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To:  Boardman Coal Plant and Albany Paper Mill 
 
From: Biological and Ecological Engineering Senior Class of 2011 
 Oregon State University 
 
Date:  March 7, 2007 
  
 The following report was prepared by the undergraduate Biological and 
Ecological Engineering Senior Class of 2011. The report examines two investment 
opportunities for algae production and use on economic and technological grounds.   
  
 The Boardman Coal Plant, the only coal facility in the state of Oregon, is seeking 
alternative ways of generating cheap energy before the plant is forced to close in 2020. 
The Albany Paper Mill, a containerboard facility that was decommissioned in 2009, has 
existing technology that could generate biofuels at low cost in conjunction with 
secondary-treated wastewater from the Albany-Millersburg Water Reclamation Facility. 
Although retrofitting these facilities is technologically feasible, the amount of algae 
produced is negligible. Production of algae at Boardman, post-clarification, is 24 kg/hr. 
This amount of algae is miniscule when compared to the amount of coal that will be 
burned with it. At Millersburg, a much smaller flowrate of algae is achieved at 30.8 kg/hr. 
after filtration. Total methane production amounts to 7.4 kg/hr. 

Such low productivity yields little revenue. Capital, maintenance, and operational 
costs of implementing biofuel technologies at these sites are extremely high. Therefore, 
there is no return on investment and so these projects are not economically feasible. 
 
Sincerely, 
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Executive Summary  
In the last week of September 2010, The Biological and Ecological Engineering senior 

class was contacted with questions concerning two possible investment considerations. A client 

is looking to invest in a facility designed to reduce carbon dioxide emissions and the 

dependence on fossil fuels. It was explained that algae fuel technology has been successfully 

demonstrated in some studies at the laboratory scale, and a $100,000 budget was allotted to 

evaluate the economic feasibility of large-scale algae cultivation at two locations. The first 

suggested location was the coal-fired power plant in Boardman, Oregon, and the second 

location was the Millersburg-Albany Paper Plant. 

The design of these facilities requires the utmost attention to cost saving technologies 

and processes.  To achieve a competitive product price, a background study of growth and 

processing has directed the research team to identify some potentially feasible 

options.  Raceway ponds have a much lower capital and construction cost than 

photobioreactors, so the chosen growth container designs will be raceway ponds for both 

locations. Understanding size and scale becomes critical when considering the number of 

hectares needed for proper cultivation in order to optimize production and carbon dioxide 

mitigation. Several raceway ponds will be used in sequence to control flow rates and allow for 

regular maintenance. 

It has been determined that the appropriate algae species to use in a varying northwest 

climate is Chlorella because it has a high caloric value and an ability to succeed with moderate 

contamination and fluctuations within the constraints of our environmental temperature and pH 

(Borowitzka 1988). 

The Boardman site (~12.8ha), although in a semi-arid climate, is a rich environment for 

growing algae.  For algae growth, resources such as sunlight, carbon dioxide, nutrients, water, 

and land area are most important.  Sunlight resources are met to grow algae, and strategically 

the remaining resources will be readily available at the site.  Waste heat and carbon dioxide can 

be obtained from the effluent flue gas of the coal power plant. Nutrients and water will be 

contributed from nearby dairy facilities and possibly the Columbia River. The limiting resources 

would be land, water, or nutrients, depending on available supply. The flow rate of water at 

Boardman is about 133,000L/hr providing approximately 24kg/hr of dry algae. 

Algae sludge produced at the Boardman facility would ideally be sprayed evenly over the 

large area of coal that sits in a field next to the power plant. Calculations have been performed 

determining that the effective moisture content addition from the algae to the coal. It is assumed 

that this increase in water content will be negligible because of large evaporation rates. 



Combusting the coal/algae mix in the on-site continuously burning boiler will generate 

electricity with turbines. Electric power will be the source of income at Boardman. 

The Albany Paper Mill (~362 ha.), located in Millersburg Oregon, was selected because 

of the pre-existing paper plant dewatering technology and the close proximity of the Albany-

Millersburg water reclamation facility. The paper plant, owned by International Paper, was shut 

down in December 2009 and the owners have been looking to sell the facility to investors that 

are interested in a field other than paper production.   

The proposed use of the Paper Mill site is to grow algae using the Albany-Millersburg 

water reclamation facility as the main source of nutrients for growing the algae, while 

incorporating the facilities dewatering abilities to processes the algae at low cost. The available 

flow rate of water at Millersburg is about 41,640,000 L/hr. providing an estimated 30.8 kg/hr. of 

dry algae. The processed algae will be used in an anaerobic digester to produce methane; 

burning methane to generate electricity would be the source of income at Millersburg. Ideally 

this design would also require collaboration with a natural gas power plant. 

The algae use at Boardman is the more feasible of the two options because of the 

existing power plant resources, along with the practical availability of nutrients. When compared 

with the digestion process proposed at the Millersburg facility, the energy loss is much greater. 

Although, it has been concluded that the concentration of nutrients in post-secondary treated 

wastewater is too low for a high productivity from the Albany-Millersburg design. 

! !



"#$%!&!'(!!
!

! !

!"#$%&'(&)'*+%*+,-&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&."/%&0&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
&

)* !
!

#* !
!

+* ,-$#%!./0123! **4!
!

5* !
!

6* ,-$#%!7%1#2%/'8$!#86!9085%82/#2'0 !
!

%* !
'* :5080;'5!,<<%<<;%8 * !

!
=* !
!

#* * !
!

+* >'2%!#86!90#-!"-#82!7%<5/'? !
'* :8('/08;%82#-!#86!.%0$/#?3'5!9086'2' !
''* >'2%!@%<0A/5%< !
'''* "-#82!7%2#'-<!#86!,-$#%!"/06A **)B!

!
5* C#5'-'2D!7%<'$8 !

'* "/06A52'08!C#5'-'2D! !
''* ,-$#%!./0123!#86!,<< !
'''* C'-2/#2'08!#86!,-$#%!908 !

!
6* !

!
%* !

!
E* !

!
#* !

!
+* !

'* F#86!,(#'-#+-% !
!

5* ,-$#%!"/06A52'08!#86!9-#/'G'5#2'08 !
!

6* C#5'-'2D!H%5380-0$D!#86!7% !
'* !



"#$%!&!(!!
!

''* ,8#%/0+'5!7'$%<2% !
'''* ,8#%/0+'5!7'$%<2%/! !
'(* :-%52/'5'2D!?/06A52'08!#86!,<< E4!

!
%* ** ** !

!
G* ** * !

!
4* !!

!
I* !

!
#* ,??%86'J!,! !.%8%/#-!,-$#%!"/06A52'08!K#5L$/0A86!

!
+* ,??%86'J!K! !K0#/6;#8!7%<'$8&

&
5* ,??%86'J!9! !M'--%/<+A/$!7%<'$8!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
 

  



"#$%!&!('!!
!

  



"#$%!&!)!!
!

1. Introduction  

As supplies of finite fossil fuels diminish and the environmental consequences of their 

continued use become more apparent, alternative fuels are essential to offset the impacts of 

increasing global energy consumption. A proposed solution to this dilemma is the use of algae 

biofuels as a substitute. However, immediate replacement would be close to impossible as 

technical and geographic challenges remain in producing economically competitive 

biofuels(Lundquist 2010).Transition to a more sustainable energy source must be made in the 

near future by implementing biofuels in combination with traditional sources so the adjustments 

can be made before fossil reserves become too low. According to life cycle assessments of 

alternative fuels, algae exhibits strong potential to eventually replace standard fuels (Sander 

and Murthy 2011). 

In September 2010, Dr. John Selker, Professor at Oregon State University, approached 

the senior class concerning two possible biofuel investments. Dr. Selker expressed interest in 

sustainable technology and explained his intention to invest in a facility designed to reduce 

dependence on fossil fuels and carbon dioxide emissions. He said it has been done in some 

studies at the laboratory scale and that he is curious if it would be economically feasible to 

cultivate algae at one of two locations. The first location suggested was the coal power plant in 

Boardman, Oregon, and the second location is the Albany Paper Mill in Millersburg, Oregon. 

Each location has varying degrees of resource potential that can be utilized for the 

growth and cultivation of algae. The Millersburg facility has closed with intentions to completely 

redirect their current objective of paper processing. Belt filters at the paper plantprovide state-of-

the-art dewatering technology. This suggests that the Millersburg facility could improve the 

energy intensive drying process involved with algae biofuel cultivation. As current research has 

identified, coal power plants also have the potential to be great algae growth resources because 

of the readily available carbon dioxide and waste heat from flue gas (Gottlicher-Pruschek 1997). 

Rankine cycle. Some dairy farms near Boardman also have waste available that may be used 

for nutrient input. 

Design of these facilities requires the utmost attention to cost saving technologies and 

processes.  To achieve a competitive product price, a background study of growth and 

processing has directed the research team to identify some potentially feasible 

options.  Raceway ponds have a much lower capital and construction cost than 

photobioreactors, so the chosen growth container designs will be raceway ponds for both 

locations. Understanding size and scale becomes critical when considering the number of 
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hectares needed for proper cultivation in order to optimize production and carbon dioxide 

mitigation. Several raceway ponds will be used in sequence to control flow rates and allow for 

regular maintenance. 

 

 
a. Current State of Technologies 

  
The ability of biofuels, especially algal based biofuels, to compete economically with 

fossil fuels in the current market and the projected market, is ubiquitously difficult (Lundquist, 

2010). Conceptually making biofuel from algae is a possible process, however, it is highly 

energy intensive and therefore economically infeasible. The major limiting factor in making 

algae fuel feasible is drying the algae to a concentration of 9% moisture, required to process the 

algae in to a usable liquid fuel (Sander, 2009).  This requires the use of multiple high energy 

technologies, such as centrifuges and dryers.  The drying can be accomplished either through 

passive solar or active heating of the algae, largely by burning fossil fuels. To get the moisture 

content low enough, the solar drying would only be viable during the summer months, in regions 

out of our study. During all other months, air temperature and solar irradiance decrease, and as 

a result the drying potential decreases. These effects coupled with an abundant amount of 

rainfall would critically reduce the potential and feasibility for a large scale solar drying 

operation. 

The dewatering of algae is a highly energetic process typically energy intensive, and 

done using fossil fuels. It has been estimated that 3556 kJ/kg algae are necessary from a dryer, 

operating at 64% efficiency, to bring the algae to 9% moisture content (Sanders, 2009). Once 

the algae has been dewatered, centrifugation, it is at a solids content of 20%.To gain a kg of 

usable algae just from the drying process alone would require 14.224MJ. With an algae oil 

content 20% the heat of combustion is 22MJ/kg, the drying processes consuming about 65% 

the energy created, this leaves little room for producing a net source of fuel from algae 

(Lundquist,2010).  Anaerobic digestion is another method to extract energy from algae. 

Ultimately algae is broken down from a consortium of bacteria to produce methane and carbon 

dioxide. Anaerobic digestion eliminates the need to dewater the to such high solid 

concentrations, 7-8% solids is necessary for a digester (Golueke,1957). 11mega joules per 

kilogram of algae can be extracted through an anaerobic digestion process.  Even though this is 

half of the energy from liquid bio fuel, 22MJ/kg, the omitted heavy dewatering step makes 

digestion of algae have a higher net energy. (Lundquist, 2010). This information led to the 

choice of using anaerobic digestion to produce a fuel.  
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Current mass production of algae is done for food, 5000 mt of Chlorella are being grown 

and sold for $20000/mt world wide (Lundquist, 2010). Since the algae being produced will be for 

used  fuel,  $20000/mt will not be a 

reasonable price to sell at.  The widely 

accepted method to grow algae is raceway 

ponds. The race way ponds consist of a 

channel that cycles in a loop, mixed by a 

paddle wheel to keep algae suspended 

(Figure 1). The pond depth needs to be 

around 0.3 meters deep, ponds deeper than 

0.3 have  water handling  issues, any 

shallower then carbon dioxide out gassing 

becomes a problem and limits pond size 

(Lundquist, 2010). Race way ponds are 

subject to colonization from other algae species.  Another method of growing algae is using 

photobioreactors,PBR. PBRs are closed systems that eliminate the possibility of contamination 

from other algae species, greatly reduce 

evaporative losses, as well as carbon 

dioxide out gassing. A tubular PBR 

consists of multiple transparent tubes that 

are aligned to achieve maximum solar 

input (Chisti, 2007, Figure 2).  The main 

concern with photobioreactors is the 

amount of infrastructure required for 

operation as well as pumping needs. A 

small scale operation using 

photobioreactors was considered. Due to 

limitations in large scale PBR facilities 

caused by relatively small unit size (appx.  foot print 10-100 m2), would require an order of 

magnitude more photobioreactors compared to a race way pond (Lundquist, 2010). This 

limitation is due to pumping requirements  through the network of pipes, requiring many smaller 

units relative to a raceway pond. Photobioreactors do have a function in a large scale algae 

production, their ability to generate high concentrations of algae will be used to inoculate the 

race way ponds to insure algae species homogeneity (Lundquist, 2010).    

12/34%&56&!'7&82%9&'(&4":%&9";&7'*<=&>)?2,+2=@AABC 

12/34%&@6&&)'*:%7+&'(&.?'+'#2'4%":+'4&
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           Location of an algae production facility will determined by the availability of nutrients and 

carbon source. The future of algae production will be tied closely to wastewater treatment 

plants, and power plants emitting large quantities of carbon dioxide.  Wastewater treatment 

plants are important sources of nutrients for algae growth and economically the current way 

algae growth systems should be designed to be viable (Lundquist, 2010). Carbon dioxide is the 

most difficult to design from a management perspective, if no readily available source are in 

proximity of the facility. Coal fired power plants, large breweries and other carbon dioxide 

producing industries can be used in coordination with algae production. Another benefit of 

incorporating industries will be utilizing waste heat, mostly to heat water and create the 

environment needed to optimal algal growth. 

    

 
b. Algae Growth 

Photosynthesis, the process through which organisms convert solar energy into 

chemical energy, is responsible for generating biomass. In performing this process, algae 

produced feedstocks that can be synthesized into biohydrogen, bioethanol, biodiesel, and 

biomass. As a third-generation biofuel, algae have many advantages that alternate biofuels do  

not. They exhibit higher proton conversion efficiencies that lead to higher productivities, they 

can utilize salt water or wastewaters thereby reducing strain on freshwater sources, they can 

begrown on non-arable land without competing with agricultural crops grown for food, and they 

can be harvested on short cycles nearly year-round (Schenk et al., 2008). 

The main resource constraints of algae biofuel production are climate, CO2, nutrients, 

water, and land. Primary climatic variables that have a direct affect on algae biofuel production 

are insulation and temperature (Lundquist et al., 2010). Daily fluctuations in light intensity and 

temperature between night and day, as well as seasonal variation, drivethe algae growth 

process (Sheehan, 1990). In the United States, mass cultivation of algae is traditionally seen as 

being viable only 

exceed 15 °C. Southwestern states, in particular, have favorable climatic conditions, such as 

high light intensity and high daytime temperatures. However, even in the American southwest, 

diel variations in temperature can lead to low productivity. Photoinhibition may also occur, where 

the rate of photosynthesis decreases with an increase in light intensity and full sunlight 

experienced in these locals may not be used as efficiently as weaker sunlight (Lundquist et al., 

2010). This results from the photo-oxidative destruction of enzymes, not the destruction of 

chlorophyll. These insights suggest a strong possibility of growing algae in climates such as the 
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Willamette Valley and Eastern Oregon so long as sufficient daylight hours (during certain 

season) and proper temperature controls are used. 

Carbon dioxide is an essential nutrient for photosynthetic plants.  Unlike higher plants, 

algae do not achieve the necessary quantities of CO2 strictly from atmospheric sources because 

of their limited exchange rate of gases at the air-water interface (Lundquist et al., 2010). 

Additional carbon dioxide, which can be obtained cheaply from flue gases, is necessary to 

achieve a higher productivity (Schenk et al., 2008). Supplemental CO2 from flue gases may be 

pumped into the water (Maeda, 1995). In addition to the increased CO2 consumption and high 

algal biomass, pumping CO2 through the ponds improves aeration and mixing (James and 

Boriah, 2010). Combining biofuel production with other socially important processes such as 

CO2 mitigation locating biofuel facilities, not only near power plants, but also near municipal 

wastewater plants. Biofuel production in conjunction with wastewater treatment has 

considerable potential to be feasible because in untreated wastewater balances the ratio of 

carbon, nitrogen, and phosphorus in algae, leading to faster production rates (Brennan, 2010).!

Currently, the only practical large-scale methods available for growing algae are done in 

raceway ponds or tubular photobioreactors (PBRs). Raceway ponds are designed as close-

looped channels that recirculate algae with a mechanized paddle wheel. Flow is guided around 

bends by baffles placed within the channel (Chisti, 2007). Advantages of raceway ponds include 

ease of use, simple maintenance and construction, and lower capital cost than PBRs. However, 

avoiding contamination and population crashes is of primary concern for overall production 

efficiency (Greenwell et al., 2010; Schenk et al., 2008). help provide a shelter from 

contamination and yield an order of magnitude higher productivity than raceway ponds yet 

require a higher capital cost and an outgassing mechanism to prevent the buildup of oxygen. 

PBRs also require cooling during the daytime, as evaporation does not occur within the 

enclosed reactor (Chisti, 2007). 

Production of biofuels will be economical and feasible only when combined with co-

generation of bulk chemicals, food, and feed from waste products (Wijfells, 2010). Process 

spendingbecomes reduced when the residual algae biomass is used to create other products 

(Chisti, 2007). In order to maximize efficiency and reduce operating costs, production of biofuels 

must address these topics related to the utilization of co-products and waste recycling. 
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c. Algae Selection 
 

The inorganic elements that are considered to be required for the growth of green algae are 

N, P, K, Mg, Ca, S, Fe, Cu, Mn and Zn (Borowitzka, 1988). By using nearby sources of 

wastewater and flue gases, many of these nutrients can be sufficiently provided. For example, 

a pilot-scale system in Elbingerode, Germany that was growing 

Chlorella using waste CO2 from a lime factory (Borowitzka, 1999). 

There are several applicable dewatering processes for algae, such as the belt filter press, 

centrifugation, solar drying, microscreens, flocculation and clarification, etc. Choosing any of 

these options is heavily dependent on the analysis of economic, energetic, and algal species 

requirements. For example, a potential harvesting and dewatering method for algae biomass 

can be accomplished directly via filtration using microscreens. However, the filtration efficiency 

is highly dependent on the size range of the algae species, meaning certain types of filtration 

(microscreens) can be ineffective for smaller algae species in the few micrometers size range, 

such as Scenedesmus, Dunaliella and Chlorella, due to the high clogging rate of the filters 

(Williams et al., 2010). This particular method of harvesting would be more suitable for larger 

algal species, such as Spiruluna. 

In open pond systems, it is usually necessary to maintain an extreme culture environment to 

help prevent species contamination. Such extremes include high salinity, high alkalinity, or a 

high nutrient status. The only successful mass cultured and commercially marketed algae up to 

2001 were Dunaliella, Spirulina, and Chlorella (Lee, 2001). Growing these cultures successfully 

in open-air cultures while remaining relatively free of contamination by other algae and protozoa 

requires a controlled manipulation of the environment. Chlorella grows well in nutrient-rich 

media, Spirulina requires a high pH and bicarbonate concentration and Dunaliella salina grows 

at a very high salinity (Borowitzka, 1999). Maintaining these specific environmental controls over 

any growth system requires technical and financial support. 

Algae must be able to grow consistently and efficiently in order to provide the necessary 

outputs for any feasible stability. The most important step in the growth process happens 

heterotrophically on simple sugars and organic acida are usually slower than those cultured 

photosynthetically. The maximum specific growth rates (h-1) of Chlorella vulgaris and 

pyrenoidosa photosynthetically are 0.110 (Ogawa, 1981) and 0.082 (Droop, 1974), and 

heterotrophically (with glucose) at 0.098 (Ogawa, 1981) and 0.038 (Droop, 1974). It is 

interesting to note that Chlorella vulgaris is unique in having comparable photosynthetic and 
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heterotrophic maximum specific growth rates. Giving rise to the possibility of supplementing 

heterotrophic growth for photosynthetic processes during seasons of decreased illumination. 

Different algal species, such as Scenedesmus acutus, have a lower photosynthetic growth rate 

of 0.061 and a heterotrophic rate of 0.040, while Spirulina platensis also has a low 

photosynthetic rate of 0.028 and an even lower heterotrophic rate of 0.008 (Lee, 2001).  

In outdoor cultures with full sunlight, the achieved photoconversion efficiency (PCE) of 

Chlorella was 2.6-2.7% based on photosynthetically active radiation (PAR) (Weyer, 2010). It has 

also been shown that the photosynthetic processes of Chlorella sp. become light saturated at a 

relatively low illumination, ranging from 4,000 to 30,000 lx (Borowitzka, 1988). This range 

suggests that Chlorella will be able to grow photosynthetically at both site locations. 

During experimental analysis in open raceway ponds, it has been found that Chlorella 
vulgaris will outcompete Scenedesmus dimorphus in only eight weeks (Sander, 2010). 

Research in other open pond culture systems has shown that the highest recorded productivity 

of Chlorella sp. grown in the Czech Republic was 25.0 g/m2/day, and the highest for Spirulina 
platensis was 27.0 g/m2/day, grown in Israel (Lee, 2001). The higher growth rate of Spirulina 
platensis would suggest a more desirable algae strain for biomass production, however, the 

minimum temperature that still permits some growth in Spirulina is about 18 C and when the 

temperature outdoors declines below 12 C, the culture deteriorates (Borowitzka, 1988). The 

algal strains more suitable for the lower temperature conditions of a Mediterranean climate are 

Chlorella and Scenedesmus. The limitation for these strains during the summer season is due 

to the amount of solar radiation and not of the temperature (Tredici, 1992). This information 

suggests that incorporating a system of PBRs would be insufficient to compensate for the 

increased initial and operational costs. Ultimately, the climatic conditions are the most important 

factor in selecting a suitable algal strain, as both locations in this feasibility assessment are 

subject to the outdoor climate of the Pacific Northwest. The minimum temperature that still 

permits some growth in Spirulina is about 18 C and when the temperature outdoors declines 

below 12 C, the culture deteriorates (Borowitzka, 1988). Averages temperatures in the Pacific 

Northwest can be below 12 C for several months, giving rise to major problems with Spirulina 

cultivation. 

The cultures of Spirulina and Chlorella require a well-mixed system, such as a raceway 

pond, to achieve high growth rates and to minimize the risk of excess contamination from other 

algae (Borowitzka, 1999). It has also been shown that doubling the revolutions of the paddle 

wheel per minute of stirring results in a 50% increase in output rate of Spirulina (Richmond, 

1992). Most Chlorella strains are tolerant of a wide range of salt concentrations and pH values 
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so maintaining a perfect medium composition is not critical (Borowitzka, 1988). Understanding 

constraints, such as temperature, pH, light intensity and other parameters, suggests that using 

Chlorella would be the best option for both the Boardman and Millersburg locations. 

The biggest concern with using Chlorella at the Millersburg site is the suitability of the 

anaerobic digestion of Chlorella. In general, the species Chlorella sp. and Scenedesmus sp. 

both have robust cell walls with high cellulose content, causing them to be difficult to rupture or 

digest. Another algal species, Spirulina, lacks a rigid cell wall and is therefore easier to 

breakdown but is characteristically low in lipid content (Williams et al., 2010). The lipids 

represent the biochemical fraction of the micro-algae with the highest available energy and they 

can be extracted using a number of methods (Borowitzka, 1988). These are some of the trade-

offs that must be considered when incorporating anaerobic digestion in biofuel production. 

It is understood that the most appropriate algae species to use in the fluctuating northwest 

climate is Chlorella spp. This alga has a high calorific value, an ability to succeed with moderate 

contamination, and can tolerate fluctuations within the constraints of our environmental 

temperature and pH. Some other potential algae, such as Spirulina spp. and Dunaliella spp., 

have been disregarded, as they require particular parameter conditions unsuitable to the 

northwest. Optimal cultivation of Spirulina spp. requires consistently warm temperatures 

throughout the year (of which neither location can accommodate), a high pH value, and a 

controlled bicarbonate concentration. Dunaliella spp. requires a highly saline environment 

(Borowitzka, 1999). Chlorella appears to meet a broader spectrum of requirements, making it 

the primary choice in this feasibility study. 

 
d. Algae Dewatering and Concentration Process 

Many documentations agree that the algae dewatering process requires the greatest 

cost and energy input of the described processes in this paper (Sander and Murthy, 2010). This 

high cost is necessary when the desired moisture content is <30% water by weight. This value 

is the approximate moisture content of coal before it enters the pulverizing chamber at the 

Boardman coal power plant in Boardman, Oregon. A simple dewatering process will be used 

and this desired moisture content will be ignored because a concentrated algae fluid that can be 

sprayed evenly over many acres of coal is assumed to have little influence on the increase in 

the coal moisture content considering large evaporation rates over many acres. This 

assumption was made because the Boardman power plant assumes rain events are negligible 

on coal moisture content due to percolation (Jaisen Moody, personal correspondant) 
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A simple and cost effective method for removing solids from water is clarification.Other 

technology such as centrifuges and fluidized bed dryers were considered but will not be used 

because the energy required for these systems is greater relative to clarification. A typical 

clarification basin for this process has a 3m depth and a 30m diameter. (Metcalf & Eddy, 2004) 

Calculations were performed (appendix B) and determined the removal percentage of algae for 

a pond reactor effluent flow rate of 3200m3/d (SuperPro). The removal efficiency without 

flocculationwas determined to be approximately 2%. If the average particle diameter increases 

by a factor of 10 the removal efficiency is calculated to be 100% removal. Flocculants are a 

great way to increase particle size by attaching particles together. However, most are toxic and  

product. The 

harmful gasses that result from the combustion of typical flocculants such as alum as well as the 

contamination of bi-product from anaerobic digestion have convinced our team that other non-

toxic flocculants should be considered.  

Algae Industry Magazine 2011 suggests natural polymeric flocculants for this process. 

They claim the flocculants are biodegradable, contain no toxic or carcinogenic monomers and 

are easy to use and cost effective for algae flocculation. It was also found that they are not 

sensitive to pH and therefore require no lime addition for alkalinity. It will be a fair decision to 

use natural polymeric flocculants in the dewatering process. 

Effluent from the growth ponds will flow into a flocculation basin with the same 

dimensions as the suggested sedimentation basin so flows do not vary among basins. The 

flocculation basin will mix natural polymeric flocculants with algae to increase particle size and 

settling rate. Mixing in the flocculation basin will be performed with a flat paddle impeller. 

Effluent from the flocculation basin will flow to the sedimentation basin described where we can 

assume 100% settling. 

Assuming natural polymeric flocculants cost about as much as alum and perform 

similarly, (Algae Industry Magazine 2011) The required concentration of flocculants for 100% 

settling is about 40kg flocculants/1000m3 water and costs approximately $0.66/kg (CQ 

Concepts 2011) 

After Chlorella remains in reactor ponds for a retention time of about five days, it will be 

assumed that the approximate effluent algae to water concentration will be 0.5g/L (G.S. Murthy.) 

If the effluent pond reactor flow is 3200m3/d, the mass rate of algae is about 1600kg/d and the 

mass rate of flocculants is about 128kg/d costing app 
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roximately $85/d. The specific gravity for the sludge effluent from the clarifier if 100% of 

this mass rate settles to sludge is approximately 1.04 with a moisture content of about 93% 

(Metcalf & Eddy.) 

The calculated flow rate of algae sludge clarifier effluent at Boardman is 24 m3/d with an algae 

and flocculation concentration equal to 73kg/m3 (appendix B.) A similar calculation can easily be 

performed to determine production and flocculation requirements at varying flows. The average 

flow rate at Millersburg is much greater and will therefore have a greater requirement for 

flocculation.  

At Millersburg, the effluent flow rate from algae growth ponds is about 41,580m3/d 

(SuperPro).The required amount of flocculants to achieve the concentration mentioned above 

was calculated to be about 1660kg/d costing approximately $1100/d. The flow rate of algae 

flocculated sludgeat Millersburg is about 308m3/d. The concentration of algae and flocculants in 

the sludge was calculated to be the same as that for the Boardman facility (73kg/m3). This 

concentration will be true for most facilities if the same assumptions are made. 

 

 

e. Economic Analysis 
 
 

 The initial goal of the 

project was to complete a 

feasibility study, and if there is 

an indication the project lacked 

feasibility, stop further 

investigation.  Because all 

literature indicated algae fuel s 

a

project soon evolved to design a 

production facility operating in 

the black, or determine the 

feasible.  After initial study, the project was ostensibly technologically feasible, but we lacked 

any evidence for the economic success of a large-scale project.  During our study period a large 

review of algae production was published providing us with hard evidence that economic 

Cost Parameter Cost Factor Source 
Unlisted Equipment Purchase 1.10 Our estimate 
Piping 0.10 PCEH 
Instrumentation 0.08 PCEH 
Insulation 0.05 PCEH 
Lighting/Electrical 0.07 PCEH 
Building 0.00 The team 
Yard Improvement 0.05 PCEH 
Auxiliary Facilities 0.00 The team 
Engineering Costs 0.05 Lq2010 
Construction Costs 0.12 Lq2010 
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feasibility was null (Lundquist et. al., 2010), and that large-scale production was at best ten 

years away. !

 For design studies, there are various levels of accuracies put forth for cost estimation at 

various times.  The levels of cost estimation depend on project knowledge, conditions, and 

details.  The Association for Advancement of Cost Engineering has put together five levels of 

estimation, varying from conceptual estimates (-20% to +100%) to full-detail estimates (-10% to 

+15%).  With the extent of project development and research involved in our study, our 

economic evaluation will land in the feasibility and pre-design stage, with a cost accuracy 

ranging from -30% to +50%.  Due to our project design details being estimates from literature, 

this range should hold true.  !

 

i. Economic Assessment Framework 

 To create a framework for economic assessment we used the 2010 Lundquist et. al. 

 Using these conceptual frameworks, 

the team used the built in economic estimation power of SuperPro Designer to complete our 

economic analyses.  The economic analysis started with a basic work breakdown structure for 

the technology, see appendix A for the full economic analysis.  With the work breakdown 

structure the framework was populated with values ranging from -30% to +50% (pre-design 

phase), and then executed in SuperPro. 

Cost estimation in SuperPro starts with populating the purchase and flow costs of materials, 

then building up the capital cost estimation using cost estimation factors.  Cost estimation 

factors are used to estimate and account for costs not particularly easy to calculate, and include 

engineering costs, construction, piping, etc.  These cost estimation factors were gleaned from 

 table1 for the 

factors.  Cost estimation factors are generally cited as a range, depending on the extent of the 

project.  

Lundquist assisted to refine the values for algae production facilities.  The factor is expected to 

account for project scale, local conditions, market competition and project complexity 

(Lundquist, 2010).  Factor selection is a work of judgment, but reasoning lies behind the 

selection of the given factor. 

To begin estimation, the projects initial capital costs were calculated, which included pond 

cost and clarifier costs.  Added to the purchase cost was the unlisted equipment purchase cost, 

at a factor or 1.10.  The factor of 1.10 was selected because the unlisted equipment only 

consisted of inoculation photobioreactors, the paddle wheels, and the algae slurry distributor 
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system.  A multiplier of 1.10 is considered high for such a simple project (Perry, 1997), however 

the high range of factors is used because of the additional needed for the unlisted 

equipment.  Unlisted equipment costs are then added to the initial purchase costs, for a total 

purchase costs.  These total purchase costs are then used with the next cost estimation factors 

to price the infrastructural and design pieces, such as piping, insulation, engineering, etc. 

The infrastructural and design pieces are listed in table 1, with their cost estimation factors, 

and they are all individually multiplied by the total purchase cost to reach a cost for each 

individual piece.  A discussion of what each individual component consists of can be found in 

the appendix A.  As seen in table 1, estimation factors were influenced by a previous source or 

cost estimate study, but the values are specific to the project.  Th

cost estimation factors can be found in the appendix A. 

 

2. Boardman Design 
a. Introduction 

The Boardman site was 

selected because it is home to 

power plant, which produces large 

amounts of carbon dioxide. This 

makes it advantageous for maximizing 

algal production, technically and 

economically.  For years, algae has 

been heralded as a possible solution 

for making coal net zero greenhouse 

gas emission. Coal power plants are 

carbon dioxide point source polluters. 

Adjacent algae production facilities to the flue gas, which contains the carbon dioxide, the flue 

gas could be diverted into the ponds and the algae growth would sequester the carbon 

dioxide.  Algae sequester carbon dioxide at a ratio of 1.86 g CO2:1 g algae (Chisti, 2007), and 

high growth rates. These characteristics give algae the ability to mitigate anthropogenic carbon 

uction 

of fossil carbon dioxide to grow.  

consumption, but adds a link of recycling in the chain of consumption.  There are a few options 

for use of algae as a low-cost fuel, and at Boardman options were assessed (above discussion), 
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and due to the nearby power plant, the algae will be used as a raw fuel, supplementing the coal 

usage.  

The mission of the Boardman project was to sequester carbon dioxide with algae, 

growing the algae from as many extra waste streams as possible, and utilizing the algae in the 

most cost and energy efficient manner. 

 

b. Site and Coal Plant Description 

 

Eastern Oregon along the Columbia River, 

providing available land area, water 

resources, and later discovered a dairy 

production facility as a growth nutrient 

source.  Boardman, Oregon lies on the 

southern edge of the Columbia River east of 

the Cascade Range. 

semi-arid , in the summer the area is dry and 

warm with July temperatures reaching 

32.3°C. In the winter, and cool and dry in the 

winter, and January the coldest at 5.1°C 

(WRCC, 2011).  The project location lies near 

the 45th parallel, and solar availability 

are high due to infrequent 

cloudiness.  The site has a high 

potential for algae growth, as will be 

seen below. 

 

i.   Environment and Geographic 
Conditions 

Environmental and geographic 

conditions of Boardman were initially 

thought of as inhibiting algae growth, 
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but subsequent literature and technology reviews have indicated otherwise.  Initially algae 

production was relegated to equatorial regions for their long light hours, high solar availability, 

and average temperatures of 25-35 degrees Celsius.  In 1992, Tredici and Materassi indicated 

the potential for industrial algae production in high latitude climates, with an indication lower light 

levels will not limit algae growth potential, and could even be favorable because the lower 

irradiances will not induce photoinhibition in green algae (Tredici and Materassi, 1992).  With 

optimal light intensities, the question of a photo limiting effect has been  

disregarded and will be assumed to not 

occur.  The direct normal radiation availability 

can be seen in figure 4, and is exemplifies 

light intensities needed for algae growth. 

Furthermore, another inhibiting 

variable of concern is temperature, chart x 

(Sanders, in review) demonstrates the growth 

potential in nearby Hermiston, Oregon at 

varying temperatures.  Initially the low 

temperatures were thought to reduce 

growth feasibility to the late spring, 

summer and early fall months, however 

this design blockage has been avoided from the waste heat created from the power plant.  The 

waste heat will be introduced in form of the flue gas, and will be sufficient for pond heating even 

during the coldest winter months.  

The lack of light and low winter temperatures as growth limiting variables will be avoided, 

allowing for algae production from March through October.  Light availability from November to 

February will be the only limiting variable, and during this time the plant will close, because 

growth potential is too low to justify operation.  Table 2 illustrates the poorest and optimal 

months for algae growth, and their comparable solar radiation and a normalized retention time 

for optimal growth, the higher the number for retention time, the less optimal the 

conditions.  Thus due to the low productivity and the harsh weather conditions, the algae ponds 

will not be used, and the downtime will be used for maintenance. 

 

 
 

Month 
Solar 
Radiation 
(kWhr/m2-d) 

Retention 
Time 
(normalized) 

December 0.5 16 

February 3.7 2.2 

March 5 1.6 

July 8 1 

August 7.5 1.1 
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ii.    Site Resources 

 
 The Boardman site (figure 6), 

although in a semi-arid climate, is a 

resource rich environment for growing 

algae.  To grow algae, we need four 

major resources, sunlight, carbon 

dioxide, nutrients, water, and land 

area.  Seen in the discussion above, 

the sunlight resources are largely met 

to grow algae, and strategically the 

remaining resources are all readily 

available at the site.  The carbon 

dioxide needs will easily be met from the coal power plant, 

nutrients and water will be contributed from nearby dairy 

facilities and possibly the Columbia River. Lastly, land area is 

available in excess.  To begin the design process, the team 

began assessing local resources to determine which would be 

the limiting resource in the algae growth process.  The limiting 

resources would be land, water,or nutrients, because of the 

assessment of light resources above indicated adequate solar 

resources. 

 

currently in use for forest or food crops.  At the Boardman site, 

low value agricultural land is present, and in excess of any 

production capacity of our algae facilities.  In figure6, the 

northeast corner is a barren landscape; this landscape is where 

we suggest the development of the algae production 

facilities.  The bottom left of the aerial photo is the Boardman 

plant lake, their water-cooling source, and just to the 

northeast is the power plant itself.  Continuing 

Limiting Watersheds 

Monthly Streamflows (cms) 

Storage at 50% 

Exceedance in Acre-Ft 

Month 
Net Available 

Water (cms) 

Jan 0.017 

Feb 0.088 

Mar 0.24 

Apr 0.014 

May 0.0028 

Jun 0.0028 

Jul 0 

Aug 0 

Sep 0 

Oct 0 

Nov 0 

Dec 0.0028 

Ann 2207000 (m3) 
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northeast is the landscape for development; in the photo this barren land mass is a three by four 

kilometer area, totaling 1,200 hectares, an area plenty large for algae cultivation, especially at 

this stage of algae cultivation research and production.  No algae production facility to the 

knowledge of the algae community has exceeded one hectare (Lundquist, 2010).  Sufficient 

land area exists, and is promising for our algae cultivation needs. 

Continuing the search for the limiting resource the team turned to water and nutrients 

collectively.  First assessing water needs we looked to the Columbia River.  The Columbia River 

has a history of high water usage, and we assumed little to no water rights, however we still 

pursued the outlet to ensure we could glean a small volume in the wet months, for reuse in the 

dry months of high evaporation and no water availability.  From the Oregon Water Resource 

Department and the Basic Mapping Data outlet, we found water was available from December 

through June.  Seen in table 3 and more extensively in appendix B, water resourcesare 

available ranging from 0.0028 cms, up to 0.24 cms, depending upon the month.  The project is 

ntal footprint, and since the Columbia River is already 

heavily used, the team decided to look into alternative water sources before pursuing water 

rights and permits on the Columbia River. 

During the search for nutrient sources, a water resource was simultaneously found.  The 

nearby dairy facility, operated by Three Mile Canyon Farms, has a ranch with 41,000 cattle 

(Three Mile Canyon Farms).  A dairy farm with 41,000 cattle, where each cow produces 78 kg of 

dairy waste per day (Wright, 2004), totals to a volume 133,000 kilograms of dairy waste per 

hour.  Dairy waste is a prime growth substrate because it is high in nitrogen and phosphorus, 

and has an average characterization of 100 mg/L of available nitrogen and 65 mg/L of available 

phosphorus (Danalewich et al., 1998).  The dairy facility was the only identified near-site nutrient 

source, and aside from supplemental nutrients, the dairy is the only nutrient source the 

Boardman site will require.  With the influent nutrients and water from the dairy facilities, and the 

capacity to recycle water post clarification, the team completed the resource availability 

investigation, and identified the nutrient source as the limiting resource. 

The last site resource is the carbon dioxide contribution from the power plant.  The 

carbon dioxide from the plant totals to approximately 3080 metric tons per hour (Golightly, 

personal correspondence), which far exceeds our carbon dioxide needs. 
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iii.    Plant Details and Algae Production Utilization 
 

The mission of the project was to sequester carbon dioxide, and use the algae in the 

most economically efficient manner.  In the initial projection of project design, the system was to 

sequester carbon dioxide as a growth substrate in the bubbling of the carbon dioxide through 

the raceway ponds, then following the maximum algae growth and biomass accumulation the 

algae would be flocculated, clarified and burned in the power plant furnace through the coal 

water slurry. 

The growth aspect of the project is very feasible, and has been done (Chisiti, 2007; 

NREL, 1998; DOE, 1998).  Flue gasses from the furnace, post precipitator, would be diverted 

and highly diffused over the pond bottom.  The flue gases are a valuable resource to the growth 

of the algae for two reasons, (1) the carbon dioxide of the flue gas is a crucial feed stock for 

maximum photosynthetic efficiency, and (2) the flue gas has an average temperature of 143 

degrees Celcius, which will maintain the pond temperatures above ambient, increasing growth 

potential.  Further discussion of flue gas usage will continue below in the design section. 

with the end use of the algae.  Algae is either considered a high value or low value product, and 

in our case production is for a low value algae, either as a fuel stock or liquid fuel (Chisti, 2007; 

Molina Grima et al., 2003; Rodolfi, 2008).  Seen in the above discussion, creating a liquid fuel 

from algae is neither economically, nor energetically favorable, and thus this led us to using the 

algae as a fuel stock.  Algae as fuel stock can either be digested or burned, and since the 

project are adjacent to a power plant, it made the most sense to burn the algae, supplementing 

the coal use.  

To burn the coal, the next issue was finding a methodology to introduce the algae into 

the furnace.  

coal water slurries to cool the furnace and reduce NOx emissions.  Coal water slurries (CWS) 

are mixtures of coal and water accounting for approximately 15% to 40% of the thermal input 

into the furnace, and containing a solids loading of 40% to 70%.  The introduction of a relatively 

small volume of water reduces the NOx emissions up to ~25% (Miller et al., 1997), a favorable 

process for the environment, and our process. Since CWS requires large volumes of water 

(speculated ~40,000 kg water/day at Boardman), the algae could be flocculated, and the algae 

water slurry could be mixed with the pulverized coal to make the CWS.  The algae would then 

supplement some of the thermal loading from the coal, offsetting total coal consumption.  Upon 
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correspondence), and an alternative furnace design is used to reduce NOx emissions.  This has 

led us to spraying the algae over the coal storage field, which increases the moisture of the 

coal, but only incrementally.  Further discussion is below in the design section. 

 

c. Facility Design 
 

The design of this facility has been a four step process, (1) an evaluation of the state 

algae fuel technology, (2) the selection of the technologies for economic feasibility and 

technologic capability, specific to our site, (3) the assessment of our site, and the design of 

these technologies to suit our local site specific details, and (4) the final sizing, modeling and 

economic valuations of the projects.  The first two steps of the project have been addressed 

above; below are the final two. 

The final two steps were largely made easy following the completion of the first two 

steps.  The facility in its completion is a set of earthen lined raceway ponds, a clarifier, and a 

distribution service for burning with the coal, the unit operation visual can be found as figure 

10.  The selection of these technologies were largely self evident upon finishing the technology 

survey, because most other methods of algae production are energy, capital, resource, and 

labor intensive.  As discussed above, this is because algae production has traditionally been for 

high value algae products, whereas our scenario requires a low value and high yield algae 

product. 

The majority of the design has taken place on the software SuperPro 

Designer.  SuperPro Designer is software intended for modeling, evaluating, and optimizing 

industrial process such as pharmaceuticals, biotech, wastewater treatment, etc.  The software is 

 the life 

cycle of product development and commercialization to facilitate process optimization, cycle 

time reduction, improve team collaboration, and shorten the time to market (InDesign.com, 

 The software proved to be a great help to visualize the process as a full, and work as 

an accounting tool for the processes. 

 

i. Production Facility Design 

 

The object of the design was to be simple, and use as many of the surrounding resource 

bases to mitigate and reduce environmental impact of the project and surrounding 
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industry.  Following the state of the technology survey, the project was selected to be earthen 

raceway ponds, a clarifier, and an algae distribution system for eventual burning.  

To start the design process we conceptualized each unit process, as seen in figure 8, then 

assessed system 

inputs.  Input 

assessments are an important step for determining the size and extent of the full system, and 

are eventually useful in the optimization of design.Starting the input assessment we addressed 

the needs to grow algae: land, water, nutrients, sunlight, and carbon dioxide.  All these needs 

could be filled at the site, and seen above in the site assessment, and along with the basic 

survey and we determined the extent to which these resources were available, as see in table 4 

for an overview. 

The design process began with the selection of the algae strain.  The strain selection 

process was an important step, but was largely answered during the state of the technology 

assessment.  Chlorella spp. is the selected species, and it was selected for the Boardman 

project for four main reasons, (1) the species is hardy, can survive pH and temperature 

fluctuations, and thrive during interspecies competition (NREL, 1998); (2) the species is a 

freshwater species, so no specific environmental design would have to take place for their 

success (Chinassamy, 2009); (3) the species is a native, which has been a topic of discussion 

for algae production (Murthy, personal cooresponance); and (4) this algae strain has a short 

doubling time (Borowitzka, 1988) for fast growth.  The details and reasoning behind our 

selection of Chlorellaspp. are above, for this section we will take our previous knowledge and 

apply it to system output and efficiency. 

The growth system, as has been mentioned, is a raceway pond.  The raceway pond we 

will be using is earthen lined, and the flow is guided through the bends with an in-channel baffle 

system.  The paddle system will constantly be running to prevent settling and encourage grown 

algae particle flocculation for eventual settling.  Diagrams of the raceway ponds can be seen in 

figure1. 

Resource Extent of Availability 

Land >1200 ha 

Water Diary: 3199 m/d; Columbia River <2.2 million m3/yr 

Nutrients Dairy: 100mg/L NH3 and 65 mg/L PO4
3- 

Sunlight 0.5-8 kWhr/m2-day 

Carbon Dioxide Power Plant Flue Gas: 3080 metric ton/hr 
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For the Boardman project, raceway pond sizes were selected to be 82 meters long, 12 

meters wide, and 0.3 meters deep (Chisti, 2007).  

important, but there are two important parameters, (1) the energy cost of the paddlewheel to 

move the given volume and length of water at a minimum velocity, and (2) the depth, a depth 

too shallow will limit algae productivity, and a pond too deep will be more water to move and be 

more cross sectional area for the algae to shade each other.  0.3 meters is often chosen as an 

ideal depth for pond design to avoid shading (Chisti, 2007).  Pond velocities are typically 

keep the algae suspended to optimal growth (Borowitzka, 1988).  See above for more specific 

raceway pond details. 

Beyond pond sizing, pond design involved determining lining and the number of ponds 

needed.  Raceway ponds can have two general kinds of lining, a geotextile liner or an earthen 

liner, which is clay.  Earthen lining was much less expensive, and for the growth of a low value 

alga, the need to keep costs low was an important design parameter.  In some parts of the 

nation the local soils have very low saturated conductivity, thus simple earthwork to level and 

 Boardman. 

The local lithosphere at Boardman is a combination of loamy fine sand and fine sandy 

loam, with infiltration rates on the order of 10-7 to 10-8 cm/s, respectively (NRCS, 2011).  For the 

design of raceway ponds low permeability is important, and needed on the order of 10-12 cm/s 

to retain local water resources, especially in a semi-arid climate like Boardman.  Since the local 

soils are relatively highly permeable, the need to purchase ex situ clay is needed.  Clay liners 

were speculated to cost ~$16/m2 with $5/m2 construction cost, the cost scenario will be 

explained below in the economics section. 

Construction of the 

raceway ponds will need to 

occur with the importation of 

a less permeable soil.  Due 

to water being an important 

resource to conserve, 

reducing the loss of water 

through the bottom will be 

important, especially during 

the summer months when 

water 
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centimeters per day in July (USBR, 2011).  No other measures will be taken to retain water; 

water resources and the implementation of a water recycling system will maintain the water 

demands of the project.  The water recycle was estimated to be 57.3% from the overflow of the 

clarifier, and this will maintain the assumptions of required growth densities stated below. 

Lastly, a final design need of the raceway ponds is the system for introduction of the flue 

gases.  The flue gases have two functions, (1) a growth substrate, and (2) a pond heating 

source.  To achieve these functions the flue gas will be highly diffused over the bottoms of the 

raceway ponds

input.  To regulate the input of flue gas into the raceway ponds, they will be instrumented with a 

system that can deliver variable gas flows to the ponds, and flow will be varied through 

monitoring pH.  pH is a prime monitor of carbon dioxide levels in water, because as carbon 

dioxide is dissolved it is hydrated making carbonic acid, and carbonic acid will drive the pH 

low.  So to maintain optimal growing conditions the pH of the raceway ponds will be monitored 

and maintained around a pH of 6. 

The flue gas will also provide a prime environmental control.  Algae prefer to grow in the 

25-35 0C range, and during the cold months the algae will be heated by the flue gas.  Flue gas 

as it exits the flue stacks averages a temperature of 1430C (figure 7), and with a 0.01% 

diversion of flue stack flow the ponds will have the required carbon dioxide for growth, and the 

heating capacity required to maintain a the needed temperature range for growth.  The 

SuperPro model indicated with the 0.01% of flue gas, the ponds would maintain a temperature 

of >80 0  In short, 

there is enough waste heat from the flue gas to heat the ponds, the temperature will also need 

to be monitored and allow for flue gas flow adjustment.  The details of this system could be 

investigated further as the system design progresses. 

 

ii. Algae Growth and Assumptions 

 

With the characteristics of the algae and the physical conditions of the raceway ponds, it 

became time to model algae growth.  The growth model was constructed as a stoichiometric 

continuously stirred tank reactor (CSTR), meaning growth was represented as a reaction of 

products stoichiometrically corresponding to the products.  This was an important assumption 

for the creation of a working model.  The CSTR model created the raceway ponds, and treated 

them as continuous batch reactors, meaning they would operate drain, fill, grow algae (batch 
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process), and then repeat.  This could be modeled as a continuous reaction, because overall 

the combination of the ponds would make this process essentially continuous. 

For sufficient algae growth, our growth model has demonstrated a retention time (HRT) 

of five days will sufficient and maximal algae return (Borowitzka, 1988).  The model has called 

for the use of 13 raceway ponds, totaling to 12.8 hectares.  To run 13 ponds with a five-day 

HRT, the 3199 m3/d influent from the dairy barn will be completely used and an internal 

recycling of 57.3% of the water achieve maximum growth.  The facility is limited to 13 ponds 

because algae are alleopathic and self-inhibit growth. 

Magnitude of algae growth is a difficult parameter to quantify without extensive local 

testing with matched conditions to the full system design; thus for modeling purposes 

assumptions were necessary to create a representative model to the pre-design standard (-30% 

to +50%).  First and foremost, assumptions concerning algae composition and stoichiometric 

relationships were required; the required assumption was to treat the average algae cell as 

CO0.48H1.83N0.11P0.01 (Chisti, 2007), becoming the stoichiometric product.  

The stoichiometric reactants became another assumption.  The basic photosynthetic 

reaction indicates algae requires sunlight, carbon dioxide and water.  The flue gas from the 

power plant became the carbon dioxide source, but making assumptions for the remaining 

nitrogen and phosphors sources became critical.  Literature indicates algae most readily uptake 

orthophosphates, and ammonia as the most bioavailable, however not considerably more than 

urea, nor nitrate (Shi et. al., 2000).  These findings of bioavailability lead to the assumption that 

nitrogen will always be accessible due to degradation of organic nitrogen into ammonia, urea, or 

nitrates; and the degradation of organic phosphorus to orthophosphates.  The transformation of 

organic N and P to bioavailable forms will not be considered a rate-limiting step. 

Without the transformation of organic nitrogen and phosphorus to bioavailable forms the 

team assumed the dairy waste input, the influent stream characterization would only be 

ammonia and phosphoric acid for stoichiometric continuity in the SuperPro model. The values of 

calculated for ammonia and phosphoric acid are derived from total nitrogen and total 

phosphorus, and then these values are converted into their basic forms to model the growth 

stoichiometry. 

A further assumption made for the growth stoichiometry is a one to one reactants equal 

product.  This reaction indicates for all reactants, our nutrient sources, we will be making a mole 

of algae.  This assumption has validity, however one oversight.  Some of the stored energy in 

the cellular algae is lost at night during respiration, thus reducing the overall biomass production 
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of the algae (Chisti, 2007).  We have attempted to mitigate this assumption using the reaction 

extent in the SuperPro model by assuming an 95% reaction extent, but little research has been 

put forth for our scenario.  Because of the lack of understanding of biomass loss we have taken 

further conservative assumptions for growth extent, see below. 

With a functioning stoichiometric relationship, the growth model needed to be built to 

reflect natural growth.  As the model functioned at this point, the influent concentration of 

reactants could grow algae at any density and concen  To 

manage this, we addressed the two governing parameters to algae growth, (1) maximum 

concentration, and (2) maximum growth output per area.  

concentrations beyond 0.5 g/L in the raceway ponds (Murthy, personal discussion), and algae 
2-day at Boardman Oregon (Sander, in review).  The 

result of these adjustments required the team to dilute the nutrient concentrations entering the 

raceways, via adjusting the recycle ratio of water from the clarifier.  The recycle percent became 

57.3, making the substrate diluted by 45%, holding true to past research of algae production 

from dairy waste requiring dilution (Woertz et. al., 2007).  The assumptions made, the team 

feels are all valid and justified given the lack of case specific data, and were necessary for the 

implementation of a functioning growth model. 

 

 

iii. Filtration and Algae Consumption 

 

The growth period is certainly the most important step, however to make algae more 

useable, concentration processes are required.  In the case of Boardman, the energetic content 

of the algae will be realized by burning the algae along with the coal in the furnaces.  Depending 

upon plant design and layout the algae could be introduced in two general ways, (1) the algae 

could be applied to the coal prior to pulverization and go through the full coal preparation 

process, and (2) the algae water slurry could be mixed with the pulverized coal, for 

supplementation of the coal in the coal water slurry.  For the Boardman case, the algae must be 

technology. 

The application of algae to the coal is a simple process, however the moisture of coal 

upon preparation and burning must be closely maintained.  At Boardman the average coal 

moisture content is 30.3 percent and ranges between 29.3 and 31 (Golightly, 2011).  Since 
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application of algae will occur via a liquid application of the algae/water slurry, a concentration of 

the algae will be required to not exceed the 31 percent moisture content ceiling. 

As discussed above, there are many options for dewatering, but for Boardman we 

selected a flocculation and clarification process.  The flocculation and clarification technologies 

are matured, and the most economically and energetically feasible across a dewatering 

technology profile.  For the project, our growth models show following the five-day growth 

period, the alga exits the raceway ponds at a concentration of 0.5 g/L, and continues into a 

clarification process.  Due to agitation in the growth step from the paddlewheel, the alga is 

expected to have flocculated in the raceway ponds, and will be ready for clarification.  The 

flocculation process is an essential part of concentration, and will be required for successful 

clarification.  The Aquatic Species Program states the agitation of Chlorella will induce the 

flocculation, however this is only a sure process upon observed function (NREL, 1998). 

Assuming complete flocculation, the alga continues to the clarification process 

(conceptually detailed above). The clarification process will be the only concentration process at 

Boardman, and this is because the expected output of the ponds to be comparatively low in 

relation to the consumption of coal at Boardman.  The clarification process will always occur in 

one clarification basin, however to ensure function, redundancy and scheduling, the plant has 

been designed with two clarification basins.  In the case of a failed clarification basin, or with the 

need for maintenance, the other will be readily able to go online and relieve the main clarifier. 

which will be added to the algae water slurry at a rate of 128 kg Alum/day. The addition of the 

biopolymer will occur during piping to the clarifier, or nearing the end of growth in the raceway 

ponds. The clarification process will have a residence time of 0.66 days, and the residence time 

will be achieved with a clarifier 30 meters in diameter, a depth of 3 meters, and an overflow rate 

of 4.53 m/day. The biopolymer is a highly effective flocculent, and the combination of 

flocculation in the raceway ponds and the biopolymer the team has assumed a removal 

efficiency of 100%. The clarifier will be analogous to a clarifier used in wastewater treatment 

(Metcalf and Eddy, year).  See the appendix B for sizing and calculations.  

With these parameters, SuperPro was used to finalize algae production, and it was 

determined the plant would be producing 24 kg algae/hr.  The resulting algae water slurry will 

have a concentration of 5 g/L, and this will be applied to the coalfields for eventual burning in 

the furnace. 
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The bottom flow from the clarifier will be piped to the coalfields and sprayed over the 

fields. The bottom flow contains 23.91 kg/hr algae and 

4782 kg/hr water. If this mass flow were directly added 

to the coal flow into the plant, the moisture content of the 

coal would increase to 45%, above the maximum of 

31%. This initially was concerning, however the low 

proportion of algae water slurry to coal consumption 

would allow for the algae water slurry to be sprayed over the coalfield all owing for the 

infiltration of water, leaving the algae. The coal in the coalfield is compacted for storage, 

 The compacted coal will act as a filter, 

retaining the algae and passing the water through the coal. This has been assumed to work 

 

 Initially the clarification process was to avoid the increase in moisture content, however 

following the above assumption the potential to remove the clarification process presented its 

self.  The team considered the option of no clarification, though without clarification there will be 

no capacity for water recycling, and this is a necessary process for the project design.  

Therefore the design will maintain the clarification for the recycling of our water resources. 

The coal/algae sludge mix will then be relayed up a conveyor belt so gravity can further 

reduce the moisture concentration. The conveyor brings the mix to a pulverizing machine that 

processes the product into a fine powder that is air blown into a continuously burning boiler as 

combustion fuel.  The massive amount of thermal energy produced in the boiler heats pure 

water to steam that then performs work on a turbine powering an electric generator as noted in 

the classic Rankin Cycle.
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                     The full process is seen above, and the resulting design yielded an algae 

production of 189,000 kilograms of algae per year, resulting in a mitigation of 352,000 kilograms 

of carbon dioxide, supplementing 603 tons of coal. 

 

d. Economic Analysis 

 

The Boardman project has been estimated to have a capital cost of $971,000and an 

operations cost of $1,832,000, and the project is estimated to cost $1,865,000 amortized over 

the 30-year lifespan.  The capital costs were largely the raceway ponds, and the majority of the 

operational costs were electricity for the paddlewheels in the raceway ponds, which constituted 

for 67% of the operational costs.  These values are all the explicit costs of the project without 

any revenue streams.  No revenue streams currently exist for the algae, so the evaluation of 

economic feasibility will obviously indicate a negative return. This is due to no market availability 

for the streams we are creating and could potentially sell; other than the algae as 

supplementation of the coal, which this project has not considered because it cannot compete 

with the low cost of coal.  The goal of the project is beyond the growth of algae for 

supplementation of coal, and therefore the full valuation will take place as a total cost of 

production per unit algae. 

The possible revenue streams, which exist for the project, would be the waste mitigation 

of the dairy barns, the carbon dioxide mitigation of the coal power plant, and the sale of the 

algae for incineration. Presently, to recover the cost of the full system through the sale of algae, 

it would cost $9.85/kg algae. The cost is the operational cost amortized, divided by the output of 

the facility. 

Reported from the Department of Energy, on December 17, 2010 coal was selling for 

$14.75/metric ton from the Powder River Basin, which is the source for the Boardman Plant 

(Department of Energy, 2011). Using the cost of coal, it would reduce the cost of algae by four 

cents to $9.80/kilogram algae. To achieve economic feasibility, the remaining algae would need 

to receive steep mitigation costs from the utilization of the dairy wastes and carbon dioxide. In 

an attempt to get a magnitude estimate of cost savings from these mitigation outlets, the team 

has estimated a magnitude of revenue from the dairy waste. It was assumed BOD removal is 

$1.23/kg BOD removal (Lundquist, 2010), and the dairy was contributing ~300 mg BOD/L, 

which results in a savings of ~$7,080/day. With the additional savings the cost of algae has 

been reduced to $7.53/kg algae. The last revenue stream, albeit not yet in function, is carbon 

offsets. To gain an understanding of carbon-offset revenue, it was found carbon markets in 
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Europe offer carbon offsets between $10-20/ton carbon dioxide.  A value of $15/ton with this 

offset the cost of algae would reduce to $7.50/kg algae. 

The production process has two major operational costs, labor and energy, at 24% and 

67%, respectively, of operational costs.  The only way to make the process les expensive would 

be to make the overall process more energy efficient, and the only place to make the process 

more energy efficient is in the paddlewheel system.! 
 

e. Conclusions 

 

Including all potential revenue costs, 

algae production is still too expensive. The 

raw cost of the production facility and 

operation is producing algae at the cost of 

$9.85/kg algae, and even with all hypothetical 

revenue streams in place the algae costs 

$7.50/kg. The project is far from 

economically feasible, however easily 

technically feasible.  

Technologically there are few optimizations to increase cost feasibility. The production 

facilities are all at as low of cost as possible, and the clarifiers are a mature and cost effective 

technology. To make this feasible here are a few places cost could be reduced and revenue 

could be increased. To reduce cost, labor would be the only feasible option. Labor costs have 

been incurred from two technicians, and a manager; the team and past project assessments 

(Lundquist, 2010) indicate these are required roles, however as project implementation were to 

occur these roles could be reassessed. A reduction in one laboratory technician and one or two 

operators is feasible, especially with the adjacent coal power plant for possible labor assistance 

in emergency situations. 

To increase revenue will be a factor of three things, (1) increase price of energy, (2) increase 

price of environmental treatment of wastes, and (3) increase price of carbon sequestration.  All 

the increase in these prices. This project could be considered preemptive for the increase in 

these prices, but justification could be difficult. 

 

Summary 

Pond Area 12.8 ha; 13 ponds 

Algae Production 190,000 kg/yr 

Capital Cost $1,832,000/yr 

Operational Cost $971,000/yr 

Algae Cost $9.85/kg algae 

Algae Cost 

w/Revenue $7.50/kg algae 
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3. Albany Paper Mill Design 
a. Introduction !

The Albany Paper Mill, located in Millersburg, Oregon was the second site chosen for 

algae production (Figure 9).  The containerboard plant, owned by International Paper, was shut 

down in December 2009 and the owners were looking to sell the facility to investors that are 

interested in a field other than paper production (Lathrop, 2009). This site was chosen due to 

the pre-existing paper plant dewatering technology and the close proximity the Albany-

Millersburg Water Reclamation Facility (Figure 9).!

Our proposed use of the paper mill site is to grow algae using the Albany-Millersburg 

Water Reclamation Facility as the main source of nutrients for growing the algae, while 

incorporating the dewatering technology to process the algae. The processed algae will be used 

in an anaerobic digester to produce methane. Burning methane to generate electricity will be the 

source of income. This design was considered over other alternatives due to the higher 

predicted energy output of anaerobic digestion.!
!

b. Site Description!
The facility resides in the Willamette Valley, which 

characterized with cold, wet winters and hot, dry 

summers. Solar irradiance at the site during part of the 

year is low enough to prevent growth limiting 

photoinhibition (Tredici and Materassi, 1992) yet is high 

enough to provide moderate productivities. The source of 

nutrients for production will be from the Albany-

Millersburg Water Reclamation Facility, located 

approximately two miles south of the paper mill (Figure 

9). Any attempt to use primary treated wastewater would 

require a permit. This permit could be potentially difficult 

to receive. For the purposes of this study, only secondary 

treated wastewater will be used. The surrounding soils 

are classified as a silty loam with silt clay loams at 

approximately 15 inches below the surface. The silty clay loam infiltration rate is 0.20 to 0.57 

in/hr. (NRCS, 2011). !
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                 Climate data for Eugene, OR is used as a proxy for Millersburg, OR due to the 

relative closeness of these municipalities between the 44th and 45th parallel north. Both cities 

reside in the Willamette Valley between the Oregon Coast Range and Cascade Range. The 

assumption is that average annual sunlight hours, temperature, precipitation, and evaporation 

are the same for both locations. Average annual insolation for Eugene is 2.07 kW-hr/m2-day. 

Low temperatures and low solar insolation during the winter season prevent high algal biomass 

yields during those times of the year. For this reason, the growth of algae will take place from 

March to October (Table 6). 
!

Month! Solar Radiation 
(kW-hr/m2-day)!

Temperature 

(°C)!

March! 1.51! 10.1!

April! 1.83! 12.1!

May! 2.38! 14.9!

June! 3.12! 17.9!

July! 3.95! 21.3!

August! 3.84! 21.1!

September! 3.05! 18.1!

October! 1.90! 13.4!

!

 
 

i. Land Available!
The Millersburg paper plant is approximately 362.4-hectare facility (Lathrop, 2009). 

Currently, much of the plant has facilities that remain standing. Any attempt to use the plant in 

the production of biofuels would require deconstructing at least part of the existing 

infrastructure. In spite of this, it is assumed that all of the 362.4 hectares are available to 

construct the necessary production, dewatering, and anaerobic digestion facilities for the 

purpose of this analysis although not all of this land may be required. Of the 362.4 hectares 
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allotted, 60.7 hectares have been set aside for storage, maintenance, administrative facilities, 

and the belt filter. The remaining 303.5 hectares acres reserved for the raceway ponds, 

clarifiers, and an anaerobic digester. 

 

Process Equipment! # of Facilities! Land Required (hectares)!

Raceway Ponds! 710! 65.4!

Clarifiers! 3! 1.05!

Anaerobic Digester! 1! 0.24!

!

 
c. Algae Production and Clarification!

The large volume of wastewater inputs and resulting costs encourages the use of 

raceway ponds rather than photobioreactors at Millersburg. The ponds will be 0.3 m deep, 12 m 

wide, and 82 m long yielding a pond surface area of the 978 m2 (Chisti, 2007). These dimension 

are the same dimensions used at the Boardman site. Again, dimensions are not too much a 

concern as long as the necessary mixing speed and hydraulic mechanics required for algae 

production exist. Depths lower than 0.25 m result in large temperature variations, hydraulic 

mixing problems, and high rates of carbon dioxide outgassing (Lundquist et al., 2010). The 

raceway ponds will require a clay liner to reduce water losses that would result from using only 

native soils. Given that the 978 m2 ponds can occupy 69.4 hectares of space, 710 raceway 

ponds could be built (Table 7). Each pond will require a paddle wheel that is the length of the 

ponds depth. This prevents the paddle wheel from actually touching the bottom of the pond.!

Mixing of the algae ensures that cells are equally illuminated, nutrients and heat are 

distributed evenly, and gases are transferred across the liquid-atmosphere interface (Greenwell 

et al., 2010). Mixing the algae broth at speeds of 20  30 cm/s (Lundquist et al., 2010) 

continuously for 24-hr. is required to prevent algae from settling out (Chisti, 2007). Mixing 

speeds lower than 20 cm/s cannot keep the algae in suspension with access sunlight whereas 

speeds greater than 30 cm/s use too much energy (Sheehan et al., 1998).!

The ponds will be fed secondary-treated wastewater and liquefied carbon dioxide. 

According to Richard Johnson, the Water Reclamation Facility Supervisor at the Albany-

Millersburg wastewater plant, approximately 41.64 million liters of treated wastewater, on 
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average, is discharged into the Willamette River each day. This quantity of water will be 

completely used in production at the paper mill.!

This wastewater effluent has concentrations of NO3 and PO4 at 5.6 mg/L and 2.1 mg/L 

respectively. For the purposes of this project, the NO3 was converted into NH3 via nitrogen 

mass equivalency. Therefore the ammonia concentration was calculated as 1.5 mg/L. The 

reason for this conversion from nitrate to ammonia is due to the fact that algae readily take up 

inorganic nitrogen like ammonia but not nitrate. Also, not all phosphorus input is bioavailable as 

some binds to metals and becomes unavailable for algae growth (Chisti, 2007). However, all 

phosphorus will be used up in this reaction to simplify the process. In spite of this, purchase of 

additional supplemental ammonia and phosphate would not be cost effective. Flow rates for 

ammonia and orthophosphate from the treated wastewater are 2.6 and 3.6 kg/hr. 

respectively.The concentrations of nutrients are far too low and it is generally accepted that only 

primary treated wastewater has sufficient nutrient levels for productive algae growth (Brennan, 

2010).!

The general molecular formula used for algae is C100H183O48N11P, the average molecular 

formula for algae (Chisti, 2007). The stoichiometric reaction governing growth has water, carbon 

dioxide, ammonia and orthophosphate as reactants with products generated being algae and 

oxygen as follows:!
!

100CO2 + 75H2O + 11NH3 + PO4 --> C100H183O48N11P + 115.5O2!

!

Carbon dioxide must be fed continually into the ponds throughout the daylight hours 

while photosynthesis is taking place (Chisti, 2007). Unlike at Boardman, there is no readily 

available CO2 supply for production of algae at Millersburg. Therefore, an alternative source of 

carbon dioxide must be used. Compressed, liquefied carbon dioxide, a viable yet expensive 

alternative, can be transported to the facility and pumped through the bottom of the ponds. The 

retention time each pond is five days. After five days, the algae broth is sent to the clarifiers and 

a new batch of algae is grown in the raceway pond. The algae productivity of the ponds 

amounts to 30.8 kg of algae per hour.!

After production, the algae culture is cultivated from the ponds and sent to a clarifier 

where the broth can be concentrated to 0.5% solids. About 6 clarifiers with retention times of 

2.25 hours are required to handle the pond culture effluent. Each clarifier is 30 m in diameter 

and 3 meters in depth. The amount of land for the clarifiers is 0.27 hectares. 
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d. Facility Technology and Design 
 

i. Belt Filters  
The purpose of the belt filter is to remove excess water from the clarifier effluent before 

entering the digester. The principle behind the belt filter is using pressure to remove excess 

water from the solids; the solids are trapped between two porous belts then ran through a series 

rollers gradually increasing pressure (EPA, 2000). Belt filters can achieve a 5  10% solid 

concentration increase in the gravity drainage zone (EPA,2000). The requirement for the 

digester feed is 7-8 % solids which can easily be achieved by a belt filter. The sizing of the belt 

filter at the paper plant was not done so it is unclear how much algae broth may be processed. 

 

ii.  Anaerobic Digester 
  Anaerobic digesters are closed systems that use various bacteria to break down 

complex organic molecules. These bacteria work together in a sense, consuming a certain 

substrate and producing a different one that another bacterium will consume. This overview will 

not go in to the bacterial pathways but focused on environmental factors that sustain a balanced 

system. For the proper functioning of the digester a certain environment needs to be created 

within the closed system these factors include, optimum retention time; adequate mixing; pH; 

temperature; concentrations of proper nutrients; lack of toxic materials; and appropriate feed 

characteristics (Parkin, 1986,). When all these factors are at the correct adjustment the end 

product of concern from the digester is methane, as well as carbon dioxide and digestate. 
Timing for an anaerobic digester is critical to maintain maximum digester performance. 

The amount of time the digestible material stays in the digester need to be so that most of the 

material is converted into methane, and that the solids exit the digester at that same point. This 

will help increase yields per weight of algae grown and will determine the amount of digester 

volume needed, therefore optimizing infrastructure. If solid retention time, SRT, is less than the 

minimum SRT, bacteria cannot grow rapidly enough and the digestion process will over time 

fail, due to the requirements of the reaction rates of the organisms in the digester (Metcalf and 

Eddy, 2004). The digesters are expected to have a SRT of 11 days where algea have been 

shown to be fully digested after this time (Golueke, 1957). This 11 day SRT will provide a 

significant safety factor to prevent washout of the methane producing bacteria (Metcalf and 

Eddy, 2004).  
The digester should be maintained at a pH of 6.5-7.6. This range is survivable for the 

organisms doing the digestion, the most sensitive to pH change being the methanogens. The 
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buffering capacity in the digester is a bicarbonate system and therefore can be measured by 

alkalinity (Parkin, 1986).  To protect from pH drops, caused by CO2 forming carbonic acid, the 

alkalinity of the sludge must be maintained so production is not reduced. Substances to 

increase the buffering capacity of the sludge are sodium bicarbonate, lime and sodium 

carbonate, with a proper total alkalinity at 2000  5000 mg/L (Metcalf and Eddy, 2004). 
All biological and chemical reactions are affected by temperature usually resulting in a 

higher reaction rate at higher temperatures. Anaerobic digesters are designed to perform at two 

temperature regimes mesophilic, 30  38 °C, or thermophilic, 50  60  °C. Thermophilic 

temperatures are thought to increase the digestion rate leading to an increase production of 

methane, but sufficient proof is not give to show greater digestion rates at higher temperatures 

(Parkin, 1986).  
The feed to the digester need to be in the proper proportions of nutrients so theoretically 

there is no limiting reactant. The optimal carbon to nitrogen ratio for an anaerobic digester is 20-

30:1 (Parkin,1986). Given that the algae has a C/N ratio of 9:1, an additional carbon source will 

need to be supplemented. The extra carbon source we have considered based on local 

availability is wheat straw, has a C/N ratio of around 125:1. Algae under anaerobic digestion can 

produce around 8 cubic feet of gas per pound of algae (Golueke, 1957).  With the addition of 

wheat straw the amount of gas produced can be expected to be greater. A study on using a 

mixture of sewage sludge and rice straw as digester feed, similar to algae and wheat straw, 

increased methane production by 66-88% in mesophilic digesters (Komatsu).  
 

iii. Anaerobic Digester Design  

The algae will be mixed wheat straw, the purpose being to bring the digester to the 

proper C/N ratio of 25, before sent to the digester. The composition of cellulose, hemicellulose, 

and lignin in wheat straw was used to calculate its molecular formula (Lawther, 1995; and 

Reddy, 1993). Wheat straw and algae are needed to be mixed in a ratio of 2.4 parts wheat 

straw to 1 part algae to produce the recommended C/N ratio for the digester feed. This algae to 

wheat straw ratio will change due to variations in wheat straw and algae compositions. The 

digester will produce both carbon dioxide and methane. The carbon dioxide will be recycled 

back in to the raceway ponds and the methane will be burned to produce electricity. Initially all 

the carbon dioxide pumped in to the ponds will need to be brought in and stored on site, until 

the digester can contribute. The digester will be operated as a single-stage high rate digestion 

this will make it possible to continuously feed the digester. The feed is pumped into the digester 

either continuously or on 30 minute - 2 hour intervals (Metcalf, 2004). The temperature regime 
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that will be used at the paper plant will be the mesophilic range, 30°C, due to the amount of 

energy needed to reach the thermophilic range.  
Sizing of the digesters will be 38 meter diameter and a 15 meter depth, this represents 

the maximum size found in the literature (Metcalf, 2004). The idea behind going with the largest 

size digester was that we are dealing with an abundance of liquid and with one larger digester 

the amount of materials for construction will be less. From a management perspective this could 

pose a problem due to the fact that if the digester becomes unproductive then it will take longer 

to replenish the system. The methane produced will be used in the co-generation of electricity. 

The digested sludge will have a low C:N ratio about 1:5 (Golueke, 1956). This heavy nitrogen 

material could be sold as fertilizers.  

 
iv. Electricity production and Assumptions  

Production of electricity will be facilitated through a gas turbine; this is done by burning 

the methane then using the hot gases to turn the turbine. Burning the gas on site will produce 

an abundant amount of waste heat which will be captured and used mostly in heating water for 

the anaerobic digester and ponds. This process of reusing waste heat is able to increase the 

efficiency of burning fuel to 80%, this is a best case scenario (NaturalGas.org, 2011). Only 45% 

of the energy released from the methane is converted to electricity the other 35% of the energy, 

mostly hot gasses, will be used on site. The ability to utilize this waste heat will ultimately 

determine if this process is producing a net positive energy output.   

 
e.  Economics 

Seeing as how so little biomethane is produced, there is no revenue generated from this 

plant. Capital costs of the project are estimated to be $426,430,000 while operating costs are an 

additional $5,034,000 per year. Total annual labor costs are $87,809,000. The average annual 

costs over the course of thirty years are $102,023.In essence, this makes the project 

economically infeasible. The cost of belt filter was not included here, however, that cost would 

be part of the purchasing cost of the decommissioned paper mill. 
The assumed cost flow going into the facility was the carbon dioxide at $0.52/kg (UW, 

2011) and wheat straw at $0.03/kg (Capitol press 2011). All other costs were calculated through 

SuperPro. Costs associated with pumping of wastewater from the treatment plant, hauling in the 

wheat straw, and deconstruction cost. Our revenue stream was the methane produced from the 

anaerobic digester, based on the efficiency of a gas turbine to produce electricity and utilize 
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waste heat, and calculated to $1.41/kg methane(Appendix C). With methane production at 7.4 

kg/h only $177.60 a day is being produced. 
 

 f.  Conclusion 

The economics performed from SuperPro show that the proposed design for the Albany 

Paper Mill is not economically feasible. Low concentrations of nutrients in the wastewater is not 

sufficient to generate being produced directly affecting the amount of methane being produced. 

The production of algae was assumed to be done in heated ponds but this energy was not 

taken in to account in the economics due to use of waste heat. Assumptions on algae 

conversion to methane and the efficiency of the gas turbine were optimistic. From the reading of 

the literature the feel was that with current technologies this process will not be feasible so best 

case scenario assumptions were taken.   
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Cost Parameter Cost Factor Source 
PCEH = Perry's Chemical Engineering Handook;  

Lq2010 = Lunquist, 2010 
Unlisted Equipment Purchase 0.10 The Team 
Piping 0.10 PCEH 
Instrumentation 0.08 PCEH 
Insulation 0.05 PCEH 
Lighting/Electrical 0.07 PCEH 
Building 0.00 The Team 
Yard Improvement 0.05 PCEH 
Auxiliary Facilities 0.00 The Team 
Engineering Costs 0.05 Lq2010 
Construction Costs 0.12 Lq2010 
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1.2 Filename (.spd)

2.1 Total Investment $
2.2 Total Revenues $/yr
2.3 Operating Cost $/yr

Undefined 0.00

Undefined (with depreciation) 0.00

Undefined (without depreciation) 0.00

3.1 Gross Margin %
3.2 Return On Investment %- 181.09

- 1.00

2. Economics

970947.97

0.00

1832489.99
2.4 Product Reference Flowrate

kg MP/yr

2.5 Product Unit Cost
$/kg

$/kg

 

3. Economic Project Indices
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General

1. Description

1.1 Flowsheet

C:\Documents and Settings\Administrator\My Documents\Senior Design\Boardman.spf



3.3 Payback Time years
3.4 IRR Before Taxes %
3.5 IRR After Taxes %
3.6 NPV at 7.0% interest $

4.1 Batch Throughput kg MP
4.2 Annual Throughput kg MP

4. Size

0.00

0.00

 

- 1.00

0.00

0.00

0.00

 



Materials & Streams Report
for Boardman

April 6, 2011
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1. OVERALL PROCESS DATA

Annual Operating Time 7,920.00h
Annual Throughput 0.00kg MP
Operating Days per Year 330.00
MP = Main Product = Undefined
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2.1 STARTING MATERIAL REQUIREMENTS (per Section)

Section Starting Material Active Product

Amount
Needed

(kg
Sin/kg

MP)

Molar
Yield

(%)

Mass
Yield

(%)

Gross
Mass
Yield

(%)
Main Section (none) (none) Unknown Unknown Unknown Unknown
   

Sin = Section Starting Material, Aout = Section Active Product

2.2 BULK MATERIALS (Entire Process)

Material kg/yr kg/h kg/kg MP
Ammonia 15,840 2.000
Phosphoric Acid 8,316 1.050
Water 105,336,000 13,300.000
Flue Gas 24,359,900,400 3,075,745.000
TOTAL 24,465,260,556 3,089,048.050
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2.3 BULK MATERIALS (per Section)

SECTIONS IN: Dairy Waste
   

Main Section
Material kg/yr kg/h kg/kg MP
Ammonia 15,840 2.000
Phosphoric Acid 8,316 1.050
Water 105,336,000 13,300.000
Flue Gas 24,359,900,400 3,075,745.000
TOTAL 24,465,260,556 3,089,048.050
   

2.4 BULK MATERIALS (per Material)

Ammonia
Ammonia % Total kg/yr kg/h kg/kg MP
Main Section (Dairy Waste)
P-1 100.00 15,840 2.000
TOTAL 100.00 15,840 2.000
   

Phosphoric Acid
Phosphoric Acid % Total kg/yr kg/h kg/kg MP
Main Section (Dairy Waste)
P-1 100.00 8,316 1.050
TOTAL 100.00 8,316 1.050
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Water
Water % Total kg/yr kg/h kg/kg MP
Main Section (Dairy Waste)
P-1 100.00 105,336,000 13,300.000
TOTAL 100.00 105,336,000 13,300.000
   

Flue Gas
Flue Gas % Total kg/yr kg/h kg/kg MP
Main Section (Dairy Waste)
P-4 100.00 24,359,900,400 3,075,745.000
TOTAL 100.00 24,359,900,400 3,075,745.000
   

2.5 BULK MATERIALS: SECTION TOTALS (kg/h)

Raw Material Main Section
Ammonia 2.000
Phosphoric Acid 1.050
Water 13,300.000
Flue Gas 3,075,745.000
TOTAL 3,089,048.050
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2.6 BULK MATERIALS: SECTION TOTALS (kg/yr)

Raw Material Main Section
Ammonia 15,840
Phosphoric Acid 8,316
Water 105,336,000
Flue Gas 24,359,900,400
TOTAL 24,465,260,556
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3. STREAM DETAILS

Stream Name Flue Gas Pond Diffused Flue Stack Algae
Source INPUT P-4 P-4 P-1
Destination P-4 P-1 OUTPUT P-2
Stream Properties
Activity (U/ml) 0.00 0.00 0.00 0.00
Temperature (°C) 140.56 140.56 140.56 100.00
Pressure (bar) 1.01 1.01 1.01 1.01
Density (g/L) 0.89 0.89 0.89 536.78
Component Flowrates (kg/h averaged)
Algae 0.000 0.000 0.000 23.907
Carb. Dioxide 576,222.661 57.622 576,165.039 0.000
Carbon Monoxide 8.512 0.001 8.511 0.000
Nitrog. Dioxide 1,398.028 0.140 1,397.888 0.000
Nitrogen 2,277,947.778 227.795 2,277,719.984 0.000
Oxygen 218,416.042 21.842 218,394.200 0.000
Phosphoric Acid 0.000 0.000 0.000 0.056
Sulfur Dioxide 1,751.979 0.175 1,751.803 0.000
Water 0.000 0.000 0.000 26,469.776
TOTAL (kg/h) 3,075,745.000 307.575 3,075,437.426 26,493.739
TOTAL (L/h) 3,438,670,383.622 343,867.038 3,438,326,516.584 49,356.839
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Stream Name Clarified Water Algae/Water
Slurry Recyle Water Wastewater

Source P-2 P-2 P-3 P-3
Destination P-3 OUTPUT P-1 OUTPUT
Stream Properties
Activity (U/ml) 0.00 0.00 0.00 0.00
Temperature (°C) 100.00 100.00 100.00 100.00
Pressure (bar) 1.01 1.01 1.01 1.01
Density (g/L) 967.37 967.37 967.37 967.37
Component Flowrates (kg/h averaged)
Algae 0.012 23.895 0.007 0.005
Phosphoric Acid 0.000 0.056 0.000 0.000
Water 23,030.385 3,439.391 13,196.411 9,833.975
TOTAL (kg/h) 23,030.397 3,463.342 13,196.417 9,833.979
TOTAL (L/h) 23,807.297 3,580.146 13,641.581 10,165.716
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Stream Name Dairy Waste Gas Loss
Source INPUT P-1
Destination P-1 OUTPUT
Stream Properties
Activity (U/ml) 0.00 0.00
Temperature (°C) 20.00 100.00
Pressure (bar) 1.01 1.01
Density (g/L) 852.36 0.93
Component Flowrates (kg/h averaged)
Algae 0.000 0.012
Ammonia 1.600 0.100
Carb. Dioxide 0.000 12.985
Carbon Monoxide 0.000 0.001
Nitrog. Dioxide 0.000 0.140
Nitrogen 0.000 227.795
Oxygen 0.000 59.165
Phosphoric Acid 1.050 0.000
Sulfur Dioxide 0.000 0.175
Water 13,300.000 12.931
TOTAL (kg/h) 13,302.650 313.303
TOTAL (L/h) 15,606.920 336,988.688
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4. OVERALL COMPONENT BALANCE (kg/yr)

COMPONENT IN OUT OUT-IN
Algae 0 189,383 189,383
Ammonia 15,840 792 - 15,048
Carb. Dioxide 4,563,683,476 4,563,329,949 - 353,527
Carbon Monoxide 67,413 67,413 0
Nitrog. Dioxide 11,072,383 11,072,383 0
Nitrogen 18,041,346,406 18,041,346,406 0
Oxygen 1,729,855,051 1,730,150,652 295,601
Phosphoric Acid 8,316 444 - 7,872
Sulfur Dioxide 13,875,671 13,875,671 0
Water 105,336,000 105,227,466 - 108,534
TOTAL 24,465,260,556 24,465,260,559 3



Economic Evaluation Report
for Boardman

April 6, 2011
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1. EXECUTIVE SUMMARY (2011 prices)

Total Capital Investment 971,000 $
Capital Investment Charged to This Project 971,000 $
Operating Cost 1,832,000 $/yr
THE MAIN REVENUE STREAM HAS NOT BEEN IDENTIFIED. PRICING AND PRODUCTION/PROCESSING
UNIT COST DATA HAVE NOT BEEN PRINTED
Main Revenue 0 $/yr
Gross Margin - 1.00 %
Return On Investment - 181.09 %
Payback Time - 1.00 years
IRR (After Taxes) Out of search interval (0-1000%)
NPV (at 7.0% Interest) 0 $
MT = Metric Ton (1000 kg)
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2. MAJOR EQUIPMENT SPECIFICATION AND FOB COST (2011 prices)

Quantity/
Standby/
Staggered

Name Description Unit Cost ($) Cost ($)

13 / 2 / 0 Raceways Stirred Reactor 16,000 240,000
Vessel Volume = 276.77 m3

1 / 0 / 0 CL-101 Clarifier 83,000 83,000
Surface Area = 37.02 m2
Unlisted Equipment 36,000

TOTAL 359,000
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3. FIXED CAPITAL ESTIMATE SUMMARY (2011 prices in $)

3A. Total Plant Direct Cost (TPDC) (physical cost)
1. Equipment Purchase Cost 359,000
2. Installation 96,000
3. Process Piping 36,000
4. Instrumentation 29,000
5. Insulation 18,000
6. Electrical 25,000
7. Buildings 0
8. Yard Improvement 18,000
9. Auxiliary Facilities 0
TPDC 580,000

3B. Total Plant Indirect Cost (TPIC)
10. Engineering 29,000
11. Construction 70,000
TPIC 99,000

3C. Total Plant Cost (TPC = TPDC+TPIC)
TPC 679,000

3D. Contractor's Fee & Contingency (CFC)
12. Contractor's Fee 34,000
13. Contingency 68,000
CFC = 12+13 102,000
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3E. Direct Fixed Capital Cost (DFC = TPC+CFC)
DFC 781,000
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4. LABOR COST - PROCESS SUMMARY

Labor Type Unit Cost
 ($/h)

Annual Amount
 (h)

Annual Cost
 ($) %

Operator 69.00 2,076 143,244 33.24
Supervisor 105.00 2,740 287,700 66.76
TOTAL 4,816 430,944 100.00
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5. MATERIALS COST - PROCESS SUMMARY

Bulk Material Unit Cost
($/kg)

Annual Amount
(kg)

Annual Cost
 ($) %

Ammonia 0.200 15,840 3,168 100.00
Phosphoric Acid 0.000 8,316 0 0.00
Water 0.000 105,336,000 0 0.00
Flue Gas 0.000 24,359,900,400 0 0.00
TOTAL 24,465,260,556 3,168 100.00

NOTE: Bulk material consumption amount includes material used as:
- Raw Material
- Cleaning Agent
- Heat Tranfer Agent (if utilities are included in the operating cost)
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6. VARIOUS CONSUMABLES COST (2011 prices) - PROCESS SUMMARY

THE CONSUMABLES COST IS ZERO.
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7. WASTE TREATMENT/DISPOSAL COST (2011 prices) - PROCESS
SUMMARY

THE TOTAL WASTE TREATMENT/DISPOSAL COST IS ZERO.
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8. UTILITIES COST (2011 prices) - PROCESS SUMMARY

Utility Annual Amount Reference Units Annual Cost
 ($) %

Electricity 12,284,943 kWh 1,228,494 100.00
Steam 0 kg 0 0.00
Steam (High P) 0 kg 0 0.00
Cooling Water 0 kg 0 0.00
Chilled Water 0 kg 0 0.00
TOTAL 1,228,494 100.00
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9. ANNUAL OPERATING COST (2011 prices) - PROCESS SUMMARY

Cost Item $ %
Raw Materials 3,000 0.17
Labor-Dependent 431,000 23.52
Facility-Dependent 170,000 9.27
Consumables 0 0.00
Waste Treatment/Disposal 0 0.00
Utilities 1,228,000 67.04
Transportation 0 0.00
Miscellaneous 0 0.00
Advertising/Selling 0 0.00
Running Royalties 0 0.00
Failed Product Disposal 0 0.00
TOTAL 1,832,000 100.00
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Final Anaerobic Digestion Reaction 2: 
 
!!!"#$!!""!!"#!!"!!!! ! !"!!!!!! ! !"#!!!!!! ! !!"!!"!!! ! !!!"!!! 
 
Wheat Straw Flowrate: 

 

! ! !!!!!"!!!
!!!"#!!"#!$

!""#!!"!!"#!"$
!!!"#$!!"#!!! !!
!!!"#!!"#!$

!"#$!!"!!!!! !!
!!!"#!!! !! ! !!!!!"!!! 

 
 

Methane Price 
 
 -Electricity price !""!!"

!!!"!!!"#  (U.S. EIA, 2011) 
  
 -Heating value of methane= 35,800 kJ/!! (Metcalf, 2004) 
  
 -1 Btu = 1.055 kJ 
  
 !""!!"

!!!"!!!"# ! !
!!!"#
!!!""!!" ! !!!!!"# ! !"!!!!"#!!" 

  
 Ideal Gas law 
  !"

!" ! ! !!!"#!!"""!!
!!!"#$!!!"#!"#!!!!"!!

! !"!!!!"#!!"#!!"#!!"#!!! 

 
!"!!!"!
!"#!!"!

! !"!!!!" !!"! ! !"#!!!!!!"!!! !!!"#$!!"!!"!!!"#!!! 

 
-Assume 80 percent efficiency due to “Combined Heat and Power Systems” 

(NaturalGas.org) 
 

!!

!!!"#$!!"!!"!
! !!"#$$!"!! ! ! !" ! !!!!!!"# ! !"

!!

!" ! !"!!"!!"#!!"!!"#!!"#! 
!
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Last Update:

1.2 Filename (.spd)

2.1 Total Investment $
2.2 Total Revenues $/yr
2.3 Operating Cost $/yr

Total flow of stream Methane 58901.20

 

2. Economics

  April 6, 2011

General

1. Description

1.1 Flowsheet

C:\Documents and Settings\Administrator\My Documents\Senior Design\Millersburg.spf

426430493.84

83050.69

87809391.89
2.4 Product Reference Flowrate

kg MP/yr

2.5 Product Unit Cost



Total flow of stream Methane (with
depreciation) 1490.79

Total flow of stream Methane (without
depreciation) 836.28

3.1 Gross Margin %
3.2 Return On Investment %
3.3 Payback Time years
3.4 IRR Before Taxes %
3.5 IRR After Taxes %
3.6 NPV at 7.0% interest $

4.1 Batch Throughput kg MP
4.2 Annual Throughput kg MP

- 105,629.87

$/kg

$/kg

 

3. Economic Project Indices

4. Size

7.44

58901.20

 

- 11.53

- 1.00

- 100.00

- 100.00

- 756,082,241.89

 



Materials & Streams Report
for Millersburg

April 6, 2011
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1. OVERALL PROCESS DATA

Annual Operating Time 7,920.00h
Annual Throughput 58,901.20kg MP
Operating Days per Year 330.00
MP = Main Product = Total flow of stream Methane
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2.1 STARTING MATERIAL REQUIREMENTS (per Section)

Section Starting Material Active Product

Amount
Needed

(kg
Sin/kg

MP)

Molar
Yield

(%)

Mass
Yield

(%)

Gross
Mass
Yield

(%)
Main Section (none) (none) 0.00 Unknown Unknown Unknown
   

Sin = Section Starting Material, Aout = Section Active Product

2.2 BULK MATERIALS (Entire Process)

Material kg/yr kg/h kg/kg MP
Ammonia 20,592 2.600 0.350
Carb. Dioxide 530,640 67.000 9.009
Phosphoric Acid 28,512 3.600 0.484
Water 13,705,648,580 1,730,511.184 232,688.785
Wheat Straw 13,147 1.660 0.223
TOTAL 13,706,241,471 1,730,586.044 232,698.851
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2.3 BULK MATERIALS (per Section)

SECTIONS IN: Main Branch
   

Main Section
Material kg/yr kg/h kg/kg MP
Ammonia 20,592 2.600 0.350
Carb. Dioxide 530,640 67.000 9.009
Phosphoric Acid 28,512 3.600 0.484
Water 13,705,648,580 1,730,511.184 232,688.785
Wheat Straw 13,147 1.660 0.223
TOTAL 13,706,241,471 1,730,586.044 232,698.851
   

2.4 BULK MATERIALS (per Material)

Ammonia
Ammonia % Total kg/yr kg/h kg/kg MP
Main Section (Main Branch)
P-1 100.00 20,592 2.600 0.350
TOTAL 100.00 20,592 2.600 0.350
   

Carb. Dioxide
Carb. Dioxide % Total kg/yr kg/h kg/kg MP
Main Section (Main Branch)
P-1 100.00 530,640 67.000 9.009
TOTAL 100.00 530,640 67.000 9.009
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Phosphoric Acid
Phosphoric Acid % Total kg/yr kg/h kg/kg MP
Main Section (Main Branch)
P-1 100.00 28,512 3.600 0.484
TOTAL 100.00 28,512 3.600 0.484
   

Water
Water % Total kg/yr kg/h kg/kg MP
Main Section (Main Branch)
P-1 99.97 13,701,600,000 1,730,000.000 232,620.050
P-3 0.03 4,048,580 511.184 68.735
TOTAL 100.00 13,705,648,580 1,730,511.184 232,688.785
   

Wheat Straw
Wheat Straw % Total kg/yr kg/h kg/kg MP
Main Section (Main Branch)
P-6 100.00 13,147 1.660 0.223
TOTAL 100.00 13,147 1.660 0.223
   

2.5 BULK MATERIALS: SECTION TOTALS (kg/kg MP)

Raw Material Main Section
Ammonia 0.350
Carb. Dioxide 9.009
Phosphoric Acid 0.484
Water 232,688.785
Wheat Straw 0.223
TOTAL 232,698.851



- Page 5 -

2.6 BULK MATERIALS: SECTION TOTALS (kg/h)

Raw Material Main Section
Ammonia 2.600
Carb. Dioxide 67.000
Phosphoric Acid 3.600
Water 1,730,511.184
Wheat Straw 1.660
TOTAL 1,730,586.044

2.7 BULK MATERIALS: SECTION TOTALS (kg/yr)

Raw Material Main Section
Ammonia 20,592
Carb. Dioxide 530,640
Phosphoric Acid 28,512
Water 13,705,648,580
Wheat Straw 13,147
TOTAL 13,706,241,471
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3. STREAM DETAILS

Stream Name Carbon Dioxide Wastewater Oxygen Pond Effluent
Source INPUT INPUT P-1 P-1
Destination P-1 P-1 OUTPUT P-2
Stream Properties
Activity (U/ml) 0.00 0.00 0.00 0.00
Temperature (°C) 25.00 25.00 20.00 25.00
Pressure (bar) 1.01 1.01 1.01 1.01
Density (g/L) 1.80 992.58 1.39 994.70
Component Flowrates (kg/h averaged)
Algae 0.000 0.000 0.000 30.834
Ammonia 0.000 2.600 0.130 0.000
Carb. Dioxide 67.000 0.000 8.972 0.000
Oxygen 0.000 0.000 48.731 0.000
Phosphoric Acid 0.000 3.600 0.000 2.348
Water 0.000 1,730,000.000 0.000 1,729,982.185
TOTAL (kg/h) 67.000 1,730,006.200 57.833 1,730,015.367
TOTAL (L/h) 37,245.392 1,742,947.366 41,720.564 1,739,224.637
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Stream Name Clarified Water Clarifier Sludge Wash Water Filter Cakes
Source P-2 P-2 INPUT P-3
Destination OUTPUT P-3 P-3 P-6
Stream Properties
Activity (U/ml) 0.00 0.00 0.00 0.00
Temperature (°C) 25.00 25.00 25.00 25.00
Pressure (bar) 1.01 1.01 1.01 1.01
Density (g/L) 994.70 994.88 994.70 994.86
Component Flowrates (kg/h averaged)
Algae 0.000 30.834 0.000 30.834
Phosphoric Acid 0.000 2.348 0.000 0.146
Water 1,723,927.247 6,054.938 511.184 409.510
TOTAL (kg/h) 1,723,927.247 6,088.120 511.184 440.491
TOTAL (L/h) 1,733,105.209 6,119.427 513.906 442.767
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Stream Name Outlet Water Wheat Straw WS-Algae S-102
Source P-3 INPUT P-6 P-4
Destination OUTPUT P-6 P-4 P-5
Stream Properties
Activity (U/ml) 0.00 0.00 0.00 0.00
Temperature (°C) 25.00 25.00 25.00 25.00
Pressure (bar) 1.01 1.01 1.01 1.01
Density (g/L) 994.87 994.70 994.86 1.14
Component Flowrates (kg/h averaged)
Algae 0.000 0.000 30.834 0.000
Carb. Dioxide 0.000 0.000 0.000 15.222
Methane 0.000 0.000 0.000 7.437
Phosphoric Acid 2.201 0.000 0.146 0.000
Water 6,156.612 0.000 409.510 0.000
Wheat Straw 0.000 1.660 1.660 0.000
TOTAL (kg/h) 6,158.813 1.660 442.151 22.659
TOTAL (L/h) 6,190.566 1.669 444.436 19,803.319
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Stream Name Digestate Methane Excess carbon
dioxide

Source P-4 P-5 P-5
Destination OUTPUT OUTPUT OUTPUT
Stream Properties
Activity (U/ml) 0.00 0.00 0.00
Temperature (°C) 25.00 25.00 25.00
Pressure (bar) 1.01 1.01 1.01
Density (g/L) 172.07 0.66 1.80
Component Flowrates (kg/h averaged)
Algae 13.408 0.000 0.000
Ammonia 1.405 0.000 0.000
Carb. Dioxide 0.000 0.000 15.222
Methane 0.000 7.437 0.000
Phosphoric Acid 0.854 0.000 0.000
Water 403.811 0.000 0.000
Wheat Straw 0.014 0.000 0.000
TOTAL (kg/h) 419.492 7.437 15.222
TOTAL (L/h) 2,437.899 11,341.291 8,462.028
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4. OVERALL COMPONENT BALANCE (kg/yr)

COMPONENT IN OUT OUT-IN
Algae 0 106,191 106,191
Ammonia 20,592 12,155 - 8,437
Carb. Dioxide 530,640 191,614 - 339,026
Methane 0 58,901 58,901
Oxygen 0 385,952 385,952
Phosphoric Acid 28,512 24,199 - 4,313
Water 13,705,648,580 13,705,462,350 - 186,230
Wheat Straw 13,147 109 - 13,038
TOTAL 13,706,241,471 13,706,241,471 0
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1. EXECUTIVE SUMMARY (2011 prices)

Total Capital Investment 426,430,000 $
Capital Investment Charged to This Project 426,430,000 $
Main Product Rate 58,901.20 kg MP/yr
Operating Cost 87,809,000 $/yr
Product Unit Cost 1,490.79 $/kg MP
Main Revenue 83,000 $/yr
Gross Margin - 105,629.87 %
Return On Investment - 11.53 %
Payback Time - 1.00 years
IRR (After Taxes) Out of search interval (0-1000%)
NPV (at 7.0% Interest) - 756,083,000 $
MP = Total Flow of Stream Methane
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2. MAJOR EQUIPMENT SPECIFICATION AND FOB COST (2011 prices)

Quantity/
Standby/
Staggered

Name Description Unit Cost ($) Cost ($)

786 / 0 / 0 R-101 Stirred Reactor 165,000 129,690,000
Vessel Volume = 295031.76 L

1 / 0 / 0 CL-101 Clarifier 700,000 700,000
Surface Area = 1304.42 m2

1 / 0 / 0 AD-101 Anaerobic Digester 474,000 474,000
Vessel Volume = 130367.83 L
Unlisted Equipment 23,094,000

TOTAL 153,958,000
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3. FIXED CAPITAL ESTIMATE SUMMARY (2011 prices in $)

3A. Total Plant Direct Cost (TPDC) (physical cost)
1. Equipment Purchase Cost 153,958,000
2. Installation 43,666,000
3. Process Piping 15,396,000
4. Instrumentation 12,317,000
5. Insulation 7,698,000
6. Electrical 10,777,000
7. Buildings 7,698,000
8. Yard Improvement 0
9. Auxiliary Facilities 30,792,000
TPDC 282,300,000

3B. Total Plant Indirect Cost (TPIC)
10. Engineering 28,230,000
11. Construction 42,345,000
TPIC 70,575,000

3C. Total Plant Cost (TPC = TPDC+TPIC)
TPC 352,875,000

3D. Contractor's Fee & Contingency (CFC)
12. Contractor's Fee 17,644,000
13. Contingency 35,288,000
CFC = 12+13 52,931,000
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3E. Direct Fixed Capital Cost (DFC = TPC+CFC)
DFC 405,806,000
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4. LABOR COST - PROCESS SUMMARY

Labor Type Unit Cost
 ($/h)

Annual Amount
 (h)

Annual Cost
 ($) %

Operator 69.00 40,731 2,810,469 83.01
Supervisor 105.00 5,480 575,400 16.99
TOTAL 46,211 3,385,869 100.00
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5. MATERIALS COST - PROCESS SUMMARY

Bulk Material Unit Cost
($/kg)

Annual Amount
(kg)

Annual Cost
 ($) %

Ammonia 0.200 20,592 4,118 1.47
Carb. Dioxide 0.520 530,640 275,933 98.39
Phosphoric Acid 0.000 28,512 0 0.00
Water 0.000 13,705,648,580 0 0.00
Wheat Straw 0.030 13,147 394 0.14
TOTAL 13,706,241,471 280,446 100.00

NOTE: Bulk material consumption amount includes material used as:
- Raw Material
- Cleaning Agent
- Heat Tranfer Agent (if utilities are included in the operating cost)
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8. UTILITIES COST (2011 prices) - PROCESS SUMMARY

Utility Annual Amount Reference Units Annual Cost
 ($) %

Electricity 55,632 kWh 5,563 100.00
Steam 0 kg 0 0.00
Steam (High P) 0 kg 0 0.00
Cooling Water 0 kg 0 0.00
Chilled Water 0 kg 0 0.00
TOTAL 5,563 100.00
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9. ANNUAL OPERATING COST (2011 prices) - PROCESS SUMMARY

Cost Item $ %
Raw Materials 280,000 0.32
Labor-Dependent 3,386,000 3.86
Facility-Dependent 84,138,000 95.82
Consumables 0 0.00
Waste Treatment/Disposal 0 0.00
Utilities 6,000 0.01
Transportation 0 0.00
Miscellaneous 0 0.00
Advertising/Selling 0 0.00
Running Royalties 0 0.00
Failed Product Disposal 0 0.00
TOTAL 87,809,000 100.00
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10. PROFITABILITY ANALYSIS (2011 prices)

A. Direct Fixed Capital 405,806,000 $
B. Working Capital 334,000 $
C. Startup Cost 20,290,000 $
D. Up-Front R&D 0 $
E. Up-Front Royalties 0 $
F. Total Investment (A+B+C+D+E) 426,430,000 $
G. Investment Charged to This Project 426,430,000 $

H. Revenue/Credit Stream Flowrates
Total flow of stream Methane (Main Revenue) 58,901 kg/yr

I. Annual Operating Cost
AOC 87,809,000 $/yr

J. Product Unit Cost
Methane 1,490.79 $/kg

K. Selling / Processing Price
Total flow of stream Methane 1.41 $/kg

L. Revenues
Methane (Main Revenue) 83,000 $/yr

M. Gross Profit (L-I) - 87,727,000 $/yr
N. Taxes (40%) 0 $/yr
O. Net Profit (M-N + Depreciation) - 49,175,000 $/yr




