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Abstract 

 The intent of this project is to design and assess the feasibility of a facility producing 500 

liters per day of algal concentrate for shellfish feed for the Minterbrook Oyster Company. Two 

Minterbrook sites are explored as potential locations for the facility: Kona Kailua, Hawaii and 

Gig Harbor, Washington. The optimal case is determined through comparison of several critical 

parameters: algal cultivation in photobioreactors (PBRs) versus raceways, seawater purification 

via filtration versus pasteurization, and seawater recycle versus fresh seawater utilization. 

 Based on the analysis, the best design is a 7.5 acre raceway system on the Kona Kailua 

site with a filter and recycle stream. Of the cases, it had the highest net present value (NPV) 

although the NPVs for all of the design cases are negative. This case has an NPV of negative 

$528,000 for an interest rate of 15% and a 20 year plant life. Due to minimal safety and 

environmental impacts, the primary factor for determination of the optimal case is economics.  

 Based on the negative NPV of $528,000 for the best case, the designed process is not 

viable. Thus, under current conditions and understanding, Minterbrook Oyster Company should 

not build an algal concentrate production facility.  
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1. Introduction and Background 

1.1 Overall Goal 

Expansion of the Minterbrook Oyster Company is the basis for this project. They 

are a large producer of shellfish for human consumption in the United States. They 

project that their greatest constraint to growth as a company is the supply of algae feed 

for the bivalves. Thus, the aim of this project is to design and assess the feasibility of an 

algal concentrate production system for Minterbrook. Minterbrook estimates that they 

can extend their bivalve cultivation season by introducing a winter harvest if 500 liters 

per day of algal concentrate can be affordably produced. This algal concentrate will be 

used as feed for bivalve larvae in the winter months prior to being placed in outside 

hatcheries. Each design discussed in this report produces 500 liters per day of the algal 

concentrate product at the specifications of 2-10 billion cells per milliliter, as detailed in 

the project prompt given by Minterbrook. In addition to the product specifications, 

Minterbrook has several sites available for the construction of the facility and their 

locations are taken into account for the project analysis. Two sites, Kona Kailua, Hawaii 

and Gig Harbor, Washington, are most feasible for algae cultivation; thus, these are the 

only two considered. 

1.2 Current Market Information 

There are several considerations for the product’s market: demand of shellfish for 

consumption, competition from other shellfish producers, and competition from 

companies currently producing algal concentrates. According to the National Oceanic 

and Atmospheric Administration (NOAA), foreign aquaculture has increased over past 

decades to provide approximately 50% of the global demand for seafood (“U.S. Seafood 

Consumption”). The United States has one of the largest rates of seafood consumption, 

and NOAA is working on national policy to grow the industry of sustainable fisheries and 

aquaculture in the United States (“U.S. Seafood Consumption”). Hence, domestic 

aquaculture companies, such as Minterbrook Oyster Company, would find strong support 

for development within the United States. The market for their products is also very 

large; Americans alone consumed 4.8 billion pounds of seafood, which translates to 

approximately 15.8 pounds of fish and shellfish per capita during 2009 (“U.S. Seafood 

Consumption”). Furthermore, advisors at the United Nations Food and Agriculture 



 

Organization estimate that an additional 40 million tons of seafood will be required each 

year by 2030 to satisfy the demand (“Basic Questions about Aquaculture”). Therefore, 

growth in this sector is favorable; there is a large market and growing demand for the 

overall products of Minterbrook Oyster Company. Additionally, other shellfish 

companies looking to expand may be interested in purchasing any surplus algal 

concentrate, providing the opportunity for additional profit. Minterbrook Oyster 

Company currently purchases algal concentrate on an as-needed basis to supplement their 

bivalve feed. They are able to purchase the concentrate from Reed Mariculture, one of the 

primary algal concentrate providers in the United States, for approximately $25 per liter 

bottle (Reed Mariculture, Inc.). For the design to be competitive, it must be able to 

produce the concentrate more inexpensively. This project investigates the feasibility of a 

facility that could produce 500 liters per day for approximately 300 days of the year, or 

150,000 liters annually. 

1.3  Project Premises and Assumptions 

 Based on weather differences, the design assumes six raceway runs per year for 

Kona Kailua, and three runs per year for Gig Harbor. Six photobioreactor (PBR) 

runs were used for both locations. 

 Economic calculations assume 300 days of production per year. 

 The algal productivity in plastic bag PBRs with a light path length of 20 cm is 

similar to a flat plate bioreactor as used by Zhang and Richmond (302). 

 The PBR productivity is approximately six times the raceway productivity (Shen, 

et al. 1276). 

 According to Zhang and Richmond, 10-15% of the culture volume is removed 

from the reactor or raceway each day for optimal productivity (302). 

 Land availability is assumed for plant construction. This may cause additional 

costs to be incurred. 

 All ambient pressures are 1 atm and temperatures are 25 oC. 

 

 

 

 



 

2 Overall Process Description, Rationale, and Optimization 

2.1 Process Description 

The process for algal concentrate production consists of water purification, media 

preparation, algal growth in a raceway pond, concentration, preservative addition, and 

bottling. The Block Flow Diagram, depicted in Figure 2.1, presents these steps.  The 

process details are presented in the Process Flow Diagram in Figure 2.2, and all streams 

and equipment labels referenced in this section refer to this figure.  Detailed explanations 

of each stream condition and composition are presented in the Stream Table (Table 2.1).  

Descriptions of the equipment are in the Equipment Table (Table 2.2), and expected 

utility costs are outlined in the Utility Table (Table 2.3). These tables and figures are 

presented at the end of this section.  Calculations for the process are presented in Section 

A.2 of Appendix A. 

The algal cultivation and processing site for the project is located in Kona Kailua, 

Hawaii.  Seawater from an adjacent source is used for algal cultivation, and is pumped to 

the processing facility at a rate of 30 kg/h at steady state (Stream 4).  The seawater is 

filtered to one micron to remove sediment and organic matter then filtered to 0.2 microns 

to remove bacteria using bypass ultrafiltration (F-101 and F-102).   The purified water is 

stored in a holding tank at ambient temperature (T-101 A/B), to be available on demand 

for media preparation.  Duplicate tanks and pumps are included for redundancy.   

Algal cultivation occurs in a 7.5 acre raceway pond system, described in detail in 

Section 2.2.  To start the raceway cultivation, a process of scale-up is required.  Scale-up 

is a step-wise filling of the raceway with algae, adding up to ten to twenty times the 

volume of medium to culture in late exponential growth phase (Steichen; Lavens and 

Sorgeloos 21).  The algal strains to be cultivated in separate raceways are Chaetoceros 

muelleri, Tetraselmis suecica, Isochrysis affinis galbana ‘Tahiti’, and Pavlova lutheri.  

During scale-up, Guillard’s f/2 Medium (“f/2”) will be used to optimize growth 

conditions (formula in Appendix G).  This formulation includes all macronutrients in 

addition to trace elements and vitamins required for growth (Lavens and Sorgeloos 12-

13).  Sodium metasilicate is added to the medium to be used for the growth of diatoms 

such as Chaetoceros muelleri.   Once the pond is at capacity and harvesting has begun, 

seawater will only be supplemented with nitrogen and phosphorus at the same levels as in 



 

the f/2 Medium (Ogden).  The nutrients are prepared in an aqueous concentrate form 

(Stream 3) that is pumped to the mixing tank at 144 kg/h (V-101) to be diluted with 

purified seawater at 30 kg/h (Stream 8) and recycled water, which enters at 32,100 kg/h 

from downstream processes (Stream 18).  At this point, the salinity is monitored and 

adjusted to 22 g/L with fresh water (Stream 1) as needed for optimal algal growth 

(Lavens and Sorgeloos 10). The pH is also monitored at this point, and CO2 flow in the 

raceway sparging system is manipulated in response to deviation from the setpoint pH of 

8.0.  During steady state production, the prepared media is pumped to the raceway at the 

same volumetric flow rate that algal culture is harvested, which is 10-15% of raceway 

volume daily (Zhang and Richmond 302).  Carbon dioxide is continuously added at 11 

kg/h (Stream 15) to ensure sufficient dissolved carbon levels in the algal culture, in 

addition to 7,000 kg/h of air to remove oxygen produced by the algae.   

When the algal culture reaches steady state, near 20 million cells per milliliter 

(Zhang and Simpson 302), 10-15% of the culture volume is pumped out of the raceway 

pond daily (Stream 10) at 32,200 kg/h for concentration to the product specifications of 

2-10 billion cells per milliliter.  Concentration is achieved using a bypass filter (F-103).  

The algal concentrate is then mixed with propylene glycol, a food grade preservative that 

is added at 1 kg/h in a mixing vessel (V-102) prior to bottling (U-101) and refrigerated 

storage. The filtrate consists of depleted media that is recycled to the medium mixing 

tank (V-101) for replenishment of nitrogen and phosphorus before reuse in the raceway. 
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Table 2.1 Stream Table for Raceway with Filtration and Recycle 

Stream Number 1 2 3 4 5 6 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Temperature (oC) ambient=25 25 25 25 25 25 

Pressure (atm) 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 144 144 30+ 30 30 

Component Mass Flow 

(kg/hr)  

Water:      

variable for 

salinity 

correction to 

22 g/L                 

Also 

includes 

direct 

rainfall:   

Gig Harbor:    

3400 kg/h      

Kona:               

2090 kg/h 

Water:      

141   

NaNO3:      

2.4  

NaH2PO4: 

0.2 

Water:      

141   

NaNO3:      

2.4  

NaH2PO4: 

0.2 

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h   

TOC and 

sediment 

variable 

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h   

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h   
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Table 2.1 (Continued) Stream Table for Raceway with Filtration and Recycle  

7 8 9 10 11 12 13 14 15 

Filtered 

Seawater          

0.2 μm 

Filtered 

Seawater          

0.2 μm 

Complete 

Medium 

Harvested 

Algae 

Algal 

Concentrate 

Algal 

Concentrate 

Algae + 

Preservatives 

Algae 

Paste Sparger 

25 25 25 25 25 25 25 2 25 

1 1 1 1 1 1 1 1 1 

0 0 0 0 0 0 0 0 1 

30 30 32,200 32,200 30 30 31 30 7000+ 

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  

0.04    

SO4
2-:  

0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 

mol/h   

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  

0.04    

SO4
2-:  

0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 

mol/h   

Water: 

31,000     

Cl-: 630        

Na+: 348       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12            

NO3
-:  1.8     

PO4
3-  :  

0.12  DIC 

31.2 mol/h   

Cells:  8    

Depleted 

Media:  

32,192 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 

Cells: 8      

Water:  22    

Preservatives: 

1 

Cells: 8   

Water:  22 

Air: 7000               

CO2:  11 

+ flow to 

keep  pH  

near 8.0 
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Table 2.1 (Continued) Stream Table for Raceway with Filtration and Recycle  

16 17 18 19 20 21 22 

Preservative Preservative 

Filter 

Supernatent

/Recycle 

1 μm Filter 

Brine  

0.2 μm 

Filter 

Brine 

Total Filter 

Waste/System 

Purge 

Evaporative 

Losses 

25 25 25 25 25 25 25 

1 1 1 1 1 1 1 

0 0 0 0 0 0 1 

1 1 32,100 Variable Variable Variable 

varies by 

location 

Propylene 

Glycol 

Propylene 

Glycol 

Depleted 

Media 

      Gig Harbor:  

2080   kg/h   

Kona:      

1940 kg/h  
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Table 2.2 Equipment Table 

Pump P-101 A/B P-102 A/B P-103 A/B 

Purpose 

Pump fertilizer into mixing 

system 

Transport seawater to initial 

filtration 

Transport water from 

primary filtration to further 

treatment 

Power (hp)  1/8  3/4  1/8 

Temperature (oC) 25 25 25 

Flow Rate (kg/hr) 144 138 138 

Total Cost $6,148 $21,348 $6,148 

Pump P-104 A/B P-105 A/B P-106 A/B 

Purpose 

Transport water from 

holding tank to mixer 

Add Preservative to Algae 

Bottles 

Transport concentrate from 

concentrator to mixer 

Power (hp)  1/8 0.013  1/8 

Temperature (oC) 25 25 25 

Flow Rate (kg/hr) 138 1 30 

Total Cost $6,148 $1,247 $6,148 

Filter F-101 F-102 F-103 

Purpose 

Remove large particulates 

and other initial 

contaminants 

Remove smaller particulates 
Remove water from algae 

concentrate 

Area (ft2) 1.85 4.64 * 

Flow Rate (kg/hr) 30 30 30 

Filtration Size 1 µm 0.2 µm * 

Cost $126 $317 $871,000 

*Unspecified by vendor 
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Table 2.2 Equipment Table (Continued) 

Tank T-101-A/B Bottler U-101 

Purpose Filtered sea water Purpose Place algae concentrate into 

bottles and seal 

Type Cone Roof Flow rate (kg/hr) 30 

Volume (L) 700 Bottles per day 500 

Flow Rate (kg/hr) 30 Total cost $38,340 

Cost $68,271   

Raceway R-101     

Purpose 

Pond for circulation and 

growth of algae 
    

Number of ponds 300    

Surface area 100 m2    

Volume (L) 20,000    

Residence Time 
500 seconds    

Liner Material White Polypropylene    

Paddlewheel power (hp) 2.6    

Number of spargers 6    

Total cost $2,174,800     

 

 

 

 

 

 



 

1
2

 

Table 2.2 Equipment Table (Continued) 

Mixer V-101 V-102   

Purpose 

Combine seawater, medium 

concentrate, and recycled 

water 

Add preservative to algae 

concentrate 
  

Type 

Cone roof with closed vessel 

propeller 
Sigma double arm kneader   

Mass flow rate (kg/h) 32,200 31   

Specific Gravity 1.025 1.420   

Volume (L) 1570 1.4   

Power (hp) 0.14 *   

Cost $217,019 $2,483   

*Unspecified by vendor 

 

Table 2.3 Utility Table 

Equipment 
P-101 

A/B 
P102 A/B 

P-103 

A/B 

P-104 

A/B 

P-105 

A/B 

P-106 

A/B 
R-101 V-101 Total 

Power 

(kW) 0.093 0.54 0.093 0.093 0.01 0.093 300 0.01 300.932 

Annual 

cost  $40   $233   $40   $40   $4   $40   $129,600   $4  

 

$130,000  

*Price of Electricity: $0.06/kWh 
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2.2 Process Rationale and Optimization 

The algal strains selected for cultivation are Chaetoceros muelleri, a diatom, and 

Tetraselmis suecica, Isochrysis galbana and Pavlova lutheri, which are flagellates.  

Details regarding these strains are presented in Table 2.4.  Critical considerations in the 

choice of appropriate strains are algal size, nutritional value, and amenability to bulk 

production.  According to Muller-Feuga et al., mollusks have a preference for microalga 

with diameters of 1-10 µm, with a direct relation between larval size and algal size 

ingested (255).  Mollusks require feed containing at least 1-20 fg/μm3 eicosapentanoic 

acid (EPA) and docosahexanoic acid (DHA) for satisfactory growth and membrane 

fluidity (Knauer and Southgate 249).  Lavens and Sorgeloos document a consensus that 

feeds containing a mixture of strains of algae, combining diatoms and flagellates, provide 

optimal nutrition (38).  The strains used for concentrate production in this project have 

been used extensively in commercial bivalve culture (Lavens and Sorgeloos 37-38), and 

some are used in the production of available algal concentrates (Reed Mariculture, Inc.).  

Cultivation of all of the strains in PBR and raceway systems has been documented, 

making them appropriate for the project. 

 

Table 2.4  Algal Strains for Concentrate     

   Temperature (oC)   

Class Genus Species Min Max Optimum 
Diameter 

(μm) 

Mass 

(pg) 

Bacillariophyceae 

(diatoms) 

Chaetoceros muelleri 10 40 16-30 5-16 20 

Prasinophyceae Tetraselmis suecica 16 32 20 12 100 

Prymnesiophyceae Isochrysis affinis 

galbana 

‘Tahiti’ 

15 36 22-30 3-5 20 

Pavlova lutheri 11  22-26 3-6 60 

 Adapted from Muller-Feuga, Moal, and Kaas 208-220 
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The design outlined in the previous section is the optimal case as determined 

through comparison of critical design elements.  The cases considered include open 

raceway ponds (“raceway”) versus polyethylene bag photobioreactors (PBRs), recycled 

process water versus fresh seawater for cultivation, and seawater filtration versus heat 

pasteurization for purification.  The specific design cases considered are listed in Table 

2.5.  Process Flow Diagrams and Stream Tables for the alternative cases are presented in 

Appendix E. Initial case comparisons are made using the assumption of year-round 

production for both raceway and PBR cases.  The top case is then evaluated using the 

unique characteristics specific to the available sites at Gig Harbor, WA and Kona Kailua, 

HI to determine the final optimal case.   

 

Table 2.5:  Design Cases Considered for Algal Concentrate Production 

Design Case 

Photobioreactor-Filtration-Recycle 

Photobioreactor-Filtration-No Recycle 

Photobioreactor-Pasteurization-Recycle 

Photobioreactor-Pasteurization-No Recycle 

Raceway-Filtration-Recycle 

Raceway-Filtration-No Recycle 

Raceway-Pasteurization-Recycle 

Raceway-Pasteurization-No Recycle 

 

Process elements common to all cases include initial filtration of the seawater to 1 

micron (F-101) to remove sediment and organic matter.  This is critical to eliminate 

substrates for microbial growth and sequestration.  All cases include a seawater holding 

tank with a 24 hour residence time (V-101 A/B).  The tank volume ranges from 700 L for 

the PBR system with recycle to 750,000 L for the raceway system without recycle.  This 

reservoir adds process flexibility for periods of increased or decreased system flow.  The 

mixing tank for seawater plus/minus recycled process water and medium concentrate is 

also present in all cases.  This tank holds 260 L for the PBR system and 1600 L for the 

raceway system and has a three minute residence time.  It allows for mixing, pH and 



15 
 

salinity monitoring and titration, as well as temperature monitoring.  The pH setpoint of 

8.0 is selected as a strategy to minimize microbial pathogens that prefer a lower pH 

(Ogden). 

The algal culture is concentrated in all cases by the cross-flow filter system (F-

103).  This membrane filter system is chosen over other commonly used separation 

strategies such as centrifugation, sedimentation, or flocculation.  Applications such as 

algal biofuel require more significant dewatering of the algal culture than the algal 

concentrate.  The cross-flow filter offers the flexibility to adjust the water content to the 

desired concentration.  The filter provides a continuous algal concentrate flow to the 

bottling system, whereas some centrifuges require manual concentrate removal.  Dairy 

type centrifuges have much lower harvest efficiencies.  Flocculation is rejected to avoid 

potential flocculant toxicity.  The bottling system is also common to all cases. 

Propylene glycol is the food grade preservative used in all cases.  Other 

preservatives have less desirable properties. Although a common preservative, glycerol is 

not selected because it encourages microbial growth and is primarily useful as a 

cryopreservative (“Preserving Marine Aquaculture Paste”). Since the algal concentrate 

product should not be frozen, a cryopreservative is not appropriate.  Ponis et al. evaluated 

ascorbic acid and propionic acid as preservatives in Pavlova lutheri suspensions and 

found no benefit (97).  Heasman et al. showed negative impacts of ascorbic acid, citric 

acid and glycerol on cell viability and nutritional quality of Pavlova lutheri, Isochrysis 

galbana, and Chaetoceros muelleri (653) and dimethyl sulfoxide (DMSO) was rejected 

due to potential human and invertebrate toxicities (641).  Propylene glycol is selected due 

to its lack of harm in case of human ingestion and biodegradability in the environment 

(Martin and Murphy). Since the concentrate is to be fed to larval mollusks, the toxicity of 

the preservative is crucial and this is the primary consideration used to select propylene 

glycol. The data on quantity or concentration of preservative needed to be effective is 

scarce, however, mollusks at any stage are able to tolerate up to 1 M of propylene glycol 

(“Preserving Marine Aquaculture Paste”). To be conservative, a concentration of 0.95 M 

is used to calculate the flow rates of preservatives required.  Preservation in refrigerated 

storage was shown to have beneficial effects by both Heasman et al. and Ponis et al., so 

the propylene glycol will be used in combination with refrigerated storage of 2-4 °C. 
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The cases are compared primarily based on economics.  All cited equations are 

presented in Appendix A. To produce the 500 liters per day of algal concentrate, 3300 

PBR units are required as designed (Eqs. 27-28).  The total installed cost for the PBR 

system is $3,636,000 (Eqs. 35-45 and Appendix F).  The raceways require approximately 

30,000 square meters of land for cultivation (Eqs. 30-31), as the raceway culture density 

is approximately six times lower than the PBR density at steady state (Shen et al. 1278).  

The total installed cost for the raceway system is $2,166,000 (Appendix B and F). 

These growth systems were chosen for comparison from a variety of options, all 

of which have pros and cons.  These include outdoor inclined systems, tubular PBRs, 

manifold PBRs, helical PBRs, flat PBRs, and fully automated PBRs.  The polyethylene 

vertical bag PBR and raceway were chosen because of their excellent surface to volume 

ratio, cost-effectiveness, simplicity, and low power usage (Carvalho et al. 1492-3).  One 

economic advantage of any closed PBR system is year-round indoor cultivation, though 

climate control and appropriate lighting of the PBRs are additional costs.  Illumination of 

the PBRs is achieved with “5000K LED Fixtures”.  Olivieri, Salatino, and Marzocchella 

(184) note:  

Thanks to recent progress, LED technology can be used as a light source for 

photobioreactor with several advantages: 

i) marked cost reduction due to higher energy efficiency than common light 

sources (halogen and fluorescence tubes); 

ii) emission in very narrow wavelength spectra appropriate for microalgal 

pigments; 

iii) light and small devices to fit any PBR configuration; 

iv) very long life-expectancy; and 

v) low heating-up of irradiated cultures. 

 

The raceway system requires adequate environmental conditions for algal growth, 

including appropriate temperature (16-27 oC) and sufficient solar irradiation (1,000-

10,000 lux) (Lavens and Sorgeloos 10).  The raceway is also subject to contamination by 

other organisms which can result in death of the algal culture.  All systems require 

oxygen degassing via air sparging and pH and salinity controls.   
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The costs of seawater purification system and recycle are interdependent.  If 

pasteurizing, the costs of equipment and utilities rise dramatically if there is no water 

recycle.  For the PBR system with pasteurization, the heat transfer area for the heat 

exchanger increases from 0.4 to 35 m2 when water recycle is eliminated.  For the raceway 

system with pasteurization, the area increases from 2.8 to 210 m2.  For the cases using 

filtration, an impact of water recycle is to decrease the energy required for pumping and 

filtering.  The filter sizes are also significantly decreased in the case of recycle.  

The economic details of the case comparisons are presented in Section 5:  

Economic Analysis.  The cases are presented in Table 2.6 in order of highest to lowest 

net present value, with initial capital investment costs.  The most economical 

configuration consists of algal cultivation in a raceway, with seawater purification by 

filtration, and process water recycle.   

 

Table 2.6 Algal Concentrate Design Cases Ranked by Economics 

Case Total Capital 

Investment 

Net Present Value (15%) 

Raceway-Filter-Recycle $10,000,000 $(528,000) 

Raceway-Pasteurize-Recycle $10,200,000 $(635,000) 

PBR-Filter-Recycle $13,100,000 $(3,300,000) 

PBR-Pasteurize-Recycle $13,100,000 $(3,300,000) 

PBR-Filter-No Recycle $15,800,000 $(5,700,000) 

Raceway-Filter-No Recycle $17,600,000 $(7,400,000) 

PBR-Pasteurizer-No Recycle $17,600,000 $(7,400,000) 

Raceway-Pasteurize-No 

Recycle 

$22,300,000 $(11,700,000) 

 

 The site of the plant has significant impact on its productivity.  The two sites 

considered include Gig Harbor, Washington and Kona Kailua, Hawaii.  Average weather 

data for the sites are presented in Table 2.7.  An average temperature of 16 oC is used as 

the cutoff temperature for cultivation, as this is the minimum temperature at which all 

selected strains grow (Table 2.4 above).  This means that a facility in Gig Harbor can 
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operate at most seven months out of the year compared to 12 months a year for Kona 

Kailua.  This leads to a clear preference for the Kona Kailua, Hawaii site as the location 

for the raceway. 

 

Table 2.7:  Mean Temperature by Month in Degrees Celsius 

Month Gig Harbor, WA Kona Kailua, HI 

January 9 28 

February 11 28 

March 13 28 

April 16 28 

May 19 29 

June 22 30 

July 25 31 

August 25 31 

September 22 31 

October 16 31 

November 12 29 

December 8 28 

Adapted from The Weather Channel (“Average Weather for Gig Harbor, WA”; “Average 

Weather for Kona Kailua, HI”). 

 

Kona Kailua, Hawaii is located at 19.65 oN, 155.99 oW and Gig Harbor, 

Washington is located at 47.34 oN and 122.58 oW (National Oceanic and Atmospheric 

Administration).  The difference in longitude causes a significant difference in solar 

irradiation on the two sites.  Gig Harbor receives approximately 3.3 kWh/m3/day (“Solar 

Resource Potential”) compared to Kona Kailua receiving approximately 4.5-5.0 

kWh/m3/day (“Solar Data”).  Both sites have more precipitation than evaporative losses 

calculated using pan evaporation values and an evaporation coefficient of 0.7 (Equation 

8).  The difference in solar irradiation has a direct correlation to algal productivity and 

supports locating the facility at the Hawaii site. 
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3 Equipment Description, Rationale, and Optimization 

3.1 Equipment Description and Rationale for Selected Case 

All equipment is to be constructed of Monel.  Monel is selected as the material of 

construction because it is a common nickel-copper alloy that is corrosion resistant.  

Corrosion is a significant concern in this process because all pieces of equipment are in 

contact with seawater.  Although Monel is an expensive alloy, it greatly increases the 

lifetime of all pieces of equipment.  This saves on extensive replacement costs associated 

with using a cheaper metal. 

The following section details rationale and specifications for specific pieces of 

equipment for the recommended case.  Specifications for pieces of equipment in the 

rejected cases are presented in Appendix E.  All calculations regarding equipment sizing 

are presented in Appendix A, Section 1. 

3.1.1 Pumps 

 Three basic categories of pumps are used in this project. The first is part of the 

seawater inlet pumping system (P-102 A/B). This multi-stage pumping system may not 

be necessary in the Kona Kailua site where water and pressure are available (Kingman).  

However, it is considered in this design because it is necessary in Gig Harbor.  The first 

stage provides 23 meters of lift into a holding pond, and a second stage provides 14 

meters of lift, providing a flow rate of 30 kg/h of seawater. This is a low flow rate, and 

seawater pumps indicate that a 3/4 horsepower pump provides sufficient lift at these flow 

rates (Southern Aquaculture Supply). These are centrifugal pumps, which will provide 

the best flow for a water system. 

 After this, there are pumps feeding processes with undetermined frictional losses 

and height increases. These have lower flow rates. For P-101 A/B, P-103 A/B, P-104 

A/B, and P-106 A/B, and as such utilize 1/8 horsepower, such that it will be better for a 

lower flow rate and head (Southern Aquaculture Supply). 

 The final pump, P-105 A/B, is used to add preservatives to the algal concentrate. 

This requires a very small flow rate and does not need to overcome significant friction. A 

pump of this specific type is not manufactured for our purposes, but a low power pump 
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that can withstand corrosion fits the system requirements.  As such, a fish tank pump, for 

example, is sufficient for these purposes.  

3.1.2 Seawater Filters 

 Two cross flow membrane microfilters are used in this system to purify incoming 

seawater.  The first filter (F-101) consists of a 0.18 m2 membrane with a 1 μm pore size.  

The purpose of this filter is to remove any sand or large particulates present in the 

incoming seawater.  This is necessary in order to prevent equipment damage and the 

buildup of solids in the raceway.  The second filter (F-102) consists of a 0.43 m2 

membrane with a 0.2 μm pore size.  The purpose of this filter is to remove any 

microorganisms that may cause algal death or compete for nutrients in the raceway.  Not 

only does this cause direct product loss, but it also leads to a significant downtime 

associated with cleaning and restarting the raceway. 

 The membranes are maintained with an automatic backwash system in order to 

remove debris trapped in the membrane (Dilillo).  Although more expensive, this saves 

on labor associated with manual backwashing and prevents membrane damages that may 

occur if backwash is not done properly. 

 A cross flow filter is selected instead of the traditional cartridge filter.  This is 

because cartridges need to be replaced frequently, leading to a high operating cost.  

Because cross flow membrane filters can be backwashed, the membrane does not need to 

be replaced frequently.  Thus, they have a smaller operating cost. 

3.1.3 Tanks and Mixers 

 A cone roof holding tank (T-101) after the seawater filters is used to store filtered 

water before it is mixed with media and sent to the raceway.  This is to ensure that the 

flow rate of water into the raceway, specifically during startup, is not limited by the low 

flow rates that can be achieved through the filters.  Two tanks are included in the design 

for redundancy in case one tank is contaminated.  Each tank holds 0.70 m3 of water, 

enough for one day of continuous operation. 

 The seawater/medium mixer (V-101) is a cone roof tank with a closed vessel 

propeller to provide agitation.  The mixer is assumed to a have a residence time of three 

minutes.  The maximum residence time for a mixer is five minutes (Seider et al. 584); 

three minutes is selected as the residence time because the components being mixed are 
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highly soluble and do not need significant mixing.  This residence time requires a volume 

of 1.6 m3.  The propeller requires 0.82 hp in order to provide a shear rate of 700 s-1.  This 

shear rate is sufficient for rapid mixing (Ela and Masters 297).  

 The algae paste/preservative mixer (V-102) is a sigma double arm kneader.  This 

type of mixer is selected because it is optimized for use with pastes.  The mixer is 

assumed to have a residence time of five minutes in order to allow for maximum contact 

between the viscous paste and preservative; this requires a volume of 1.7 L. 

3.1.4 Raceway 

 The raceway system consists of three hundred 100 m2 raceways (R-101) and is 

modeled from one reported by Mendoza et al. (267). Each raceway is two meters wide 

and 50 m long. The algae travel 48 m down a straightaway before reaching the turn, 

which is a one meter radius semicircle, and return to complete the loop (Figure 3.1). In 

order to ensure that the algae receive sufficient sunlight for optimal growth, the raceway 

pond is filled to a maximum of 20 cm deep at any given time, which gives the raceway 

pond a maximum capacity of 20,000 L. 

 

Figure 3.1 Raceway Pond Schematic (Mendoza et al. 269) 

 

 It is important that the flow within the reactor is sufficiently turbulent in order to 

prevent biomass buildup on the walls and bottom of the pond. This also allows the algae 

to receive an even distribution of sunlight throughout the reactor. Each raceway pond has 

a paddlewheel system attached to it to provide flow to the pond system. The 

paddlewheels can operate at a range of 0.04-0.3 kW to provide such a flow. The optimal 

fluid velocity for algae growth within a raceway reactor is 0.2 m/s (Weissman et al. 336), 
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which is achievable at a lower power range (0.04-0.05 kW). This velocity provides an 

average flow rate throughout the system of 40 L/s, with a total cycling time of 500 s. In 

order to reduce upkeep and installation costs, raceway ponds next to each other can share 

an adjacent motor for each paddlewheel. 

 After the paddlewheel, the raceway has a sump system where nutrients are added 

and six spargers are placed. The spargers allow for the necessary carbon dioxide and air 

to be added to the system and thoroughly mixed with the algal culture. 

The geosynthetic raceway liner serves to hold the water within the raceway 

system. This is a white liner that serves to reflect the sunlight and distribute it throughout 

the water after the light has reached the bottom of the raceway. This also prevents heating 

of the liner, which could cause unwanted temperature effects. In order to reduce tearing 

within the system, the material is polypropylene reinforced by a mesh layer in order to 

provide strength to the liner. The liner is fastened by approximately 400 fasteners 

throughout the inner and outer perimeter of the pond. The inside of the pond has a 0.3 m 

common wall which allows for fastening on the inside. 

3.1.5 Algae Filter 

 The algae concentration filter is a cross flow algae separation and concentration 

filter from Pall Filters.  The filter has a volume of 8 m3 but is flexible and can handle a 

wide range of flow rates. This filter is selected because it is specifically designed for use 

with algae.   

3.1.6 Algal Concentrate Bottler 

 The bottling system (U-101) has several sections, and can be purchased from 

Intercaps Filling Systems. The system consists of four vertical dosing machines, one 

pneumatic capper, and one semi-automatic single reel bench top labeler.  The system is 

able to fill 500 to 600 bottles per hour.  This system is designed to cut down on labor 

costs associated with filling bottles manually. 

3.2 Equipment Description and Rationale for Alternate Cases 

3.2.1 Pasteurizer  

A pasteurization system is compared to the filtration system described above.  Note that 

while the pasteurizer replaces the 0.2 μm filter, the 1 μm filter is still necessary to remove 

particulates.  The pasteurizer system consists of a shell and tube heat exchanger and a 
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glass lined autoclave (E-101 and E-102, respectively).  The autoclave volume ranges 

between 0.019 m3 and 124.8 m3 for relevant cases.  The autoclave is steam heated in 

order to heat the water to the necessary temperature and replace lost heat.  The steam rate 

varies from 0.81 kg/h to 95 kg/h. The system is made more efficient by utilizing a heat 

exchanger to transfer heat between the water leaving the autoclave and incoming 

seawater.  The heat exchanger is a shell and tube heat exchanger with a heat exchange 

area between 0.37 m2 and 210 m2.  Despite this design improvement, the pasteurizer is up 

to four thousand times more expensive than the filtration system.  Thus, the filtration 

system will be used in favor of the pasteurizer. 

3.2.2 Photobioreactor 

 The photobioreactor system (R-101) consists of 3,300 polyethylene bag 

photobioreactors that hold 300 L of algal culture each.  The PBR system is designed with 

four feet between reactors to allow positioning of the lights and work space.  The bag is 

constructed from 0.1 mm thick, 6m wide low density polyethylene tubing cut into three 

meter segments.  The tubing is sealed at the bottom, and each bioreactor is housed inside 

a coated metal wire cage to provide physical stability (Figure 3.2).  Installed, the 

photobioreactor has a 0.4 m diameter, 1.2 m circumference, 2.6 m height, and 3.2 m2 

surface area.   A ceramic porous sparger is positioned at the bottom of each reactor to 

facilitate the removal of oxygen produced by the algae and supplement carbon dioxide.  

Porous metal spargers cost over an order of magnitude higher, and thus were rejected.  

Two inch internal diameter PVC tubing is used to transport medium to the PBRs and 

algal culture out of the reactor to the concentrating filter.  This tubing material tolerates 

disinfection between culture runs.  The photobioreactor bag is changed with every new 

algal culture scale up, and the PVC tubing for medium and culture transport must be 

changed yearly.   
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Figure 3.2 Polyethylene Bag PBR Prototype (Southern Regional Aquaculture 

Center) 

 

 Three 5000K (“cool white”) 24 W LED lights are positioned facing each PBR to 

provide 1054 lux per PBR.  The lights are 48 in long each.  These lights have an average 

life of 50,000 hours and are warrantied for five years.   

 

4 Safety and Environmental Factors 

4.1 Safety Factors 

The algal concentrate production facility has a relatively safe process, both in 

terms of equipment and chemicals used. The process contains no areas of high pressure; 

however, CO2 cylinders are under pressure and should thus be equipped with pressure-

relief mechanisms to prevent any kind of rupture or explosion and stored with chain 

restraints. All of the equipment is operated at ambient temperature, and the bottled 

concentrate is stored above freezing, so there are no extreme temperature concerns. Some 

of the rejected cases include a pasteurizer which reaches temperatures of 80 °C; the 

exterior of the pasteurizer does not attain this temperature, but it is a point of high 

temperature and should have a warning notice affixed. Additionally, the pasteurizer is 

heated with steam, and the steam lines should be labeled.  Care should be taken when 

working in an area near the steam lines. The centrifugal pumps and the mixers both have 

moving parts, though the moving parts are not exposed on the pumps. A protective guard 
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should be installed, and a notice should be posted near each mixer providing warning of 

the moving parts. 

The primary chemicals involved in the algal concentrate production process are 

sodium nitrate, sodium dihydrogen phosphate, carbon dioxide gas, and the components of 

the f/2 Medium. Table 4.1 displays information about key hazards associated with the 

chemicals.  

 

Table 4.1 Process Chemical Safety Data 

Chemical Form Warning Information OSHA Limits 

Sodium Nitrate Aqueous -Irritant and slightly hazardous to the 

eye, skin, or via inhalation 

-Prolonged exposure may cause skin 

burns and ulcerations 

-Oxidizing material 

 

Sodium Dihydrogen 

Phosphate 

Aqueous -No known acute effects from skin 

contact, inhalation, ingestion 

-Hazardous in case of eye contact 

 

Carbon Dioxide Gas -Hazardous 

-Asphyxiant 

  PEL: 5000 ppm 

f/2 Medium Aqueous -May cause irritation via ingestion, 

inhalation, eye contact, or skin contact 

-Fire may be caused by contact with 

combustible materials 

 

Cobalt Chloride,  

PEL: 0.08 mg Co/m3 

Manganese Chloride 

PEL: 5 mg Mn/m3 

Sodium Metasilicate Aqueous -Irritant and very hazardous to eye, 

skin, or via ingestion or inhalation 

 

The information is taken from the material safety data sheet (MSDS) for each substance 

(Material Safety Data Sheet: f/2; Product: Carbon Dioxide; Sodium Dihydrogen 

Phosphate Material Safety Data Sheet; Sodium Nitrate MSDS; Sodium Nitrate MSDS). 

 

Several measures should be implemented to ensure adequate safety at the facility. 

A ventilation hood should be used during preparation of the f/2 Medium to minimize 
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inhalation. Carbon dioxide cylinders should be stored in well-ventilated areas to prevent 

asphyxiation due to oxygen displacement in case of leaks. Spills should be removed as 

quickly as possible and proper disposal methods should be followed. 

With large, open areas of water, the raceways present a potential for drowning. To 

mitigate this, adequate widths for walking should be included between each raceway and 

proper warnings and safety training should be provided to workers. When cleaning out 

the raceways, there is an increased risk of slipping on the wet surface of the raceway. 

Thus, care should be taken when performing maintenance and cleaning on the raceways. 

4.2 Environmental Factors 

 This section examines the various environmental considerations relating to the 

production of algal concentrate. Some of these considerations include the energy and 

water required for the process and the type and quantity of waste produced. It also 

discusses some of the environmental trade-offs between the selected design and the 

rejected cases. 

 The algal concentrate production facility requires electricity and a relatively small 

amount of water for its utilities. The water is simply municipal freshwater to be used for 

salinity control in the medium mixer (V-101). The electricity is needed to power the 

facility lights, pumps, and raceway paddlewheels. Because the pumps have low 

horsepower, their energy requirements are negligible, especially compared to the 

paddlewheel usage. The pumps use less energy each year than the average U.S. 

household uses in a year (“How Much Electricity”). With 300 paddlewheels each with a 

0.04 kW power rating, this translates to approximately 86,400 kWh annually for 300 days 

of operation. With an industrial perspective, this is not a very significant energy use; the 

same amount of energy would power approximately eight U.S. households for a year 

(“Greenhouse Gas Equivalencies”). The facility lights also increase the energy 

requirements for the project; however, these are only considered within the economic 

calculations and exact energy requirements are not known. Both sites have direct access 

to seawater, but this design attempts to minimize the environmental impact by 

implementing a recycle loops. Once the process achieves steady state, only 30 kg/h of 

additional seawater is required to produce the 500 L/day of concentrate. The water use by 

the process has minimal environmental impacts; however, the energy usage is very 
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significant. The energy required by the pumps and paddlewheels is equivalent to 

releasing 74,000 metric tons of carbon dioxide to the atmosphere each year (“How Much 

Electricity”). Avenues to reduce the greenhouse gas emissions of the process or 

purchasing “greener” energy should be explored to lessen the environmental impacts. 

Another important consideration is the chemical usage, particularly the nitrogen and 

phosphorus sources. For the process, these are obtained as fertilizer in the form of sodium 

nitrate and sodium dihydrogen phosphate. The process utilizes a large amount of nitrogen 

and phosphorus to provide nutrients to the algae, but fertilizer production can emit 

potential pollutants that can contribute to acid rain, water acidification and 

eutrophication, and groundwater contamination (“Chapter 19”). Production of fertilizer is 

also energy intensive; it is estimated that fertilizer production utilizes 1.2% of the world’s 

energy demands and produces an equal percent of its greenhouse gas emissions (Wood 

and Cowie). This must also be taken into account with the environmental impacts of the 

project. 

Compared to other industries such as oil production or construction or mining, 

algal production generates much less waste. Waste is produced from two of the filters in 

the process. The first two filters remove sediment and microorganisms from the seawater. 

The third filter removes water from the algal culture to concentrate the solution. 

However, the stream of water removed by the filter is recycled back to the raceway, 

producing no waste. A final form of waste is due to the cleaning required by the raceways 

after a culture crash. Being exposed to the environment, the algae in the raceway are 

more susceptible to contamination and disease, facilitating a culture crash. The culture 

must be restarted after this and the raceway cleaned before continuing. The water 

removed from the raceway before cleaning must be disposed of and contains algae as 

well as the nitrogen and phosphate sources, sodium nitrate and sodium dihydrogen 

phosphate. This is the largest environmental concern for the project. The amount of algae 

being disposed of must be monitored because as algae decompose their chemical 

components, they increase the biochemical oxygen demand in the water, resulting in 

lower dissolved oxygen levels. With less dissolved oxygen, fewer organisms requiring 

oxygen are able to survive and there are other consequences to the ecosystem. Due to 

these consequences, there are regulations regarding the oxygen demand in waste streams; 
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a permitted waste disposal site should be contacted to ensure compliance with all 

environmental regulations. The MSDS for sodium nitrate specifies that it may have long 

term degradation products that are hazardous and that it is regulated as a “Marine 

Pollutant” (Sodium Nitrate MSDS). While degradation products of dihydrogen phosphate 

are not toxic (Sodium Dihydrogen Phosphate Material Safety Data Sheet), both 

chemicals must be monitored in cases of disposal due to their serious impacts on the 

marine environment. Large quantities of nitrogen and phosphate released in industrial 

processes cause cultural eutrophication of lakes and other water areas (Ela and Masters 

219). This eutrophication can harm fish and other organisms relying on oxygen and 

increase the toxicity of the water by releasing metals and other chemicals from sediments 

(Ela and Masters 219). It is not expected that the quantities of nitrogen and phosphate 

released will be significant since bivalve aquaculture has a small contribution to cultural 

eutrophication, compared to land-based sources (Shumway), but the levels of these 

nutrients should still be monitored. 

The selected design case was chosen primarily for environmental reasons; 

however, there are environmental trade-offs for each that are considered. Both bag 

photobioreactors and raceways are investigated as potential methods for algal cultivation. 

While the raceway requires more land, over seven acres, and requires a large amount of 

plastic liner to contain the water, the liner is intended to last for a long period of time. 

The photobioreactors use replaceable, polyethylene bags to circumvent cleaning 

downtime and intensive maintenance; these bags are replaced for each algae run. With six 

runs each year and approximately 3,000 PBRs, this requires around 18,000 plastic PBR 

bags for the annual operation of the facility. The bags are inexpensive, so the economic 

impact is minimal, but it greatly increases the waste generated by the process. 

Additionally, using PBRs would require much more energy since lights must be outfitted 

around each PBR. 

Although pasteurizers are common equipment for sterilization, they require more 

energy than filters because steam would be needed to maintain the pasteurizer 

temperature at 80 °C. However, attempts were made to minimize the energy requirements 

by implementing a heat exchanger to preheat the seawater with the post-pasteurizer, 

heated seawater since the seawater only has to be heated to 80 °C, rather than maintained 
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at that temperature. The 0.2 micron cartridge filter selected requires less energy but 

creates additional waste since the filters must be replaced and the used filters must be 

disposed of. With such disparate drawbacks to each method, it is difficult to determine 

which is environmentally superior.  

Because other algae production groups do not recycle seawater within their 

process (Ogden), this alternative was investigated, but no advantage was found. By 

implementing a full recycle, the process utilizes approximately 54,000 gallons of fresh 

seawater each year for 300 days of operation; an equivalent time-scale requires 

approximately 58 million gallons of fresh seawater each year. Although both sites have 

direct access to seawater, a significantly higher flow rate increases the energy usage due 

to pumping costs and waste generated due to additional filtration. The disadvantage to 

recycling seawater is that additional CO2, beyond pH control, is required to replenish the 

dissolved inorganic carbon for the algae. To replace the carbon uptake, 11 kg/h, or 75,700 

kg each year, of CO2 must be added via the sparging system. Carbon dioxide requires 

energy to produce; however, the advantages of recycling seawater far outweigh the 

negatives. 

 

5 Economic Analysis 

5.1 Equipment Pricing 

Equipment purchase costs are either calculated from correlations in Seider et al. 

or determined from vendor quotes.  Calculations are detailed in Appendix A and B.  The 

installed cost of each piece of equipment is calculated from the purchase cost and the 

appropriate bare module factor listed in Seider et al. (549).  Quotes and calculated prices 

are adjusted to current prices using inflation factors from the Bureau of Labor Statistics 

(“CPI Inflation Calculator”).  The cost of each piece of equipment and total installed 

equipment cost are given in Table 5.1.  The total installed equipment cost for the project 

is $3.7 million.  The largest contributors to the total installed equipment costs are the 

raceway (R-101) and the algae bypass filter (F-103).  
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Table 5.1 Installed Equipment Costs  

Piece of Equipment Installed Cost 

P-101 A/B Medium Pump $6,150 

P-102 A/B Seawater Multistage Pump $21,300 

F-101 Seawater Filter, 1 um $127 

P-103 A/B Seawater Pump $6,150 

F-102 Seawater Filter, 0.2 um $317 

T-101 A/B Holding Tank $68,300 

P-104 A/B Seawater Pump $6,150 

V-101 Seawater/Medium Mixer $505,000 

P-105 A/B Preservatives Pump $1,250 

R-101 Raceway $2,170,000 

F-103 Algae Bypass Filter $871,000 

P-106 A/B Algae Paste Pump $6,150 

V-102 Algae Paste/Preservative Mixer $2,800 

U-101 Algae Paste Bottler $38,300 

Total Installed Equipment Cost $3,700,000 

 

5.2 Total Capital Investment 

 The total capital investment is calculated as detailed in Richmond (241).  This 

method was selected because it is specific to the algae industry.  Each portion of the total 

capital investment, given in Table 5.2, is a fraction of the total equipment cost calculated 

above.  See Appendix B for detailed total capital investment calculations.  The total 

capital investment for the project is $10.0 million. 
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Table 5.2 Itemized Capital Investments and Total Capital Investment 

Category Capital Investment 

Equipment Cost $3,700,000 

Additional Installation Costs $1,500,000 

Buildings $741,000 

Yard Improvements $371,000 

Service Facilities $742,000 

Land $222,000 

Total Depreciable Capital $7,300,000 

Engineering and Supervision $1,100,000 

Construction Expenses $726,000 

Contractor’s Fee $363,000 

Total Permanent Investment $9,500,000 

Contingency $568,000 

Total Capital Investment $10,000,000 

 

5.3 Operating Costs and Sales 

 The calculation of operating cost and sales is described below and presented in 

Table 5.3.  Operating costs include feedstock costs, utilities, and miscellaneous operating 

costs.  Note that it is assumed that the plant will operate three hundred days per year, to 

account for plant down time due to raceway crashes, maintenance, and routine start up. 

5.3.1 Feedstock 

 The feedstocks for the process include CO2, the complete f/2 Medium 

components used to fill the raceway during scale-up and sodium nitrate and sodium 

dihydrogen phosphate used during steady-state operation. The annual cost of the medium 

components is calculated by multiplying the market price by the flow rate.  Feedstocks 

cost a total of $61,100 per year. 
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Table 5.3 Feedstock, utility, and operating costs 

Category Annual Cost 

Sodium Nitrate $56,400 

Sodium Dihydrogen Phosphate $1,800 

Carbon Dioxide $2,900 

Total Feedstock Cost $61,100 

Electricity $130,000 

Total Utility Cost $130,000 

Labor $158,000 

Supervision $31,600 

Payroll Charges $47,400 

Maintenance $148,000 

Operating Supplies $10,400 

General Plant Overhead $186,000 

Contingency $315,000 

Total Miscellaneous Operations Cost $897,000 

Total Cost of Operation $1,100,000 

 

5.3.2 Utilities 

 Electricity is the only utility used in this process.  Electricity costs are calculated 

by multiplying the cost of electricity, given by Seider et al., by the power required to run 

process equipment, primarily the raceway paddlewheels and process pumps (604).  The 

cost of electricity for process equipment is $130,000 per year.  The vast majority of this 

cost is due to the power required to run the paddlewheels.  Pump and mixer powers are 

included in this calculations but are negligible in comparison to the paddlewheels.  Note 

that electricity to power supporting buildings and offices is included in the overhead price 

calculated below and not in the figure above. 

5.3.3 Operations 

 Annual operations costs include compensation and benefits for plant employees 

and supervisors, miscellaneous operation and maintenance costs, and overhead.  
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Operation costs are calculated as detailed in Richmond.  Again, this method was selected 

because it is specific to the algae industry.  Annual labor costs are assumed to be 

$158,000 based on Richmond.  The costs of other components are calculated as 

percentages of the labor cost or cost of some other process parameter.  See Appendix B 

for details.  The total miscellaneous operation cost is $897,000 per year.  The cost of each 

feedstock, utility, and operation category is given in Table 5.3.  The total cost to operate 

the plant is $1,100,000 per year. 

5.3.4 Sales 

 Sales were calculated by multiplying the required production rates by the market 

price of algal concentrate.  The market price is assumed to be $25 per bottle (Reed 

Mariculture, Inc.).  While Minterbrook Oyster is able to purchase algal concentrate for a 

slightly lower price due to quantity discounts, the larger value is used for these 

calculations.  This accounts for the fact that when Minterbrook is not able to use all of the 

product for their algae operation, they will be able to sell the paste at a higher price.  This 

results in total sales of $3,750,000 per year.  Note that the sales exceed the overall 

operation cost, so the plant will be profitable on an annual basis. 

5.4 Net Present Value 

 In order to determine the project’s economic feasibility, the net present value of 

the plant is calculated as outlined in Seider et al. (633-4).  The plant is assumed to have a 

twenty year life time with a three year startup period for plant construction.  The capital 

investment is divided evenly over the startup period.  It is assumed that the equipment 

will have no scrap value at the end of the plant lifetime.  The Modified Accelerated Cost 

Recovery System (MACRS) is used to depreciate property.  A class life of seven is 

selected because the plant is largely agricultural in nature (Seider et al. 630).  The tax rate 

is assumed to be 35% and the interest rate is set at 15%.  A cash flow sheet is given in 

Table 5.4.  At the end of the twenty years, the net present value of the project is negative 

$528,000 for a 15% interest rate. 



 
 

3
4

 

Table 5.4 Cash Flow Sheet for Interest Rate 15% (in million $) 
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5.5 Economic Hazards 

 Several economic hazards should be considered when deciding if this project 

should proceed.  The success of this project is dependent on the shellfish industry.  If the 

shellfish industry takes a downward turn, the product becomes less valuable and profits 

will be negatively affected.  The largest economic hazard stems from the fact that 

raceways are extremely susceptible to environmental conditions.  While the calculations 

above assume only 300 days of operation per year to account for raceway crashes, it is 

possible that the raceway will crash much more frequently due to microbial 

contamination.  Raceways are also sensitive to weather.  In Gig Harbor, it is likely that 

operation will not be possible during the winter months due to cold temperatures and a 

lack of sunlight.  If the raceway is down for more than 65 days per year, product yield 

will be affected and the net present value of the project will become more negative. 

5.6 Alternative Cases 

 Several alternative cases, as described in Section 2, are considered for this project.  

The economic analysis above is performed on each case in order to determine the most 

profitable option.  The total capital investment and net present value for each case is 

given in Table 5.5.  While the net present value is negative for all cases, the raceway with 

seawater filtration and recycle was selected as the optimal case because its net present 

value is the least negative. 

 

Table 5.5 Total Capital Investments and Net Present Values  

Case Total Capital 

Investment 

Net Present Value (15%) 

Raceway-Filter-Recycle $10,000,000 $(528,000) 

Raceway-Pasteurize-Recycle $10,200,000 $(635,000) 

PBR-Filter-Recycle $13,100,000 $(3,300,000) 

PBR-Pasteurize-Recycle $13,100,000 $(3,300,000) 

PBR-Filter-No Recycle $15,800,000 $(5,700,000) 

Raceway-Filter-No Recycle $17,600,000 $(7,400,000) 

PBR-Pasteurizer-No Recycle $17,600,000 $(7,400,000) 
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Raceway-Pasteurize-No 

Recycle 

$22,300,000 $(11,700,000) 

 

6 Conclusions and Recommendations 

Several cases with varying parameters were analyzed for their environmental 

impacts, safety concerns, and economics to determine the best scenario. After comparing 

combinations of recycling versus not recycling seawater, filtering versus pasteurizing 

seawater, cultivating in PBRs versus raceways, building at Kona Kailua versus Gig 

Harbor, the best option is a raceway system in Kona Kailua with seawater filtration and 

recycle. From an environmental standpoint, there is no significant difference between the 

considered designs, aside from the clear benefit of implementing a recycle stream. The 

entire process is very safe, relative to other industries, and there are no substantial 

differences in safety between designs. Thus, the ultimate determinant in the analysis is 

the economics of each case. Because of the very high capital investment required, all of 

the cases have a negative NPV. The best NPV is a negative $528,000 for an interest rate 

of 15%, as shown in Table 7.5, for the selected case. Because none of the designs are 

profitable, the current recommendation is to refrain from moving forward with 

construction of such a facility. 

 There are several factors that could improve the economics of this project, which 

focus on the issue of an extremely high capital investment cost. If Minterbrook Oyster 

Company could be purchase significant process components at a highly discounted rate 

or is already in possession of some of the equipment, this could drive down the high 

capital investment cost and make the project profitable over the 20 year span. Another 

potential avenue for driving down the total capital investment is to consider concentrating 

the algal culture with a centrifuge, despite the lower harvest efficiencies.  Trial and cost 

analysis would provide data to evaluate this option.  Additionally, removing the medium 

mixer could lower costs. It is expensive because of its large volume, and an alternative is 

to investigate in-line nutrient addition.  This addition could occur at the point of seawater 

addition to the raceway, and the salinity, pH, and temperature could be monitored in the 

raceway. A final possibility is to lease existing raceways from other companies involved 

in algal cultivation in Kona Kailua; there are many such companies and this would 
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remove all of the costs for designing and constructing the raceways. If one or a 

combination of these potential ideas came to fruition, a facility to produce algal 

concentrate for the Minterbrook Oyster Company could become profitable. The next step 

in these cases would to build a pilot-scale plant to confirm success of the process as well 

as validity of the assumptions. Based on the design and information as it stands, the 

facility should not be built. 
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Appendix A. Sample Calculations 

A.1 Equipment Sizing and Pricing 

Seawater Preheater (E-101) 

The seawater heat exchanger will be a shell and tube u-tube heat exchanger, both shell 

and tube being constructed of Monel.  Note that the following calculation method 

detailed below is only valid for large heat exchange areas.  For smaller heat exchangers, a 

vendor quote for a pilot plant scale heat exchange was used. The size factor for the heat 

exchanger is the heat exchange area.  The heat exchange area is calculated from Equation 

1 below. 

 



A 
Q

TlmFU
  (Eq. 1) 

Q is the heat duty, ΔTlm is the log mean temperature difference, F is an efficiency 

correction factor, and U is the overall heat transfer coefficient.  F was assumed to be 

equal to 0.9 and U was assumed to be 850 



W
m2oC

 based on heuristics (Turton 381).  

The log mean temperature difference is given by Equation 2. 

 



Tlm 
Ta  Tb

ln(
Ta

Tb

)
  (Eq. 2) 

where ΔTa and ΔTb are the temperature difference between the streams at either end of 

the heat exchanger.  In the processes here, the temperature differences at each end of the 

heat exchanger are approximately equal, so the log mean temperature difference is 

undefined.  In this case, the log mean temperature difference can be approximated to be 

equally to the temperature difference at the ends (McCabe et al. 306).  The heat duty, Q, 

is calculated from Equation 3 below. 

 



Q  m


cpT   (Eq. 3) 



m


 is the mass flow rate through the heat exchanger, cp is the fluid’s heat capacity, and 

ΔT is the stream’s temperature difference across the heat exchanger.  For the purposes of 

these calculations, the heat capacity was assumed to be constant with temperature and 

equal to 3993



J
kgK .  For the raceway with a pasteurizer and no recycle, the heat duty 

was calculated using Equation 3. 
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Q  (32000
kg

h
)(3993

J

kgK
)(70oC  25oC)(

1h

3600s
)

Q 1.60 106W

 

The area was then calculated from Equation 1 to be  



A 
1.60 106W

(35oC  25oC)(0.9)(850
W

m2oC
)

(
10.7639 ft 2

m2
)

A  2247 ft 2

 

The dimensions of the heat exchanger were calculated from Equation 4 below. 

 



L 
A

d
 (Eq. 4) 

L is the length of the heat exchanger and d is the diameter.  From heuristics, the diameter 

was assumed to be 3 ft based on the area (Turton 381).  The length was calculated below. 



L 
2247 ft 2

(3 ft)

L  239 ft

 

The base cost of the heat exchanger is calculated from the area in Equation 5 below 

(Seider et al. 571).  

 𝐶𝐵 = exp[11.147 − 0.9186 ln 𝐴 + 0.097(ln𝐴)2]  (Eq. 5) 

𝐶𝐵 = exp[11.147 − 0.9186 ln(2247𝑓𝑡2) + 0.097(ln(2247𝑓𝑡2))2] 

𝐶𝐵 = $19,700 

The purchase cost, Cp, was calculated from Equation 6 (Seider et al. 571). 

 



CP  FPFM FLCB  (Eq. 6) 

Fp is the pressure factor, FM is the material factor, and FL is the length factor.  The 

pressure is defined in Equation 7 (Seider et al. 571). 

 



FP  0.98030.018(
Pg

100
)0.0017(

Pg

100
)2  (Eq. 7) 

For a system with zero gauge pressure, the pressure factor is equal to 0.9803.  The 

material factor is given by Equation 8.  

 



FM  a (
A

100
)b  (Eq. 8) 

a and b are material factors given in the material table in Seider et al. (571).  The 

calculation for Monel is given in Equation 9 below. 
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58.4

)
100

2247
(3.3

08.0,3.3

08.0
2







M

M

F

ft
F

ba

 (Eq. 9) 

The length factor is taken to be 1 because the heat exchanger is long (Seider et al. 571).  

The purchase cost is calculated in Equation 10 below. 

 



CP  (0.9803)(4.58)(1)($19,700)

CP  $88,500
 (Eq. 10) 

Seawater Medium Mixer (V-101) 

The seawater medium mixer will be a closed cone roof vessel with a propeller; both 

pieces of equipment will be constructed of Monel.  The size factor the mixer is the 

volume.  The required volume is calculated from Equation 11 below. 

 



V 
m




 (Eq. 11) 

where ρ is the fluid density, 



m


 is the mass flow rate through the mixer, and τ is the 

mixer’s retention time.  The fluid density was assumed to be constant with temperature 

and equal to 1.025 



kg
L .  The retention time was assumed to be three minutes as all 

components that will be added are very soluble in water.  Therefore, a retention time less 

than the maximum of five minutes was selected (Seider et al. 584).  The volume for the 

medium mixer in the raceway with filtration and recycle is given in Equation 12 below. 

 



V 
(1.025

kg
L

)(5597
kg

h
)(1h

60min
)

3min
(0.2641

gal

L
)

V  72.1gal

 (Eq. 12) 

The purchase cost for the mixer was calculated from Equation 13 (Seider et al. 595). 

 



CP  265V 0.51

CP  265(72.1gal)0.51

CP  $21,600

 (Eq. 13) 

The size factor for the propeller is the power required to mix the fluid.  The power was 

calculated from Equation 14 below (Ela and Master 297). 

 



P G 2V (Eq. 14) 
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where 



G  is the shear rate, V is the volume, and μ is the fluid viscosity.  The volume was 

determined as above.  The shear rate was assumed to be 700 s-1, which is the shear rate 

required to achieve rapid mixing (Ela and Master 297).  The viscosity was assumed to be 

0.7978 mPas. The power required for mixing is calculated for the raceway with a 

pasteurizer and mixer in Equation 15 below. 

 



P G 2V

P  (700s1)2(72.1gal)(0.7978mPas)(
1hp

745.69W
)(0.00378m3

1gal
)(1Pa

1000mPa
)

P  0.14hp

(Eq. 

15) 

The power was used to calculate the purchase cost of the propeller in Equation 16 (Seider 

et al. 591). 

 



CP  3300P 0.17

CP  3300(0.14)0.17

CP  $2,400

 (Eq. 17) 

The total cost of the mixing unit is simple to sum of the cost of the tank and the cost of 

the propeller. 

Holding Tank (T-101 A/B) 

The seawater medium mixer will be a closed cone roof vessel constructed of Monel.  The 

price of the holding tanks is calculated in the same way as for the seawater medium 

mixer.  The residence time in each tank was assumed to be one day in order to provide 

sufficient holding.  In the holding tank, however there is no impeller, so that cost is not 

included.   

Algae Paste Preservative Mixer (V-102) 

The algae paste preservative mixer will be a kneader with a sigma double arm impeller 

constructed of Monel.  The size factor for the mixer is its volume.  The volume of the 

mixer was calculated in the same way as the mixer, but with a residence time of five 

minutes in order to ensure complete mixing.  The volume was used to calculate the 

purchase cost in Equation 18 below (Seider et al. 595). 

 



CP 1650V 0.6

CP 1650(0.051 ft 3)0.6

CP $280

 (Eq. 18) 
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Seawater Pasteurizer (E-102) 

The seawater pasteurizer is a glass lined autoclave.  The size factor for the autoclave is 

the volume.  The volume was calculated as in Equation 11 above.  In this case, the 

residence time was assumed to be four hours, the time required to effectively kill 

pathogens.  The purchase cost was calculated from the volume in Equation 19 below. 

 



CP 1840V 0.54

CP 1840(32980gal)0.54

CP  $506,600

 (Eq. 19) 

Seawater Filter (F-101 and F-102) 

The seawater purification filters are both cross flow membrane filters with pore sizes of 1 

μm and 0.2 μm. The size factor for the filters is the required surface area, given by 

Equation 20 below. 

 
J

m
A


   (Eq. 20) 

where ρ is the density, 



Ý m  is the mass flow rate, and J is the flux.  The flux was assumed 

to be 100 



gal
day  ft 2  for the larger pore size and 40 



gal
day  ft 2  for the smaller pore 

size based on the typical range of microfiltration fluxes (“Membrane Filtration”).  The 

filter area required in the 1 μm filter was calculated for the raceway with filtration and 

recycle in Equation 21 below. 

 

2
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A












 (Eq. 21) 

The purchase cost was calculated from the area in Equation 22 below (Seider et al. 591). 

 

30.85$

)53.8(10

10

2







P

P

P

C

ftC

AC

 (Eq. 22) 
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Note that the factor 10 in the above equation is given by a range of values.  The lower 

value of this range was used here because these filters have a relatively large pore size 

and should therefore be somewhat cheaper. 

Bare Module Cost 

After the purchase cost was determined for each piece of equipment from equations or 

vendor quotes, the installed cost, or bare module cost, CBM was calculated from Equation 

23 below. 

 



CBM  FBM FM CP (Eq. 23) 

where Cp is the purchase cost, FM is the material factor, and FBM is the bare module 

factor, given for different types of equipment in Seider et al.  For the heat exchanger 

purchase cost calculated above, the bare module cost is calculated in Equation 24 below. 

 



CBM  FBM FM CP

CBM  3.17(2.7)($88,500)

CBM  $280,600

 

(Eq. 24)

 

Accounting for Inflation 

Outdated equipment purchase costs were updated to present purchase costs using 

inflation in Equation 25 below. 

 



CBM ,2014  (1 in )CBM ,n (Eq. 25) 

where 𝑖 is the inflation rate and 𝑛 is the year in which the bare module cost was 

determined.  The inflation rate was determined from the Bureau of Labor Statistics.  The 

inflation calculation for the heat exchanger is shown in Equation 26 below. 

 



CBM ,2014  (1 in )CBM ,n

CBM ,2014  (1 0.09)($280,600)

CBM ,2014  $305,900

 (Eq. 26) 

 

 

Photobioreactor (PBR) and Raceway Size Calculations (R-101) 

Algae Concentrate Specifications: 

 2-10 x 109 cells per mL (5 billion cells per mL used for calculations) 

 500 L product per day production 

Photobioreactor Cultivation Data (Zhang and Richmond 2003): 
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 Study of Isochrysis galbana and Chaetoceros muelleri in flat glass plate 

photobioreactor showed optimal daily harvest volume is 10-15% total volume during 

sustained continuous cultivation. 

 Optimal optical path (distance for light to travel through culture) is 20 cm. 

Cell number (x 106) per mL at steady state (Zhang and Richmond 307): 

Daily harvest (%) Chaetoceros Isochrysis Average 

10 24.2 +/- 4.7 28.6 +/- 4.5 26.4 

15 14.5 +/- 2.0 17.8 +/- 3.5 16.2 

 

 Average values of 26.4 x 106 and 16.2 x 106 cells per mL used for calculations, 

corresponding to 10% and 15% daily harvests respectively. 

PBR Volume Calculations: 

Ratio of cells per mL algae concentrate to culture (using 5 x 109 cells per mL in 

concentrate): 

 𝑅𝑎𝑡𝑖𝑜 =
𝑐𝑒𝑙𝑙𝑠𝑖𝑛𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒

𝑐𝑒𝑙𝑙𝑠𝑖𝑛𝑐𝑢𝑙𝑡𝑢𝑟𝑒
=

5𝑥109𝑐𝑒𝑙𝑙𝑠

26.4𝑥106𝑐𝑒𝑙𝑙𝑠
= 189.4                 (Eq. 

27) 

 𝐷𝑎𝑖𝑙𝑦ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑅𝑎𝑡𝑖𝑜(500𝐿) = 189.4(500𝐿) = 94,700𝐿 (Eq. 

28) 

Daily 

harvest (%) 

Average Cells per mL (x 

106) 

Ratio of Cells in Concentrate to Cells 

in Culture 

Daily 

Harvest 

Volume (L)  

10 26.4 189.4 94,700 

15 16.2 308.6 154,300 

 

125,000 L/day PBR harvest is used for subsequent calculations. 

This allows calculation of the required number of 300L PBRs:  

Daily harvest (%) Daily Harvest Volume 

(L)  

Total PBR Volume (L) Number of 300 L 

PBRs 

10 94,700 947,000 3,200 

15 154,300 1,030,000 3,400 
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Approximate total PBR volume of 1,000 m3 is used for subsequent calculations. 

 

Raceway Volume Calculations: 

Biomass concentrations vary significantly between PBR and raceway.  Shen et al. (2009) 

present data to support approximately 6-fold increase in cell density in tubular PBRs 

compared to raceways. 

Raceway daily harvest volume = PBR harvest volume *6 = (94,700 L/d)*6=568,000 

L/d (Eq. 29) 

 

Total raceway volume = 
100

ℎ𝑎𝑟𝑣𝑒𝑠𝑡%
∗ ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑣𝑜𝑙𝑢𝑚𝑒 = 

 
100

10
∗ 568,000𝐿 = 5,680,000𝐿  (Eq. 30) 

 Area required = 
𝑅𝑎𝑐𝑒𝑤𝑎𝑦𝑉𝑜𝑙𝑢𝑚𝑒

𝑅𝑎𝑐𝑒𝑤𝑎𝑦𝐷𝑒𝑝𝑡ℎ
=

5,680𝑚3

0.2𝑚
= 28,400𝑚2     (Eq. 31) 

Daily harvest (%) Daily Harvest 

Volume (L)  

Total Raceway 

Volume (L) 

Area Required 

(m2) 

Area 

Required 

(acres) 

10 568,000 5,680,000 28,400 7.02 

15 926,000 6,170,000 30,900 7.63 

 

750,000 L/day raceway harvest and approximate total raceway volume of 6,000 m3 are 

used for subsequent calculations. 

 

Evaporative Losses/Rainfall for Raceway: 

Pan evaporation for Kona, HI is 620-1020 mm per year (USDA) (820 mm per year used 

for calculations) and mean average rainfall is 618 mm per year (Western Regional 

Climate Center).  Pan evaporation for Gig Harbor is 876.81 mm per year (Western 

Regional Climate Center) and mean average rainfall is 1000 mm per year (“Average 

Weather for Gig Harbor, WA”).  The volume of evaporative loss is obtained by 

multiplying the area of the raceway by 0.7 (the evaporation coefficient which converts 

pan evaporation to actual evaporation) times the pan evaporation value.  The rainfall 

volume is the product of the raceway area and the precipitation value. 
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 𝑉𝑒𝑣𝑎𝑝 = 𝐴𝑟𝑒𝑎 ∗ 𝑃𝑎𝑛𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =

(28,400𝑚2) (0.820
𝑚

𝑦
) (0.7) = 16,302𝑚3/𝑦𝑒𝑎𝑟          (Eq. 32) 

𝑉𝑟𝑎𝑖𝑛 = 𝐴𝑟𝑒𝑎 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝐿𝑜𝑐𝑎𝑙𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 = (28,400𝑚2) (1
𝑚

𝑦
) = 28,400𝑚3/𝑦𝑒𝑎𝑟  

 (Eq. 33) 

 

Daily 

harvest 

(%) 

Kona 

Evaporative 

Losses  

(m3 liquid 

water/y) 

Kona 

Direct 

Rainfall 

(m3/y) 

Kona Net 

Water Gain 

(m3/y) 

Gig Harbor 

Evaporative 

Losses  

(m3 liquid 

water/y) 

Gig 

Harbor 

Direct  

Rainfall 

(m3/y) 

Gig Harbor 

Net Water 

Gain (m3/y) 

10 (16,300) 17,500 1,200 (17,400) 28,400 11,000 

15 (17,700) 19,100 1,400 (19,000) 30,900 11,900 

 

 Unit change: (1,200
𝑚2

𝑦
) (

𝑦𝑒𝑎𝑟

365𝑑𝑎𝑦𝑠
) (

𝑑𝑎𝑦

24ℎ𝑜𝑢𝑟𝑠
) (1000

𝑘𝑔

𝑚3) = 137𝑘𝑔     

 (Eq. 34) 

This gives an average net gain in raceway water of 148 kg/h water in Kona and 1,300 

kg/h in Gig Harbor. 

 

PBR Design and Cost Calculations 

 The PBR design used for model comparisons consists of a polyvinyl chloride 

(PVC) coated metal mesh frame which supports a transparent polyethylene bag, made 

from low density polyethylene (LDPE) tubing with weld seals.  4 mil thickness (0.004 

inch) LDPE is chosen to meet the structural integrity requirements (“Materials Used” 3).  

Calculations for these materials follow: 

 Inches/Feet cm/m 

LDPE tubing roll width 24 61.0 

Radius 7.6 19.3 

Circumference 48 121.9/1.22 

Height (for 300 L) 100.8”/8.4’ 256/2.6 

Surface area (external)  3.2 m2 
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For 40 cm diameter, need tubing roll width =
1

2
(2𝜋𝑟) = 𝜋 ∗ 8 = 25"𝑤𝑖𝑑𝑡ℎ      (Eq. 35) 

 24” width available, resulting in r=
24”

𝜋
= 7.6” = 19.3𝑐𝑚     (Eq. 36) 

 Circumference of each PBR=48”=122 cm      (Eq. 37) 

  

 

The height required for this width is 

 h=
300,000𝑐𝑚3

𝜋(19.3𝑐𝑚)2
= 256𝑐𝑚 = 2.6𝑚.       (Eq. 38) 

Budget 3 m (9.8 ft) per PBR, which costs approximately $2 per PBR (See Appendix F 

pricing from Bradley’s Plastic Bag Company). 

PVC-Coated Galvanized Steel Mesh to surround/support bags: 

The wire frame to support the polyethylene bag in the PBR measures 48” 

circumference x 8.4’ height.  Direct Metals offers 48” x 100’ PVC-coated galvanized 

steel mesh for $280 (See quote in Appendix F).  The price for 3,300 PBRs is calculated: 

$280

100′
∗
8.4′

𝑃𝐵𝑅
∗ 3300𝑃𝐵𝑅 = $77,616, 𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔𝑢𝑝𝑡𝑜$78,400𝑓𝑜𝑟𝑠𝑖𝑧𝑒𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒   (Eq. 

39) 

Tubing Length Estimate: 

 The medium and algal culture are to be transported through PVC tubing.  The 

calculations use a grow room with 50 x 66 PBRs rows.  Diameter of each PBR=1.25’, 

spacing between PBRs is 4 feet so that lights can be installed, with staggered spacing 

between rows.  Each PBR diameter plus half the space between PBRs measures 3.25’.  

The area required for the PBRs is calculated: 

 3.25′ ∗ 50𝑥3.25′𝑥66 = 162.5′𝑥214.5′     (Eq. 40) 

The tubing needs to provide media to each PBR and remove algae for harvest, and will 

travel down each row for 162.5’ * 66=10,725’.  Rounding up to 12,000’ for connection to 

the pump/reservoir.  Multiply x 2 for both media and algae:  24,000’.  Assume the tubing 

will be changed yearly.  See Appendix F for pricing from flexpvc.com, who offer 50’ 

rolls of 2” ID PVC hose.  This project will require 480 rolls of 50’ hose at $327.99 minus 

35% quantity discount. 

 𝑃𝑉𝐶𝑡𝑢𝑏𝑖𝑛𝑔𝑐𝑜𝑠𝑡 = ($327.99𝑥480) − 35% = $102,322       (Eq. 

41) 
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Spargers:   

 Air and CO2 are supplied for oxygen stripping and pH control respectively.  An 

air/CO2 mixture will be sparged into the PBR at the bottom.  Ceramic and porous metal 

spargers are presented, but ceramic spargers from Refractron will be used due to 

economic considerations. 

 

Porous Metal Spargers (not chosen due to cost): 

Sparger sizing calculations (From Mott guidelines, see Appendix F): 

Standard Cubic Feet per Minute (SCFM): 

Using 300 lpm air per PBR(1 liter gas/liter culture), equal to approx. SCFM=10 

CFM. 

Gauge pressure (P) from liquid at sparger:   

 𝑃 = 1000
𝑘𝑔

𝑚3 ∗ 9.8
𝑚

𝑠2
∗ 2.6𝑚 ∗

1𝑎𝑡𝑚

101,325
𝑘𝑔

𝑚𝑠2

∗ 14.696
𝑝𝑠𝑖

𝑎𝑡𝑚
= 3.7𝑝𝑠𝑖     (Eq. 

42) 

 

T= 77oF 

Actual Cubic Feet per minute: 

 ACFM= 𝑆𝐶𝐹𝑀 ∗
14.7

14.7+𝑃
∗
460+𝑇

520
= 8.25     (Eq. 43) 

FPM=gas exit velocity from chart=50  

Sparger area required (ft2): 

 A=
𝐴𝐶𝐹𝑀

𝐹𝑃𝑀
=8.25/50=0.15        (Eq. 44) 

Corresponds to SeamLess Sparger Element #2306-A04-18-A00-XX-AB  

(Appendix F) (diam: 0.375”, L:  18”, A NPT:  ¼”, A:  0.15 ft2)  

Cost provided by Mott for stainless steel component: $128 (Appendix F). 

PBR Lighting:  

Need 1000-10,000 lux (lumens per m2) (Lavens and Sorgeloos 10).  Minimum 3 fixtures 

per PBR Cost = 3300 x $140 x 3= $1,386,000.   

Power:  24 Watt input *3300*3=237,600 W 
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 𝐿𝑖𝑔ℎ𝑡𝑓𝑙𝑢𝑥 =
𝐿𝑢𝑚𝑒𝑛𝑠

𝑚2
=

1124𝑙𝑢𝑚𝑒𝑛𝑠𝑝𝑒𝑟𝑙𝑖𝑔ℎ𝑡

3.2𝑚2𝑝𝑒𝑟𝑃𝐵𝑅
∗ 3𝑙𝑖𝑔ℎ𝑡𝑠 = 1054

𝑙𝑢𝑥

𝑃𝐵𝑅
     (Eq. 

45) 

Lower value of flux range is chosen because of planned PBR siting in greenhouse type 

room. 

Pump Design and Cost Calculations 

In order to calculate pump powers for certain cases, a form of the Bernoulli equation 

found in McCabe, Smith, and Harriot (93) 

 
𝑝𝑎

𝜌
+ 𝑔𝑍𝑎 +

𝛼𝑎�̿�𝑎
2

2
+ 𝜂𝑊𝑝 =

𝑝𝑏

𝜌
+ 𝑔𝑍𝑏 +

𝛼𝑏�̿�𝑏
2

2
+ ℎ𝑓   (Eq. 46) 

where 𝑝 is pressure, 𝜌 is density, 𝑔 is gravity 𝑍 is height, 𝛼 is a kinetic energy correction 

factor, 𝑉 is velocity, 𝜂 is frictional losses, 𝑊𝑃 is pump work, and ℎ𝑓 is frictional losses. 

Each term is an energy per unit mass (J/kg). There is no difference in pressure between 

pumping station a and b, and there is no change in velocity, so terms based on those can 

be neglected. The equation can be arranged to find pump power. 

 𝑊𝑝 =
𝑔𝛥𝑍+ℎ𝑓

𝜂
      (Eq. 47) 

The frictional loss must be calculated. This can also be calculated in McCabe, Smith, and 

Harriot (124). 

First, the Reynolds number must be approximated. Velocity must be calculated. Using an 

inner pipe cross section of 0.018 m2 the following flow rate is determined 

 𝑉 =
𝑤

𝜌𝐴
=

32,000(
𝑘𝑔

ℎ𝑟
)

1000
𝑘𝑔

𝑚3∗0.018𝑚
2∗3600(

ℎ𝑟

𝑠
)
= 0.122

𝑚

𝑠
        (Eq. 48) 

Reynolds number can then be calculated. 

 𝑅𝑒 =
𝜌𝐷𝑉

𝜇
=

1000
𝑘𝑔

𝑚3∗0.152𝑚∗0.122
𝑚

𝑠

0.001𝑃𝑎∗𝑠
= 18528      (Eq. 49) 

Next, the relative roughness of the pipe must be calculated. This is a ratio of the 

roughness of the inner pipe to the pipe diameter. The team has assumed a 6’’ pipe 

diameter of PVC. This is a smooth inner pipe roughness. This is then found on the 

following graph to determine the fanning friction factor. 
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Figure A.1 Fanning Friction Factor Chart (McCabe et al. 115) 

For smooth pipes at Re=18,000 the fanning friction factor is roughly 0.0063 

The frictional loss can then be calculated: 

 ℎ𝑓 =
(4𝑓

𝐿

𝐷
)𝑉2

2
= (4 ∗ 0.0063 ∗

562𝑓𝑡

0.5𝑓𝑡
) ∗

(0.494
𝑚

𝑠
)
2

2
= 0.21

𝐽

𝑘𝑔
        (Eq. 

50) 

The pump power per unit mass can then be calculated, with an estimated efficiency of 

70% 

 𝑊𝑃 =
9.8

𝑚

𝑠2
∗22.8𝑚+0.21

𝐽

𝑘𝑔

0.7
= 319

𝐽

𝑘𝑔
          (Eq. 51) 

 𝑃𝑜𝑤𝑒𝑟 = 319
𝐽

𝑘𝑔
∗ (32,000

𝑘𝑔

ℎ𝑟
) ∗

1ℎ𝑟

3600s
= 2847𝑊 = 2.847𝑘𝑊 = 3.7ℎ𝑝     

 (Eq. 52) 

For pumps without a known gravitational lift or friction factor, a heuristic in Turton (379) 

was used. An estimated pressure drop of 7.35 psi was used. 

 𝑃𝑜𝑤𝑒𝑟(ℎ𝑝) =
𝑄(𝑔𝑝𝑚)∗𝛥𝑃(𝑝𝑠𝑖)

1714∗𝜂
=

117.31𝑔𝑝𝑚∗7.35𝑝𝑠𝑖

1714∗0.7
= 0.72ℎ𝑝        (Eq. 

53) 

Pasteurizer heat losses 
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In order to determine heat losses, the surface area in ft3 must be estimated. An 

assumption is that the height is twice as large as the pasteurizer diameter. For one case, 

the volume is 142.22 gallons. 

 5503.5𝑔𝑎𝑙 ∗
1𝑓𝑡3

7.48𝑔𝑎𝑙
= 735.8𝑓𝑡3        (Eq. 54) 

For a cylinder where the height is twice the diameter, the volume is as follows: 

 𝑉 = 𝐻𝜋 (
𝐷

2
)
2

= 2𝐷𝜋 (
𝐷

2
)
2

=
𝜋

2
𝐷3        (Eq. 55) 

This can be rearranged to find the diameter. 

 𝐷 = √
2

𝜋
𝑉

3
= √

2

𝜋
19.01𝑓𝑡3

3
= 7.766𝑓𝑡        (Eq. 56) 

The surface area for a cylinder of these dimensions is as follows: 

 𝐴 = 2𝜋 (
𝐷

2
)
2

+ 𝜋𝐷𝐻 = 2𝜋 (
𝐷

2
)
2

+ 2𝜋𝐷2 = (
𝜋

2
+ 2𝜋)𝐷2         (Eq. 

57) 

= (
5𝜋

2
) (7.766𝑓𝑡)2 = 473.7𝑓𝑡2 

A chart provided by Ogden Manufacturing indicates heat loss for an insulated tank as a 

function of surface area and the temperature difference between the tank and the 

surroundings. The pasteurizer is to be held at 80 oC, where ambient is assumed to be 

roughly 25 oC, causing a temperature difference of 55 oC, or 99 oF. 
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Figure A.2  Heat Loss Chart as a Function of Surface Area and Temperature 

Difference (Ogden Manufacturing) 

 

This indicates a heat loss for our pasteurizer as roughly 6 kW. This is noted as required 

steam power. 

 

A.2 Process Flow Calculations 

Process Volumetric Flow Calculations: 

As calculated above in Equations 3 and 4, the desired harvest required 125,000 

L/day PBR harvest and 750,000 L/day raceway harvest.  The algal culture densities are 

approximated as follows:  Seawater average density is 1025 kg/m3 at 20oC (National 

Physical Laboratory n.p.). The medium density is approximated as seawater density.  

According to Zhang and Simpson, the average cell density of the culture at harvest with 

daily removal of 10-15% is 21.3 x 106 cells/mL (307).  From Table 2.4, the average cell 

mass is 77.5 pg.  The density of the PBR algal culture is calculated as follows: 
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 Culture density=(𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑐𝑒𝑙𝑙𝑑𝑒𝑛𝑠𝑖𝑡𝑦) ∗ (𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑚𝑎𝑠𝑠𝑝𝑒𝑟𝑐𝑒𝑙𝑙) +

𝑚𝑒𝑑𝑖𝑢𝑚𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (21.3𝑥106
𝑐𝑒𝑙𝑙𝑠

𝑚𝑙
) ∗ (77.5

𝑝𝑔

𝑐𝑒𝑙𝑙
) ∗ 106

𝑚𝐿

𝑚3 ∗ 10
−15 𝑘𝑔

𝑝𝑔
+ 1025

𝑘𝑔

𝑚3 =

1027
𝑘𝑔

𝑚3      (Eq. 58) 

The raceway culture density is calculated using 1/6 the culture density of the PBR.  The 

concentrate density is estimated using the same method, but cell density is 2-10 x 109 

cells/mL.  5 cells per mL is used for calculations, resulting in a density of 1420 kg/m3.   

 The mass flows of the seawater, algal culture, and algal concentrate are calculated 

as follows, using the PBR algal culture harvest in the system with recycle as an example:   

 Mass per time=(Volume/time)*(Density)=125
𝑚3

𝑑
∗

1𝑑𝑎𝑦

24ℎ𝑜𝑢𝑟𝑠
∗ 1027

𝑘𝑔

𝑚3
= 128,700

𝑘𝑔

ℎ
   

(Eq. 59) 

 From Equations 3 and 4, culture volumes of 1,000 m3 for PBRs and 6,000 m3 for 

the raceway were determined.  Each is filled initially with f/2 medium during scale up.  

The masses of the media components are calculated as follows using NaNO3 for the 

PBRs as an example: 

 𝑁𝑎𝑁𝑂3𝑀𝑎𝑠𝑠𝑓𝑜𝑟𝑃𝐵𝑅𝑠𝑐𝑎𝑙𝑒𝑢𝑝 = 𝑇𝑜𝑡𝑎𝑙𝑉𝑜𝑙𝑢𝑚𝑒 ∗ 𝐼𝑛𝑔𝑟𝑒𝑑𝑖𝑒𝑛𝑡𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 ∗

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟𝑊𝑒𝑖𝑔ℎ𝑡 = 8.82𝑥10−4
𝑚𝑜𝑙

𝐿
∗ 1000𝑚3 ∗ 1000

𝐿

𝑚3 ∗ 85.0
𝑔

𝑚𝑜𝑙
∗

1𝑘𝑔

1000𝑔
=

74.2𝑘𝑔         (Eq. 60) 

Mass flow of each component in the medium for steady state operation is calculated as 

follows, again using NaNO3 in the PBR system without medium recycle: 

 𝑀𝑎𝑠𝑠𝑓𝑙𝑜𝑤𝑁𝑎𝑁𝑂3𝑎𝑡𝑠𝑡𝑒𝑎𝑑𝑦𝑠𝑡𝑎𝑡𝑒 = (𝑁𝑎𝑁𝑂3𝑚𝑒𝑑𝑖𝑢𝑚𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦) ∗

(𝑀𝑒𝑑𝑖𝑢𝑚𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐𝐹𝑙𝑜𝑤) ∗ (𝑀𝑊) = 8.82𝑥10−4𝑀 ∗ 125,000
𝐿

𝑑
∗ 85.0

𝑘𝑔

𝑚𝑜𝑙
∗

1𝑑𝑎𝑦

24ℎ𝑜𝑢𝑟𝑠
= 0.39

𝑘𝑔

ℎ
           (Eq. 61) 

Sparger Calculations: 

Airflow is assumed to be an equal volume of air per culture volume per hour.  Sample 

calculations for the PBRs collectively are presented below assuming ambient temperature 

is 25oC and ideal gas law applies: 
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 Air mass flow=(𝐶𝑢𝑙𝑡𝑢𝑟𝑒(𝑎𝑖𝑟)𝑣𝑜𝑙𝑢𝑚𝑒𝑝𝑒𝑟ℎ𝑜𝑢𝑟) ∗ 𝑀𝑊𝑎𝑖𝑟 ∗ (
𝑃

𝑅𝑇
) =

(300
𝐿

𝑃𝐵𝑅
∗3300𝑃𝐵𝑅)

ℎ𝑜𝑢𝑟
∗ 29𝑔/𝑚𝑜𝑙 ∗

(1𝑎𝑡𝑚)

(0.08205
𝐿𝑎𝑡𝑚

𝑚𝑜𝑙𝐾
)(298𝐾)

∗
1𝑘𝑔

1000𝑔
= 1174𝑘𝑔/ℎ𝑎𝑖𝑟       (Eq. 62) 

 

 

Carbon Calculations 

Using the general molecular formula for algae, C106H263O110N16P, the molar mass of 

algae is 3550 g/mol. As calculated and shown in the Stream Table, 8 kg/h of algal cells 

are removed from the raceway. 

 8
𝑘𝑔𝑐𝑒𝑙𝑙𝑠

ℎ
∗

1𝑘𝑚𝑜𝑙𝑐𝑒𝑙𝑙𝑠

3550𝑘𝑔𝑐𝑒𝑙𝑙𝑠
∗

106𝑘𝑚𝑜𝑙𝐶

1𝑘𝑚𝑜𝑙𝑐𝑒𝑙𝑙𝑠
∗

12𝑘𝑔𝐶

1𝑘𝑚𝑜𝑙𝐶
= 2.866𝑘𝑔𝐶/ℎ         (Eq. 

63) 

The calculation above shows that 2.866 kg/h of carbon are removed from raceway due to 

algae growth. To determine the amount of carbon dioxide that must be added, it is 

assumed the carbon removed from the raceway in algae form must be replaced with an 

equal amount of carbon via carbon dioxide. For carbon dioxide amounts, a stoichiometric 

mole balance must be used. 

 
2.866𝑘𝑔𝐶

ℎ
∗
1𝑘𝑚𝑜𝑙𝐶

12𝑘𝑔𝐶
∗
1𝑘𝑚𝑜𝑙𝐶𝑂2

1𝑘𝑚𝑜𝑙𝐶
∗

44𝑘𝑔𝐶𝑂2

1𝑘𝑚𝑜𝑙𝐶𝑂2
=

10.5(𝑘𝑔𝐶𝑂2)

ℎ
∗
24ℎ

𝑑𝑎𝑦
= 252.3𝑘𝑔𝐶𝑂2/𝑑𝑎𝑦  

(Eq. 64) 

 

Carbon dioxide can be purchased for $35 per ton (“Commercial CO2 Market”). 

252.3𝑘𝑔𝐶𝑂2/𝑑𝑎𝑦 = 0.28𝑠ℎ𝑜𝑟𝑡𝑡𝑜𝑛𝑠𝐶𝑂2/𝑑𝑎𝑦 

 
0.28𝑠ℎ𝑜𝑟𝑡𝑡𝑜𝑛𝑠𝐶𝑂2

𝑑𝑎𝑦
∗

$35

1𝑡𝑜𝑛𝐶𝑂2
= $9.70/𝑑𝑎𝑦         (Eq. 65) 

 

Assuming 300 days of algae cultivation per year, the annual cost of carbon dioxide is: 

 
$9.70

𝑑𝑎𝑦
∗ 300

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
= $2,920/𝑦𝑒𝑎𝑟      (Eq.66) 

Preservative Calculations 

Propylene glycol is the preservative selected for the design. Since any stage of mollusk 

can tolerate up to 1 M of propylene glycol (“Preserving Marine Aquaculture Paste”), 0.95 

M is used to calculate the flow rate requirements of the preservative. 
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After the preservative is added, the concentration should be 0.95 M. Solver in Excel is 

used to determine the volume percent of preservative to be added based on the following 

sets of equations: 

 0.95
𝑚𝑜𝑙

𝐿
=

𝑛𝑃𝐺(
𝑚𝑜𝑙

ℎ
)

𝑄2(
𝐿

ℎ
)
 (Eq.67) 

 

For clarity, the subscripts include a “1” for the stream before the preservative addition 

and a “2” for the stream after the preservative addition, and “PG” denotes the 

preservative. Before the addition of preservatives, the following is true: 

 �̇�1 = 25
𝑘𝑔

ℎ
 ; 𝜌1 = 𝜌𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 = 1500

𝑘𝑔

𝑚3  (Eq.68) 

 

The mass flow rate of preservative is calculated based on the percent by volume being 

solved for: 

 �̇�𝑃𝐺 =
�̇�1

𝜌1
∗ 𝑥 ∗ 𝜌𝑃𝐺 =

25
𝑘𝑔

ℎ

1500
𝑘𝑔

𝑚3

∗ 𝑥
𝑚3𝑃𝐺

𝑚3𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
∗ 1040

𝑘𝑔

𝑚3  (Eq.69) 

 

The molecular flow rate of the propylene glycol is simply the mass flow rate divided by 

the molecular weight, 0.07609 kg/mol. 

 𝑛𝑃𝐺 =
�̇�𝑃𝐺

𝑀𝑊𝑃𝐺
 (Eq.70) 

 

 

The flow rate after the preservative addition is calculated as the following, assuming 

negligible impacts on volume due to molecular interactions between the water and 

propylene glycol: 

 𝑄2 =
�̇�1

𝜌1
+

�̇�𝑃𝐺

𝜌𝑃𝐺
  (Eq.71) 

 

Now, equations have been formulated for the molecular flow rate, 𝑛𝑃𝐺 , and the 

volumetric flow rate,𝑄2. The ratio of these is equal to the 0.95 mol/L limit, and the only 

unknown is the percent by volume. Solving for this in Excel gives, 
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𝑥 = 0.0747 

This leads to a mass flow rate for the addition of propylene glycol: 

 �̇�𝑃𝐺 =
�̇�1

𝜌1
∗ 𝑥 ∗ 𝜌𝑃𝐺 =

25
𝑘𝑔

ℎ

1500
𝑘𝑔

𝑚3

∗ 0.0747
𝑚3𝑃𝐺

𝑚3𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
∗ 1040

𝑘𝑔

𝑚3
= 1.29𝑘𝑔/ℎ 

 (Eq.72) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B:  Spreadsheets 
 
Cell Calculations 
 

 
 
Equipment Sizing, Pricing, and Economics: 
 
Heated Tank Losses 
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Flow Rate Calculations 
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Carbon Calculations 
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Pump powers 
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Equipment Sizing and Pricing 
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Total Capital Investment 
 

 
 
Annual Operating Costs 
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Annual Sales 
 

 
 
(Cost Flow Sheet is presented in section 5) 
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Appendix C. Mass and Energy Balances 

C.1 Mass Balances 

Carbon Balance 

𝐶𝑎𝑟𝑏𝑜𝑛𝐼𝑛 − 𝐶𝑎𝑟𝑏𝑜𝑛𝑂𝑢𝑡 + 𝐶𝑎𝑟𝑏𝑜𝑛𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

(𝐷𝐼𝐶𝑖𝑛𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟 + 𝐶𝑂2𝐴𝑑𝑑𝑒𝑑) − (𝐴𝑙𝑔𝑎𝑙𝐶𝑎𝑟𝑏𝑜𝑛𝑂𝑢𝑡 + 𝐷𝐼𝐶𝑂𝑢𝑡)

+ 𝐶𝑎𝑟𝑏𝑜𝑛𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

In the equation, 𝐷𝐼𝐶 refers to Dissolved Inorganic Carbon in the water. Calculations 

were performed to determine the amount of carbon dioxide that was required to 

maintain a constant level of carbon in the seawater by replacing the carbon utilized 

for algal growth. This was calculated based on algal chemical composition and flow 

rate of harvested algae. For full calculations, see Appendix A. 

6
𝑚𝑜𝑙

ℎ
+ 𝐶𝑂2𝐴𝑑𝑑𝑒𝑑 − (239

𝑚𝑜𝑙

ℎ
+ 6

𝑚𝑜𝑙

ℎ
) + 0

𝑚𝑜𝑙

ℎ
= 0 

𝐶𝑂2𝐴𝑑𝑑𝑒𝑑 = 239
𝑚𝑜𝑙

ℎ
 

This determines the amount of 𝐶𝑂2 required to replace the DIC in the system. The 

239
𝑚𝑜𝑙

ℎ
 flow rate is calculated based on converting the 2.866

𝑘𝑔

ℎ
 carbon flow rate of 

carbon in algae leaving the cultivation system. 

Nitrogen Balance 

𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝐼𝑛 − 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝑂𝑢𝑡 + 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

(𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝐼𝑛𝐹𝑟𝑜𝑚𝑀𝑒𝑑𝑖𝑢𝑚) − (𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝑂𝑢𝑡𝑖𝑛𝐴𝑙𝑔𝑎𝑙𝐹𝑜𝑟𝑚

+ 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝑂𝑢𝑡𝑖𝑛𝑊𝑎𝑡𝑒𝑟) + 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

The input nitrogen comes from nitrate, added via fertilizer; this is found in the 

breakdown for Stream 9 in Table 2.1. 

1.8
𝑘𝑔𝑁𝑂3

−

ℎ
∗
1𝑘𝑚𝑜𝑙𝑁𝑂3

−

62𝑘𝑔𝑁𝑂3
− ∗

1𝑘𝑚𝑜𝑙𝑁

1𝑘𝑚𝑜𝑙𝑁𝑂3
− ∗ 1000

𝑚𝑜𝑙

𝑘𝑚𝑜𝑙
= 29

𝑚𝑜𝑙𝑁

ℎ
 

To calculate the nitrogen exiting in algal form, something must be known about the 

general composition of algae. A general formula states that each cell of algae 

contains 16 moles of nitrogen. From this and knowing that 8
𝑘𝑔𝑐𝑒𝑙𝑙𝑠

ℎ
 exit the 

cultivation system, 36
𝑚𝑜𝑙

ℎ
 of nitrogen exit the cultivation system: 
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8
𝑘𝑔𝑐𝑒𝑙𝑙𝑠

ℎ
∗
1𝑘𝑚𝑜𝑙𝑐𝑒𝑙𝑙𝑠

3550𝑘𝑔𝑐𝑒𝑙𝑙𝑠
∗
16𝑘𝑚𝑜𝑙𝑁

1𝑘𝑚𝑜𝑙𝑐𝑒𝑙𝑙𝑠
∗ 1000

𝑚𝑜𝑙

𝑘𝑚𝑜𝑙
= 36

𝑚𝑜𝑙𝑁

ℎ
 

Additionally, the production model assumes that nitrogen is depleted from the 

water before exiting. 

𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝐼𝑛𝐹𝑟𝑜𝑚𝑀𝑒𝑑𝑖𝑢𝑚 − (36
𝑚𝑜𝑙

ℎ
+ 0) + 0 = 0 

𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛𝐼𝑛𝐹𝑟𝑜𝑚𝑀𝑒𝑑𝑖𝑢𝑚 = 36
𝑚𝑜𝑙

ℎ
 

The ratio from the medium input (29
𝑚𝑜𝑙

ℎ
) is less than shown to be required from the 

balance on the algae. The ratio in the medium has been tested many times and found 

to be successful, so while more may need to be added, it is also likely that the 

balance on carbon is inexact due to the generalized algae chemical formula. Trials 

can be performed on medium addition to determine this. 

Phosphorus Balance 

𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝐼𝑛 − 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑂𝑢𝑡 + 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

(𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝐼𝑛𝐹𝑟𝑜𝑚𝑀𝑒𝑑𝑖𝑢𝑚) − (𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑂𝑢𝑡𝑖𝑛𝐴𝑙𝑔𝑎𝑙𝐹𝑜𝑟𝑚

+ 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑂𝑢𝑡𝑖𝑛𝑊𝑎𝑡𝑒𝑟) + 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

The input phosphorus comes from phosphates, added via fertilizer; this is found in 

the breakdown for Stream 9 in Table 2.1. 

0.12
𝑘𝑔𝑃𝑂4

3−

ℎ
∗
1𝑘𝑚𝑜𝑙𝑃𝑂4

3−

95𝑘𝑔𝑃𝑂4
3− ∗

1𝑘𝑚𝑜𝑙𝑃

1𝑘𝑚𝑜𝑙𝑃𝑂4
3− ∗ 1000

𝑚𝑜𝑙

𝑘𝑚𝑜𝑙
= 1.3

𝑚𝑜𝑙𝑃

ℎ
 

To calculate the phosphorus exiting in algal form, something must be known about 

the general composition of algae. A general formula states that each cell of algae 

contains 1 mole of phosphorus. From this and knowing that 8
𝑘𝑔𝑐𝑒𝑙𝑙𝑠

ℎ
 exit the 

cultivation system, 2.3
𝑚𝑜𝑙

ℎ
 of phosphorus exit the cultivation system: 

8
𝑘𝑔𝑐𝑒𝑙𝑙𝑠

ℎ
∗
1𝑘𝑚𝑜𝑙𝑐𝑒𝑙𝑙𝑠

3550𝑘𝑔𝑐𝑒𝑙𝑙𝑠
∗

1𝑘𝑚𝑜𝑙𝑃

1𝑘𝑚𝑜𝑙𝑐𝑒𝑙𝑙𝑠
∗ 1000

𝑚𝑜𝑙

𝑘𝑚𝑜𝑙
= 2.3

𝑚𝑜𝑙𝑃

ℎ
 

Additionally, the production model assumes that phosphorus is depleted from the 

water before exiting. 

𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝐼𝑛𝐹𝑟𝑜𝑚𝑀𝑒𝑑𝑖𝑢𝑚 − (2.3
𝑚𝑜𝑙

ℎ
+ 0) + 0 = 0 
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𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝐼𝑛𝐹𝑟𝑜𝑚𝑀𝑒𝑑𝑖𝑢𝑚 = 2.3
𝑚𝑜𝑙

ℎ
 

The ratio from the medium input (1.3
𝑚𝑜𝑙

ℎ
) is less than shown to be required from 

the balance on the algae. The ratio in the medium has been tested many times and 

found to be successful, so while more may need to be added, it is also likely that the 

balance on carbon is inexact due to the generalized algae chemical formula. Trials 

can be performed on medium addition to determine this. 

Water Balance 

𝑊𝑎𝑡𝑒𝑟𝐼𝑛 −𝑊𝑎𝑡𝑒𝑟𝑂𝑢𝑡 +𝑊𝑎𝑡𝑒𝑟𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 0 

(𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟𝐼𝑛 + 𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑊𝑎𝑡𝑒𝑟𝐼𝑛) − 𝑅𝑎𝑐𝑒𝑤𝑎𝑦𝑊𝑎𝑡𝑒𝑟𝑂𝑢𝑡 +𝑊𝑎𝑡𝑒𝑟𝑅𝑒𝑎𝑐𝑡𝑒𝑑 = 0 

The seawater flows to the system at a rate of 30
𝑘𝑔

ℎ
 as seen in Table 2.1. To convert 

this to a molar flow rate: 

30
𝑘𝑔

ℎ
∗
1𝑘𝑚𝑜𝑙

18𝑘𝑔
∗ 1000

𝑚𝑜𝑙

𝑘𝑚𝑜𝑙
= 1667

𝑚𝑜𝑙

ℎ
 

The depleted media component of Stream 10 comprises the outlet flow rate of 

water, based on the requirements to produce the concentrate: 

32192
𝑘𝑔

ℎ
∗
1𝑘𝑚𝑜𝑙

18𝑘𝑔
∗ 1000

𝑚𝑜𝑙

𝑘𝑚𝑜𝑙
= 1788444

𝑚𝑜𝑙

ℎ
 

(1667
𝑚𝑜𝑙

ℎ
+ 𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑊𝑎𝑡𝑒𝑟𝐼𝑛) − 1788444

𝑚𝑜𝑙

ℎ
+ 0 = 0 

𝑅𝑒𝑐𝑦𝑐𝑙𝑒𝑊𝑎𝑡𝑒𝑟𝐼𝑛 = 1786777
𝑚𝑜𝑙

ℎ
 

 

C.2 Energy Balances 

The energy balances are seen via the pump and paddlewheel calculations in 

Appendix A.  
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Appendix D:  Communications 
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Appendix E Alternative Case Process Flow Diagrams and Stream Tables 

 
Figure E.1 
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Table E.1 Stream Table for Raceway with Pasteurization and Recycle 

Stream Number 1 2 3 4 5 6 7 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Preheated 

Seawater 

Temperature   (oC) ambient=25 25 25 25 25 25 70 

Pressure (atm) 1 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 144 144 30+ 30 30 30 

Component Mass Flow 

(kg/hr) 

Water:      

variable for 

salinity 

correction to 

22 g/L                 

Also 

includes 

direct 

rainfall:   

Gig Harbor:    

3400 kg/h      

Kona:               

2090 kg/h 

Water:      

141   

NaNO3:      

2.4  

NaH2PO4: 

0.2 

Water:      

141   

NaNO3:      

2.4  

NaH2PO4: 

0.2 

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h    

Variable 

Sediment & 

TOC 

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h   

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h   

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 mol/h   

 

 

 

 

 

 

Table E.1 (Continued) Stream Table for Raceway with Pasteurization and Recycle 
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8 9 10 11 12 13 14 15 16 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Complete 

Medium 

Harvested 

Algae Sparger 

Algal 

Concentrate 

Algal 

Concentrate 

Algae + 

Preservatives 

80 35 25 25 25 25 25 25 25 

1 1 1 1 1 1 1 1 1 

0 0 0 0 0 1 0 0 0 

30 30 30 32,200 32,200 7000+ 30 30 31 

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 

mol/h   

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 

mol/h   

Water: 29       

Cl-: 0.6          

Na+: 0.3       

Mg2+:  0.04    

SO4
2-:  0.08    

Ca2+:  0.01           

K+: 0.01             

DIC 6 

mol/h   

Water: 

31,000     

Cl-: 630        

Na+: 348       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12            

NO3
-:  1.8     

PO4
3-  :  

0.12  DIC 

31.2 mol/h   

Cells:  8    

Depleted 

Media:  

32,192 

Air: 7000               

CO2:  11 

+ flow to 

keep  pH  

near 8.0 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 

Cells: 8      

Water:  22    

Preservatives: 

1 
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Table E.1 (Continued) Stream Table for Raceway with Pasteurization and Recycle 

17 18 19 20 21 22 23 

Algae 

Paste Preservatives Preservatives 

Filter 

Supernatent/Recycle 

1 μm 

Filter 

Brine  

Total Filter 

Waste/System 

Purge Evaporative Losses 

2 25 25 25 25 25 25 

1 1 1 1 1 1 1 

0 0 0 0 0 0 1 

30 1 1 32,200 Variable Variable Varies by location 

Cells: 8  

Water: 22 

Propylene 

Glycol 

Propylene 

Glycol 

Depleted Media     Gig Harbor:  2080   

kg/h   Kona:      1940 

kg/h  
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Figure E.2 
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Table E.2 Stream Table for PBR System with Filtration and Recycle 

Stream Number 1 2 3 4 5 6 7 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

0.2 μm 

Temperature   (oC) ambient=25 25 25 25 25 25 25 

Pressure (atm) 1 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 24 24 5+ 5 5 5 

Component Mass Flow 

(kg/hr) 

Water:      

variable for 

salinity 

correction to 

22 g/L                  

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h    

Variable 

sediment & 

TOC 

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h   

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h   

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h   
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Table E.2 (Continued) Stream Table for PBR System with Filtration and Recycle 

8 9 10 11 12 13 14 15 16 

Filtered 

Seawater          

0.2 μm 

Complete 

Medium 

Harvested 

Algae 

Algal 

Concentrate 

Algal 

Concentrate 

Algae + 

Preservatives 

Algae 

Paste Sparger  Preservatives 

25 25 25 25 25 25 2 25 25 

1 1 1 1 1 1 1 1 1 

0 0 0 0 0 0 0 1 0 

5 5360 5360 30 30 31 30 1200+ 1 

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 

mol/h   

Water: 5173     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2            

NO3
-:  0.3     

PO4
3-  :  

0.02  DIC 

5.2 mol/h   

Cells:  8    

Depleted 

Media:  

5352 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 

Cells: 8      

Water:  22    

Preservatives: 

1 

Cells: 

8   

Water:  

22 

Air: 

1200              

CO2:  

11 + 

flow to 

keep  pH  

near 8.0 

Propylene 

Glycol 
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Table E.2 (Continued) Stream Table for PBR System with Filtration and Recycle 

17 18 19 20 21 

Preservatives 

Filter 

Supernatent/Recycle 

1 μm Filter 

Brine  

0.2 μm 

Filter Brine 

Total Filter 

Waste/System Purge 

25 25 25 25 25 

1 1 1 1 1 

0 0 0 0 0 

1 5330 Variable Variable Variable 

Propylene 

Glycol 

Depleted Media       
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Figure E.3 
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Table E.3 Stream Table for PBR System with Pasteurization and Recycle 

Stream Number 1 2 3 4 5 6 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Temperature   (oC) ambient=25 25 25 25 25 25 

Pressure (atm) 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 24 24 5+ 5 5 

Component Mass Flow 

(kg/hr) 

Water:      

variable for 

salinity 

correction to 

22 g/L                

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h     

Variable 

sediment  & 

TOC 

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h   

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 mol/h   
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Table E.3 (Continued) Stream Table for PBR System with Pasteurization and Recycle 

7 8 9 10 11 12 13 14 15 

Preheated 

Seawater 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Complete 

Medium 

Harvested 

Algae Sparger 

Algal 

Concentrate 

Algal 

Concentrate 

70 80 35 25 25 25 25 25 25 

1 1 1 1 1 1 1 1 1 

0 0 0 0 0 0 1 0 0 

5 5 5 5 5360 5360 1200+ 30 30 

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 

mol/h   

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 

mol/h   

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 

mol/h   

Water 5            

Cl-: 0.1          

Na+: 0.05       

Mg2+:  0.01    

SO4
2-:  0.01    

Ca2+:  0.001           

K+: 0.001             

DIC 1 

mol/h   

Water: 

5173     Cl-: 

105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2            

NO3
-:  0.3     

PO4
3-  :  

0.02  DIC 

5.2 mol/h   

Cells:  8    

Depleted 

Media:  

5352 

Air: 1200              

CO2:  11 + 

flow to 

keep  pH  

near 8.0 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 
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Table E.3 (Continued) Stream Table for PBR System with Pasteurization and Recycle 

16 17 18 19 20 21 22 

Algae + 

Preservatives Algae Paste 

Preser

vatives Preservatives 

Filter 

Supernatent/Recycle 

1 μm 

Filter 

Brine  

Total Filter 

Waste/System 

Purge 

25 2 25 25 25 25 25 

1 1 1 1 1 1 1 

0 0 0 0 0 0 0 

31 30 1 1 5,330 Variable Variable 

Cells: 8      

Water:  22    

Preservatives: 

1 

Cells: 8   

Water:  22 

Propyl

ene 

Glycol 

Propylene 

Glycol 

Depleted Media     
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Figure E.4 
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Table E.4 Stream Table for PBR System with Filtration and Recycle 

Stream Number 1 2 3 4 5 6 7 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

0.2 μm 

Temperature   (oC) ambient=25 25 25 25 25 25 25 

Pressure (atm) 1 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 24 24 5340+ 5340 5340 5340 

Component Mass Flow 

(kg/hr) 

Water:      

variable for 

salinity 

correction to 

22 g/L                  

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h    

Variable 

Sediment & 

TOC 

Water: 

5150     Cl-: 

105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 

5150     Cl-: 

105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 

5150     Cl-: 

105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   
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Table E.4 (Continued) Stream Table for PBR System with Filtration and Recycle 

8 9 10 11 12 13 14 15 16 

Filtered 

Seawater          

0.2 μm 

Complete 

Medium 

Harvested 

Algae 

Algal 

Concentrate 

Algal 

Concentrate 

Algae + 

Preservatives 

Algae 

Paste Sparger Preservatives 

25 25 25 25 25 25 2 25 25 

1 1 1 1 1 1 1 1 1 

0 0 0 0 0 0 0 1 0 

5340 5360 5360 30 30 31 30 1200+ 1 

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 5173     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2            

NO3
-:  0.3     

PO4
3-  :  

0.02  DIC 

1.2 kmol/h   

Cells:  8    

Depleted 

Media:  

5352 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 

Cells: 8      

Water:  22    

Preservatives: 

1 

Cells: 

8   

Water:  

22 

Air: 

1200              

CO2:  

flow to 

keep  pH  

near 8.0 

Propylene 

Glycol 
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Table E.4 (Continued) Stream Table for PBR System with Filtration and Recycle 

17 18 19 20 21 

Preservatives 

Filter 

Supernatent 

1 μm Filter 

Brine  

0.2 μm 

Filter Brine 

Total Filter 

Waste/System 

Purge 

25 25 25 25 25 

1 1 1 1 1 

0 0 0 0 0 

1 5330 Variable Variable 5330+ 

Propylene 

Glycol 

Depleted 

Media 
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Figure E.5 
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Table E.5 Stream Table for PBR System with Pasteurization and No Recycle 

Stream Number 1 2 3 4 5 6 7 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Preheated 

Seawater 

Temperature   (oC) ambient=25 25 25 25 25 25 70 

Pressure (atm) 1 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 24 24 5340+ 5340 5340 5340 

Component Mass Flow 

(kg/hr) 

Water:      

variable for 

salinity 

correction to 

22 g/L                

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water:      

23.4   

NaNO3:      

0.4  

NaH2PO4: 

0.03 

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h    

Variable 

Sediment & 

TOC 

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   
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Table E.5 (Continued) Stream Table for PBR System with Pasteurization and No Recycle 

8 9 10 11 12 13 14 15 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Complete 

Medium 

Harvested 

Algae Sparger 

Algal 

Concentrate 

Algal 

Concentrate 

80 35 25 25 25 25 25 25 

1 1 1 1 1 1 1 1 

0 0 0 0 0 1 0 0 

5340 5340 5340 5360 5360 1200+ 30 30 

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 5150     

Cl-: 105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2             

DIC 1.2 

kmol/h   

Water: 

5173     Cl-: 

105       

Na+: 58       

Mg2+:  7.0    

SO4
2-:  14    

Ca2+:  2           

K+:  2            

NO3
-:  0.3     

PO4
3-  :  

0.02  DIC 

1.2 kmol/h   

Cells:  8    

Depleted 

Media:  

5352 

Air: 1200              

CO2:  flow 

to keep  pH  

near 8.0 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 
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Table E.5 (Continued) Stream Table for PBR System with Pasteurization and No Recycle 

16 17 18 19 20 21 22 

Algae + 

Preservatives Algae Paste Preservatives Preservatives 

Filter 

Supernatent 

1 μm Filter 

Brine  

Total Filter 

Waste/System 

Purge 

25 2 25 25 25 25 25 

1 1 1 1 1 1 1 

0 0 0 0 0 0 0 

31 30 1 1 5,330 Variable 5330+ 

Cells: 8      

Water:  22    

Preservatives: 

1 

Cells: 8   

Water:  22 

Propylene 

Glycol 

Propylene 

Glycol 

Depleted 

Media 
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Figure E.6 
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Table E.6 Stream Table for Raceway System with Filtration and No Recycle 

Stream Number 1 2 3 4 5 6 7 

  Freshwater 
Medium 
Concentrate 

Medium 
Concentrate Seawater 

Filtered 
Seawater          
1 μm 

Filtered 
Seawater          
1 μm 

Filtered 
Seawater          
0.2 μm 

Temperature   (oC) ambient=25 25 25 25 25 25 25 

Pressure (atm) 1 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 144 144 32,000+ 32,000 32,000 32,000 

Component Mass Flow 
(kg/hr) 

Water:      
variable for 
salinity 
correction 
to 22 g/L                 
Also 
includes 
direct 
rainfall:   Gig 
Harbor:    
3400 kg/h      
Kona:               
2090 kg/h 

Water:      
141   
NaNO3:      
2.4  
NaH2PO4: 
0.2 

Water:      
141   
NaNO3:      
2.4  
NaH2PO4: 
0.2 

Water: 
30,900     
Cl-: 630       
Na+: 350       
Mg2+:  42    
SO4

2-:  84    
Ca2+:  12           
K+:  12             
DIC 7.2 
kmol/h   

Water: 
30,900     
Cl-: 630       
Na+: 350       
Mg2+:  42    
SO4

2-:  84    
Ca2+:  12           
K+:  12             
DIC 7.2 
kmol/h   

Water: 
30,900     
Cl-: 630       
Na+: 350       
Mg2+:  42    
SO4

2-:  84    
Ca2+:  12           
K+:  12             
DIC 7.2 
kmol/h   

Water: 
30,900     
Cl-: 630       
Na+: 350       
Mg2+:  42    
SO4

2-:  84    
Ca2+:  12           
K+:  12             
DIC 7.2 
kmol/h   

        

+TOC and 
sediment 
(variable)       
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Table E.6 (Continued) Stream Table for Raceway System with Filtration and No Recycle 

8 9 10 11 12 13 14 15 16 

Filtered 
Seawater          
0.2 μm 

Complete 
Medium 

Harvested 
Algae 

Algal 
Concentrate 

Algal 
Concentrate 

Algae + 
Preservatives 

Algae 
Paste Sparger Preservatives 

25 25 25 25 25 25 2 25 25 

1 1 1 1 1 1 1 1 1 

0 0 0 0 0 0 0 1 0 

32,000 32,200 32,200 30 30 31 30 7000+ 1 

Water: 
30,900     Cl-: 
630       Na+: 
350       Mg2+:  
42    SO4

2-:  
84    Ca2+:  12           
K+:  12             
DIC 7.2 
kmol/h   

Water: 
31,000     Cl-: 
630        Na+: 
350       Mg2+:  
42    SO4

2-:  
84    Ca2+:  12           
K+:  12            
NO3

-:  1.8     
PO4

3-  :  0.12  
DIC 7.2 
kmol/h   

Cells:  8    
Depleted 
Media:  
32,192 

Cells: 8   
Water:  22 

Cells: 8   
Water:  22 

Cells: 8      
Water:  22    
Preservatives: 
1 

Cells: 8   
Water:  22 

Air: 7000               
CO2:  Flow 
to keep  pH  
near 8.0 

Propylene 
Glycol 
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Table E.6 (Continued) Stream Table for Raceway System with Filtration and No Recycle 

17 18 19 20 21 22 

Preservatives 
Filter 
Supernatent 

1 μm Filter 
Brine  

0.2 μm Filter 
Brine 

Total Filter 
Waste/System 
Purge 

Evaporative 
Losses 

25 25 25 25 25 25 

1 1 1 1 1 1 

0 0 0 0 0 1 

1 32,100 Variable Variable 32,100+ 
varies by 
location 

Propylene 
Glycol 

Depleted 
Media 

      Gig Harbor:  
2080   kg/h   
Kona:      
1940 kg/h  
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Figure E.7 
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Table E.7 Stream Table for Raceway with Pasteurization and No Recycle 

Stream Number 1 2 3 4 5 6 7 

  Freshwater 

Medium 

Concentrate 

Medium 

Concentrate Seawater 

Filtered 

Seawater          

1 μm 

Filtered 

Seawater          

1 μm 

Preheated 

Seawater 

Temperature   (oC) ambient=25 25 25 25 25 25 70 

Pressure (atm) 1 1 1 1 1 1 1 

Vapor Fraction 0 0 0 0 0 0 0 

Mass Flow (kg/hr) Variable 144 144 32,000+ 32,000 32,000 32,000 

Component Mass Flow 

(kg/hr) 

Water:      

variable for 

salinity 

correction to 

22 g/L                 

Also 

includes 

direct 

rainfall:   

Gig Harbor:    

3400 kg/h      

Kona:               

2090 kg/h 

Water:      

141   

NaNO3:      

2.4  

NaH2PO4: 

0.2 

Water:      

141   

NaNO3:      

2.4  

NaH2PO4: 

0.2 

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h     

Variable 

Sediment & 

TOC 

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h   

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h   

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h   
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Table E.7 (Continued) Stream Table for Raceway with Pasteurization and No Recycle 

8 9 10 11 12 13 14 15 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Pasteurized 

Seawater 

Complete 

Medium 

Harvested 

Algae Sparger 

Algal 

Concentrate 

Algal 

Concentrate 

80 35 25 25 25 25 25 25 

1 1 1 1 1 1 1 1 

0 0 0 0 0 1 0 0 

32,000 32,000 32,000 32,100 32,100 7000+ 30 30 

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h   

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h   

Water: 

30,900     

Cl-: 630       

Na+: 350       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12             

DIC 7.2 

kmol/h   

Water: 

31,000     

Cl-: 630        

Na+: 348       

Mg2+:  42    

SO4
2-:  84    

Ca2+:  12           

K+:  12            

NO3
-:  1.8     

PO4
3-  :  

0.12  DIC 

31.2 mol/h   

Cells:  8    

Depleted 

Media:  

32,192 

Air: 7000               

CO2:  Flow 

to keep  pH  

near 8.0 

Cells: 8   

Water:  22 

Cells: 8   

Water:  22 
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Table E.7 (Continued) Stream Table for Raceway with Pasteurization and No Recycle 

16 17 18 19 20 21 22 23 

Algae + 

Preservatives 

Algae 

Paste Preservatives Preservatives 

Filter 

Supernatent 

1 μm 

Filter 

Brine  

Total Filter 

Waste/System 

Purge 

Evaporative 

Losses 

25 2 25 25 25 25 25 25 

1 1 1 1 1 1 1 1 

0 0 0 0 0 0 0 1 

31 30 1 1 32,100 Variable 32,100+ 

Varies by 

location 

Cells: 8      

Water:  22    

Preservatives: 

1 

Cells: 8   

Water:  

22 

Propylene 

Glycol 

Propylene 

Glycol 

Depleted 

Media 

    Gig Harbor:  

2080   kg/h   

Kona:      

1940 kg/h  
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Appendix F:  Equipment Specifications, Quotes, and Pricing Documents 

Polyethylene Bags for PBR: 

 
PVC-Coated Wire Mesh for PBR: 
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Tubing for Media/Algae transport: 

Tubing from flexpvc.com: 

 

Ceramic Sparger from Refractron: 
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Porous Metal Sparger from Mott: 
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5000K LED Lighting from soslightbulbs.com 
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Shell and Tube Heat Exchanger: 
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Raceway Liners 
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Pumps 
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Appendix G:  Guillard’s F/2 Medium 

 

 
        Na2SiO3 6H2O*       50 mg/L H2O 1 mL  2.17 x 10-4 M 

 *for diatom (Chaetoceros muelleri) growth medium only   (Gupta et al. 673)       
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