a 

suboptimal operation of outdoor photobioreactors. For this reason, the optimal dilution rate (resulting 

in maximal production) was determined for each cultivation system.  

In Chapter 4, the effect of biomass concentration on the productivity and photosynthetic efficiency 

was studied for three of the outdoor pilot scale photobioreactors (raceway pond, horizontal and 

vertical tubular PBR). In order to accomplish this these reactors were operated as a turbidostat. By 

means of turbidostat, biomass concentration is kept constant, while the dilution rate varies unlike in 

Chapter 3. Dilution is only activated during growth and culture washout is prevented. Similar to the 

study in Chapter 3, the optimal biomass concentration resulting in maximal areal productivity was 

determined for each reactor design. 

In Chapter 5, model parameters for a growth model were determined for Neochloris oleoabundans 

and Nannochloropsis sp. The growth model includes both the influence of light and temperature on 

microalgal growth. The model and associated parameters allow predictions to be made on the 

productivity of large scale microalgae production plants. In this study such production predictions 

were made for scenarios with different regimes for irradiance, temperature. In addition, the impact of 

biomass concentration and microalgal specific light absorption coefficient were included in these 

predictions.  

In Chapter 6, a techno-economic model is presented used to make projections on the biomass 

production costs for a 100 hectare scale facility for six geographical locations. For each of the 

locations the production costs were determined for four commonly used reactor designs on the basis 

of the experimental results in Chapter 3. In addition, a sensitivity analysis was done to determine the 

effect of improvements in different process parameters that can be expected in the near future. The 

results of the sensitivity analysis can be used as a guideline for future research.  

In Chapter 7, the insights obtained in this thesis were combined with the techno-economic 

evaluation. In this general discussion projections are presented on the biomass production costs for a 

100 hectare facility located in the Netherlands using vertically stacked horizontal tubular 

photobioreactors. The vertically stacked tubular photobioreactors were operated as chemostat at a 

daily dilution rate of 0.27 d
-1

. Projections were made on reductions in biomass production costs when 

currently encountered challenges are resolved. 
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Chapter 2  

 

Design and construction of the microalgal pilot facility AlgaePARC 

 

 

This chapter has been published as: 

R Bosma, J.H. de Vree*, P.M. Slegers, M. Janssen, R.H. Wijffels, M.J. Barbosa (2014), Design and 

construction of the microalgal pilot facility AlgaePARC, Algal Research, 6 Part B, 160-169. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*J.H. de Vree, contributed significantly to the development of the pilot plant, executed all test runs 

and made improvements to the plant and co-authored the chapter. 
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2.1 Abstract  

Microalgae gained much interest from industry as promising sustainable feedstock for the production 

of food, feed, bulk chemicals, and biofuels. Pilot scale research on microalgae is needed to bridge the 

gap between laboratory scale research and commercial applications. The AlgaePARC (Algae 

Production And Research Centre) pilot facility was constructed to bridge this gap. Objective of this 

pilot centre is to compare and improve photobioreactors and operational strategies under outdoor 

conditions. The pilot plant facility consists of four production systems (raceway pond, horizontal 

tubular reactor, vertically stacked tubular reactor and flat panels) and allows comparison of 

performance of these systems under identical climatological conditions. This paper describes the 

development of this pilot facility, decisions made during the building process and discusses the 

production systems including technical specifications, measurements and supporting facilities. 

Highlights 

¶ Description of an outdoor microalgal pilot facility 

¶ Description of robust measurement and control system for continuous outdoor algal cultivation 

¶ Description of upstream and harvesting process for algal production 

 

Key words  

Microalgae; pilot plant; photobioreactor; design 
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2.2 Introduction  

Microalgal biomass is a promising biobased feedstock for industry. However, commercial microalgal 

production is still in its infancy and the market is still limited to high-value algal products [3, 17-19]. 

For commercial production of algae for commodities, production costs should decrease tenfold and 

scale of production should increase to industrial scale [5]. In the last five years, fundamental research 

on microalgae increased; publications on microalgae doubled and publications on photobioreactors 

tripled (search webofknowledge.com, 26-01-14). Most of this research is carried out on laboratory 

scale with artificial light under constant conditions. However, the translation of results from 

laboratory research to outdoor production for industrial applications needs to be done as well. Under 

outdoor conditions, photosynthetic efficiencies achieved are 3% in tubular systems [17, 20, 21] and 

even lower (1%) for raceway ponds [22]. Under controlled conditions in lab-scale flat panel reactors, 

photosynthetic efficiencies up to 6.5 % on solar energy are already achieved [23], being the 

theoretical efficiency of 7% when accounting for nightly biomass loss, light reflection and 

maintenance [19]. Norsker et al. [5] showed that an increase in photosynthetic efficiency from 3 to 

5% leads to a reduction in costs of production of 35%. It is presently a challenge to reach high 

photosynthetic efficiencies (> 5%) on sunlight in a production system outdoors and maintain these 

throughout one growing season. 

It is still not clear which production system is the best for commercial applications. Often it is 

assumed that production in raceway ponds is cheapest. Norsker et al. [5], however, showed that per 

kg of biomass produced this is not the case and that the possibilities to improve technology are much 

better for closed photobioreactors than for raceway ponds. It is essential that these improvements are 

made because a tenfold reduction in costs of production is necessary for commercial production of 

bulk commodities. Before improving existing technology we wanted to have practical data to obtain 

insight in the factors that determine the cost of production in different systems. Comparing the 

performance of different outdoor systems based on literature is impossible today as different species 

are cultivated, the reactors are placed at different locations, measurements often differ and the mode 

of operation is different. The AlgaePARC pilot facility was built to perform research to understand 

the cost factors in the different systems and to develop strategies to improve photobioreactor design 

and operational procedures. The uniqueness of AlgaePARC is that four different pilot scale 

photobioreactors were constructed outdoors on the same location. Together with nineteen industrial 

partners from the food, oil, chemical and technology development sectors, a five year research 

program was started to compare and improve production of biomass and specific biomass 

components. This paper describes the design and construction of this pilot facility, discusses the 

different production systems including technical specifications, states the online and offline 

measurements and describes supportive equipment.  

2.2.1 Success criteria 

AlgaePARC will be a success if:  

A comparison is made between the different production systems under outdoor conditions based 

on the following parameters: photosynthetic efficiency, areal productivity, energy, water and 

nutrient usage, robustness and manpower  
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A photosynthetic efficiency on sunlight of 5% has been achieved in a production system outdoors 

and maintained throughout one growing season  

An improved reactor concept and/or process strategy has been developed based on the outdoor 

results, in which the production costs and energy requirements are decreased  

Sufficient basic information is obtained to design a demonstration-scale production facility for 

production of commodities (lipids, proteins) 

 

2.2.2 Short overview 

At the AlgaePARC pilot plant facility (51Á 59ô N, 5Á 39ô E), the following photobioreactor designs 

are compared: raceway pond, horizontal tubular reactor, vertically stacked tubular reactor and flat 

panels. These designs were selected based on the available photobioreactor concepts that have been 

scaled up so far. Four large reactors were constructed on about the same ground surface area (25 m
2
). 

The performance of these systems will be compared on the basis of horizontal ground surface area 

under the same climatological conditions. In addition, three smaller systems of 2.5 m
2
 ground surface 

were built (tubular reactors and flat panels) to test new strains and operational concepts. In all 

systems water, energy, and in the gas phase carbon dioxide and oxygen are measured online. The 

direct and indirect light intensity are measured online as well. Nutrient usage and man power are 

logged per system offline. The systems are controlled via a central computer system for automatic 

operation, online data collection and generation of alarms in cases of problems during operation. The 

cultivation systems can be operated batch wise, as chemostat (constant dilution rate) and turbidostat 

(constant biomass concentration). 

The lay-out of the systems and the environmental permits are discussed first. Then, all systems are 

described in detail, followed by online and offline measurements done during cultivation. Finally, the 

supportive facilities are addressed. 

2.3 Construction of the Pilot plant  

2.3.1 Layout AlgaePARC facility 

Figure 2.1 shows the layout of the AlgaePARC facility; Table 2.1 shows the major equipment 

installed. 
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Figure 2.1. Layout AlgaePARC facility  

 

Table 2.1. Specification of major equipment installed 

Equipment No. Type Remarks 

Large reactors (25 m
2
 ground 

surface) 
4 

Design 

WageningenUR/Paques ProviAPT bags by 

Proviron Small reactors (2.5 m
2
 ground 

surface) 
3 Design WUR/Paques 

Chiller 1 
Rhoss TCAEY 238 

T&P 

Nominal cooling power 

38.8 kW 

Electrical heater 1 Welvy C82-45 
Heating capacity  

45 kW  

Centrifuge 2 SSD 6 Max. cap 1 m
3
 hr

-1 

Centrifuge 2 SSD 1 Max. cap 0.2 m
3
 hr

-1
 

Water sterilisation unit 1 Design van der Arend 
Max. 2 bar water 

pressure 

Ultrafiltration, 80 nm membrane 1 Design Bruine de Bruin Max. cap 1.6 m
3
 hr

-1 
 

2.3.2 Positioning of reactors 

The reactor orientation (surface facing N-S or E-W) is not important for horizontal systems (raceway 

pond and horizontal tubular), because the received light intensity is independent of reactor 

orientation. However, in vertical systems (vertically stacked tubular reactors and flat panels) where 

shading takes place, reactor orientation affects productivity. Modelling studies by Slegers et al. [24] 

indicated that yearly areal biomass production in the Netherlands is improved up to 50% when the 
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walls of the reactor face N-S instead of E-W. Therefore, walls of all tubular reactors and flat panels 

in AlgaePARC face N-S. To prevent shading of the reactors by other reactors, the horizontal 

systems, being lowest, were built on the southern side of the facility. The necessary distance between 

reactor systems to prevent shading from the stripper was determined. 

2.3.3 Permits 

For the construction of the pilot facility, a construction and environmental permit were required from 

the municipality. To obtain the environmental permit strict measures were taken at AlgaePARC to 

prevent release of possibly harmful algae to the environment, because legislation is missing and 

authorities are unaware of the risks associated with algae. The reinforced concrete platform on which 

the plant was built was raised at the edges with 10 cm and all reactors are equipped with a level 

sensor that allows detection of reactor leakages. When a leakage occurs, the electronic sewer valve 

will be automatically closed, keeping the algae inside the platform, so the algae can be collected for 

inactivation before release to the sewage system. Bird protection (BirdXPeller PRO) was installed to 

prevent birds taking algae from the open pond, and a fence (dug 30 cm into the ground) was placed 

around the facility to prevent entrance of animals (cats/rats/rodents). The last two measures were also 

important to prevent damage of the systems. After centrifugation, the supernatant is pumped through 

an ultrafiltration membrane (80 nm) to remove remaining biomass. This biomass is collected and 

inactivated before discharge. Summarising, severe measures were taken at AlgaePARC pilot 

facilities to ensure that algae production takes place under containment because the authorities are 

unfamiliar with the environmental risks involved in algal cultivation. Little research has been done 

on these risks, but for commercial production it will be important to assess the risks and proof safety 

of the algae when released to the environment. 

2.4 Overview of the photobioreactors installed at AlgaePARC pilot facilities 

At AlgaePARC four large production systems and three small production systems were constructed, 

Figure 2.2 shows pictures of the large systems; their specifications are given in Table 2.2. The 

raceway pond is most voluminous due to its large optical path. Advantages of this system is that it is 

simple to construct and easy to operate. Therefore, most commercially available biomass is currently 

produced in raceway ponds [1, 25]. Because of its low illuminated area to volume ratio (A/V ratio), 

biomass concentrations in this system are low and expected photosynthetic efficiency on sunlight 

(PE) is low (generally 1-1.5%, [22], due to photo-inhibition at surface, darkness at the bottom and 

poor mixing between these two zones. Because it is an open system, it is prone to contamination, 

controllability of culture conditions (pH, temperature, salinity) is low and water evaporation is high 

[26, 27]. The other three (closed) production systems have higher A/V ratios, allowing higher 

biomass concentrations and better control of culture conditions.  
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Figure 2.2. Photobioreactors in operation 

 

From the closed reactors, photosynthetic efficiency is expected to be lowest in the horizontal tubular 

reactor, because algae experience high incident light intensities and photo-inhibition can occur. 

Oxygen produced in tubular systems by the microalgae can exceed 300% oxygen saturation, which 

could lead to growth inhibition of the algae and a severe loss of productivity [11, 28]. Therefore, 

dissolved oxygen concentrations higher than 300% should be prevented by increasing stripper 

efficiency or increasing liquid velocity. Expected photosynthetic efficiencies on sunlight is about 3% 

[20, 21]. Due to the vertical orientation, light is diluted in vertical systems and incident light 

intensities experienced by the algae are lower and photo-inhibition is prevented. Therefore, the 

vertically stacked tubular reactor and flat panel reactor are expected to reach higher photosynthetic 

efficiencies close to the maximum of 7% efficiency on sunlight [19, 23, 24]. The advantage of the 

flat panels system over the tubular systems is that it has a smaller optical path, allowing higher 

biomass concentrations. 

Table 2.2. Specifications of the large photobioreactors 

Specifications 

Raceway 

pond 

Horizontal 

tubular reactor  

Vertical stacked 

tubular reactor  

Flat panels (ProviAPT) 

Optical path (m) 0.20 0.046 0.046 0.02 
1)

 

Volume (m
3
) 4.73 0.56 1.06 0.390 

Illuminated volume (%) 100 73 71 100 

Ground area occupied (m
2
) 25.4 27.0 

2) 
31.0 

2)
 26.9 

Illum. surface A /V ratio 

(m
2
/m

3
) 

5 63.7 .6 100 

Expected. biomass conc. 

(g/L) 
0.2 - 1 2 ï 4 1 ï 3 2 ï 5 

1)
 Average value, 

2) 
Including half of ground area occupied by the dummies at Northern and Southern 

side of the reactor 

 

At AlgaePARC pilot facilities the main goal is to study principles of reactor design and scale up 

parameters, and compare the performances of the different designs. Robust systems were constructed 

allowing a long research time (> 10 yrs.) with the same systems and to focus on decreasing the 
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operational costs of these systems. As materials to build the production systems polyethylene, 

polypropylene, PMMA and RVS 316 were chosen, due to their resistance to sea water and long life 

time. PMMA, which is a transparent thermoplastic was used as material for the tubing (photoactive 

part) of the tubular reactors because it has a high transparency (98%), high light transmission 

(92.3%, 380-720 nm, technical properties Gevacril, D307), very good resistance to weather 

conditions and corrosion and good chemical resistance and resistance to breakage. Polyethylene and 

polypropylene were used because these materials can be welded, making connections strong and 

water tight. Polyethylene was used to build the reactors (non-photoactive part) and tubing because it 

is strong and highly resistant to UV light. Harvest and supply lines were constructed from 

polypropylene because this material is flexible and can withstand high pressures. RVS 316 was used 

as material for the heat exchangers because of its good heat and transfer coefficient and for bulk 

materials (screw, bolts etc.). On industrial scale, reactor material costs become important and 

cheaper and less energy intensive materials for the reactors should be chosen. In addition, the option 

of recycled material should be investigated. Improvement of materials for photobioreactors is a field 

that needs attention due to its impact in the production costs. 

2.4.1 Detailed description of tubular reactors 

Figure 2.3 shows the schematic set up of the large horizontal system. Tubes with an inner and 

outside diameter of 0.046 m and 0.05 m were chosen respectively. 

Figure 2.3. Schematic drawing of the large horizontal tubular system (HD). Dashed lines show 

control strategies. 

Smaller diameters would implicate more pressure needed to circulate the liquid; higher diameters (> 

0.1 m) are expected to lead to lower productivities [29] and are not desirable for harvesting because 
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more volume with lower biomass concentration need to be processed [27, 30, 31]. The tubes should 

be put close to each other based on modelling studies [29]. Due to the 180° bends needed in our 

system, a practical distance of 0.05 m between the tubes was chosen, implicating that only 50% 

ground area is covered in the horizontal system. A maximal loop length of 78 meter was calculated 

with a liquid flow rate of 0.6 m s
-1 

to avoid dissolved oxygen concentrations higher than 300% (air 

saturation). The large horizontal system consists of 3 loops, of 80 m long (10 tubes of 8 m) each 

originating from and ending in central header tubes. The loops were placed 0.4 m above ground level 

to prevent dirt formation on the tubes by rainfall. 

The vertical system consists of 7 similar loops placed vertically giving a loop height of 0.95 m. Also 

these vertically oriented loops were placed 0.4m above ground level (total loop height 1.35 m) to 

prevent dirt formation. The vertical distance between the tubes was kept at 0.05 m to allow fair 

comparison of both systems. Placing more tubes vertically is not beneficial because light intensity on 

the surface of the tubes at the bottom will become too low [29]. With the model of Slegers et al. [29] 

a distance of 0.50 m between the vertical loops was determined predicting good productivities in the 

Dutch weather conditions and also allowing to perform maintenance on the loops if needed 

(possibility to walk in between). In both large reactors, the first loop can be segmented from the 

other loops, allowing initial inoculation of the first loop with less inoculum, and after successful 

growth inoculation of the other loops.  

Dummies were placed on the Northern and Southern side of the system (horizontal system: one tube; 

vertical system: one loop) filled with colorant to mimic shading effects. Without these dummies, the 

first tubes/loops at the Northern/Southern sides would receive more light from the side than the other 

loops and due to the size of the pilot plan this would have a relatively high effect on the overall 

productivity leading to an overestimation of industrial scale productivities when extrapolated. 

Table 2.3. Specifications of major equipment in the large tubular systems HD: large horizontal 

tubular system, VD: large vertically stacked horizontal tubular system. 

Equipment No. Type Remarks 

Circulation pump 1 ARBO KR-80-160  Close-coupled model 28 m
3
 h

-1
 

Harvest pump 1 Sigma 3 S3BA 
Diaphragm metering pump, 

0.55 kW 

Nutrient pumps 2 Beta/4 Dosing pump 

Air blower large 

systems 

1 Elmo & Rietschle 

HD: G-BH7 

VD: SAH 55 

Single stage channel blower 

0.55 kW 

0.75 kW
 

 

Table 2.3 shows the major equipment of the large tubular systems. Low shear circulation pumps (low 

rotating velocity, large capacity) were chosen to circulate the culture because too high shear rates can 

damage algae [32]. Maximum liquid velocities were set at 0.6 m s
-1

 for the tubular systems. High 

liquid velocities are required to prevent high oxygen concentrations, because it decreases algal 

residence time in the tubes [21] and prevents biofilm formation. However, high liquid velocities also 

imply high energy costs for pumping. Research is needed to determine the optimal liquid velocity at 
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which energy costs for pumping are decreases and performance of algal productivity of the system is 

not affected. 

Temperature can be controlled between a low and high set point (e.g. 20 °C/30 °C). If temperature 

drops below the low set point, a three-way valve (Belimo LR24A-SR) opens (Proportional Integral 

Differential (PID) regulation) and hot water (max. 60 °C) flows through three heat exchange spirals 

in the stripper, heating up the system until the lower set point is reached. The same occurs for the 

high set point, but then chilled water (8 °C) flows through the heat exchange spirals, cooling the 

system until temperature drops below the higher set point. 

The systems can be run continuously as turbidostat (biomass concentration is kept constant) and 

chemostat (dilution rate is kept constant). When the systems are harvested in either mode, algae are 

removed, and liquid level drops inside the stripper. This generates a ñlow levelò signal by level 

sensors and automatically water and concentrated (100x) stock solutions are added on 1:100 ratio 

(flow proportional). Instead of flow proportional addition of nutrients, also a desired amount of stock 

solution can be added to the system over the day. Stock solutions are placed on balances, which are 

logged online, to monitor nutrients addition in the different systems. 

Oxygen removal 

To prevent high dissolved oxygen (DO) concentrations which could be growth inhibiting for the 

algae [11], oxygen produced by the algae has to be removed continuously. In the systems vertical 

strippers were installed in which air is sparged from the bottom through 1 mm holes by industrial air 

blowers. These blowers were equipped with an air filter (Induvac, MBH series cartridge, 1 mm) to 

prevent other algae and/or protozoa entering the reactor. Height for the stripper was set at 2.2 meter 

(to prevent shading) and the maximum stripper volume was set at 15% of total reactor volume. These 

settings led to a calculated diameter of 0.24 m (HD) and 0.37 m (VD). Total dark volume including 

piping was set to be 30% of total reactor volume. Maximum oxygen production was assumed to be 

0.003 mol O2 m
-3

s
-1

 [21]. To remove this oxygen, airflows of 7 (HD) and 16 (VD) m
3
 h

-1
 were 

calculated. During operation of the tubular systems in summer 2012, DO concentrations at the 

beginning of the loop were typically between 110-150% and DO concentrations at the end of the 

photoactive part never exceeded 300%, indicating sufficient oxygen removal. 

Cleaning 

To prevent biofilm forming or remove biofilm, presently two options are available: a pig that runs 

with the flow and cleans the systems (Microphyt, Montpellier) or granulate with higher and lower 

densities than culture medium (IGV GmbH, Germany, [27]). In a vertical system in which flow is 

distributed between several loops, using a pig is difficult, because when preferred flow of the pig to 

one loop occurs, only this loop is cleaned instead of all loops. Therefore, granulate was chosen to 

prevent biofilm formation in the tubular systems. Impellers of the circulation pumps were adapted to 

deal with the granulate (3-5 mm) of three different densities (Dowex polystyrene, 980 kg m
-3

; Pebax 

7033 SP 01, 1020 kg m
-3

 and Arnitel® EL250, 1080 kg m
-3

) without damaging the pump and the 

balls. Initially Styron 678E (polystyrene resin) balls were tested, but due to the hardness of this 

material, it scratched the tube and therefore was replaced by elastomers.  

De-aeration 
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In the tubular reactors, air pockets can be formed along the tubes and if not removed, circulation 

flow can completely stop due to pressure build up (especially in the vertically stacked horizontal 

tubular system). In total eight different types of mechanical de-aerators were installed at the end of 

each loop to release air from the system. These de-aerators worked fine with (sea)water, but during 

cultivation, the de-aerators were clogged by the algae and started to leak culture liquid. Therefore, as 

solution to remove the air and preventing pressure build up, a transparent tube at the end of the 

photoactive part was installed. This solution has as advantage that all gas leaves the system via the 

stripper (and not from other degassing points), making it possible to close carbon dioxide and oxygen 

balances, which is important for research purposes.  

Measurement and control 

Each system is controlled via a PLC (Programmable Logic Controller) and is connected to a central 

PLC which is connected to a computer with the supervisory control and data management system 

(SCADA). The SCADA is used to control the equipment and to log the online measurements. 

2.4.2 Raceway pond 

The raceway pond was designed with 9 m length, 3 m width, with centre pillars at the side which 

were connected with a plate to create a loop/raceway flow (Figure 2.4). Commercially, raceway 

ponds are designed with high length/diameter (L/D) ratios up to 150 [33]. However, we choose for a 

more compact system (L/D ratio of 3), based on the design from Weissman, because it is known that 

on pilot scale the high L/D ratios used in commercial systems are not optimal [34]. Due to the lower 

L/D ratio in our pilot plant system, mixing is more severe and productivities will probably be 

overestimated compared to larger commercial systems [35]. The raceway pond is operated with a 

liquid level of 20 cm resulting in a total volume of 4.7 m
3
. The liquid level is kept constant via a 

level sensor (Endress & Hauser, FTW31-B2A5CA0A, 5 pins); when liquid level decreases due to 

evaporation, automatically water is added and nutrients are added flow proportionally; at rainfall 

liquid culture is automatically harvested to keep the liquid level at 0.20 m. 
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A paddle wheel with six blades (L 0.145 m, W 0.235 m) was constructed, and the blades were 

installed 5 cm from the bottom. A frequency controlled motor (0.75 kW, see Table 2.4 for 

specifications) is used to drive the paddlewheel and power output of this motor can be varied 

between 0-100%. Carbon dioxide is supplied through membrane hoses (creating small bubbles) 

installed at the bottom of the pond which is covered by a Plexiglas hood to minimize CO2 losses. 

Figure 2.4. Schematic drawing of the raceway pond. Dashed lines show control strategies 

Table 2.4. Specifications of major equipment in the open pond 

Equipment No. Type Remarks 

Motor paddle wheel 1 SKH80B 4 0.75 kW 

Air blower 1 
Gardner & Denver G-

BH1 
0.20 kW 

Harvest pump 1 
Cent. Pump ARBO KR-

32-95 
4 m

3
/hr 

Sprinkler pump 1 Gardena 3000/4  

Nutrient dosing 2 Dosmatic Minidos 12 Dosing at 1:100 ratio 

The CO2 enriched air is trapped by the hood and is recirculated by an industrial blower to prevent 

excessive losses of carbon dioxide. The CO2 sparging led to foam formation under the hood; 

therefore a pump and two sprinklers were installed under the hood to mechanically break the foam. 

Temperature is measured and controlled by means of active heating via two heat exchangers installed 

on the bottom on the opposite side of the paddlewheel; cooling occurs via natural cooling by 

evaporation of water.  
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Flow distribution/dead zones 

Microalgae settled especially in the corners of the raceway pond. To determine the flow distribution 

in the raceway pond, liquid velocities were measured at three locations over the width of the pond 

with a propeller current meter (Valeport ñBraystrokeò BFM002). It was found that especially in the 

corners, liquid velocities varied widely along the width of the pond, with being almost zero (dead 

zones) at the outside and up to 0.18 m s
-1

 close to the middle of the pond. At 40% output of the 

paddle wheel motor, without flow liners liquid velocities of 0.17 m s
-1

 were determined at a liquid 

level of 0.10 m (Figure 2.5). Higher motor outputs created waves in the open pond and could 

therefore not be used. To prevent dead zones, two flow liners were installed as proposed by Sompech 

et al. [33]. These flow liners resulted in a more uniform flow distribution over the width of the pond 

and additionally liquid velocities increased at all motor outputs by more than 50% (Figure 2.5). 

 

Figure 2.5. Average liquid velocities measured at a depth of 0.10 m over the width of the pond. 

Measurements were done at the opposite side of the paddlewheel with and without flow liners 

2.4.3 Flat panels  

Proviron developed a closed photobioreactor called ProviAPT (EP Patent 2,039,753, 2009, EP Patent 

2,203,546, 2011). The photobioreactor is made completely from polyethylene of 180 mm thickness, 

therefore material requirements and costs are much lower. Two reactors were needed to cover a 

ground area of 25 m
2
. One reactor consists of 35 flat panels (Height 0.50 m, Width 1.25m, average 

diameter 0.02 m); the vertical panels are placed 0.25 m from each other. These flat panels are 

enclosed in a plastic bag that is filled with 6 m
3
 water for structural support and temperature control 

(Figure 2.6). The air pressure over the cultivation chambers is kept higher (150 mbar) than the 

external air pressure to keep the panels inflated, with two industrial air blowers (Table 2.5). Medium 

is prepared in a separate vessel by adding a maximum of two nutrient stocks to sterile water. Medium 

from this vessel is pumped to a central feeding line that is attached to the flat panels and distributes 

the medium to each panel via the bottom of each vessel. When medium is added via the panels 

bottom, algae overflow at the top of the panels. This overflow is assembled in a central harvest line 

at the other side of the panels and flows into a separation tank. In this separation tank algae and air 

are separated and by recirculation of the air, the air pressure can be kept constant. From this 
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separator tank, algae are harvested with a pump. This system can be run as chemostat and daily up to 

three harvesting cycles can be done.  

Figure 2.6. Schematic drawing of the flat panel system. Dashed lines show control strategies. 

 

Table 2.5. Specifications of major equipment in the flat panel system 

Equipment No. Type Remarks 

Air blower 

recirculation 
1 

Elmo & Rietschle G-

BH7E  

Single stage channel blower 

1.5 kW
 

Air blower fresh air 1 KNF PM25432-838  

Medium pump 1 Verder V-MD-55H centrifugal pump 

Harvest pump 1 Jabsco 21560-9121 
impeller pump, max. cap 0.9 

m
3
/hr 

Recirculation water 

pump 
1 PSH Mini 2-33M  

Nutrient pumps 2 Beta/4 Dosing pump 

Heat exchanger 1 PSA Heatline Heat 70 30 W at 60 °C 

 

Temperature is controlled by heating/cooling the outer water buffer; the water is circulated with a 

pump over a heat exchanger; an electronic valve opens (like in the tubular systems) on demand. pH 

is automatically controlled by keeping the concentration of CO2 in the recirculating gas phase 

constant by the addition of CO2 on demand. To prevent too high oxygen concentrations, the oxygen 

concentration is measured in the gas phase and when it exceeds 30%, an automatic valve opens and 

the oxygen enriched air is released. Because pressure is kept constant, new air is automatically 

supplied to the system via the air blower and oxygen levels are reduced. 
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2.5 Measurements  

The different systems will be compared on manpower and consumption of water, nutrient, carbon 

dioxide and energy. From biomass measurements, ground areal productivities will be determined and 

photosynthetic efficiencies will be calculated combining these productivities with online light 

measurements. To obtain data for comparing the systems, several online measurements are done 

(Table 2.6) every minute.  

Table 2.6. Specifications of online measurements and equipment per system 

Measurement/equipment  Sensor Information 

All systems    

Energy consumption  Saia-S AWD3D5W10  

Light measurement (PAR)  CaTec Li-Cor LI-190SA PAR, mmol m
-2

s
-1

 

Pyranometer  Delta-T devices Sunshine sensor BF5 Direct and indirect light 

Gas analysis   Servomex 4100 0-100% O2 

0-2.5 % CO2 

Temperature  Endress + Hauser  TSM487-AFE Easytemp 

Nutrient addition  Sartorius Midrics MAPP DC/FE  

Water flow  Kobold MIK -5NA-20-A-E34R MIK  

Sample gas cooler  Buhler technologies PKE511 Peltier cooler 

Water level   Endress & Hauser 

FTW31-B2A5CA0A 

5 pins 

Tubular systems and open pond 

pH/Temperature  Elscolab InPro3250/120/PT100 Stratos Pro 

Dissolved oxygen  Mettler Toledo InPro6800/12/220 M300 

Turbidity  Optek AS16-05 Control 4000 

Carbon dioxide   Bronkhorst F201CV EL-FLOW 

Recirculation flow*  Endress + Hauser   

50W40-UA0A1AA0AAAA  
Promag 50 

Airflow*   Kobold DOG-1101L-F25N-S-D DOG 

Flat panels    

CO2 sensor  Vaisala GMT221  

Airflow meter  DOG-1101LF25NSD recirculation  

Airflow meter  DOG-1102LF25NSD new air 

Pressure  Endress & Hauser PMC41  0-1000mbar 

* Only tubular systems 

In addition several offline measurements are done. All measurements will be discussed in detail in 

the following paragraphs; equations can be found in the supplementary material. 

2.5.1 Online measurements 

Temperature 

In each system, temperature is measured and logged (example see appendix 2.I). Temperature is kept 

between a low and high set point by pumping hot/cold water of 60/8 °C from the central line via 

three-way valves to the systems on demand as explained earlier. The hot/cold water flows to the 

systems are logged via software (Priva Top Control 6.5 ï TC vision) and from this data the energy 

consumed for heating/cooling the systems is determined.  

Energy  
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In addition to the energy used for heating/cooling the systems, the energy consumption per 

production system is measured separately and logged.  

Water  

In each system the water flow (fresh/sea water) to the systems is measured and logged. In the 

harvesting vessels, level sensors (Endress Hauser Waterpilot FMX167) were installed and from these 

values, the volumes can be determined. As the ingoing and outgoing water flows are known, the 

water balances over each system can be closed. 

On-line gas analysis 

In all systems, a small fraction of the off gas is analysed on carbon dioxide and oxygen with two gas 

analysers. Off gas is first chilled down to 5°C with a Peltier cooler to remove water that could 

interfere with the gas analysis. Two gas analysers are present and electronic valves ensure that every 

2 minutes each system is measured alternately. In addition, the outside air is measured. The gas 

analysers were installed in a temperature controlled room together with the water sterilization 

apparatus, centrifuges, ultrafiltration membrane and control computer. Each week gas analysers were 

recalibrated with pure nitrogen (zero), pure oxygen and 2.5% CO2
 
with 20.0% O2 in nitrogen. As 

control 20.0% O2 was measured. Controls zero and full range values were reported. For oxygen, 

max. deviations for 27 weeks in 2014 were 0 ± 0.1 %, 20 ± 0.02 %, 100 ± 0.05%. For carbon 

dioxide, max. deviations for the same period were 0 ± 0.01 %, 2.48 ± 0.06%. 

Nutrients 

Two nutrient stock solutions are placed on separate nutrient balances and the weight of each nutrient 

vessel is measured and logged. In addition, nutrient concentration in the liquid culture are measured 

offline with a discrete analyser (Seal Analytics, Beun de Ronde, AQ2). By this, the nutrient 

consumption (nitrate, phosphate) by the algae can be determined per system.  

Dissolved oxygen 

In the large tubular systems, dissolved oxygen (DO) concentrations are measured before the culture 

enters the photoactive part and at the end of the loop before entering the degasser. By the difference 

in DO, it can be determined if the algae are photo synthetically active. In addition, the DO sensor can 

be installed at 24, 48 and 80 m from the beginning of the loop, via retractable ports and the oxygen 

build up along the tube length can be measured. In the raceway pond the dissolved oxygen 

concentration is measured before the paddlewheel. Once a week, all DO electrodes are recalibrated 

with outside air (100% air saturation).  

Turbidity measurement 

In all tubular systems and raceway pond, turbidity sensors were installed to measure biomass 

concentration online. The zero of the turbidity sensors is calibrated with seawater (when filling the 

systems for a new run), the slope by offline dry weight determinations. In all systems a linear 

relation of Nannochloropsis sp. (CCAP 211/78) dry weight concentrations and turbidity was found 

with high accuracy (R
2 
> 0.91); this linear relation was found until 3.5 g L

-1
 dry weight, higher 

biomass concentrations were not tested. With this online biomass concentration measurement the 

systems can be operated as turbidostat (constant biomass concentration, see Appendix 2.I for 

example). Advantage is that light and temperature are then the only variables outdoors and more 

algae are harvested when algal productivity is high. The turbidity sensor of the raceway pond is 
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cleaned daily, because otherwise biofilm would be formed on the sensor; the turbidity sensors of all 

tubular systems are cleaned each week, because flow in these systems are more turbulent and by 

weekly cleaning a stable signal was found. 

2.5.2 Offlin e measurements 

Biomass concentration 

From the reactors samples are taken and optical densities at 680 and 750 nm (Hach Lange DR5000), 

pH (Mettler Toledo Education Line) and PAM (pulse modulated fluorometry, AquaPen-C AP-C 

100) measurements are done on daily basis. In addition dry weight is measured three times a week 

and the correlation between OD750 and dry weight is determined. With harvested volume, system 

volume and dry weight, productivities for each system can be calculated. 

Manpower 

Manpower is logged in an Excel file for each system separately. From these data, the amount of time 

required for cleaning, operation and start-up of each system can be calculated. 

Microscope 

Three times a week, culture is checked on contaminations microscopically (Leica Laborlux S). 

Checklist  

To make sure all calibrations are done and everything is regularly checked, a weekly checklist was 

made (Appendix 2.G) 

2.6 Supportive equipment 

Central cooling/heating system 

To keep culture temperature between a certain range, for each system separately, a temperature set 

point for cooling and heating can be set. When temperature rises above the high temperature set 

point or decreases below the lower temperature set point, an automatic three-way valve connected to 

a central cooling/heating line opens and the reactor is cooled or heated. We chose for a central 

cooling/heating system, because otherwise each reactor should have its own heating/cooling system 

involving higher costs. A disadvantage of a central cooling/heating system is that the request for 

either heating or cooling is system dependent. Therefore, it could occur that one system needs 

heating while another system needs cooling; to prevent overheating of the culture, cooling is set 

dominant overheating. To calculate the required capacity of the chiller, a peak solar intensity of 1000 

W m
-2

 (peak solar intensity Netherlands June, Photovoltaic Geographical Information System, 

http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php) was used and multiplied by the total illuminated 

area for each system. For the horizontal systems it was assumed that 150% of the projected area of 

the horizontal tubes was exposed to sunlight (100% illuminated from the top, 50% reflected light), 

for the other reactors, the ground surface was taken. This resulted in a required chiller capacity of 45 

kW. The central heating/cooling system was filled with a 30% glycol/water mixture to prevent 

freezing during winter.  

Water sterilization 

In AlgaePARC tap water, rain water and natural sea water can be supplied to the photobioreactors. 

Chemical sterilization was chosen over high UV sterilisation, as it was easier to realize and sealing 

http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php
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of UV sterilisation equipment is not resistant to salt water. At AlgaePARC sterilization is done by 

hypochlorite which is added to the silos containing the water. The chlorine is removed by active 

carbon filters before being pumped to the photobioreactors. In addition, sea water is filtrated through 

a cascade filter (10 mm, 5mm, and 1mm) to remove algae and/or protozoa left after chemical 

sterilization.  

Harvesting 

GEA Westfalia Separator supplied two continuous centrifuges (type SSD 6) with a maximum 

capacity of 1 m
3
 hr-1 and two smaller continuous centrifuges (SD 1) with a maximum capacity of 0.2 

m
3
 hr-1. These centrifuges are cleaned automatically and can be used on industrial scale. The 

harvested pasta had an average final biomass concentration of 18% w/w dry weight/water with a 

maximum of 24% w/w. Separator efficiency was on average 96%. A growth test was performed with 

material from the feed to the centrifuge and the harvested algal paste. It was found that centrifugation 

has no negative effect on algal growth and it cleans to some extent the biomass by removing 

bacteria/protozoa. After centrifugation, the biomass paste is sealed with a vacuum machine 

(Youngsun, YS-DQ-420) and stored at -20 °C.  

Ultra-filtration Membrane 

Discharge of microalgae in the sewage system, was only allowed if no algal cells were present. An 

ultrafiltration membrane (80 nm) was installed to remove and concentrate the remaining microalgae 

from the supernatant, after centrifugation. The concentrated microalgae are deactivated by active 

chlorine. In addition, the ultrafiltration unit will allow recycling of supernatant of the centrifuges to 

the photobioreactors (media recycling) to decrease water footprint and nutrient usage. 

LCA 

As mentioned earlier, man power and water, nutrient, carbon dioxide and energy consumption will 

be measured for each system and be compared between systems. This data will also be used as input 

for the Life Cycle Assessment (LCA) that will determine cumulative energy demand, global 

warming potential and water consumption per system. Cumulative energy demand accounts for the 

energy embodied in material inputs to the system and will therefore be a consideration for designs 

and plant layout. Fresh water consumption is critical to evaluate as it will become scarce in future. 

This will become more contentious if microalgae are cultivated at locations where drinking water 

supplies are scarce. Water recovery schemes and water sources will be highlighted in the assessment. 

As designs improve and systems change, LCA models will keep track of costs, resource utilization, 

and outputs to the environment.  

2.7 Lessons learned 

Minimum temperature control 

Initially cooling was installed in each system and heating only for frost protection (keep temperature 

> 4 °C). However, productivities were low or even negative in fall 2011, because temperatures were 

still too low in the morning while sunlight was already available, and therefore algae were probably 

photo inhibited. Additional heating was installed and culture temperature was always maintained a 

few degrees below the species optimal temperature. This solution led to increased photosynthetic 
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activity (measured by increased dissolved oxygen levels) immediately when sunlight was available, 

and therefore increased productivities. 

Inoculum chain 

In 2011, inoculum was produced in a 4.5 L flat panel system. This implicated that we had to start 

with the smallest system (94 L) and from this system larger systems were inoculated. To allow a fast 

start up after downtime, more inoculum capacity was required; four 25 L flat panel reactors were 

built and a new indoor tubular reactor (280 L) was installed in a greenhouse (see Appendix 2.G). 

From cultures grown in Erlenmeyer flasks, a 25 L reactor is started and this culture is used as 

inoculum for the indoor tubular reactor. PH and temperature of the indoor tubular system can be 

controlled and extra artificial light (350 µmol m
-2

s
-1

) can be supplied by six high pressure sodium 

lamps. The amount of inoculum produced in 3-4 weeks by this inoculum chain allows start-up of all 

systems outdoors in one week.  

Dead corners/sharp edged corners 

Dead corners in the pipe lines are difficult to clean and allow contaminants to grow; all dead corners 

have been removed. In addition in the tubular systems sharp bends (> 90 °) were installed giving a 

high back pressure. They have been replaced by smooth bends so flow is circulated at the same 

velocity with less energy requirements. 

Segmentation of first loop 

We segmented the first loop of both large tubular systems from the other loops by including valves. 

Advantage is that the systems can be inoculated with less inoculum and, if the algae grow well, the 

complete system can be inoculated from this first loop.  

Level sensors 

During the growth season we experienced that level sensors fouled during operation and high level 

alarms were reported, while water levels were low. Water tight connectors were ordered and 

installed, allowing us to clean the level sensors during operation of the photobioreactors once a week 

(Appendix 2.H: weekly checklist). 
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2.8 Supplementary data 

Appendix 2.A. Calculation of required distance between the systems 

Appendix 2.B. Biomass treatment 

Appendix 2.C. Design note length and spargers large tubular systems 

Appendix 2.D. Schematic design of de-aeration system 

Appendix 2.E. Carbon dioxide addition in the raceway pond. 

Appendix 2.F. Calculations from the measurements 

Appendix 2.G. Inoculum chain 

Appendix 2.H. Weekly checklist 

Appendix 2.I. Trends of several online measurements 
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Appendix 2.A. Calculation of required distance between the systems 

 

Height degasser   2.1 m 

Empty space between reactors 4 m 

Conversion factor ° to rad  3.1415/180 

 

Sun height angle when shadowing occurs: ÔÁÎÈ ρzψπȾὴὭ = 27.6ɕ 

Eq. (2.A.1). Calculation with 6 m empty space gives a sun height angle of 19.3 °. 

For each 21th day of the month, sun heights were calculated per hour (Equations: Table 2.A.1). The 

21th day was chosen because 21 December and 21 June are the shortest, longest day respectively. 

Figure 2.A.1 shows the hours when the stripper of the Southern reactor shades the more Northern 

reactor. From, March to September, with 4 m distance, about 3 hours shading occurs, at the start and 

end of the day when sun is inclining in the sky. The electricity closet, having a height of 1.2 m, 

shaded other reactors only for 2 hours. Chosen was for a distance of 4 m between the reactors.  

 

 

Figure 2.A 1 Hours of shading other photobioreactors by the stripper with 2, 4 and 6 m distance.  

Table 2.A.1. Mathematic equations used to model the photobioreactor from [36] . 

+Ö+Ö-Ö-Ö-= dddd hhhhd sin070257.03cos002697.02cos006758.0cos399912.0006918.0
 

dd hh 3sin00148.02sin000907.0 Ö+Ö  with: h = 2
 
p/365 (rad) 

d300410d215650d12290d300120d205280d00720e hÖ-hÖ-hÖ-hÖ-hÖ-hÖ= sin.sin.sin.cos.cos.cos.

with: h = 2
 
p/366 (rad) 

e15longitude/summertimetimezonetime(a)WT(a) ++++=   
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 with: time(a) (hr), summertime (-1 hr), time zone(-1 hr), longitude photobioreactor (°) 

¯Ö-=w 1512aWTa ))(()(  and if w(a)<-p, p+w-=w 2aa )()(  

))(coscoscossinsin(sin)( aaa wfÖd+fÖd=g and g=0° if g<0 

ÔÖÖ-Ö= /180))tan()tan(cos(15/2Daylength dfa  

hrlongitudeDaylengthe )15/22/12(Sunrise -+--=  

hrlongitudeDaylengthe )15/22/12(Sunrise -++-=  

 

Appendix 2.B. Biomass treatment 

 

Figure 2.B.1 Separation of biomass 

 

Appendix 2.C. Design note length and spargers large tubular systems 

Length of the tubular reactor 

Example calculation for horizontal system, sea water. 

Estimated oxygen to be removed (RO2): 0.003 mol m
-3

s
-1

 [21]  

Dissolved oxygen concentrations can be calculated via Henryôs Law: 

*

AA CHP Ö=  

HO2 is 108.2 kPa m
3
mol

-1
 for sea water, 35 ppt, 25 °C [37]. 

For water in equilibrium with air with an oxygen concentration of 100% (partial pressure of oxygen 

0.2095 atm), a dissolved oxygen concentration of 0.19 mol m
-3

 can be calculated. 
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With 222 /)][]([ OinoutL ROOUL -Ö=
 and outgoing oxygen concentration of 300% (0.58 mol m

-3
), 

ingoing of 100% (0.19 mol m
-3

) and liquid velocity of 0.6 m s
-1

, a maximum tube length of 78 meter 

can be calculated. 

Sparger horizontal tubular reactor 

Volume of this reactor is 0.54 m
3
, implicating that with RO2 of 0.003 mol m

-3
s

-1
, 5.8 mol h

-1
 O2 

should be removed. 

kLaL can be estimated by the equations given by [38]: 

)1/( -= b

LL Ugaak with: a,b: 0.874 and -0.979 for tap water; 2.222 and -1.171 for sea water 

With an (assumed pressure less) superficial gas velocity (Ug) of 0.043 m s
-1

 calculated by dividing 

gas flow (7 m
3 
h

-1
) by area aerated (0.045 m

2
), a kLaL of 0.057 s 

-1 
can be calculated for sea water.  

The OTR (oxygen transfer rate) can be calculated via: 

)( ,2,2 inOoutOLL CCakOTR -Ö= , giving 0.022 O2 mol m
-3

 stripper s
-1 

Reactor volume was 0.54 m
3
, max. stripper volume set was 15% or 0.081 m

3
. 

This gives an oxygen removal rate of 0.022
. 
0.081

.
3600=

 
6.5 mol h 

-1 

Below the data is given for the both systems with tap and seawater. 

Table 2.C.1. Rates of HD/VD for tap and sea water at 25 °C 

 Horizontal system (HD) Vertical tubular stacked system (VD) 

O2 produced (mol h
-1

) 5.83 13.2 

 tap water sea water tap water sea water 

KLAL (s
-1

) 0.042 0.057 0.042 0.056 

OTR (mol O2 h
-1

) 5.87 6.54 13.1 14.6 
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Appendix 2.D. Schematic design of de-aeration system 

Overview of the adaptations made to the de-aeration system in the vertically stacked horizontal 

tubular photobioreactor. 

 

 

Figure 2.D.1. Schematic design of the de-aeration system of the vertical stacked horizontal tubular 

reactor. The aeration tube (red tube) is made of transparent plastic and from left to right increases 

in height to make sure that air bubbles go up. Connection to the stripper is made with silicon tube, to 

the top of the stripper. 

 

Figure 2.D.2. De-aerator system in the large vertically stacked horizontal tubular system 
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Appendix 2.E. Carbon dioxide addition in the raceway pond. 

Overview of the point of carbon dioxide addition in the open raceway pond. 

 

Figure 2.E.1. Carbon dioxide addition in the raceway pond  

 

Appendix 2.F. Calculations from the measurements 

Energy consumption cooling/heating 

Because the cooling/heating is shared, the energy consumption is approached by: 

heaterchiller

total

system

system EE /Ö=
f

f
  

With fsystem: water flow to heat exchanger (m
3 
hr

-1
); ftotal: total water flow of all systems (m

3 
hr

-1
); 

Echiller/heater: energy consumption of the chiller or heater (kW). 

Water  

Water balances can be calculated via: 

nevaporatioharvestin fff +=  

With fin: ingoing water flow (m
3
); fharvest: harvested volume (m

3
); fevaporation: water evaporated (m

3
) 


































































































































































































































































